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Chapter 1
Main Insulation Temperature Field
for Direct-Drive Permanent Magnet Motor
of Electric Vehicle

Sen Wang, Wei Lv, Yangyang Zhao, Hongkui Yan, Liang Sun,
Xianchuan Li and Guangzhou Qiao

Abstract According to the fluid mechanics and heat transfer theory, taking the
main propellant direct-drive permanent magnet motor (PMM) of electric vehicle
(EV) as the object of study, physical and mathematical models of coupling solution
to a 3D fluid flow and heat transfer are established under the strong cooling con-
dition for the structure characteristics and ventilation performance of EV main drive
PMM. Using finite element method for coupling calculation of three-dimensional
fluid field and temperature field, the flow performance of internal fluid in motor, the
characteristics of heat transfer performance, and the distribution of insulation
temperature rise of motor and winding are analyzed, and the results are compared
with the test, which provide a theoretical basis for the temperature field research and
selection on heat load of main propellant PMM of EV.

Keywords Permanent magnet motor � Fluid field � Temperature field � Heat
transfer � Insulation

1.1 Introduction

Electric vehicle, taking motor as the main drive, has many advantages such as high
efficiency, safety, non-pollution, and low noisy. Obviously, it is a tendency that cars
take motor as the main drive. This paper researches the PMM of electric vehicle
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directly driven system, which had been successfully applied in an electric vehicle.
The propellant motor must have high energy density (power density and torque
density) in order to decrease EV’s weight. So heat load, thermal rise, and cooling of
propellant motor become into key problems. The design rules of heat load for
conventional motor are not adapted to torque motor due to the specificity of motor
structure and working condition; hence, the thermal field of torque motor has to be
analyzed to determine the heat load under maximum operation temperature. Some
scholars had performed many works for the thermal field of motor. Literature [1]
analyzes the electric field, magnetic field, thermal field, and vibration of PMM
using lumped model and gives the coupling method of each field. Literature [2] uses
the “T” equivalent lumped thermal model and conventional thermal resistant circuit
to calculate thermal field of motor. Literature [3] gives the optimized cooling
method for motor with high torque density, which is convenient to cool the middle
part of motor. Many other scholars focused on the loss calculation, determination of
heat transfer coefficient, and coupling analysis of electromagnetic field, fluid field,
and thermal field for research of motor. According to the fluid mechanics and heat
transfer theory, this paper, combining actual working condition of EV, establishes
physical and mathematical models of coupling solution to a 3D fluid flow and heat
transfer under the strong cooling condition. Using the finite element method to
calculate the three-dimensional fluid field and temperature field, the flow perfor-
mance of internal fluid in motor, the characteristics of heat transfer performance,
and the distribution of temperature rise of motor and insulation are analyzed, and
the test data are obtained using wind tunnel test and fight test.

1.2 Fluid–Solid Coupling Model

According to the running principle, the torque of main propellant motor gradually
increases as the skating speed of EV increases, when skating on the ground; then,
the motor torque reaches peak value when EV is taking up; then, the motor torque
keeps a balanced value when EV is driving; and then, the motor torque begins to
decrease a lot when EV goes into a high speed. In the braking period, the motor
torque decreases gradually.

Figure 1.1 shows the load curve, where point a represents EV skating point,
point b represents taking-up point, point c represents transition point from constant
torque stage to constant power stage, and point o represents origin of coordinates. It
is obvious that the power and torque of motor are the maximum when EV is
starting, so the energy density is maximum.

The stressed air cooling method is applied to the main propellant PMM of EV.
The open structure, which is shown in Fig. 1.2, is applied to main propellant motor.
This structure can optimize the cooling result, increase rating heat load, and
decrease motor weight as well, which is wonderful for taking-up stage of EV.

In order to precisely analyze thermal field of PMM with high energy density
under different working conditions, a 3D physical model of coupling solution is
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established for the structure characteristics and ventilation performance of EV main
drive PMM, which is shown in Fig. 1.3.

A quarter 3D engine room model, considering symmetry of structure in cir-
cumference direction, is established to decrease the time consumption. The red
arrow heads represent direction that fluid flow. The fluid–solid coupling controlling
equation of mass, momentum, and energy conservation is given by (1.1), (1.2), and
(1.3) [4–6]:

@q
@t

þ @ðquÞ
@x

þ @ðqvÞ
@y

þ @ðqwÞ
@z

¼ 0 ð1:1Þ

Fig. 1.1 EV working condition

Fig. 1.2 Structure exploded graph of main drive PMM in EV
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where ρ is fluid density; t is time; u, v, and w are speed vectors in x, y, and
z directions, respectively.

@ðquÞ
@t þ divðquUÞ ¼ divðlgraduÞ � @ðpÞ

@x þ Su
@ðqvÞ
@t þ divðqvUÞ ¼ divðlgradvÞ � @ðpÞ

@y þ Sv
@ðqwÞ
@t þ divðqwUÞ ¼ divðlgradwÞ � @ðpÞ

@z þ Sw

8>><
>>: ð1:2Þ

where μ is dynamic viscosity of fluid, and the dynamic viscosity of solid is infinite;
p is pressure; Su, Sv, and Sw are general source terms of dynamic conservation
equation which is given as follows:

@ðqTÞ
@t

þ div(qUT) ¼ div
k
c
gradT

� �
þ ST ð1:3Þ

where T is fluid temperature; k is heat transfer coefficient; c is specific heat capacity
under invariable pressure; ST is the ratio of heat source per volume to c, which is
total heat energy transformed from mechanical energy due to stickiness.

The structure of main propellant PMM used in EV is complex, and the main
propellant PMM’s working condition is complex as well. So the boundary condi-
tion and basic assumption are set according to the specification of ventilation
structure. The boundary condition is as follows [7–9]:

Fig. 1.3 3D physical model of temperature field of main drive motor
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1. The cooling air speed of thermal field is 2 m/s at skating, 5 m/s at cruise, and
3 m/s at braking, and the environment temperature is 20 °C.

2. The middle section of stator middle part is thermal isolation section due to
symmetry of structure and wind path.

3. Output pressure is standard atmosphere pressure.
4. The cabin inner surface is isolated face.

The assumptions are as follows: The heat transfer performance change of
material due to difference in temperature is ignored; the eddy effect has same effect
on each strand, that is to say the average value is adopted; the heat transfer effect of
winding turn-to-turn isolation is taken as an additional parameter of winding iso-
lation heat transfer coefficient, that is to say the average value is adopted as well; the
thermal radiation is ignored.

The main heat source of main propellant PMM includes copper loss, iron loss,
and mechanical loss. The copper loss can be given as follows:

Pcu ¼ m 1þ kr þ keð Þ nb
bs

fN
50

� �2
 !

I2uRS ð1:4Þ

where m is the number of phase; Pcu is copper loss; ke ¼ 0:107N2
s h

4
c

lt
lt þ le

� 108;

kr ¼ 0:019
N2
s
h4cu

lt
lt þ le

� �
� 108; Iu is phase current; n is turn in coil width; RS is time

variable resistor; bs is slot width; b is coil width; hc is length of strand; hcu is total
height of wire in the slot; Ns is turns per coil; lt is lamination physical length; le is
winding end length in half turn; fN is frequency.

The iron loss is divided into hysteresis loss, eddy loss, and specific loss, which
are calculated by (1.5), (1.6), and (1.7), respectively.

Ph ¼ kh
XN
k¼1

kf B2
t þB2

r

� � ð1:5Þ

Pc ¼ ke
XN
k¼1

k2f 2 B2
t þB2

r

� � ð1:6Þ

Pe ¼ ke
T

ZT
0

Bt

dt

����
����
2

þ Br

dt

����
����
2

 !" #3
4

dt ð1:7Þ

where kh and ke are hysteresis loss coefficient and eddy loss coefficient, respec-
tively; N is finite element mesh number; Bt and Br are maximum value of flux in
tangential and radial direction; k is harmonic order; f is frequency.

The mechanical loss can be calculated as follows:
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Pf ¼ 0:15� F
d
v� 10�5 ð1:8Þ

where Pf is friction loss of antifriction bearing; F is bearing load; d is diameter of
ball (or pin roller) in middle part; v is the peripheral speed of ball in middle part.

The heat transfer coefficient of iron core in axial direction is related to lamination
pressure. The higher the lamination pressure is, the bigger the heat transfer coef-
ficient of iron core in axial direction is. The heat transfer coefficient of propellant
motor is 42 W m K−1. Some assumptions are set to simplify the analysis for stator
slot: (1) Impregnating varnish is well distributed in the slot; (2) varnish of copper is
well distributed; (3) slot isolation is connected to iron core as close together as
possible. Based on these assumptions, the winding in the slot, isolation, and air is
equivalent as new winding that has same volume with the slot.

1.3 Analysis of Thermal Field Simulation

Figure 1.4 shows the thermal distribution of section view along axial direction,
where the section is located in the middle position of cooling house drainage. It is
shown that the thermal rise of winding is maximum (because the winding is main
heat source), then heat transfers to stator iron core. The thermal rise of stator is next
only to winding because stator iron core can generate loss as well. The heat then
transfer to cooling house, but the thermal rise of cooling house is not high due to
good cooling performance. The air in the air gap takes away most of the heat
produced by the rotor due to fast air speed. So the thermal rise of motor is low,
which does not make permanent magnet demagnetize.

Figure 1.5 shows the coil temperature distribution along the motor outer cir-
cumference direction. The maximum thermal rise of winding outer face is

Fig. 1.4 Temperature distribution of section view along axial direction
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121.87 K, which can threaten winding isolation and should be taken as the maxi-
mum restrained value of initial design.

When the EV is flying, the cooling air goes into cooling house drainage, then
output. Figure 1.6 shows the fluid temperature distribution in the EV cabin in which
thermal rise of coil is the maximum. It is shown that fast cooling air flow is divided
into two paths. One path is directly blown to winding end in the front. The fluid
temperature obviously increases because taking away heat produced by winding
end in the front. Particularly, in the air turbulence area between end cover and

Fig. 1.6 Fluid temperature distribution when thermal rise of coil is the maximum

Fig. 1.5 Coil temperature distribution along outer circumference direction
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winding end in the front, the fluid temperature increases more obviously. It says that
the cooling performance of winding end in the front is wonderful.

This air flow then cools winding end in the back after flowing through air gap
and rotor sustain bar. The fluid temperature under the directing hole increases a lot.
The air in the other path flows through cooling house outer face and cools motor.
From axial thermal distribution of fluid in the outer area of directed hole, it can be
seen that the fluid temperature is slightly high, which proves the cooling perfor-
mance is more wonderful. When the cooling air returns directed hole after cooling
motor, the temperature decreases to initial temperature. So the cooling air can cool
other equipments again after cooling motor. The designed heat load and wind path
of main propellant are reasonable through fluid analysis.

1.4 Test Analysis

When measuring winding temperature, the temperature sensors are buried in
winding and the ETD is used to measure temperature. The motor winding tem-
perature at 1/4 radial section position is highest, so the temperature sensors must be
buried in here. The lower winding and upper winding have 10 measurement points
at each layer. The sensor locations are shown in Fig. 1.7.

From the test results, the upper winding temperature rise is 117.3 K on average,
which is 2.3 K smaller than the lower average winding temperature rise. The upper
heat dissipation effect is better than the lower windings.

The highest temperature is located in position 8 of the lower layer coil winding
number, while the lowest temperature is located in position 15 of the upper
winding. The temperature rise decreases by No. 4 section position and No. 8 section
position to both sides. This phenomenon occurs because the lower winding left

Fig. 1.7 The location map of temperature sensors
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position closer to the air gap and the upper winding left position closer to the motor
shell.

Because air flow rate of casing surface is far greater than the gap, the right side
cooling effect of upper winding is better than the left side of the lower winding.

1.5 Conclusion

There is the largest energy density of main drive motor for EV in starting stage,
which should be as overload capacity design constraints. The temperature rise peak
appeared in the end of starting stage, which should become the hot load motor
design constraints. The open structure can improve the effect of cooling and heat
load. Due to the air flow, there is a huge difference on insulation temperature rise
distribution of double winding. The highest temperature is located in position 8 of
the lower layer coil winding, and the lowest temperature is located in position 15 of
the upper layer coil winding. The temperature rises are decreased by No. 4 position
section and No. 8 position section to both sides.

References

1. Bracikowski N, Hecquet M, Brochet PV (2012) Multiphysics modeling of a permanent magnet
synchronous machine by using lumped models. IEEE Trans Ind Electron 59(6):2426–2437

2. Nerg J, Rilla M, Pyrhonen J (2008) Thermal analysis of radial-flux electrical machines with a
high power density. IEEE Trans Ind Electron 55(10):3543–3554

3. Galea M, Gerada C, Raminosoa T et al (2012) A thermal improvement technique for the phase
windings of electrical machines. IEEE Trans Ind Appl 48(1):79–87

4. Zhao W, Cui S, Liu Q et al (2011) Thermal field calculation and analysis of an air-core
compulsator. Proc CSEE 31(27):95–101 (in Chinese)

5. Kong X, Wang F, Xing J (2012) Losses calculation and temperature field analysis of high speed
permanent magnet machines. Trans China Electrotech Soc 27(9):166–171 (in Chinese)

6. Huang Y, Hu Q, Zhu J (2010) Magneto-thermal analysis of a high-speed claw pole motor
considering rotational core loss. Trans China Electrotech Soc 25(5):54–59 (in Chinese)

7. Zou J, Zhang H, Jiang S et al (2007) Analysis of 3D transient temperature field for torque motor
in the state of steady electmmagnetic field. Proc CSEE 27(21):66–70 (in Chinese)

8. Islam MJ, Khang HV, Repo A et al (2010) Eddy-current loss and temperature rise in the
form-wound stator winding of an inverter-fed cage induction motor. IEEE Trans Mag 46
(8):3413–3416

9. Ding S, Ge Y, Xu D et al (2012) Analyses of fluid field inside a 1.5 MW doubly-fed wind
generator. Proc CSEE 32(21):93–98 (in Chinese)

1 Main Insulation Temperature Field … 9



Chapter 2
Mathematical Model and Simulation
of an Improved Magnetically
Controlled Reactor

Yakun Li, Teng Li, Yonggang Ma and Wei Zhang

Abstract The configuration and operation principle of an improved magnetically
controlled reactor are introduced in this paper, which has the advantages such as
low noise, low loss, and wide range for the overload ability. The state equations are
presented according to the corresponding working states. On the basis of simula-
tion, the characteristics of the reactor are analyzed.

Keywords Magnetically controlled reactors (MCRs) � Mathematical model �
Simulation

2.1 Introduction

Magnetically controlled reactors (MCRs), as a kind of shunt reactors, have offered
flexible ways regulating the reactive power in the power system. Consequently,
MCR causes the widespread concern in recent years and has been applied in many
practical fields. The equivalent circuit is a nonlinear one because of the nature of
iron core, and it uses DC excitation to control the saturation degree and change AC
windings’ inductance value [1, 2].

This paper analyzed an improved structure of magnetic-valve controlled reactor
(MVCR), it is also belong to MCRs, which can be quickly adjusted [3]. The special
design of iron core can reduce the core loss. The improved MCR is with characters
of simple structure, easy maintaining, and high stability [4].
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2.2 Mathematical Model

The idea of MCR is derived from the magnetic magnifier [5]. By controlling the
winding, the DC current is changed; thus, the iron core of the MCR is deeply
saturated, and the reactance of the MCR will be changed accordingly. This working
principle of the conventional MCR is presented in detailed in literature [6, 7].

2.2.1 Configuration of MCR

The structure of the improved magnetically controlled reactor is shown in Fig. 2.1.
The iron core of the MCR is specially designed. The core includes two parts, the
unsaturated region and saturated region, and these two regions are paralleled in
magnetic circuits. Furthermore, the improved structure does not need to set up
separate magnetic shielding device, or to attach magnetic shield structure in metal
structure components because of the unique core design. The distribution of silicon
steel is different compared to that of the traditional MCR. Sheets belong to the
saturated and unsaturated regions are staggered with each other. The purpose of the
design is to reduce the core loss since the magnetic flux cannot horizontally pass
through the silicon steel sheets. The magnetic flux leakage of the iron core saturated
region can be absorbed by the unsaturated region through this design. The overload

Unsaturated

Saturated

Thyristor
Diode

Emsinωt

Fig. 2.1 Configuration of
core structure and windings
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ability of the reactor will be enhanced up to 150 % compared to traditional reactor.
In general, this improved MCR is called “paralleled magnetic circuit and magnetic
flux leakage self-shielded” controlled reactor.

In one cycle, thyristors T1 and T2 are generating excitation current when
alternatively conduct in the loop. Magnitude of excitation current depends on the
thyristor conduction angle, the smaller the angle, the greater the excitation current,
and the magnetization intensity of the unsaturated region and the saturated region
strengthened at the same time. So by adjusting conduction angle, we can control the
added DC excitation current to adjust the reluctance (or the area) of the unsaturated
and saturated regions, to change their degree of saturation. In this way, the reac-
tance value can be continuously and rapidly adjusted. By increasing the DC
excitation current, the speed of excitation can be improved, and the dynamic per-
formance of controlled reactor becomes better.

The connection of two thyristors to the taps of the windings is different from the
conventional reactor, as shown in Fig. 2.2. It makes the structure of circuits’
principle changed, so the equation and mathematical model based on traditional
literature [1, 2] cannot be directly applied.

2.2.2 Electromagnetic Equations of the Reactor

The electromagnetic equations can be summarized as follows from the newly
designed reactor circuit topologies. The reactor has five basic operation states in one
period (T1 turned on, T2 and D turned off; T1 and D turned on, T2 turned off;

Unsaturated
Saturated

Windings

T1
T2

Diode

δ1

2
N

−

2

N

2

N

δ1

2
N

−

δ
2
N

δ
2
N

Emsinω t

Fig. 2.2 Principle diagram of
the equivalent electric circuit
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D turned on, T1 and T2 turned off; T2 turned on, T1 and D turned off; T2 and D
turned on, T1 turned off). The working state of magnetic circuit is symmetric since
the two windings are in parallel, so just three basic states are listed in here and the
other two can be derived accordingly. The three basic operation states and the
corresponding loop circuit equations are listed in (2.1), (2.3), and (2.5), respec-
tively. Thyristors and diodes are assumed to be ideal switching elements, and the
switching transient process can be neglected.
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When T1 and D are conducting, T2 is turned off:
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When D is conducting, T1 and T2 are turned off:

Em sinxt ¼ NA
dB1

dt
þRiþ 1

2
Ri1 þ 1

2
Ri2

0 ¼ 1
2
NA

dB1

dt
� 1
2
NA

dB2

dt
þ 1

2
RiþRi1

0 ¼ 1
2
NA

dB1

dt
� 1
2
NA

dB2

dt
þ 1

2
RiþRi2

8>>>>>><
>>>>>>:

ð2:5Þ

F1 ¼ Niþ 1
2
Ni1 þ 1

2
Ni2

F2 ¼ � 1
2
Ni1 � 1

2
Ni2

8><
>: ð2:6Þ

2.2.3 Equivalent Circuit

The control loop equation can be derived as in (2.7) from the above equations.

2dEm sinxt
ð2� dÞ ¼ 1þ 4d� 6d2

ð2� dÞ2
" #

2R
2N

F1 � F2ð ÞþNA
dB1

dt
� dB2

dt

� �
ð2:7Þ

From Eq. (2.7), the equivalent electric circuit is shown in Fig. 2.3. And K(t) = 1(0)
is the state of T1 conducted. The equivalent circuit is almost the same as the con-
ventional MCR. After comparing with the equivalent circuit of the traditional MCR
in literature [8], it can be found that just the coefficient of the resistance in the control
circuit is different. The coefficient contains δ, which is the key parameter to affect the
response time.

Fig. 2.3 Equivalent circuit
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Fig. 2.4 Magnetically controlled reactor simulation model in MATLAB/Simulink
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2.3 Simulation and Results

The simulation of the circuit in MATLAB/Simulink based on the equivalent electric
circuit is shown in Fig. 2.3. In this paper, the single-phase MCR is modeled using
two saturation transformer modules in Simulink. The primary windings of the
saturation transformers are connected with different polarity, and secondary
windings are connected with the same polarity. The DC current controller is
composed of a single-phase full-bridge controlled rectifier. As the switching angle
of the thyristors is increasing, the DC control current in the control winding
decreases and the reactance of the reactor increases. The circuit design is shown in
Fig. 2.4.

The output current with the thyristor switching angle of 90° is shown in Fig. 2.5.
The magnetic flux waveform of iron cores is shown in Fig. 2.6. Curve B1 begins

to increase and B2 begins to decrease at the same time (t = 0.03 s), and both stop
changing when t = 0.21 s. This result explains the working principle of MCR:
The AC magnetic flux changes smoothly by regulating the switching angle of the
thyristors, and a continuous output current can be obtained.

2.4 Conclusion

In this paper, theoretical analysis on the structure of an improved magnetically
controlled reactor prototype and mathematical derivation on the equivalent circuit
equation is studied. Its mathematic modeling is established. Based on the modeling,
the equivalent circuit is derived. It generates less core loss and has auto-supplied
excitation DC system and has advantages such as low noise and wide range for the
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overload ability. In the future, more work will be focused on the improvement of
the reactor response speed.
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Chapter 3
Research on the Speed Signature
of Induction Motor Bearing Fault

Guozhu Cheng, Chidong Qiu, Xinbo Wu and Jinghe Ma

Abstract Motor current signature analysis for bearing fault is an important diag-
nosis method. However, the current signature for bearing fault is very weak and
always buried in heavy noise. In order to detect bearing fault effectively, a new way
that analyzing motor speed signature is proposed. The speed expression is deduced,
and the speed signature is analyzed when the bearing fault occurs. Simulation
researches are conducted in MATLAB, with considering the effect of noise inter-
ference on current and speed. Both of the two signals are used to detect the bearing
fault, respectively, and the simulation results are compared. The obtained results
validate that the motor speed signature is more effective for bearing fault detection
than current signature.

Keywords Induction motor � Bearing � Fault � Speed

3.1 Introduction

Induction motors are widely used in all kinds of industry fields because of their
good qualities, such as simple construction, low cost, and high power–mass ratio
[1]. Rolling bearing is a common part of induction motor. The bearing fault can
occupy 41 % [2] in all kind of motor faults, and the fault occupation may be even as
high as 90 % [3] in some situation. The deduction [4, 5] shows that bearing fault
has an effect on stator current. However, the fault features are very weak and cannot
be identified easily. In the practical situation, lots of noise and interference exist
around the motor. The noise interference that makes the fault features in stator
current cannot be extracted effectively, and it has been a difficult point for induction
motor bearing fault detection nowadays. Due to this fact, Moussa has proposed that
the motor speed signal can be used to detect bearing fault [6]. However, he did not
give the detailed analysis process. Therefore, this paper gives a detailed analysis
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firstly, and the deduction shows the bearing fault has an effect on the motor speed
and then analyzes the speed characteristic frequency. Finally, a series of simulation
results verify that the motor speed can be used to detect the bearing fault, and the
speed signature is more effective than current signature.

3.2 The Influence of Bearing Fault on Motor Speed

When balls pass through the location of bearing fault, an extra load torque is
injected to the motor shaft, which will keep for a brief time, and the length of time
will be affected by the size of the fault area, the bearing structure parameters, and
the speed of motor. So the periodic rectangular pulse with width τ is used to
simulate the impact caused by bearing fault on the shaft in this paper. In order to
simplify the deduction, this paper uses T1 to express the fault period.

The load torque of the bearing fault is shown in Fig. 3.1, and the expression of
Tload (t) is:

TloadðtÞ ¼ T0 þ eT0 f ðtÞ ð3:1Þ

where T0 indicates a constant load, and ε is the degree of torque vibration, and
f(t) represents the unit periodic rectangular pulse with width τ and period T1.

The Fourier decomposition of f(t) is carried out, and the constant component of
trigonometric series could be deemed as the part of constant load torque T0; thus,
equation of Tload (t) becomes

TLðtÞ ¼ T0 þ 2eT0s
T1

X1
n¼1

Sa
nps
T1

� �
cosðnx1tÞ ¼ T0 þ Tr

X1
n¼1

Sn � cosðnx1tÞ ð3:2Þ

where n is positive integers, and ω1 indicates the corresponding fault frequency of
different bearing location, and Td ¼ 2eT0s=T ; Sn ¼ Sa nps=T1ð Þ.

Fig. 3.1 Load torque time
domain diagram
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It is known that the load torque vibration can affect the stator current, which can
cause the vibration of electromagnetic torque, and then, the expression of Te(t) can
be described by

TeðtÞ ¼ Te þDTeðtÞ ð3:3Þ

When stator voltage Us and power supply angular frequency ωs are constant, and
iron loss and excitation current are neglected, then the electromagnetic torque Te is
as follows:

Te ¼ 3p
Us

xs

� �2 sxsR0
r

sRs þR0
r

� �2 þ s2x2
s Lls þ L0lr
� �2 ð3:4Þ

where s is the motor slip, p is the number of pole pairs, Rs represents the stator
resistance of each phase, and R0

r indicates the rotor resistance converted to the stator
side, Lls represents the stator leakage inductance each phase, and L0lr is the rotor
leakage inductance converted to the stator side.

During the motor running at rated speed, the motor slip is very small, so the
expression of Te could be simplified as:

Te ¼ 3p
U2

S

xs

� �
� s
R0
r
¼ 3p

U2
S

xsR0
r

� �
� 1� pxr

xs

� �
ð3:5Þ

where ωr is the mechanical angular speed.
When the motor runs at stable condition, the relationship between the electro-

magnetic torque and speed is approximately linear [7, 8], and then, the expression
of electromagnetic torque vibration is as follows:

DTeðtÞ ¼ �3
ðpUsÞ2
x2

SR
0
r
� DxrðtÞ ¼ �kDxrðtÞ ð3:6Þ

where k ¼ 3 pUsð Þ2=xs2R0
r.

The application of the mechanical equation can indicate the influence of torque
vibration on motor speed.

J
dxrðtÞ
dt

¼ TeðtÞ � TloadðtÞ ¼ Te � T0 þDTeðtÞ � eT0 f ðtÞ ð3:7Þ

Neglecting the constant component and substituting (3.2) and (3.6) into (3.7),
this yields to:

J
dDxrðtÞ

dt
¼ �kDxrðtÞ � Td

X1
n¼1

Sn � cosðnx1tÞ ð3:8Þ
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Solving the differential equation to (3.8), the speed vibration can be expressed as
follow:

DxrðtÞ ¼ �Td
X1
n¼1

Snffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þðnx1JÞ2

q cosðnx1t � unÞ ð3:9Þ

where φn = arctan(nω1J/k).
The motor speed can be seemed as that a small speed vibration is superimposed

on the constant value of ωr0, and it can be expressed as follows:

xrðtÞ ¼ xr0 � Td
X1
n¼1

Snffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ nx1Jð Þ2

q cos nx1t � unð Þ ð3:10Þ

It can conclude from above deduction that the load torque and electromagnetic
torque will vibrate when the bearing has a partial fault. A small vibration speed
component is related to the frequency multiplication of bearing fault, and it is
superimposed on the original stable mechanical speed. Therefore, if the frequency
multiplication components of bearing fault exist in the speed spectrum, then it can
be diagnosed that the motor bearing is faulty, and the different eigenfrequencies
correspond to the different location of bearing faults.

3.3 Simulation Research

A three-phase induction motor model is built in Simulink with rated voltage 380 V,
2 pole pairs, and rated power 4 kW. The impact of the bearing fault on the motor is
simulated via injecting a small periodic rectangular pulse into the load torque.
During the simulation, the value of constant load torque is 20 nm, and the value of
torque vibration is 2 nm. The outer raceway fault frequency is 83.6 Hz based on the
fault frequency formula in reference [8]. The speed signal and the current signal are
sampled, and the sampling rate is 1000, while the number of collecting data is 3500.
Because the speed signal contains a strong DC component, the DC component is
filtered firstly and then the speed signal and current signal are analyzed by power
spectrum, and those results are shown in Figs. 3.2 and 3.3.

When the bearing is faulty, it is obvious from Fig. 3.2 that there are the fault
frequencies and their frequencies multiplication in speed spectrum; thus, the speed
signature can be used to diagnose bearing fault. fs is the power supply frequency
and f1 is the bearing local fault frequency. It is known from the reference [5] that
eigen frequencies fs � nf1j j can be found in current spectrum when the motor
bearing appears local fault. These eigen frequencies fs � nf1j j are clear in Fig. 3.3,
but the amplitude of speed signature is much higher than the current signature, and
the former at corresponding order is higher than the latter about 40 dB. Therefore,
the speed signature can be more easily extracted, and it is more effective for
detecting the bearing fault.
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In order to simulate the multi-noise source interference in the actual situation of
motor operation, for example, a white noise with −30 dB is injected into the current
signal and the speed signal both, then those signals are analyzed in power spectrum,
and those results are shown as in Figs. 3.4 and 3.5.
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It is known from Fig. 3.4 that, except for the fs + f1, the other current signatures
are all buried in the noise. However, the value of fs + f1 is so small that it is difficult
to be identified in the actual environment. For the speed signal, it is clear that the
eigenfrequencies are not interfered very much by the noise from Fig. 3.5, and all of
the speed signatures are significant as well as easily identified. Furthermore, this
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result shows that the speed signature has a better anti-noise property than the
current signature for bearing fault diagnosis, and the speed signature can also be
more reliable, which can improve the accuracy of the fault diagnosis.

The expression (3.9) is analyzed firstly. Under the precondition that the failure
severity is not changed, it is known from the analysis that the amplitude of speed
eigenfrequencies increases via increasing the load torque T0 and power frequency
ωs or decreasing the voltage Us and fault frequency ω1. But it is known from the
equation of bearing fault frequency [9] that the fault frequency ω1 is proportional to
the power frequency ωs. Therefore, it is unable to realize that the power frequency
ωs is increased and the fault frequency is decreased simultaneously. Furthermore,
additional power conversion equipment is utilized to decrease the power voltage,
which is inconvenient and cost much. However, it’s easy to increase the motor load
in practical applications. So the method is proposed that the amplitude of eigen-
frequencies are improved via increasing the mechanical load.

A series of simulation for bearing outer raceway fault are conducted. The motor
constant load torque is gradually increased from 10 to 22 nm with an interval of
2 nm. The duty cycle of periodic rectangular pulse is constant with the value of
20 % in this series simulation. A total of 7 sets of speed signal are collected, and
those are analyzed by power spectrum and then the amplitude of eigenfrequencies
within 5th order is obtained. The curves of the amplitude of eigenfrequencies within
5th order along with the load changed are summarized, and those are shown as in
Fig. 3.6.

It is clear from Fig. 3.6 that the amplitude of each order eigenfrequencies is all
increased along with the load torque increasing, under the precondition that the

5 10 15 20 25
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

5

Load Torque/Nm

P
SD

/d
B

f
1

2f
1

3f
1

4f
1

5f
1

Fig. 3.6 Amplitude of speed signature along with the load torque change

3 Research on the Speed Signature … 25



severity of bearing fault is unchanged. For example, the amplitude of f1 is increased
from −16.5 to −9.7 dB. Moreover, the motor speed can also be decreased via
increasing the load torque, which can cause the fault frequency to decrease and
increase the amplitude of speed eigenfrequency. Therefore, increasing the motor
load can increase the amplitude of speed eigenfrequency which can improve the
sensitivity and reliability for fault diagnosis.

3.4 Conclusion

The load torque vibration and electromagnetic torque vibration caused by the
bearing fault are analyzed in detail at first, and then, the speed expression for
bearing fault is deduced which contains the components of the fault frequency
multiplication. A series of simulation are conducted, and the results verify that the
speed signature for bearing fault diagnosis is feasible. In addition, the amplitude of
speed signature is much obvious than current signature. And the simulation
researches validate that the method using speed signature has a better anti-noise
property than the method using current signature under the noise interference,
which improve the ability of bearing fault feature extraction. Therefore, the speed
signature is more effective and suitable to diagnose the bearing fault.
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Chapter 4
Research on Magnetic Field Frequency
Feature for Motor Bearing Fault

Tianyu Geng, Chidong Qiu, Changqing Xu and Jinghe Ma

Abstract The bearing fault will firstly generate torque fluctuation, then magnetic
field in motor is affected, lastly partial bearing fault feature is transferred into stator
current. Because of the bearing fault feature is more obvious in magnetic field than
those in stator current, the magnetic field frequency feature of the bearing fault is
researched. The magnetic field characteristic frequency expression is deduced
considering a multiple modulation between torque fluctuation frequency, power
supply harmonics, and slot harmonics. The above expression is verified by finite
element analysis. Using four search coils which are inserted inside the stator slot to
research the magnetic field frequency feature at the actually bearing fault condi-
tion, and results verify that the proposed method based on magnetic field frequency
feature is feasible and effective.

Keywords Motor � Bearing fault � Magnetic field � Search coil

4.1 Introduction

Motor fault will cause a huge economic loss to the production department. The ratio
of bearing fault is more than 40 % among all faults [1, 2]. Due to the different
location of bearing fault, there are four bearing fault types including the inner
raceway, the outer raceway, the balls, and the cage [3, 4].

The stator current signature analysis is commonly used to diagnose bearing fault
[5, 6]. Bearing failure will cause the load torque fluctuation in motor. The torque
fluctuation has an influence on magnetic field and stator current, but the influence
on the magnetic field is more directly than the stator current. Thus, the magnetic
field can reflect more obvious feature of the bearing fault than those in stator
current, and the method based on magnetic field frequency feature is more accurate.
It is popular to analyze the magnetic field feature for motor via the search coils or
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flux sensors [7, 8]. This paper deduced the magnetic field frequency expression.
The simulation research and experimental result verify that the method is feasible
and effective.

4.2 Characteristic Frequencies in Magnetic Field

Bearing failure will cause the load torque fluctuation for inductionmotor [9]. The load
torque fluctuation related to bearing fault varies at the fault vibration frequency fc.
The load torque fluctuation component Гc(t) can be shown as follows:

CcðtÞ ¼
X
k¼1

Cck cos kxct � urkð Þ ð4:1Þ

where k = 1, 2, 3, …, ωc is the bearing fault vibration angular frequency, and Гck is
the amplitude of load torque fluctuation component.

Only considering the case of k = 1, the expression of rotor mechanical angle
caused by load torque fluctuation component could be simplified as follows:

hrðtÞ ¼ h� xr0t � Cc1

Jx2
c
cos xctþuð Þ ð4:2Þ

where θr(t) is the mechanical angle in the rotor coordinates, θ is the mechanical
angle in the stator coordinate, and ωr0 is the rotor angular speed in the
healthy-bearing condition.

Because there are rotor slot harmonics in the rotor magnetomotive force (MMF),
the expression of rotor MMF is given as:

Frðt; hrÞ ¼ Fr1 cosðphr � sxstÞþFrsh cosðsxst � ðkR� pÞhrÞ ð4:3Þ

where Fr1 is the amplitude of the fundamental rotor MMF, Frsh is the amplitude of
the rotor slot harmonics MMF, p is the motor pole pairs, s is the slip of motor, R is
the number of rotor bars, ωs is the angular frequency of power supply, and the
harmonic number λ = 1, 2, 3…

The rotor slot harmonic frequency can be expressed as follows:

frsh ¼ v� kR
p
ð1� sÞ

� �
fs ð4:4Þ

Bring the Formula (4.2) into Formula (4.3), the rotor MMF can be expressed as:
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Frðt; hÞ ¼ Fr1 cos ph� xst � pCc1

Jx2
c
cos xctþur1ð Þ

� �

þFrsh cos 1� kR
p

1� sð Þ
� �

xstþ kR� pð Þh� kR� lpð Þ Cc1

Jx2
c
cos xctþurshð Þ

� �

ð4:5Þ

where φr1 and φrsh are the phase angles.
The rotor MMF contains fault feature component and rotor slot harmonic

component. According to the Formula (4.5), there exists a phase modulation
between the bearing fault vibration frequency and the rotor slot harmonics.

The expression of fundamental stator MMF is assumed as:

Fs1ðh; tÞ ¼ Fs1ðph� xst � us1Þ ð4:6Þ

where Fs1 is the amplitude of the fundamental stator MMF, and φs1 is the phase
angle.

Because the voltage supply has many harmonic components, the MMF can be
expressed as follows:

Fsvðh; tÞ ¼ Fsvðph� vxst � usvÞ ð4:7Þ

where v is the harmonic number, Fsv is the amplitude of harmonic component v, φsv
is the phase angle, and the frequency of the power supply harmonics is vfs, v = 3,
5, 7….The total MMF is composed of rotor MMF and stator MMF, and it can be
assumed as follows:

Fðh; tÞ ¼ Frðt; hÞþFs1ðh; tÞþFsvðh; tÞ

¼ Fr1 cos ph� xst � pCc1

Jx2
c
cos xctþur1ð Þ

� �

þFrsh cos 1� kR
p

1� sð Þ
� �

xstþ kR� pð Þh� kR� pð Þ Cc1

Jx2
c
cos xctþurshð Þ

� �
þFs1ðph� xst � us1ÞþFsvðph� vxst � usvÞ

ð4:8Þ

According to the Formula (4.8), there exists a modulation between the bearing
fault vibration frequency and the power supply harmonics.

Assuming the rotor radial movement is not obvious, then the air-gap effective
area S and the air-gap permeance Λ0 are considered to be a constant. The motor flux
Φ(θ, t) can be expressed as:

Uðh; tÞ ¼ Fðh; tÞ � K0 � S ð4:9Þ

According to above analysis, the magnetic field frequency feature can be
expressed in Table 4.1.
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4.3 Simulation Research

Ansoft Maxwell and Simplorer co-simulation is used to implement simulation
research. In order to ensure the accuracy of the simulation, the time step of the
Simplorer must be longer than the Maxwell’s co-simulation. Because parameter
settings and the length of the simulation time are limited, the vibration frequency of
bearing fault is set to fc = 9 Hz. The simulation model is an induction motor of type
yellow-95.

The magnetic field spectrums under healthy state and under bearing fault state
are shown in Figs. 4.1, 4.2, and 4.3.

The magnetic field frequency feature fs + fc, fs − fc appears in Fig. 4.1. Because
of the simulation model itself, there are other frequencies expect for fs + fc, fs − fc,

Table 4.1 Bearing fault characteristic frequency in motor magnetic field

Modulated item Fundamental
frequency

Voltage supply
harmonics

Rotor slots
harmonics

Magnetic field characteristic
frequency

|fs ± nfc| |vfs ± nfc| |frsh ± nfc|
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Fig. 4.1 Magnetic field spectrum around the fundamental frequency based on simulation data
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but these frequencies have no influence on the magnetic field characteristic
frequency.

The magnetic field frequency feature 3fs ± fc, |3fs ± 2fc|, |3fs ± 3fc| appears in the
spectrum as in Figs. 4.2 and 4.5, and fs ± fc, 5fs ± 2fc, 5fs ± 3fc, |5fs ± 4fc|, |5fs ± 5fc|,
7fs ± fc, 7fs ± 2fc are also identified in the other spectrum which are not shown in this
paper.

The magnetic field frequency feature frsh ± fc, frsh ± 2fc, frsh ± 3fc, frsh ± 4fc
appears in the spectrum as in Fig. 4.3. Where frsh = [v ± (1 − s)λR/p] fs, R = 26,
p = 2, v = 1, s = 0, frsh = 600 Hz.

The magnetic field characteristic frequency can be certificated via the above
finite element analysis. The simulation result is in accordance with the Table 4.1.

4.4 Experimental Results

A small induction motor is used to validate the proposed approach. The motor is
2.0 kW three-phase induction motor, with Vrms = 380 V, number of rotor bars
R = 28, and pole pairs P = 2, fs = 50 Hz. The type of the bearing is 6206, with nine
balls, Dc = 46 mm, Db = 9.6 mm, cosβ = 0.99. The outer raceway of a new bearing
is artificially damaged by electro-discharge machining.

Bearing outer raceway fault vibration frequencies are fc = 85 Hz, frsh = 533.7 Hz,
633.7 Hz, 733.7 Hz… The rotor speed is 1464 rpm. The bearing fault experiment
platform is shown in Fig. 4.4.

The magnetic field spectrums based on experiment data are shown in Figs. 4.5,
4.6, and 4.7.

The magnetic field characteristic frequency fs ± fc appears in the spectrum and is
shown in Fig. 4.5; apparently, the characteristic frequency could be used to identify
the bearing fault.

The magnetic field characteristic frequency 3fs + fc also appears in the spectrum
and is shown in Fig. 4.6.
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Because the rotor speed is 1464 rpm, the frsh = 633.7 Hz. The fault characteristic
frequency of the magnetic field frsh + fc = 718.7 Hz also appears in the spectrum and
is shown in Fig. 4.7.

The experimental results verified that the characteristic frequency expression is
correct, and the magnetic field could be used to diagnose bearing fault.

Fig. 4.4 Experiment platform for bearing fault diagnosis
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Fig. 4.5 Magnetic field spectrum around the fundamental supply frequency based on experiment
data
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4.5 Conclusions

This paper considered the effect of power supply harmonics and slot harmonics
under bearing fault states and then deduced the characteristic frequency of magnetic
field. An experiment platform for bearing fault diagnosis is established. Based on
the experiment results, a conclusion that there has a phase modulation between
fault-related components and the harmonics, and those fault-related components
modulated with fundamental frequency and third harmonics are obvious in
low-frequency band is drawn. These fault-related components modulated with rotor
slot harmonics are also obvious in medium-frequency band. So, the magnetic field
frequency feature could be used to diagnose bearing fault.
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Chapter 5
A Co-simulation Platform of Integrated
Starter/Generator System Based
on ANSYS

Saipeng Zhang, Jun Liu and Wei Su

Abstract Integrated starter/generator (ISG) system has the advantage of small
volume and lightweight. The paper describes the structure and principle of ISG
system used in hybrid electric vehicle. PMSM model in Maxwell, inductor model in
PExprt, and co-simulation on power electronic simulation platform in Simplorer are
introduced. Simulation and experimental results are compared to verify the validity
of the model, which enables to modify clearly and provides an effective tool for the
design and development of ISG system.

Keywords Co-simulation � Integrated starter/generator (ISG) � Real model �
ANSYS

5.1 Introduction

ISG system consists of starter/generator, three-phase controlled rectifier/inverter
circuit, and DC/DC transformer circuit [1]. In this paper, permanent magnetic
synchronic motor (PMSM), three-phase controlled rectifier/inverter circuit, and
buck converter are used, mainly for PMSM model, IGBT model, and inductor
model, which will achieve more accurate co-simulation.

Traditional power electronic simulation software such as MATLAB/Simulink
and Pspice are proficient in simulation of electrical circuit. Starter/generator, IGBT,
and inductor in literature [2, 3] are all ideal models, which neglects many char-
acteristics in reality, so they cannot simulate the real system and evaluate the
performance of the whole system properly. A series of software of ANSYS are
introduced, including Maxwell, PExprt, and Simplorer, and they can realize
high-performance system simulation in multi-physical field. Maxwell can realize
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the design and development of PMSM. PExprt can guide the design and opti-
mization of inductance model and also considers the parasitic parameters and sat-
uration characteristics. Simplorer is power electronic simulation platform and
realizes the parametric modeling of IGBT, which will simulate the static and
dynamic characteristics properly. What is more, Simplorer interfaces with the other
two platforms easily and efficiently, so the co-simulation becomes simple. ISG
co-simulation system is introduced in this paper, and the simulation and experiment
results are compared to demonstrate the validity of the model.

5.2 Components of ISG System

As shown in Fig. 5.1, the ISG system is constructed with PMSM, three-phase
controlled rectifier/inverter circuit, and buck converter [4]. In starting mode, voltage
from battery via the diode of switch S and three-phase inverter provides the PMSM
starting power. The power generation mode is mainly studied in the paper. In this
mode, driver signals of the IGBTs in rectifier bridge are off and the rectifier works
in uncontrolled mode. In this way, controlling the only one IGBT in buck converter
will keep the whole system having a stable output, which simplifies the system
control algorithm for large margin and improves the reliability.

5.2.1 PMSM Model

PMSM uses permanent magnet excitation, having a simple structure and high
efficiency and power factor [5, 6]. As finite element analysis software, ANSYS
Maxwell has been widely used in various engineering electromagnetic fields. The
paper applies RMxprt based on the method of equivalent circuit and magnetic
circuit matches well with actual motor parameters, including size, materials, and
structure.

So it could simulate the actual characteristics of the PMSM accurately.
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Fig. 5.1 ISG system topology
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Figure 5.2 shows PMSM model and simulation circuit based on Maxwell, and
“RMxprt” is the PMSM designed by Maxwell, embedded in Simplorer with the
interface. x is the angular frequency and chooses different angular frequencies to
operate the PMSM to run under different conditions. Ra; La;Rb; Lb;Rc; Lc are the
three-phase circuit wiring stray inductance and resistance.

5.2.2 Three-Phase Circuit and IGBT Model

Three-phase inverter/rectifier circuit is shown as Fig. 5.3. Voltage emitted by the
PMSM converts to DC via rectifier circuit in generation mode and all IGBT
Sa1; Sa2; Sb1; Sb2; Sc1; Sc2 are in the off state, via diode working in uncontrolled
rectifier. Lax; Lbx; Lcx (x = 1, 2, 3, 4) are equivalent parasitic inductance of the line
with IGBT. Lbus1; Lbus2 are bus parasitic inductance, and C1; C2 are DC support
capacitance with whose equivalent series resistance and inductance are ESRx; ESLx

(x = 1, 2), which is the main reason for fluctuations of DC side.
Since the new control method and apparatus are in the continuous development,

there is always a certain lag for existing simulation IGBT module, so more accurate
model of the IGBT needs to be established, to reach its good simulation applications
in different occasions. IGBT parametric modeling is introduced in Simplorer, which
extracts the parameters in datasheet, establishing the average model, basic dynamic
model, and advanced dynamic model. In this paper, FF600R12ME4 IGBT module
of Infineon is applied and establishes basic dynamic model, which not only has a
simpler extraction method and shorter time but also fit well with the actual dynamic
and static characteristics. Figures 5.4 and 5.5 are the simulation curves of output
characteristic and transfer characteristic compared with datasheet. As the figures
show, this model has a good simulation of the operating characteristics of the IGBT.
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5.2.3 Buck Converter and Inductance Model

PExprt is an interactive, performance-based design tool that uses analytical
expressions to design magnetic components. It integrates a number of manufac-
turers’ device library and achieves a variety of design methods. Also it consid-
ers skin and proximity effects and it could directly observe the size of the design
elements, loss and temperature, and other parameters. In this paper, filter inductor is
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designed with PEmag module, a powerful magnetic analysis module based on finite
element analysis, and it conducts a detailed analysis of geometry, frequency, and
material. Then, generate model net lists for Simplorer as shown in Fig. 5.6.
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Figure 5.6 shows buck converter, and its control model, C3, is filter capacitor
and Rload is the load. The control method is voltage and current double closed loop
mode, having the advantage of adjusting faster and more reliable [7, 8].

5.3 The Simulation Results and Experimental
Comparison

In order to verify the accuracy and usefulness of the above simulation, compare
with experimental system. Laboratory develops a ISG system of rated power
10 kW, output voltage 270 V, switching frequency 20 kHz, and rated speed
2500 r/min. Figure 5.7 is a test waveform in the working condition of rated speed
and power and represents DC voltage, output voltage, and inductor current up to
down.

Figures 5.8 and 5.9 show conductor current and PMSM line voltage simulation
and experimental comparison. As the figure shows, the two waveforms are con-
sistent, and either peak-to-peak error or RMS error is less than 5 %. Figure 5.10
shows DC voltage comparison with experimental peak-to-peak values is 19 V and
Fig. 5.11 shows output voltage comparison with experimental peak-to-peak values
is 7 V. The error is within 8 % compared with simulation results. Experimental
RMS values are 792 and 271.6 V respectively for DC and output voltage, and the

Fig. 5.7 Experimental waveforms
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error is within 1 % compared with simulation results. In conclusion,it verifies the
accuracy of the co-simulation system.

5.4 Conclusion

The paper introduces the structure and principle of ISG system and describes
ANSYS software to establish the co-simulation. Establish motor model and
inductor model in Maxwell and PExprt and achieve the co-simulation in Simplorer.
Simulation and experimental results are compared to verify the validity of the
model, which provides an effective tool for the design and development of ISG
system.
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Chapter 6
Shaft Torsional Vibration in Traction
Drive System of High-Speed Train

Xinying Zhao, Fei Lin, Zhongping Yang, Zhiqiang Zhang
and Jinghai Jiao

Abstract High-speed train’s traction drive system is a typical electromechanical
coupling system, and the motor torque contains ripples of different frequencies and
amplitudes. Frequency of motor stator changes with velocity, so the frequency of
torque pulsation varies a lot. The driving system has resonance frequency, and the
devices would be vibrated when frequency of torque ripple is close to the resonance
frequency. First, this paper analyses the torque ripple caused by inverter’s nonlinear
factors. Then, the paper establishes the model of shifts to research the vibration
frequency. Finally, the author analyses the forced vibration of the mechanical
structure excited by torque ripple, and the simulation result shows that the vibration
would be aggravated when the frequency of the torque ripple is in accord with the
resonance frequency.

Keywords Harmonic torque � Driving device � Torsional vibration

6.1 Introduction

High-speed train’s traction drive system is an electromechanical coupling system,
and in the process of traction operation, motor produces torque to the wheels
through driving devices, ultimately driving train moving at high speed due to the
wheel-rail adhesion. Since parts of driving medium are not fully rigid, it is common
to have fluctuation of rotating speed in different sizes and phases leading to shaft
torsional vibration in driving devices, which would shorten life of device even have
an effect on operation security of train.
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Currently, there are many international reports about this, mainly about driving
device especially for locomotive. References [1–3] focused on failure of mechanical
part when the electrical part is failed. References [4, 5] analyzed vibration state in
bogie-mounted traction system. This paper firstly analyzes harmonic torque and
then establishes the mechanical model of drive system. For the resonance fre-
quencies, driving devices are comparatively low, so the low-frequency torque ripple
mainly about dead-time effect should be researched, and finally, the thesis analyzes
the forced vibration of the mechanical structure when excited by torque ripple.

6.2 The Harmonic Torque of Traction Motor

Ultraharmonics in inverter usually caused by switching action, but switching
devices are not ideal in reality, so there are severe distortions of current and
low-frequency torque ripple [6]. This paper mainly researches on electromechanical
coupled vibration in traction drive system and vibrational frequency of mechanical
structure usually below switching frequency, so low-frequency components of
current that is mainly about dead-time effect should be mainly researched. If dead
time is Td, the waveform of output voltage effected by dead-time is shown in
Fig. 6.1.

The simulation is based on the motor control model in CRH2A EMUs, and the
results (Fig. 6.2) shows that dead time mainly results in 5th current harmonic and
low-frequency torque ripple.

As it is clear from the simulation results, 5th harmonic content rises from 4 to
13 % when dead time varies from 5 to 30 µs and 5th harmonic results in
low-frequency torque ripple; the pulsation frequency (397.2 Hz) is six times the
stator fundamental frequency (66.2 Hz); the peak-to-peak values of the torque
pulsation increase from 280 to 420 nm.

Fig. 6.1 Waveform of output
voltage effected by dead time

46 X. Zhao et al.



6.3 Mechanical Vibration of Driving Device

The major function of mechanical structure of driving system is to effectively pass
torque from motor to the wheel set, ultimately driving train moving, and this part is
one of the most core technologies of bogie in motor car [7]. This section mainly
analyses mechanical vibration performance of driving device.

6.3.1 Free Vibration of Driving Device

Torsional vibration is a special mechanical vibration in rotating machinery, and its
essence is that each rotating part is elastic, so rotate speed of each flexible assembly
fluctuates [8].

Driving system of high-speed train can be divided into five parts: motor rotor,
coupling, driving gear, driven gear and wheel, lumped mass analysis model of
driving system is shown in Fig. 6.3, in which Ji is equivalent rotational inertia and
Ki is equivalent torsional rigidity.

Basic mechanical equation is established according to undamped lumped mass
model:

J€hþKh ¼ 0 ð6:1Þ
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where J is n-order rotational inertia matrix, K is n-order rigidity matrix, and θ¸ is
column vector of angular displacement.

hi ¼ Ai sinðxtþuÞ ð6:2Þ

Substituting into Eq. (6.2):

ðK � x2JÞA ¼ 0 ð6:3Þ

where A is column vector of amplitude and ω is shaft free vibration frequency.
Equation (6.4) must be satisfied to has nonzero solution:

K � x2J
�� �� ¼ 0 ð6:4Þ

So we can get free vibration frequency as it is shown (Table 6.1) according to real
train’s parameters.

6.3.2 Simulation of Mechanical Vibration in Driving Device

As shown in Fig. 6.4, this section establishes the model of driving system by
SimMechanics in MATLAB according to the theoretical analysis before, then gets
dampedvibration frequency by simulation, linearizes the system, and draws bode plot.

As it is clear from Fig. 6.5 that there are 3 resonance point considering system
damping as shown in Table 6.2.

Table 6.1 Natural
frequencies of torsional
vibration in driving device

Number Frequency (rad/s) Frequency (Hz)

ω1rev-free 35.20 5.61

ω2rev-free 131.94 21.01

ω3rev-free 397.01 63.22

ω4rev-free 1322.70 210.62

Fig. 6.4 Simulation model in SimMechanics
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It is shown that resonant frequencies are roughly in line with the previous
theoretical analysis, but for a short peak point ω4, the bode point shows that there is
obvious vibration reduction for the system after point ω3, so the after resonance
point is suppressed at some degrees, and at the same time, ω1rev, ω2rev, and ω3rev

decreases compared with free vibrate points in Table 6.2 due to considering system
damping.

6.4 Shaft Torsional Vibration in Traction Drive System

Low-frequency harmonic torque of traction motor and vibration characteristics of
driving devices has been analyzed above, and output torque of motor acts as an
excitation source of driving devices; this paper focuses on analyzing the forced
vibration of the mechanical structure when it is excited by the motor torque ripple,
Fig. 6.6 is the traction system structure diagram.

Fig. 6.5 Bode plot of torsional vibration model

Table 6.2 Resonant frequencies and peak gains of damped shifts

Number Resonant frequencies (rad/s) Peak gains (dB) Resonant frequencies (Hz)

ω1rev 31.7 2.65 5.05

ω2rev 110 5.86 17.52

ω3rev 327 3.87 52.07
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6.4.1 Theoretical Analysis About Torsional Vibration
Considering Electromechanical Coupling

Equation of state under torque of drive system is established as (6.5):

J€hþKh ¼ F0e
ixt ð6:5Þ

where F0 is excitation matrix and ω is excitation frequency.
The special solution form is as follows:

h ¼ B � eixt ð6:6Þ

when K½ � � x2 J½ ��� �� ¼ 0, B will reach a maximum value.
When excitation frequency is close to any free vibration frequency, it will lead to

resonance. Then, natural frequencies of driving devices are mainly below 100 Hz
and the harmonic torque frequency is six times the stator fundamental frequency, so
the vibration performance is obviously under low-speed condition.

6.4.2 Simulation of Torsional Vibration Considering
Electromechanical Coupling

Driving system has three natural vibration frequencies: 5.05, 17.52, and 52.07 Hz;
the system can be coupling vibrated only when output torque contains corre-
sponding frequencies, that is to say corresponding stator frequencies should be
0.84, 2.92, 8.68 Hz, and it can be calculated that corresponding running speed of
train is all below 10 km/h.

Driving gear

Driven gear Wheel

Motor

Rail

Coupling

Inverter

Fig. 6.6 Relationship figure between traction motor and driving device of bogie
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The models of motor control and torsional vibration are connected; then, the
joint simulation is realized, and the vibration performance by angular acceleration
of pinion is observed. Motor torque and pinion’s angular acceleration are shown in
Fig. 6.7a without setting dead time, and Fig. 6.7b, c shows the vibration perfor-
mance with dead time.
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Fig. 6.7 Motor torque and pinion’s angular acceleration waveforms: a without setting dead time.
b when dead time is 15 μs. c when dead time is 5 μs
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As it is shown in Fig. 6.7a that vibration does not intensified obviously as a
function of time, acceleration fluctuation appears in driven gear when output torque
is unstable at the beginning, but the fluctuation is small in the whole time for
lacking of corresponding frequency components. In contrast, the vibration is
obviously aggravated in two particular areas of speed due to the setting of dead
time.

The forced vibration performance of driven gear under different dead times is
shown in Table 6.3.

The two vibration frequencies in Table 6.3 correspond to ω2rev and ω3rev pre-
sented in Table 6.2, and dead time has little effect on natural vibration frequency for
the system, because the frequency is determined by mechanical parameter of drive
system. It is quite clear that the strength of vibration is greatly affected by dead
time, especially for 17.52 Hz, and the peak-to-peak value of force vibration
weakens from 12.03 to 3.82 when dead time varies from 15 to 5 μs.

6.5 Conclusion

In high-speed train, the low-frequency harmonic torque and shaft torsional vibration
in traction drive system have been studied theoretically as well as simulation, and
we can get the following conclusions:

(1) Nonlinear factors of inverter could result in obvious low-frequency compo-
nents in traction motor torque, especially for dead-time effect, which produces
5th, 7th current harmonics, and 6th pulse harmonic torque.

(2) The natural vibration state has been researched by the model of drive system,
and there are three lower natural vibration frequencies when considering
system damping: 5.05, 17.52, and 52.07 Hz.

(3) The drive system can be coupling vibrated obviously when output torque
contains natural frequencies above at certain speeds, and there are two reso-
nance speeds of train: One is near start point, and the other is about 8 km/h.
The peak-to-peak value of force vibration is greatly increased with the raise of
dead time.

Acknowledgment This work was supported by a grant from the Major State Basic Research
Development Program of China (973 Program: 2011CB711100).

Table 6.3 The comparison of vibrational states at different dead times

Dead time
(μs)

Frequency 1
(Hz)

Peak-to-peak value 1
(rad/s2)

Frequency 2
(Hz)

Peak-to-peak value 2
(rad/s2)

15 19.92 12.03 50.51 3.72

5 19.76 3.82 50.21 3.2
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Chapter 7
A Comparison Study of Freight Train
Control Strategies for Energy Efficiency

Tengteng Wang, Xiukun Wei, Limin Jia and Ming Cheng

Abstract In recent years, with the rapid development of transportation, energy
efficient optimization control technology of freight train has been widely concerned.
The work of this paper is to analyze the two train operation control algorithms,
fuzzy control and predictive control, and to determine which one is more suitable
for the train control for the energy efficient purpose. In light of the heavy haul train
dynamics model, the above two control strategies are compared with the traditional
PI control in tracking performance, robustness, and energy consumption. The
simulation results show that the fuzzy controller has a better speed tracking per-
formance, robustness, and energy saving than PI controller. In contrast to PI control
algorithm, the dynamic matrix predictive control algorithm has distinct advantages
in terms of speed tracking, environmental unknown disturbances, and energy effi-
ciency. The results showed that dynamic matrix predictive control is a better
candidate for automatic freight train control.

Keywords Freight train � Fuzzy control � Dynamic matrix predictive control �
Energy efficiency

7.1 Introduction

The energy consumption is a major problem in the world. As an important part of
social economy, transportation consumes a lot of energy, thus the reduction of the
locomotive traction energy consumption plays an important role in reducing the
cost of railway operation.
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The research on the operation control algorithm for the train began in the middle
of the twentieth century and developed rapidly with the development of automatic
control technology [1]. In 1968, the London Vitoria subway became the first
profitable line with the PID control [2]. In 1983, Japanese scholar Seiji first applied
fuzzy control algorithm to the train operation control, marking that the intelligent
control entered the field of railway [3]. In our country, the train intelligent control
system develops rapidly in recent years. In 2008, J. y. Zhou made a deep research
about the application of fuzzy control and predictive control on automatic train
operation, and the simulation results showed that predictive control can be a better
control [4]. In 2014, Zhao and Gao [5] studied a method of automatic operation of
urban rail transit based on predictive control.

Nowadays, the automatic train control system mostly adopts the conventional
PID as the control algorithm, but PID control is difficult to describe the complex
system accurately and has great limitation in dealing with unknown disturbances.
Compared with PID, fuzzy control does not depend on exact model of controlled
object but the experience of experts or operation data, it is applicable to solve
nonlinear and time-varying system. However, fuzzy control belongs to “post-action
control” and it cannot predict the conditions and operate in advance. On the con-
trary, predictive control can handle the time delay in control system easily. In
addition, for the freight train issue, the track line gradient, speed limitations, and
optimized speed curve in advance can be included in the controller design.

This paper is organized as follows. In Sect. 7.2, the dynamics mathematical
model is constructed. In Sect. 7.3, the fuzzy control and predictive control and the
design of the control algorithm for automatic train operation system based on the
above two control strategies are briefly presented. In Sect. 7.4, fuzzy controller and
PID controller, dynamic matrix predictive controller, and PI controller which
applied to automatic train control system of freight trains are compared in the
simulation with respect to the speed tracking performance, robustness, and energy
saving. Finally, some conclusions are given in Sect. 7.5.

7.2 Heavy Haul Train Dynamics Model

The train model contains mathematical model and energy-consuming model. In [6],
the train’s running status can be described as systems of ordinary differential
equations:

M
dv
dx

¼ 1
v

p
v
� q� r vð Þþ g xð Þ

h i
dt
dx

¼ 1
v

8><
>: ð7:1Þ

where M is the mass of the train, p is the tractive power, q is the braking force, r vð Þ
is the basic resistance, and g xð Þ, v xð Þ, and t xð Þ are the gradient resistance, speed,
and time, respectively, at the position x.
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The energy-consuming model is based on the dynamics principle, its objective
function is:

E ¼
R
Fvdt
f

þ atþ d
Z

Bvdt ð7:2Þ

where F is the traction, B is the braking force, f is the factor in traction stage, d is
the factor in braking stage, and α is the auxiliary power.

Three track line profiles are considered in the simulations, which contain the
normal straight track line, the track line with random resistance and the one with
constant gradient. The considered random resistance coefficients are as follows:

a0 ¼ aþ a� 0:1� randn
b0 ¼ bþ b� 0:1� randn
c0 ¼ cþ c� 0:1� randn

8<
: ð7:3Þ

Actually, the train cannot be considered as a single-mass model, and the train’s
length must be considered; the model can be described as Eq. (7.4) in [7]:

v
dv
dx

¼ p
v
� q� r vð Þþ 1

M

ZS

0

q sð Þg x� sð Þds ð7:4Þ

In Eq. (7.4), S is the length of the train, ρ(s) is the quality of the unit length, p is
the traction power, q is the braking force, r vð Þ is the basic resistance that operates
on the train, and g xð Þ is the gradient of the position that s meters apart from the
headstock.

Defining the generalized gradient as:

�g xð Þ ¼ 1
M

ZS

0

q sð Þg x� sð Þds ð7:5Þ

we have

v
dv
dx

¼ p
v
� q� r vð Þþ �g xð Þ ð7:6Þ

7.3 A Brief Review of the Control Algorithms

7.3.1 Fuzzy Control

Fuzzy control is an intelligent control system, which is based on fuzzy mathematics,
fuzzy logic, and fuzzy reasoning, it has better robustness and it is especially suitable
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for the nonlinear, time-varying, and time-delay system; that is the reason why it can
be widely used in the field of industrial and train operation control [8].

For any target speed, corresponding to the reference curve, the train should have
a good tracking performance within an acceptable error range in order to ensure the
safe operation of the train. There are two inputs for the fuzzy controller, such as the
speed error and its change rate, and the output is the force that operates on the train.
Figure 7.1 shows the structure of electric locomotive running control system.

7.3.2 Dynamic Matrix Control (DMC)

Predictive control has strong speed tracking efficiency, robustness, and
anti-interference; more important, it has the properties of predicting, so it can
predict the ramp or other uncertain factors in advance and do some adjustment.

The predictive model is based on the step response which can produce a series of
dynamic coefficients. So the dynamic matrix can be defined as:

A ¼
a1 0 � � � 0
a2 a1 � � � 0
..
. ..

. � � � ..
.

aP aP�1 � � � ap�mþ 1

2
6664

3
7775

According to the proportion and superposition property of linear system, the
output ~yPM kð Þ can be predicted under the operation of the control increment
DuM kð Þ.

~yPM kð Þ ¼ ~yP0 kð ÞþA � DuM kð Þ ð7:7Þ

The control increment is determined by the optimization criterion:

minJ kð Þ ¼
XP
i¼1

qi w kþ 1ð Þ � ~yM kþ ijkð Þ½ �2 þ
XM
i¼1

rjDu
2ðkþ j� 1Þ ð7:8Þ

de/dt

Ke

Kc

Fuzzy 
Controller

Ku
Electric 

Locomotive

Speed Sensor

-

e
uReference

Curve

r
v

Fig. 7.1 Structure of electric locomotive running control system
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So the optimal control incremental sequence is given as:

DuMk ¼ ðATQAþRÞ�1ATQ wp kð Þ � ~yP0 kð Þ� � ð7:9Þ

At last, the predictive system needs to be corrected by the error feedback.

e kþ 1ð Þ ¼ y kþ 1ð Þ � ~y1 kþ 1jkð Þ ð7:10Þ

Then, the corrected output is given as:

~ycor kþ 1ð Þ ¼ ~yN1 kð Þþ heðkþ 1Þ ð7:11Þ

Predictive control can be applied to train control system, and Fig. 7.2 shows the
structure of control system.

7.4 Comparison of the Control Strategies Based
on MATLAB Simulation

7.4.1 Comparison Between Fuzzy Control and PID Control

The train operation is assumed to have three stages, which are traction stage,
uniform velocity stage, and braking stage. The times of each stage are 20 s, 155 s,
and 25 s. Fuzzy controller simulation model is shown in Fig. 7.3. The results of
simulation are shown in Fig. 7.4.

The results show that fuzzy control has less overshoot and shorter response time
than PID control when tracking the reference curve and it is obvious that fuzzy
control consumes less energy. However, the control rules are formulated by a large
number of practical data which causes the inaccuracy of the system, and when
facing the steep ramp, fuzzy control would have a bad tracking performance
affected by gradient resistance. In order to overcome the disadvantages of fuzzy
control, this paper applies predictive control to automatic train operation.

Reference
Input Output

DMC Control Force Locomotive

Actual Model

+

-

Ramp Or Other Factors

Fig. 7.2 Train predictive control system
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7.4.2 Comparison Between Predictive Control
and PI Control

There are three conditions about the line in simulation, which contain normal line,
line of random resistance, and constant gradient.

For the normal line, the train contains acceleration stage, uniform velocity stage,
coasting stage, and braking stage. The railway profile is shown in Fig. 7.5.

The result of tracking speed–distance curve is shown in Fig. 7.6. Figure 7.7
shows that predictive control consumes less energy than PI control.

It is noted that predictive control has better tracking performance than PI control
especially in gradient area, and it has stronger robustness. Figure 7.8 shows the
tracking performance of predictive control and PI control with the condition of
random resistance, and Fig. 7.9 shows the tracking performance and energy con-
sumption with the condition of undulating ramp defined in Sect. 7.2.
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Fig. 7.5 Railway profile
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7.5 Conclusion

In this paper, two control algorithms are applied to automatic train operation of
freight train, namely fuzzy control and predictive control. Compared with tradi-
tional PID control, fuzzy control has better tracking performance, robustness, and
energy-saving effect. However, fuzzy control depends on experience of experts and
actual data to large degree, which brings in uncertainty and instability to train
system, and in the face of external disturbances it cannot make prompt adjustments.
Predictive control can well make up for the inadequacy of fuzzy control, and it has
obvious advantages in tracking speed curve, disturbance rejection. More important,
predictive control has less energy consumption. The results demonstrate that
dynamic matrix predictive control is a better candidate for automatic train control,
and its control performance and energy-saving effect are much better than the PI
control strategy.

Although this paper has made some initial results, there are still some problems
that need to be studied further. Fuzzy control and predictive control could be
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combined to achieve a better control performance, which would be our further
research in the future.
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Chapter 8
Simulation Research on Voltage
Stabilization Control Strategy for Rail
Transportation Traction Grid Based
on HESS

Shili Lin, Wenji Song, Ling Luo and Ziping Feng

Abstract In order to realize the voltage stabilization of rail transportation traction
grid efficiently, a hybrid energy storage system (HESS) composed of lithium bat-
teries and supercapacitors is presented for application in the DC power supply
system to absorb and release the regenerative braking energy. Through studying the
coordination control strategy of HESS, the control models are set up and simulated
in MATLAB/Simulink. It can be seen from the simulation results that the control
strategy makes the HESS well stabilize the traction grid voltage within an appro-
priate operating range. Moreover, the battery pack and the supercapacitor pack are
both used in their optimal working states, causing the HESS to recycle the braking
energy availably and satisfy the purposes of clean energy and green travel of rail
transportation commendably.

Keywords HESS � Rail transportation traction grid � Coordination control
strategy � Voltage stabilization

8.1 Introduction

Currently, the urban rail transportation vehicle generally uses VVVF inverters as its
power transmission devices, with which the vehicle cannot only have high con-
version efficiency but also feedback braking energy that occupies 30 % of the
traction energy to the DC traction grid for other vehicles on the same power supply
interval to reuse [1, 2]. However, when the regenerative energy is too large to be
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absorbed timely, the DC traction grid voltage will rise beyond the upper threshold
quickly, bringing about lots of security problems to the traction supply system [3];
therefore, the braking resistor is commonly used in rail transportation to consume
the surplus part to avoid the excess of grid voltage and ensure the safety operation
of the power supply system. As a result, it leads to a tremendous waste of the
braking energy especially in current situations such as shorter distances between
urban rail stations, frequent starting and braking, increasing rail lines, and so
on [4, 5].

By means of absorbing the regenerative energy during braking process and
releasing the stored energy during starting or acceleration process, energy storage
system (ESS) can be used as an ideal alternative to the braking resistor to suppress
the voltage fluctuation in a proper range. In addition, ESS could recycle the whole
braking energy so that it has an obvious significance of energy saving and emission
reduction of rail transportation [6]. However, the feedback braking energy that
simultaneously owns the characteristics of large energy and high power tends to
cause a heavy burden of capacity to the ESS consisting of only one kind of energy
storage element, such as batteries or supercapacitors. Though the dual demands
could be satisfied easily by paralleling multiple packs to increase the system
capacity, the huge redundancy will occur along with high cost, weight, and volume,
resulting in that it is infeasible to promote to rail transportation.

Therefore, combined with the large capacity characteristic of lithium battery and
the high power characteristic of supercapacitor, the hybrid energy storage system
(HESS) is put forward in this paper to reuse the braking energy of the rail vehicles
and achieve voltage stabilization of the traction grid. Moreover, according to the
power fluctuation situations of the traction grid in two typical operation modes, the
coordination control strategy of HESS is researched to optimize the allocation
algorithm of power and energy between the battery pack and the supercapacitor
pack in order to improve the overall performance of HESS and realize its appli-
cability in actual rail transportation power supply system.

8.2 HESS of Rail Transportation

Due to the different chemical characteristics among various energy storage mate-
rials, so far an energy storage technology is difficult to be seized of good perfor-
mance both in energy density and power density, which are the two most important
technical indicators of an energy storage element [7, 8]. Take lithium batteries and
supercapacitors that are commonly used in energy storage fields for example. The
lithium battery is provided with large energy density, yet its power density is
relatively smaller and the cycle life is short, making it only suited to be used in the
condition with smooth power fluctuation, such as the peak load shifting of electric
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power system. In contrary, the supercapacitor that belongs to power energy storage
elements has the ability to sustain high power and response quickly, so that it is
appropriate for being used in the fields with high power or frequency charging and
discharging. However, supercapacitor storage system is still hard to accomplish
large-scale application because of its shortcomings of low capacity and expensive
cost.

Hence, through joining lithium batteries and supercapacitors together, the
complementary advantages of these two kinds of components will vastly enhance
the overall performance of HESS. In this paper, the topology structure of HESS of
rail transportation is designed as Fig. 8.1, with the lithium battery pack and the
supercapacitor pack connecting to the DC traction grid via a bidirectional DC/DC
converter, respectively. Based on the analysis of the acquisition data, the coordi-
nation controller sends the switching instructions to the two converters to control
the battery pack and the supercapacitor pack to absorb or release the renewable
energy, allowing that the traction grid voltage could keep within the safety range
with the HESS working in an efficient status all the time.

8.3 Coordination Control Strategy

Aiming at the good effect of voltage stabilization and the optimal operation of
HESS, the coordination control strategy is determined by the interaction of mul-
tiparameters, such as the traction grid voltage, the values of state of charge
(SOC) of the battery pack and the supercapacitor pack as well as the characteristics
of them. And the influence relations are discussed as follow.

~ Grid
Traction 

Grid

rectification converter
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DC
DC

DC
DC

Lithium Battery 
Pack

Super Capacitor 
Pack

Fig. 8.1 Topology structure of the HESS of rail transportation
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8.3.1 Control Strategy of Traction Grid Voltage

As the purpose of using HESS in rail transportation is to restrain the fluctuation of
the traction grid voltage, its value is selected as the most primary control parameter
that decides whether the HESS works or not. According to the analysis results of
the current voltage obtained from the coordination controller, the bidirectional
DC/DC converters which are used as the energy conversion devices will control the
energy flow between the traction grid and the HESS by three different modes, that
is, the buck mode for HESS to absorb the braking energy, the boost mode to release
the stored energy, and the standby mode.

For the rail transportation power supply system with a rated voltage of 1500 V,
the regular range of the traction grid voltage is generally from 1000 to 1800 V [9].
Assumed that the energy consumed on other auxiliary equipments could be ignored,
the voltage is defined as the open circuit voltage expressed by U0 when there is no
vehicle moving in the power supply interval. Obviously, it would be higher than U0

in the situation that the braking energy is greater than the traction energy needed in
the interval and vice verse.

Under the buck mode, the bidirectional DC/DC converter absorbs energy from
the traction grid to reduce the DC voltage to a safety value with its current flowing
from the high voltage side to the low side. In order to avoid the unpredictability of
voltage rising due to the electrical delay, the switching value of starting charging
that is expressed as Uc should not be set closely to the upper limit value of 1800 V.
Meanwhile, Uc is forbidden to be too low that most of the braking energy would be
stored in the HESS rather than being used more efficiently by the starting or
acceleration vehicles. Therefore, the value of Uc could be set up within the codo-
main shown as Eq. 8.1.

U0\Uc\1800 V ð8:1Þ

Further, as a fixed value is apt to frequently change the running state of the
converter between buck mode and standby mode, leading to unnecessary loss of
electric energy and adverse effect in ensuring the security of the power supply
system in actual, a interval of [Uc,min, Uc,max] is used to replace Uc in order to allow
the HESS to be charged continuously for a while with the following rules:

• ENch ¼ 1 when UcðtÞ �Uc;max;
• ENch ¼ 1 when Uc;min\UcðtÞ\Uc;max and ENch;pre ¼ 1;
• ENch ¼ 0 when UcðtÞ �Uc;min.

where ENch and ENch,pre are the current and previous enable signals of charging;
Uc(t) is the real-time value of traction grid voltage; and the Uc,min and Uc,max should
meet the scope shown as Eq. 8.2.
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U0\Uc;min\Uc\Uc;max\1800 V ð8:2Þ

Conversely, working under the boost mode with its current flowing from the low
voltage side to the high side, the bidirectional DC/DC converter makes HESS
release its stored energy to avoid substantial descent of the traction grid voltage.
Beginning to discharge at the moment, the voltage drops down to 1450 V, HESS
acts as a voltage source to provide energy support to traction grid till the voltage
recover to the nominal value. In this way, the HESS could release its stored energy
quickly so that it is able to obtain adequate remaining capacity space for the next
time of absorption.

8.3.2 Control Strategy of SOC

The lithium battery and the supercapacitor are generally used with the most
effective part of capacity rather than the entire capacity in practice. As a result, the
SOC of them should be thought of as the control parameters of charging–dis-
charging in order to prevent the abuse that may damage the HESS.

Taking into account the differences of key technical parameters between the
lithium battery and the supercapacitor, the coordination control strategy which is
considered to be critical to the efficient operation for HESS should be designed by
the principle that the supercapacitor pack is responsible for the frequent fluctuation
portion of the load while the lithium battery pack for the smooth part. As it is the
more conventional energy storage medium in HESS, the supercapacitor could
obtain the switching permission signal as long as its SOC is in the range of
25–90 %. Yet the lithium battery is used more commonly as a backup power source
with the available SOC range of 20–80 %, and the enable signal should comply
with the next three rules:

• ENch;bat ¼ 1 when SOCðtÞuc � 90 % or SOCðtÞbat � 80 %;
• ENdch;bat ¼ 1 when SOCðtÞuc � 25 % or SOCðtÞbat � 20 %;
• ENch,bat and ENdch,bat are both disenable in any other condition with the braking

resistor consuming the excessive energy if necessary.

where ENch,bat and ENdch,bat are the enable signals of charging and discharging of
the battery pack, respectively; SOC(t)uc is the real-time SOC of the supercapacitor
pack and SOC(t)bat is that of the battery pack.

According to discussion above, the flowchart of the coordination control strategy
is shown as Fig. 8.2.
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8.3.3 Control Models

The control models of the lithium battery pack and the supercapacitor pack are set
up in MATLAB/Simulink as Fig. 8.3. Based on the control instruction sent by the
coordination controller, the two bidirectional DC/DC converters control their duty
ratios with the PWM method to adjust the output of the HESS, thereby achieving
the absorption or release of the regenerative braking energy.
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Fig. 8.2 The flowchart of the coordination control strategy
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8.4 Simulation Results

Taken as the research object in this paper, Guangzhou Metro Line Four is supplied
by the 1500 V DC traction grid, of which the U0 is 1669 V. The braking power and
energy can be calculated by the simulation method mentioned in Ref. [10].

8.4.1 The Load of Traction Grid

According to the passenger flow, the running schedule is divided into three kinds of
programs with different departure intervals, namely the peak period, the median
period, and the idle period. Assumed that the departure intervals of these three

Fig. 8.3 Control models of HESS in MATLAB/Simulink. Top Control model of the lithium
battery pack, bottom control model of the supercapacitor pack
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running conditions are 180, 360, and 450 s respectively, the power fluctuations are
simulated in MATLAB/Simulink with the results shown in Fig. 8.4.

It can be seen from the typical operating condition of peak period that the
maximum and average braking power are 507 and 383 kw as well as that the
regenerative energy is 0.33 kwh during each braking process that nearly lasts for
40 s. While in the idle period and the median period, there would only be one
vehicle braking in the bilateral power supply interval in most cases, and the power
and energy could reach 2210 and 7.3 kwh at most when simulating with the most
severe environment, indicating that the longer departure interval is unfavorable for
the braking energy to be absorbed by other vehicles.

8.4.2 Analysis of Simulation Results

It is revealed from Fig. 8.5 that the battery pack has no action under peak period all
the time while the supercapacitor pack responses the charging–discharging
requirement individually with a discharging current about 500 A in the starting

Fig. 8.4 The power fluctuation of traction grid. Top Power fluctuation of peak period, bottom
power fluctuation of idle period
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stage. Due to the power support of HESS, the traction grid voltage would maintain
above 1400 V and the converter does not change into standby mode till the voltage
rises beyond 1500 V; besides, when the vehicle feedbacks braking energy to
traction grid, HESS starts up buck mode to absorb the redundant energy once the
voltage beyond 1750 V, effectively ensuring the safety operation of the traction
supply system with a voltage below 1765 V.

According to the simulation result of idle period shown in Fig. 8.6, the maxi-
mum current is nearly 2900 A in the initial braking stage, causing the superca-
pacitor pack and the battery pack both to be put into use and work in coordination
state. Though the traction grid voltage rises up to 1780 V, it still keeps at a safety
level with the benefit that the discharging current of the battery pack is increasing
slowly thanks to the current diversion of the supercapacitor. Once the superca-
pacitor pack reaches the SOC of 90 %, it stops charging and leaves the battery pack
to absorb the braking energy lonely with the maximum current maintaining below
2600 A that accords with the design requirement of 5C.

It can be proved from the simulation result that the coordination control strategy
effectively guarantees the stabilization of the traction grid voltage in idle period;
meanwhile, the system can save nearly 1000 kwh per day under the current running
schedule. And with the part of the braking energy bore by lithium batteries, the
HESS could cut down its capacity to a certain extent that means a cheaper cost.

Fig. 8.5 Stabilization effect of voltage during peak period with HESS

8 Simulation Research on Voltage Stabilization Control Strategy … 73



8.5 Conclusion

The HESS is presented to be used in rail transportation to stable the traction grid
voltage in this paper. Through researching the coordination control strategy of
HESS, the control models of the two converters are set up in MATLAB/Simulink to
enable the battery pack and the supercapacitor pack to absorb or release the
regenerative braking energy, respectively. According to the results simulated with
the peak period and the idle period, it is testified that the traction grid voltage could
be stabilized within the safety range and the overall performance of HESS is
improved by the optimal allocation method of power and energy between the
lithium battery pack and the supercapacitor pack.
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Fig. 8.6 Stabilization effect of voltage during idle period with HESS
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Chapter 9
Simulation Research of Traction
Converter Based on MMC

Hongmei Zhang, Xitang Tan, Qinyue Zhu, Jingxi Wang
and Weixian Zeng

Abstract Due to the high output voltage fluctuation and harmonics of the CRH3
traction converter, the further study of the topology and control strategy is made.
The simulation model of traction converter based on the MMC topology is pre-
sented according to the main circuit parameters of CRH3 inverter. With the model,
the input and output characteristics of the traction converter on the basis of the
carrier phase-shifted modulation control and balance control of capacitor voltage
are analyzed. The simulation results show that the optimized model based on the
MMC topology gains a better performance compared to the traditional circuit. The
output current and voltage are much more similar to a sine wave with lower
harmonics, and the dc-link voltage fluctuation is smaller. In a word, the expected
result has been achieved.

Keywords Traction converter � MMC � CPSM � Voltage balance control � Input
and output characteristics

9.1 Introduction

Nowadays, multilevel converter is divided into three kinds of topologies such as
cascade H-bridge multilevel converter (CHMC), flying capacitor multilevel con-
verter (FCMC), and diode clamped multilevel converter (DCMC) [1–3]. CHMC
often requires many independent dc sources, so the system cost is high and it is not
easy to realize four-quadrant operation. While FCMC needs lots of clamping
electrolytic capacitors which leads to large volume and poor reliability, it is less
used in real situations [4]. DCMC of higher level is less applied due to the amount
of its devices, dc voltage unbalance, and complicated control strategy. Recently, a
new modular multilevel converter (MMC) has been presented with the advantages
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such as flexible application of various power and voltage levels no need of stable dc
sources and realization easy of four-quadrant operations [5, 6], and it will have a
broad application prospect in the future.

However, the high-speed EMUs of CRH series mainly adopt two-level or
three-level traction converter which has some problems of smaller levels and higher
harmonics. To optimize the performance of the traction system, multilevel tech-
nology is introduced into the current traction converters. By studying the topology
and control strategy of MMC for the certain CRH3 EMUs, the feasibility of the
application of MMC in high-speed EMUs is discussed, which will provide refer-
ences for the optimization design of the traction system.

9.2 MMC Working Principles

The main circuit and its submodule (SM) topology of MMC are shown in Fig. 9.1a.
Each phase consists of 2N same cascaded modules, and each module consists of
IGBT1, IGBT2, and two capacitors. Between the upper and lower bridge arms, two
same reactors are in series to suppress circulation and the fault current rising rate
[7]. From Fig. 9.1a, by controlling the IGBT1 and IGBT2 on/off, the port can output
0 or uc correspondingly. Each module can be seen as an independent voltage
source. Thus, we can use proper modulation algorithm to get the desired AC
voltage.

Firstly, we take one phase as an example to analyze [8] as follows. The upper
sine wave compares with N same triangle carrier along with 2π/N shifted each to
generate the PWM signals. By the same token, the lower sine wave is inverse and
compare with N same triangle carrier along with 2π/N shifted each to generate the

(a)
(b)

Fig. 9.1 MMC topology and modulation principle
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PWM signals. And the lower carriers are π/N shifted compared with the corre-
sponding upper carriers. When N = 2, the modulation principle diagram is shown in
Fig. 9.1b.

9.3 Capacitor Voltage Balance Control

Although the method mentioned above helps to balance the capacitor voltage of
MMC, it still cannot fully balance the capacitor voltage. So we still need extra
control to balance the capacitor voltage. In this paper, we synthesize several related
theories [9–11] and propose a capacitor voltage balance control method which
mainly includes the following two aspects:

• Voltage balance control. According to the current direction of the upper and
lower bridge arms, the actual value of each capacitor voltage uci varies with the
rated voltage uref. For example, comparing the rated voltage with the actual
capacitor voltage uci along with the direction of the bridge arm current iap, we
can determine the submodule’s working state. When uci < ucref, if iap > 0, then
the sign function sgnðiapÞ ¼ 1. After proportion, the balance control component
usapi increases, and the duty ratio increases too. The capacitor will be charged,
so the capacitor’s voltage will increase. If iap < 0, then sgnðiapÞ ¼ �1. The
capacitor will be discharged, so the capacitor’s voltage decreases too. The
process is similar under the inverse condition when uci > ucref. The upper and
lower output balance control components are shown in Eq. (9.1):

usapi ¼ sgnðiapÞ � k � ðuCref � uCiÞ ði ¼ 1;NÞ
usani ¼ sgnðianÞ � k � ðuCref � uCiÞ ði ¼ Nþ 1; 2NÞ

�
ð9:1Þ

• Capacitor voltage average control. Controlling equal value ucave fall submodule
capacitor voltage follows ucref. And we add independent circulation control as
shown in Fig. 9.2. The voltage regulation components for the upper and lower
bridge arms of each module of phase A are shown in Eq. (9.2):

Caveu
1PI 2PI

ani

api 1 2

saZuZarefi

Zai

Crefu
Fig. 9.2 Capacitor voltage
average control diagram

9 Simulation Research of Traction Converter … 79



usai ¼ usapi þ usaZ � uaref
N þ Ud

2N ði ¼ 1;NÞ
usai ¼ usani þ usaZ þ uaref

N þ Ud
2N ði ¼ N þ 1; 2NÞ

�
ð9:2Þ

We can get the CPSPWM modulation voltage after normalization.

9.4 Simulation Analysis Based on MMC

CRH3 traction converter consists of a single-phase trilevel rectifier, dc-link, and a
traction inverter. Detailed working principle and control analysis [12, 13] of traction
converters have been discussed in many papers. Based on them, this paper gives
optimization for the inverter part of CRH3 traction converters, and the optimization
model of the converter based on MMC is shown in Fig. 9.3.

9.4.1 Simulation Parameters

The output voltage of MMC is based on each module’s capacitor voltage, so the
voltage fluctuations on capacitors will inevitably influence the output performance
of the converter [14]. Thus, we should design a reasonable parameter. The formula
is shown as Eq. (9.3): m for the modulation ratio, N for single-phase bridge arm
module number, z for load, u for power factor, ω for output frequency, and e for
voltage fluctuation coefficient.

C ¼ mN
8xe zj j 1� mð1þ sin2 uÞ

3

� �
� mN

8xe zj j ð9:3Þ

According to current actual parameters of the traction converter of CRH3, we
build a main circuit simulation model. For the convenience of discussion, this
model substitutes the motor load with symmetrical three-phase RL load. Parameters
are shown in Table 9.1. If e is 1 %, then cmax is 5.3 mF.

LN

uN Ud

RN

a

b

cn

p MMC

Fig. 9.3 Traction converter structure based on MMC
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9.4.2 Input Characteristic Analysis

The simulation results shown in Fig. 9.4 are the frequency spectrum of
network-side input current. The fundamental frequency component of the current
based on MMC converter in Fig. 9.4 is 203.2 A, and the THD is 5.94 %. Lower
harmonic mainly focus on 150 Hz and the high harmonics mainly concentrated near
the equivalent switching frequency of 2.5 kHz, which are the 45th, 47th, 49th, 51st,
53rd and 55th harmonics.

The simulation results shown in Fig. 9.5 are partial enlargement of dc-link
voltage for the traditional CRH3 converter and optimized CRH3 converter. The
figure shows that the rated dc voltage of the converter is 3000 V, and the funda-
mental component of the voltage based on the tradition CRH3 converter in Fig. 9.5a

Table 9.1 System simulation parameters

Rectifier dc-link MMI Load

Vin/V Rin/Ω Lin/mH fs/Hz C/mF Vdc/V L/mH C/mF R/Ω L/mH

3000 0.039 4.5 1250 4.25 3000 1.5 5.3 10 3
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is 56.12 V and THD is 3.09 % with about 4 % voltage fluctuation, while the
fundamental component of the voltage based on the MMC converter in Fig. 9.5b is
60.81 V and THD is 2.62 % with 3.7 % voltage fluctuation.

The results shown in Fig. 9.6 are the amplified capacitor voltage waveforms of
each module of MMC, which shows how capacitor voltage changes with dc-link
voltage. The capacitor voltages of MMC do exist about 2 % voltage fluctuation
around basic value according to the amplified waveform during 0.8 and 0.9 s. The
simulation result indicates the validity of the balanced control strategy.

9.4.3 Output Characteristic Analysis

Simulation results shown in Fig. 9.7 are three-phase output line voltage waveforms
based on traditional CRH3 converter and MMC converter. The former converter
adopts three-level topology whose output line voltage shown in Fig. 9.7a has five
levels, while the latter adopts MMC topology whose output line voltage shown in
Fig. 9.7b has nine levels. That is to say, under the same carrier frequency, the
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converter based on MMC gains higher voltage levels, so the output line voltage is
more similar to sine wave. And the voltage stress of the power device is less, which
may reduce the compression capacity of power devices.

Simulation results of output phase current and frequency spectrum are shown in
Fig. 9.8. It is obvious that three-phase currents are in symmetrical distributions, and
the phase angle difference is π/3, while the output current based on MMC is much
smoother. The phase current spectrum indicates that the fundamental component of
the output current based on the traditional CRH3 converter shown in Fig. 9.8a is
119.1 A, and the THD is 9.31 %, while the fundamental component of the output
current based on MMC shown in Fig. 9.8b is 117 A, and the THD is 2.19 %.
Obviously, the former contains lots of current harmonics. Among which, the
higher-order harmonic mainly exists in the 50th frequency. Meanwhile, the latter
that adopts the five-level MMC topology leads to lower THD and harmonics, and
its higher-order harmonic mainly exists in the 100th frequency, which is different
from traditional CRH3 converter.

In a word, when the CRH EMU traction converter adopts MMC topology, it will
gain higher output voltage level, less current harmonic, improved power quality,
and less motor torque impact.

9.5 Conclusion

On analyzing the working principle and control strategy of MMC, an optimized
traction converter model based on MMC is built. By analyzing the input perfor-
mance, dc-link voltage, capacitor voltage, and output characteristic, the preliminary
results suggest that traction converter based on MMC has improved the CRH3
converter output performance. In this paper, research on multilevel technique
applied to the CRH3 EMU traction converters can provide theoretical guidance and
technical reference to the core components or related technology researches and
optimization designs.
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Chapter 10
A Novel Three-Level Full-Bridge DC–DC
Converter with Wide ZVS Range

Haijun Tao, Yiming Zhang and Xiguo Ren

Abstract Existing DC–DC converter has some shortcomings, such as low power,
low efficiency, and poor load adaptability. For which a novel soft switching
three-level DC–DC converter is proposed, a step-down winding in secondary side
of high-frequency transformer in series with commutation inductance is added to
ensure the devices soft switching in the full power scope using asymmetrical
phase-shift PWM control. The operation process and characteristics of the circuit
are analyzed, and a prototype is completed. Experimental results verify the pro-
posed DC–DC converter with high input voltage, wide ZVS range, and high
efficiency.

Keywords DC–DC converter � ZVS � Three-level � Full-bridge

10.1 Introduction

The traditional DC–DC converter with half-bridge or full-bridge DC/DC converter
limits the input voltage in high-power applications [1]. Increasing switch voltage
and current quota will result in lowering the switching frequency, increasing
transformer, and filter components size, reducing the power density [2]. In order to
reduce the voltage stress on the switching device, Pinheiro puts forward zero
voltage half-bridge three-level (HB TL) converter, and the voltage stress of the
switch is reduced to half of the input voltage, but it is not suitable for high-power
applications [3]. Literatures [4–6] introduce the hybrid full-bridge three-level
converter to reduce the input and output current ripple and improve the ZVS range
switch, since the circuit includes three-level bridge arm and two-level bridge arm,
the switch voltage stress of two-level bridge arm is the input voltage, and therefore,
it is not suitable for high-voltage input. Literature [7] proposes a three-level
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full-bridge (FB TL) converter consisting of a total of eight switches; each switch
voltage stress is half of the input voltage, but lagging commutation is difficult. This
paper proposes an improved full-bridge three-level DC–DC converter, and it has
two step-down winding rectifiers in parallel and one step-down winding in series
with a linear reactor. The former is used to reduce the output voltage; the latter is
used to ensure the soft switching of switches in the full power scope, reducing the
volume of input and output filter.

10.2 The Circuit Structure and Operation Modes

Main circuit diagram of DC–DC converter is shown in Fig. 10.1. Left arm includes
switches S1 � S4 (including D1 �D4 and Cs1 �Cs4), clamp diodes D9 and D10, and
flying capacitor Css1. Right arm includes switches S5 � S8 (including D5 �D8 and
Cs5 �Cs8), clamp diodes D11 and D12, and flying capacitor Css2. Lr is the leakage
inductance, and Lc is the commutation inductance. By adding the communication
inductor, switches can realize soft switching within the full power scope. The
analysis of operation process is based on the following assumptions.

1. All components are considered ideal;
2. Cs1 ¼ Cs4 ¼ Cchop, Cs2 ¼ Cs3 ¼ Cs5 ¼ Cs6 ¼ Cs7 ¼ Cs8 ¼ Clag, Css1 ¼ Css2

¼ Css,Css � Cchop, Css � Clag.
3. L � Lr=n2, where Lr represents the leakage inductance, n represents the turns

ratio, L represents the filter inductance and big enough, and can be regarded as a
constant current source.

Accordingly, the best control way must satisfy three conditions: (1) power
transmission is maximum under the same duty ratio; (2) filter inductor current ripple

Fig. 10.1 Three-level DC–DC converter
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is minimum; and (3) the switches achieve soft switching [8]—a kind of asymmetric
phase-shift PWM control is proposed as shown in Fig. 10.2. The turning-on
moments of S1 and S2 S7 S8 (or S4 and S3 S5 S6) are the same, while the
turning-off moments of them are different. The driving signals of S1 S4 which are
known as chopping-leg switches are pulse width modulation; The driving signals of
others which are known as lagging-leg switches are at maximum pulse width; and
the output voltage is regulated by the pulse width of S1 S4. The system using the
control method is easy to digital implementation, the problems of poor precision
and flexibility of the traditional phase-shifting control special chip are solved. The
circuit has 14 kinds of operation mode.

Mode 0: t0�, Fig. 10.3a

At t0�, switches(S1 S2 S7 S8) conduct, transformer primary current ip ¼ I0=n,
uAB ¼ Ui, DR1 conducts, DR2 is turned off. The voltages of Cd1 and Cd2 are equal
to Ui=2, respectively. Cd1 charges Css1 by S1 Css1 D10, Cd2 charges Css2 by
S8 Css2 D11. The voltages of S3 S4 S5 S6 are equal to Ui=2 due to flying
capacitor. Communication inductor current increases from reverse maximum value.

iLcðtÞ ¼ �ILc0 þ 1
Lc

Zt0
0

Ui

m
dt ð10:1Þ

where m represents the turn ratio of primary winding and communication inductor.

t

1S4S

2S 7S 8S 5S3S 6S

1S

pi

1su

2su

Au

Bu

ABu

secu

Lci

1t 2t 3t 4t 5t 6t 7t 8t 9t 10t 12t11t 13t0t

Fig. 10.2 Main waveforms
of converter
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The transformer primary current is given as follows:

ipðtÞ ¼ Io
n
þ iLcðtÞ

m
þ iLrðtÞ ð10:2Þ

Mode 1: ½t0þ ; t1�, Fig. 10.3b

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 10.3 Equivalent circuits
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At t0, S1 is turned off, current ip transfers from S1 to Cs1, and charges Cs1. Due
flying capacitor Css1 is in parallel with S2 S3, the sum of Cs1 and Cs4 voltages is
Ui=2, and Cs1 is charged at the same time Cs4 is discharged. The voltage Cs1

increases from zero, and S1 is turned off under ZVS. Due to large filter inductor,
current ip remains at zero.

uCs1ðtÞ ¼ Ip0
2Clead

ðt � t0Þ ð10:3Þ

uCs4ðtÞ ¼ Ui

2
� uCs1 ¼ Ui

2
� Ip0
2Clead

ðt � t0Þ ð10:4Þ

At t1, the voltage Cs4 reduces to zero, and Cs1 is charged to Ui=2.

iLcðtÞ ¼ iLcðt0Þþ 1
Lc

Zt1
t0

Ui=2þ uCs4
m

dt ð10:5Þ

Mode 2: ½t1; t2�, Fig. 10.3c
At t1, due to the voltage Cs4 reduces to zero, D4 naturally conducts. If flying

capacitor Css1 voltage reduces slightly, D9 conducts, and Cd2 provides energy to
load. Because the voltage of Cs4 remains at zero, S4 can be turned on under ZVS
until t5; this shows that the asymmetric phase-shifted PWM control is feasible.

iLcðtÞ ¼ iLcðt1Þþ 1
Lc

Zt2
t1

Ui

2m
dt ð10:6Þ

Mode 3: t2; t3½ �, Fig. 10.3d
At t2, S2 S7 S8 are turned off. On the left bridge arm, ip transfers from S2 to Cs2

and charges Cs2, due to flying capacitor Cs2 is charged at the same time Cs3 must be
discharged, S2 is turned off under ZVS; on the right bridge arm, ip transfers from
S7 S8 to Cs5 Cs6 Cs7 Cs8, charges Cs7 Cs8 and discharges Cs5 Cs6, and S7 S8 are
turned off under ZVS. uAB reduces to zero at t3.

iLcðtÞ ¼ iLcðt2Þþ 1
Lc

Zt3
t2

Ui=2� uCs2
m

dt ð10:7Þ

At t3, uAB reduces to zero, the commutation inductance current is up to ILc0,
uCs3 ¼ Ui=3, uCs2 ¼ Ui=6, uCs7 ¼ uCs8 ¼ Ui=6, uCs5 ¼ uCs6 ¼ Ui=3.
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Mode 4: t3; t4½ �, Fig. 10.3e
At t3, uAB reduces to zero, and rectifier diodes conduct. Communication inductor

current reaches peak to charge Cs2 Cs7 Cs8, and discharge Cs3 Cs5 Cs6, and the
voltages of Cs3 Cs5 Cs6 reduce to zero until t4. It is easy to realize ZVS of
S2 S7 S8 by reasonable design of converter inductance.

Mode 5: t4; t5½ �, Fig. 10.3f
At t4, commutation inductor and resonant inductor current do not drops to zero,

yet D3 D5 D6 naturally conduct, current ip continues to reduce, and decreases to
zero until t5, so S3 S4 S5 S6 can turn on under ZVS at any time during this mode.

ip ¼ Ipðt4Þ � Ui

Lr
ðt � t4Þ � Ui

mLC
ðt � t4Þ ð10:8Þ

Mode 6: t5; t6½ �, Fig. 10.3g
At t5, S3 S4 S5 S6 have been turned on, ip starts to increase. Because ip is lower

than Ip0, DR1 and DR2 are still conduct the same time. ip is up to Ip0 until t6.

Mode 7: [ t6; t7], Fig. 10.3h

At t6, p reaches Ip0, rectifier diode DR1 is turned off, and the transformer offers
energy to load by DR2. Because Css1 and Css2 discharge in switching process, Cd2

charges to Css1 by D9Css1S4, Cd1 charges to Css2 by D12Css2 S5. The second half of
the cycle is similar to the first one.

10.3 Soft Switching Conditions

1. ZVS of chopper switches
Based on the previous analysis, it must have enough energy to take away the
charge on the junction capacitance Cs4 of the switch S4 to realize ZVS, while
charging the capacitor Cs1 parallel to S1, energy for chopper switches to achieve
ZVS is given as follows.

Echop � 1
2
Cs1

Ui

2

� �2

þ 1
2
Cs4

Ui

2

� �2

¼ 1
4
CchopU

2
i ð10:9Þ

This energy is mainly from the output filter inductor. Due to a large filter
inductor, output current can be approximated as a current source, so it easy to
achieve ZVS for chopper switches.
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2. ZVS of lag switches
Three lag switches turn off at same time, energy stored in six junction capaci-
tance need to buffer to realize ZVS. For the example of S2 S7 S8 turnoff, as
shown in Fig. 10.3, the process is divided into two stages. The first stage: uAB is
down to zero, corresponding to mode 3, and the output filter mainly provides
energy at the stage.

Elag1 � 1
2
ðCs2 þCs7 þCs8Þ Ui

3

� �2

þ 1
2
ðCs3 þCs5 þCs6Þ Ui

6

� �2

¼ 5
24

ClagU
2
i

ð10:10Þ

The second stage: uAB is up to Ui, corresponding to mode 4, commutation
inductor mainly provides energy at this stage.

Elag2 � 1
2
ðCs2 þCs7 þCs8Þ Ui

6

� �2

þ 1
2
ðCs3 þCs5 þCs6Þ Ui

3

� �2

¼ 5
24

ClagU2
i

ð10:11Þ

Thus, the output filter inductor and commutation inductance provide energy for
lag switches when it turned off.

10.4 Experiment

The above analysis is verified by a prototype. The following parameters are given
as: input voltage Vdc ¼ 540 V, output voltage Vo ¼ 30 V, output current
Io ¼ 200 A, and switching frequency fs ¼ 20 kHz.

Four drive signals of S1 S2 S3 S4 for three-level full-bridge DC–DC converter
are shown in Fig. 10.4. S1 and S2 (or S4 and S3) open at the same time, but their
turning off moments are different. S7 and S8 are same as S2, and S5 and S6 are same
as S3. Pulse widths of S1 and S4 control the value of the output voltage.

The waveforms of primary side voltage and secondary rectified voltage and
primary current of high-frequency transformer are consistent with the theoretical
analysis as shown in Fig. 10.5. Due to the increase of the output level, the volume
of input and output filter is reduced.

The waveforms of high-frequency transformer voltage and converter–inductor
current are shown in Fig. 10.6. The slope of commutation inductor current is
different when output voltage value is different, but the peak point is in commu-
tation time of lag switches, and it is easy to realize the soft switching of controlled
source circuits in the full power scope.
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Fig. 10.4 Drive waveforms of controlled source circuit

Fig. 10.5 Transformer’s primary and secondary voltage and current waveforms
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The efficiency curve of measurement under the rated input voltage with load
changing is shown in Fig. 10.7, with the increase of load, increased efficiency of
transmitter, and the maximum efficiency of 95 %.

Fig. 10.6 Waveforms of primary and secondary voltage and communication inductor current
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Fig. 10.7 Measure efficiency
of marine transmitter
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10.5 Conclusion

The voltage stress of switch device in DC–DC converter switch drops half of the
input voltage using three-level technology to solve the problem of high input
voltage, thus the operating frequency can be increased using low norm of the switch
device to reduce the size of the transformer and the filter device. The commutation
inductance is added to achieve the devices soft switching in the full power scope.
The efficiency of the circuit is improved while the leakage inductance of the
transformer is reduced to reduce the loss of transformer. Asymmetric phase-shifted
PWM control with a simple physical meaning, simple control, and easy digital
realization is proposed to achieve the corresponding relationship between the
control duty ratio and the driving pulse width.
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Chapter 11
The New Coordinate Strategy of Passing
Phase Separations in Hybrid EMU

Lichenxin Jiang, Gang Zhang, Baishui Ruan and Zhigang Liu

Abstract This paper introduces hybrid EMU and its basic configuration of power
and then proposes the new coordinate strategy of passing phase separations, which
is different from the traditional electric locomotive, in hybrid EMU. Schemes of
traction- and braking-passing phase separation are designed so that the auxiliary
units do not need to be turned off. Not only the burden on the driver’s operation can
be reduced, but also comfortable ride quality could be provided. Finally, actual
experiment validates the feasibility of this scheme.

Keywords Passing phase separations strategy � Traction condition � Braking
condition � Hybrid EMU

11.1 Introduction

The 25 kV AC traction network is the only power supply for traditional high-speed
EMU. It means that the traction network needs to be erected in the full line. To
balance the three-phase power system of electrified railway contact line, there are
areas without electricity, which is called phase separation region, whose length is
uncertain in every 20–25 km [1, 2]. When traditional electric locomotives passing
through the phase separation region, the auxiliary units must be turned off and the
main breaker must be disconnected. And only by coasting can the train go through
the phase separation region. It will cause some threats and challenges to security
and stability of the train [3]. To solve this problem, the hybrid EMU comes into
being.

The hybrid EMU could pass the phase separation region with the auxiliary unit
working properly. Based on different operating environments and requirements, this
kind of new EMU can choose a variety of power sources as power input, which
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means more possibilities and greater operational space. Its power supply system
consists of five parts: OCS-related equipment (pantograph, the main transformers,
etc.), power pack (diesel generator or power battery), the grid-side converter,
traction inverter, and auxiliary converter system. The maximum speed of the train
can reach 160 km/h in the catenary mode. And its maximum speed could be
120 km/h, while the power pack provides power. This paper proposed a new
coordinate strategy of passing phase separations based on EEMU which chooses
power batteries as the power pack (Fig. 11.1).

11.2 The Power Configuration of Hybrid EMU

11.2.1 Grid-Side Converter in Catenary Mode

Grid-side converter, namely 4QC, works in the catenary mode and provides stable
power for the train. The control method of grid-side converter based on syn-
chronous rotating coordinate system, which establishes a two-phase stationary

M M M M

Main transformer

Grid-side converter

Motor Inverter

900VAC

1650VDC

G

25kV 50Hz

DC

DC

Bi-directional DC / DC

Lithium ion battery pack

Motors

Fig. 11.1 The power supply system of hybrid EMU
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cartesian coordinate system by the virtual axis so that the dq model could be
established, is adopted in the hybrid EMU. Its essence is exchanging the
time-varying AC variables into DC variables for controlling [4, 5].

Based on the following two core equations and the control block, the control
system of grid-side converter in hybrid EMU is designed.

Ea ¼ Ed sinxtþEq cosxt
Eb ¼ �Ed cosxtþEq sinxt

�
ð11:1Þ

where Eα is the grid voltage and the virtual β-axis, which lags α-axis 90°, is Eβ. θ is
the angle between (d, q) rotating coordinate system and the α-axis and
h ¼ xt � 90�. And then, the derived governing equation based on the Fig. 11.2 is
as follows:

UsðtÞ ¼ UsðtÞ� � kpþ ki
s

� �
IsðtÞ� � IsðtÞ½ � ð11:2Þ

Grid-side converter can not only function well, run in unity power factor, and
maintain the DC voltage stable, but also has excellent dynamic performance of
adjusting load, as shown in Fig. 11.3.
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Fig. 11.2 The control block of grid-side converter
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11.2.2 Power Battery in Non-catenary Mode

In the non-catenary mode, power batteries provide stable power for the train.
Lithium iron phosphate battery, which is ease of preparation, widely used, and
almost no pollution, is chosen to be power battery [6, 7]. And this kind of battery is
quite safe. Even subjected to strong shock, it will not explode. In addition,
buck/boost bidirectional DC/DC converter circuit is selected for the main energy
storage system.

Charge control strategy consists of fast charging mode and trickle charging
mode. SOC of charge cutoff is set to 90 % so that the energy storage system
could maintain a certain battery capacity to absorb braking energy (Figs. 11.4, 11.5,
and 11.6).

Based on the classic bicyclic ring system theory, the battery discharge strategy is
designed. Considering the influence of the SOC of battery and different working
conditions, energy storage system maintains constant intermediate DC voltage as
shown in Fig. 11.7.

DC Voltage

The current  of the secondary side in transformer

Fig. 11.3 Train acceleration in catenary mode (100 % traction force)
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Fig. 11.5 DC voltage and inductor current when battery charging

Fig. 11.6 The block diagram of battery discharge control strategy

Fig. 11.4 The block diagram of battery charge control strategy
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11.3 The Design of Coordinate Strategy—Passing Phase
Separation

Alarm-passing phase separation signal and end-passing phase separation signal are
set on the railway [8], as shown in Fig. 11.8. For the convenience of presentation,
alarm-passing phase separation signal is signal I, and end-passing phase separation
signal is signal II. ΔU is the set value.

Fig. 11.7 DC voltage and inductor current when battery discharging

Phase separation region

Disconnecting the main breaker Forcibly

25kV 25kV

Signal II:  The end of passing phase separationsSignal I:  The alarm of passing phase separations

Line

Fig. 11.8 The position of signal configurations
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11.3.1 Traction-Passing Phase Separation Strategy

When receiving the signal I, traction force output should be gradually reduced, if
the train is in traction or coasting state. And the grid-side converter is set to
only-rectifying mode. The DC voltage is Udc, at the current time.

Meanwhile, DC/DC system controls power battery discharging, and the inter-
mediate DC voltage is maintained at (Udc + ΔU). In this process, all of the train
load can be smoothly transferred from 4QC system to DC/DC system.

After 1.0 s since receiving the signal I or main circuit breaker of the train is
disconnected forcibly, grid-side converter stops working. And then power pack
provides power for the train.

When receiving the signal II, the battery is set to only-discharging mode,
intermediate DC voltage is maintained at (Udc − ΔU), thereafter the grid-side
converter starts, and the DC voltage is regulated to Udc. Finally, the output of
battery is naturally cut off. Coordinate logic is shown below in Fig. 11.9.

11.3.2 Braking-Passing Phase Separation Strategy

When receiving the signal I, the traction force output should be gradually reduced,
if the train is in braking state. And the grid-side converter is set to only-inverter
mode. The DC voltage is Udc, at the current time.

Meanwhile, DC/DC system controls power battery absorbing braking energy,
and the intermediate DC voltage is maintained at (Udc − ΔU). In this process, all of
the train load can be smoothly transferred from 4QC system to DC/DC system.
After 1.0 s since receiving the signal I or main circuit breaker of the train is
disconnected forcibly, grid-side converter stops working. And then power pack
provides power for the train.

When receiving the signal II, the battery is set to only-charging mode, inter-
mediate DC voltage is maintained at (Udc + ΔU), thereafter the grid-side converter
starts, and the DC voltage is regulated to Udc. Coordinate logic is shown below in
Fig. 11.10.

Grid-side converter

Power Battery

Udc

0

Signal I:  The alarm of passing phase separations
U

 Grid-side converter exiting

Enter phase separation region
Signal II:  The end of passing phase separations

U
Udc

Grid-side converter working

Power pack exiting

Traction conditions

Power pack working

Fig. 11.9 Schematic of traction-passing phase separation
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It is worth mentioning that the DC voltage command value of 4QC system is not
the same as the DC/DC system’s, when the train is passing phase separations. This
takes into account avoiding interference caused by the sampling differences which
may exist in hardware, to ensure that two power supply systems can be smoothly
switched. In addition, if the battery system is off-line when the train passing phase
separations, the auxiliary units should be turned off and the main breaker should be
disconnected.

11.4 Actual Confirmatory Experiment

To verify the feasibility of strategy designed for passing phase separation strategy,
the actual experiment were carried out in the ground traction chain experimental
platform. The experimental waveform which is obtained from traction condition
can be an example, as shown in Fig. 11.11.

A set of batteries are chosen as train load. Before entering the phase separation
region, train load is 50 kW. From the above chart, before entering the phase

Grid-side converter

Power Battery

Signal I:  The alarm of passing phase separations

U

Enter phase separation region
Signal II:  The end of passing phase separations

U
Udc

Grid-side converter working

Power pack exiting
Grid-side converter exiting 
and Power pack working

Brake conditions

Udc

0

Fig. 11.10 Schematic of braking-passing phase separation

Intermediate DC voltage 100V/div

Load current 40A/div

Power battery discharge current 40A/div

The current  of the secondary side in transformer

Signal I Signal II

Grid-side converter starts again

Fig. 11.11 The experimental waveform of passing phase separation
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separation region, intermediate DC voltage, which is established by grid-side con-
verter, is stable 1650 V. After receiving Signal I, power batteries begin to discharge,
and the DC voltage is adjusted to 1680 V. At the same time, the network-side
converter output is zero, because 4QC works in only-rectifying mode. When
receiving Signal II, the DC voltage is adjusted to 1620 V and grid-side converter
starts. If the DC voltage rises above 1620 V, the output of battery current is turned off
naturally. And then the grid-side converter takes over the load of the train and begins
to supply power. This shows that the train passing phase separation with loads is
realized, via the coordination between grid-side converter and power batteries.

11.5 Conclusions

In summary, the new coordinate strategy of passing phase separations in hybrid
EMU is quite feasible and reasonable. The hybrid EMU could pass the phase
separation region with normal operation of auxiliary units and conventional power.
Not only the burden on the driver’s operation can be reduced, but also comfortable
ride quality could be provided.
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Chapter 12
The Research on Control Parameter
of Converter in Dual-Power Electric
Multiple Units

Congpeng Yang, Gang Zhang, Baishui Ruan and Zhigang Liu

Abstract In this paper, we research the network-side converter of dual-power
electric multiple units (EMU). A new model is developed based on the synchronous
rotating frame PI control of the EMU converter. The control parameters are cal-
culated and the simulation results demonstrate the effectiveness of the design.

Keywords Single-phase PWM rectifier � Control strategy � Parameters design and
analysis

12.1 Introduction

During the national “11th Five-Year Plan,” the railway in China has achieved great
development. China advocates the development of energy saving and environ-
mental protection to build a resource-saving society [1].

This paper starts from the mathematical model of the EMU network-side con-
verter, establishes a mathematical model in the rotating coordinate system, and
calculates the control parameters. At last, the simulation of the model parameter is
obtained.

12.2 The Model of PWM Rectifier

In order to simplify the calculation, the traditional single-phase PWM rectifier
model is simplified as shown in Fig. 12.1. As shown in Fig. 12.1, the mathematical
expression of single-phase equivalent circuit is as follows:
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ea � Ua ¼ L
dia
dt

ð12:1Þ

As shown in Fig. 12.1, EA is the grid voltage and L is the network-side inductor.
By controlling the magnitude and phase of the Ua, we can control the size, the
phase current IA, and the PWM rectifier transmission power [2].

According to Kirchhoff’s current law, the current balance equation in the DC
side is concluded. The state equations can be obtained for the single-phase PWM
rectifier. SA and SB are the states of switch. When the upper tube is on, SA is 1 and
SB is 0.

L
dia
dt

¼ ea � ðSA � SBÞUa

C
dUa

dt
¼ ðSA � SBÞia � Ua

RL

ð12:2Þ

The equations give the mathematic variation of the input current and DC voltage.
Based on the equation, we can conclude the appropriate control strategy to control
the input current and DC voltage.

12.3 The Design of the Network-Side Converter Control
Parameters

12.3.1 The Design of Current Loop Control System

There are two categories about PI control parameters design method. One is the
theoretical calculation method, mainly based on the mathematical model, through
theoretical calculations to determine the parameters of the controller. The data
obtained by this method cannot be used directly and still must adjust by the actual
system. The other method is the engineering tuning method. This method based on
the actual experience tests directly in the control system, and this method is simple
and effective. But we still need parameter calculation of theoretical guidance.

ae aU

ai LFig. 12.1 The equivalent
circuit of the single-phase
PWM rectifier
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Transient current control, which belongs to the direct current control, is widely
used in electric locomotives. And the vector relational equation of PWM rectifier
becomes its theoretical basis [3].

Figure 12.2 is a block diagram of current loop control, where Ts is the switching
cycle of PWM rectifier, Tds is the rectifier delay time, about half of the switching
period, the network-side converter switching frequency is 1 kHz, Ts is 1 ms, Tfi is
the filter time of input signal, KPWM is the rectifier bridge gain, Tl is current loop
gain, namely: Tl = L/R, L is the AC-side inductance, R is the resistance, and
KPWM = 1 [4].

Due to the current requirements of static control, so Ci (s) to design a PI con-
troller, its transfer function is as follows:

CiðsÞ ¼ Kpi þ Kii

s
ð12:3Þ

The open loop transfer function in Fig. 12.2 is as follows:

GðsÞ ¼ 1
Tfisþ 1

� KpisþKii

s
� KPWM

Tdssþ 1
� 1=R
Tlsþ 1

ð12:4Þ

Because the Tfi and Tds are small inertia, so we can use inertia link instead of the
above two small inertia and the time constant is as follows:

Tc � Tfi þ Tds ¼ 0:5þ nð ÞTs ð12:5Þ

According to the actual experience of the project, we can match the conditions of
simplification:

xci � 1
3

ffiffiffiffiffiffiffiffiffiffiffi
1

TfiTds

r
ð12:6Þ

Due to the current rapid follow, we can design the current loop type system.

Tl ¼ Kpi

Kii
ð12:7Þ

1

1fiT s + ( )iC s 1
PWM

ds

K

T s +
1/

1l

R

T s +

1

1fiT s +

*
di di

Fig. 12.2 The current loop diagram
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Now, we get the current inner loop transfer function:

/ðsÞ ¼ GðsÞ
1þGðsÞ ¼

KpiKPWM

s2 þ L=Tcð ÞsþKpiKPWM=Tc
ð12:8Þ

According to the basic closed loop two-order transfer function:

/ðsÞ¼ x2
n

s2 þ 2nxn þx2
n

ð12:9Þ

Expressions can be obtained for type II system and several basic parameters:

xn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KpiKPWM

Tc

r
1 ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L

KpiKPWMTc

s
ð12:10Þ

According to the Siemens “best tuning method” and “optimal system,” the ϛ is
0.707, the system response time and overshoot are in an ideal state, with open and
closed loop expressions introduced proportional and integral coefficient:

Kpi ¼ L
412KPWMTc

Kii ¼ Rre

L
Kpi ð12:11Þ

Combined with parameters of network-side converter system, the system power
is 700 KW, the input AC voltage is 900 V, output voltage is 1650 V, and the filter
time constant feedback current input signal is generally sat 8 times to the switching
period.

The parameters lead to the current loop proportional and integral coefficient, we
can obtain the current inner loop PI parameters of the theoretical value, the active
and reactive components after complete decoupling, d, q axis control separately, so
d, q axis current loop PI is symmetrical, and we can take the same PI parameters.

At last, we can calculate Kpi and Kii.

12.3.2 The Outer Voltage Loop Control System Design

According to the outer voltage loop that stabilizes the DC output voltage, the other
function is compared with the given value after PI adjustment and output active
current reference value. When the network voltage or the load changes, the outer
voltage loop adjusts its output deviation, and we must change the active given value
to ensure fast recovery of DC-side voltage, which requires voltage loop to has
strong anti-interference performance.
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In order to improve the anti-interference ability of outer voltage loop. The
voltage loop is designed for type II system. It can be seen that there are two integral
parts in the transfer function of outer voltage loop transfer function:

GðsÞ ¼ Kpu þ Kiu

s

� �
� 1
Tnsþ 1

� 0:75� 1
SC

¼
0:75Kiu

Kpu

Kiu
sþ 1

� �
Cs2 Tnsþ 1ð Þ ð12:12Þ

According to the standard form of type II system, we can write the open loop
transfer function of the voltage loop as follows:

GðsÞ ¼ K T1sþ 1ð Þ
s2 T1sþ 1ð Þ ð12:13Þ

According to the typical methods for the analysis of amplitude–frequency
characteristic of type II system, we definite a new variable “h” as follows:

h ¼ x2

x1
ð12:14Þ

where “h” is a slope of intermediate frequency width of −20 dB/dec (logarithmic),
known as the “wide frequency,” and the width has very important effect on dynamic
response of control system. Therefore, we define the best ratio of h;x1;x2;xc (xc

is cutoff frequency) [5].

x2

xc
¼ 2h

hþ 1
xc

x1
¼ hþ 1

2

ð12:15Þ

So we obtain the corresponding open loop gain K as follows:

K ¼ x1xc ¼ x2
1
hþ 1
2

¼ hþ 1
2h2T2

2
ð12:16Þ

According to the practical experience, h is generally between 3 and 10. For the
type II system, it generally takes 4 [6].

K ¼ 5
32T2

2
; T1 ¼ 4T2 ð12:17Þ

And then, we can simplify the open loop transfer function as follows:
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GðsÞ ¼ K T1sþ 1ð Þ
s2 T1sþ 1ð Þ ¼

5 1þ 4T2sð Þ
32T2

2 s
2 T2sþ 1ð Þ ð12:18Þ

At last, we get the control parameters of the voltage loop [7] as follows:

Kiu ¼ 5C

24 L
Kpi

þ nTs
� �

Kpu ¼ 5C

6 L
Kpi

þ nTs
� � ð12:19Þ

According to the design requirements, we can confirm that the AC-side induc-
tance is 1.6 mH. The response speed of voltage loop is slower than the current loop,
so we set a bigger value of voltage signal filtering time, n = 16. PWM switching
cycle Ts = 10−3 s, DC capacitor is 4 mF. At last, we can calculate the voltage PI
parameter value.

At last we can calculate Kiu and Kpu.

Us

Is

Udc

Fig. 12.3 The AC-side and DC-side voltage of single-phase VSR
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12.4 Simulation Research

According to the system model and PI parameters, the synchronous rotating
coordinate system is built [8].

The simulation study found that this method can adjust the phase voltage
effectively and make the circuit work in the unit power factor, and it has good
dynamic and static characteristics, as shown in the Fig. 12.3 [9].

12.5 Conclusions

In summary, the calculated parameters of the system have good dynamic and static
characteristics and provide a good theoretical basis for the design of the system.
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Chapter 13
The Research on Solution of Voltage
Interruption of Network-Side Converter
in Dual-Power EMU

Xinyu Zhang, Gang Zhang, Lichenxin Jiang and Zhigang Liu

Abstract For solving the problem of network-side voltage interruption, this paper
proposes a method that can detect fastly. A method to protect the system in order to
avoid the impact of the alternating current after the voltage interruption is given in
this paper. It also presents some data of simulations and experiments to verify the
feasibility of this scheme.

Keywords Network-side converter � Network-side voltage interruption � Detect
method � Response method

13.1 Introduction

CRH has lead people to a new era since the railway between Wuhan and
Guangzhou completed [1]. Dual-power electric multiple units (EMU) proposed in
this paper is designed based on CRH. Dual-power EMU has more than one kind of
energy sources, such as catenary, battery, and diesel generator.

In electric railways, the high-speed EMU will encounter the problem of the
separation between pantograph and catenary inevitably. It is a key factor which
restricts the speed of the electrified railway. Developing the separation of pantograph
and catenary monitoring system is the demand of the railway administration [2].

When the train is running in high speed, the problem of separation of pantograph
and catenary will appear in a short time frequently, and it will cause the
network-side voltage interruption. During the short interruption time, it is insuffi-
cient for the train to transform from catenary mode to diesel generator or battery
mode. In this situation, the network-side converter should take some actions to
detect the separation of pantograph and catenary and protect itself in time [3]. The
scheme presented in this paper can avoid the impact of AC side current effectively
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and put the converter into normal operation after the pantograph and catenary
connected again. The network-side converter mentioned here is the four quadrants
PWM rectifier. The topology is shown in Fig. 13.1.

13.2 The Cause and Harm of the Network-Side Voltage
Interruption

The non-equivalent circuit of main transformer and network-side converter is shown
in Fig. 13.2 and the equivalent circuit of main transformer and network-side con-
verter is shown in Fig. 13.3. Now, the generation process of impact current when the

Fig. 13.1 The topology of network-side converter

dcV

dcIL
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1nE

nE sUm
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m
R

Fig. 13.3 Equivalent circuit

Fig. 13.2 Non-equivalent circuit
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pantograph and catenary connected again based on the following circuits will be
analyzed.

The moment of network-side voltage interruption:
Because of the capacitor in the DC side, the input voltage Us of the converter

cannot attenuate suddenly. According to the equivalent circuit of the main trans-
former, the voltage En1 is distributed by magnetizing inductance Lm and AC
inductance L during the network-side voltage interruption. Because the magnetizing
inductance Lm is much bigger than the AC inductance L, most voltage is allocated
to Lm and the voltage of L is almost equal to 0. So the voltage En is equal to Us

instantaneously.
The moment of grid connection:
The bridge arm voltage Us declines because the DC side voltage declines. At the

same time, the phase of Us will deviate from the network-side voltage En1 during
the interruption. So when the network-side voltage recovers again, there will be a
great voltage difference on the AC inductance L. And it will cause the impact of
current. If the converter is not protected well, the impact current will affect the
working of IGBTs and even burns them.

13.3 The Monitoring and Response Method
of Network-Side Voltage Interruption

Through the analysis above, it can be seen that it is essential to capture the
network-side voltage interruption and take some actions to prevent the system from
damaging of impact current. Combining with the control strategy of network-side
converter, this paper proposes a monitoring method inside EMU and gives a
response method when the network-side voltage is recovering. The control method
of the converter is proposed in the following.

13.3.1 The PI Control Based on dq Synchronous Rotating
Coordinate System

In this paper, the method of PI control based on dq synchronous rotating coordinate
system is adopted to control PWM converter. This method can make the power
factor close to 1 and maintain the DC side voltage more stable [4]. The essence of
this control method is changing the AC variables into DC variables through a
coordinate transformation, so as to realize real-time tracking of current without
static error. This method needs to establish two-phase static rectangular coordinate
system through the fictitious axis to establish dq model.
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Figure 13.4 is the core of dq transformation. It is called Park transformation.
Considering Park transformation and the relationship between θ and ωt, the

formulas of Ed and Eq can be calculated [5] as follows:

Ed ¼ Ea sinxt � Eb cosxt
Eq ¼ Ea cosxtþEb sinxt

�
ð13:1Þ

These formulas can be used to design the double closed loop control system of
the network-side converter.

13.3.2 The Response Method of Network-Side Voltage
Interruption Based on the Control of the Converter

According to the change of the inner control variables of the network-side con-
verter, it is easy to find a variable which change most obviously and can be easily
obtained during the network-side voltage interruption. And this variable can only
change during the interruption rather than the system is working normally such as
loads changing.

Through the analysis Ed is the variable. In the case of normal operation, the
relationship between En and Us is shown in Fig. 13.5 [6].

α

β

θ

d

q

ω

Eα

E
β

Fig. 13.4 Park
transformation

θ

En

wLI

Us

Fig. 13.5 The relationship
between En and Us under
normal operation
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Under normal circumstances, En and Eα have the following relationship:

En ¼ Ea ¼ E sinxt ð13:2Þ

We have analyzed that the multiple and phase of En and Us are same at the
moment of the network-side voltage interruption. So we can get the following
formula when the network-side voltage interrupts suddenly.

Ea ¼ E sinðxtþ hÞ ð13:3Þ

So when the voltage interrupts, the formula of Ed’ and Eq’ can be calculated in
the following way:

Ed0 ¼ Esinðxtþ hÞsinxtþEcosðxtþ hÞcosxt ¼ Ecosh ð13:4Þ

Eq0 ¼ Esinðxtþ hÞcosxt � Ecosðxtþ hÞsinxt ¼ Esinh ð13:5Þ

The angle between the bridge arm voltage Us and the actual network-side
voltage is low at the moment of the interruption. So cosθ is much larger than sinθ,
and it is suitable to choose Ed as the variable that monitors the network-side voltage
interruption.

13.3.3 The Response Method of Network-Side Voltage
Interruption

There are two kinds of cases of network-side voltage interruption. The time of
voltage interruption is rather long in the first case. Because the bridge arm voltage
Us of the network-side converter has become much low after the voltage recovery,
there is a big difference between Us and the actual grid side voltage [7]. In this case,
it is difficult to deal with the impact of current by self-adjusting of the converter
system. Therefore, the converter should disconnect the main switch and rerun the
charging process when the voltage recovers. That restarts the system.

The second case’s time of voltage interruption is very short. In this case, the
system can work normally by self-adjusting when the voltage recovers. So, it is not
necessary to restart the system and it is beneficial to quick recovery of the system
[8]. This scheme can also protect the pre-charge resistor in some degree. The
second case will be analyzed in detail.

The dq model of the PWM rectifier can be described as the following form:

Ed

Eq

� �
¼ Rþ Lp xL

�xL Rþ Lp

� �
Id
Iq

� �
þ Ud

Uq

� �
ð13:6Þ
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The matrix equation can be unfolded:

Ud ¼ Ed þxLIq � ðRþ LpÞId ð13:7Þ

Uq ¼ Eq � xLId � ðRþ LpÞIq ð13:8Þ

In these equations: Ed and Eq are the d, q components of the network-side
voltage En; Ud, Uq, Id, and Iq are the d, q components of the AC side voltage Us and
current Is in single-phase VSR; and P is the differential operator.

The modulating wave will change when Ud and Uq are changing because of the
interruption of network-side voltage. So some actions must be taken to restrain the
change of Ud and Uq in order to make the modulating wave normal after the voltage
recovery.

The components in d-axis are active, and the components in q-axis are reactive
in the formulas (13.7) and (13.8). The Iq, wLId, and LpId are tiny when the system is
in normal operation. To simplify the analysis, the above components will be
ignored. And then get the following equations.

Ud ¼ Ed ð13:9Þ

Uq ¼ Eq ð13:10Þ

In order to unify system clock, PLL technology is used in this system. The
principle of PLL is obtaining the network-side voltage En and transforming it into
dq axis, and we make Eq equal to 0 so that the network-side voltage and compo-
nents in the system could be synchronized.

When the network-side voltage interrupts, we make Ud equal to Ed, and Uq equal
to 0 through software. It can reduce the difference between Us and En during the
interruption. This method can avoid the impact of AC current after the network-side
voltage recovery.

13.4 The Simulation and Experimental Validation

The emphasis of the simulation and experimental validation is different. The sim-
ulation focuses on the monitoring method of network-side voltage interruption. And
experiment focuses on proving that the system works well using the response
method after the voltage recovery.
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13.4.1 Verifying the Monitoring Method of Network-Side
Voltage Interruption by Simulation

In this simulation, the 20 Ω resistance is used as load. The load is put into use at the
beginning and is removed at 0.5 s. At 0.8 s, the load is put into use again. The
network-side voltage interrupts at 1 s and recovers at 1.5 s. The following figure
shows the waveforms of AC voltage Us and AC current Is (Fig. 13.6).

It is shown in figure that Us does not change when the load put into use or out of
use, but Is will change. Naturally, the voltage Us can be used as the variable
monitoring voltage interruption. But it is too slow to detect the voltage interruption
by the decline degree of the amplitude of Us. It should also have the ability to avoid
network-side voltage fluctuation in normal range. So, Us cannot be used as the
variable monitoring voltage interruption. After observing each waveform of vari-
ables, it can be seen that the change of Ed is most obvious. And Ed is transformed
from En by Park transformation. When the load put into use or out of use, Ed does
not change. So Ed can be used as the variable monitoring voltage interruption. The
waveform is shown in Fig. 13.7.

13.4.2 Verifying the Response Method of Network-Side
Voltage Interruption by Experiment

The experiment is operated on the model of proportion which can imitate the
network-side converter. The power of the model is 1.2 kW, and the rated AC
voltage is 80 V. The rated DC voltage is 147 V.

Fig. 13.6 Waveforms of AC voltage and current

13 The Research on Solution of Voltage Interruption … 119



As shown in Fig. 13.8, the model of proportion is on load and the network-side
voltage interrupts for 50 ms without protection for the system.

It is shown in figure that there is a strong impact of AC current during the first
period after the voltage recovery, which can be a great influence on the system. And
then, not only the AC current Is abnormal, but also the DC voltage Udc cannot
restore to the original value.

As shown in Fig. 13.9, the model of proportion is on load and the network-side
voltage interrupts for 50 ms with protection for the system.

Fig. 13.7 Waveform of Ed during the network-side voltage interruption

Fig. 13.8 Experimental waveform without protection
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The impact of above-mentioned AC current is disappeared using protection, and
the DC voltage Udc can restore to the original value. So this kind of method
protecting the system is feasible.

13.5 Conclusions

From what had been discussed above, the Ed can be used to verify whether the
network-side voltage interrupt happens. If the time of interruption is long enough,
the main switch should be disconnected instantaneously and the converter should
rerun the charging process when the voltage recovers. If the time of interruption is
quite short, we can make Ud equals to Ed, and Uq equals to 0 through software to
protect the system. This kind of method which has been verified in experiments is
feasible and significative.
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Fig. 13.9 Experimental waveform with protection
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Chapter 14
Research on High-Speed Railway Traction
Power Supply System Harmonic
Resonance and Its Suppression Methods

Xuqin Xie, Baishui Ruan, Gang Zhang and Zhigang Liu

Abstract With the development toward high-speed, high-density cyberization,
high-capacity of high-speed railway, harmonics amplification, and resonance
problems of traction network caused by high-speed locomotives are getting more
serious. In order to study the harmonic transmission characteristic and resonance of
the traction network, the equivalent circuit model of the multi-conductor trans-
mission line was built. And two suppression methods of harmonica current were
proposed by installing a filter branch in the auxiliary winding of traction trans-
former. At the end of this paper, the effectiveness of the suppression methods has
been verified through theoretical calculations and simulations.

Keywords High-speed railway � Traction power supply system � Harmonic
transmission theory � Filter branch

14.1 Introduction

Heavy-duty and high-speed railway is the trend of China’s railways. The main use
heavy-haul railway locomotives are AC–DC–AC multiple units using the phased
control rectifier currently [1]. When the locomotive obtains electricity from the grid,
it also produces harmonics injected into the traction network through the power
system. Not only the low-order harmonic, for example, 3rd, 5th, 7th, and 9th
harmonics were included in this system, but also a lot of high-order harmonics were
contained. Serious harmonic resonance will occurred when the high-order har-
monics of the locomotive match the resonant point of the traction network, the
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harmonic currents multiplied, resulting in over voltage, which will cause equipment
burned and affect the safety and stability of the power supply system [2, 3]. Similar
cases had happened several times in recent years.

There are mainly two methods for the suppression of harmonic current [4]:
(1) To install a compensating device in the auxiliary winding of traction trans-
former. There are mainly two kinds of the compensating devices: active power filter
devices and passive filter devices. Due to its high cost and difficult in realization,
active power filter devices were rarely used in this condition. Compared with active
power filter devices, passive filter devices have advantages of low cost, simple
structure and stable operation. (2) To change the impedance characteristics of the
traction network by installing a single tuned filtering device or a second-order
damped filtering device in the substation. Since the RMS value of the bus voltage is
as high as 25 kV, the installation of these devices will greatly increase the cost. In
this paper, the method of installing passive filter in the auxiliary wingding of
traction transformer was chosen to suppression harmonic.

14.2 Traction Power Supply System

As shown in Fig. 14.1, traction power supply system structure mainly includes the
power system and power lines, traction substation, traction network, and electric
locomotives. Power system and transmission lines transport electricity to the trac-
tion power supply system [5]. The voltage level of traction power supply system
connected to the electricity grid is generally 110 and 220 kV. Being the connection
of the electric power system and the electrified railway traction network, traction
substation converts the electricity from power system into the electricity suitable for
locomotives.

Fig. 14.1 The basic working
principle of network-side
converter
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14.3 Traction Network Resonant Characteristics

Traction network system structure is complex, with lager numbers lot of wires. In
[6, 7], the number of conductors are consolidated and streamlined to establish the
multi-conductor transmission line model. The contact wire, protection wires, and
catenary wire can be electrically regarded as one conductor, as well as rails and
buried earth wire. Ultimately, the overall number of conductors can be reduced to
the equivalent of a five-wire circuit. This simplification does not affect the accuracy
of the model. In [8], it shows the reduction process the equivalent of
multi-conductor transmission line model. We can get this system overall external
impedance through repeated calculations.

When the harmonic currents generated from electric locomotive inject to traction
network, certain number of harmonic currents will inspire resonance. Harmonic
current amplification is a manifestation of resonance, and it will cause damage to
the insulation of equipment and malfunction protection and other issues.
Figure 14.2 is the traction power supply system schematic, and its equivalent circuit
is shown in Fig. 14.3. Total length of traction network is L.

Where IT is the locomotive current, I1 is contact line current toward the sub-
station, I2 is contact line current toward the section post, IX is contact line current
measured at a distance X from the substation, Z1 is input impedance toward the
substation that seen from the locomotive, Z2 is input impedance toward the section

Fig. 14.2 Schematic of power supply system

IT

L1 L 2

ZSS

I1 I2

IXSS SP

X

Z1 Z2

Fig. 14.3 Equivalent circuit of power supply system
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post that seen from the locomotive, ZSS is equivalent impedance of the substation
(including the impendence of the power source and Scott transformer), L1 is dis-
tance between the locomotive and the substation, and L2 is distance between the
locomotive and the section post.

I1 ¼ IT
Z2

Z1 þ Z2
ð14:1Þ

Figure 14.4 is equivalent dual-port network model of transmission line:

_U ¼ _U2 cosh txþ _I2Z0 sin tx

_I ¼
_U2

Z0
sinh txþ _I2 cosh tx

ð14:2Þ

Z and Y represent the unit length equivalent impedance and admittance of the
traction network, respectively. Z0 is the unit length characteristic impedance of the
traction network, Z0 ¼

ffiffiffiffiffiffiffiffiffi
Z=Y

p
. s is the propagation constant of the traction net-

work, s ¼ ffiffiffiffiffiffi
ZY

p
.

Treat the section post as the open circuit, using dual-port network to obtain
equation Z1, Z2, respectively, and derivation is omitted here.

Z1 ¼ Z0
ZSS cosh sL1 þ Z0 sinh sL1
ZSS sinh sL1 þ Z0 cosh sL1

ð14:3Þ

Z2 ¼ Z0
cosh sL2
sinh sL2

ð14:4Þ

IT can be calculated as

I1 ¼ IT
Z2

Z1 þ Z2
ð14:5Þ

Fig. 14.4 Equivalent dual-port network model transmission line
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Then, we can get

I1 ¼ IT
ðZSS sinh sL1 þ Z0 cosh sL1Þ cosh sL2

ZSS sinh sLþ Z0 cosh sL
ð14:6Þ

By the application of dual-port network equations, contact line current at point
X can be expressed as follows:

IX ¼ IT
ðZSS sinh sX þ Z0 cosh sXÞ cosh sL2

ZSS sinh sLþ Z0 cosh sL
ð14:7Þ

GX can be defined as the amplification of the harmonic current:

GX ¼ IX
IT

¼ ðZSS sinh sXþ Z0 cosh sXÞ cosh sL2
ZSS sinh sLþ Z0 cosh sL

ð14:8Þ

According to the parameters of the traction network proposed in [9], amplifi-
cation of the harmonic current was calculated by MATLAB. When the locomotive
position unchanged (20 km from substation), harmonic current gain measured in the
substation under different traction network length is shown in Fig. 14.5. Figure a, b,
and c is harmonic gains under the length of the traction network, respectively, for
20, 30, and 40 km. According to Fig. 14.6, it can be concluded that the longer the
lengths of the traction network will be, the lower the resonant frequency will be.

Figure 14.6 is harmonic current gain measured in substation when the loco-
motives are located in different locations with the traction network length of 30 km.
Figure a, b, and c are harmonic gains, respectively, when the locomotives located at
10, 20, and 30 km from substation. According to Fig. 14.6, we can see that the
position of locomotive does not affect the resonance frequency. The farther loco-
motive from the substation, the greater harmonics gain.

Fig. 14.5 Harmonic current
gain with the traction network
lengths of 20, 30, and 40 km
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14.4 Suppression of Harmonic Current and Simulation

The suppression methods of harmonica current amplification by installing a filter
branch in the auxiliary winding of traction transformer were proposed in this paper.
A second-order damped filter branch is installed, and the equivalent figure is shown
in Fig. 14.7.

Where Lr is inductance of filter branch, Cr is capacitance of filter branch, Rr is
parasitic resistance of filter branch, VS is primary voltage of the traction transformer,
VS1 is secondary side voltage of the traction transformer, and IS is the primary
current of the traction transformer.

Equivalent model of traction network after adding filter branch is shown in
Fig. 14.8, where ZF is the equivalent impendence of the filter branch (convert to the
primary side of the traction transformer). Formula of I1 is shown as below. The Y1,
Y2, and Y3 are admittance of Z1, Z2, and ZF, respectively.

Fig. 14.6 Harmonic current
gain when the locomotive
located at 10, 20, and 30 km
from substation

V S

Lr
Rr Cr

L
IS

VS1

VS1

Converter

Converter

Fig. 14.7 Installation of
second-order damped filter
branch
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I1 ¼ IT
Y1

Y1 þ Y2 þ Y3
ð14:9Þ

And GX will be expressed as

GX ¼ IX
IT

¼ IXðZSS sinh sXþ Z0 cosh sXÞ cosh sL2
ZSS sinh sLþ Z0 cosh sLþ Z0 cosh sL2ðZSS cosh sL1 þ Z0 sinh sL1Þ

Rr jnxLr
Rr þ jnxLr

�j 1
nxCrð Þ

ð14:10Þ

After installing a second-order damped filter branch, traction network equivalent
impedance changes. Lots of current around the resonance point is eliminated by the
filter branch, which can reduce the harmonic current gain. It can also be seen from
the formula that since the installing of the filter branch, denominator values are no
longer close to zero at the original resonance point, reducing the harmonic current
gain.

A LC filter branch is installed in the auxiliary winding of traction transformer,
and the equivalent figure is shown in Fig. 14.9.

IT
ZSS

SP

ZT1 ZT1

YT1

ZT2 ZT2

YT2
ZF

Fig. 14.8 Equivalent circuit of the traction network after the installation of LC filter branch

VS

L r Rr C r

L
IS

VS1

VS1

Converter

Converter

Fig. 14.9 Installation of a LC
filter branch in the auxiliary
winding of traction
transformer
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And GX will be expressed as

GX ¼ IX
I1

¼ IXðZSS sinh sXþ Z0 cosh sXÞ cosh sL2
ZSS sinh sLþ Z0 cosh sLþ Z0 cosh sL2ðZSS cosh sL1 þ Z0 sinh sL1Þ

Rr þ jðnxLr� 1
nxCr

Þ

ð14:11Þ

When the locomotive was running, not only the low-order harmonic, for
example, 3rd, 5th, 7th, and 9th harmonics were included in this system, but also a
lot of high-order harmonics were contained. The higher harmonic current band is
mainly determined by the switching frequency of four quadrants converter. In this
paper, MATLAB simulation model of CRH1 four quadrant converter is built.
Because of the adoption of carrier phase shift, the equivalent switching frequency is
2 kHz. The main characteristic harmonic is 37th, 39th, 41st, and 43rd. To make the
traction network model closer to reality, specific length of traction network model is
composed by unit length of model. Figure 14.10 shows five conductor circuit model
of unit length and 10 km of traction network.

According to the previous results, when the length of the traction network is
about 30 km, the resonance point is near 37th, near higher harmonic frequency band
of the locomotive. In order to better verify the effect of the harmonic suppression,
length of the traction network is selected as 30 km, and the filter branch resonant
point is selected as 37th.

For the second-order damped filter,

Im ag
RrjnxLr

Rr þ jnxLr
� j

1
nxCr

� �� �
¼ 0 ð14:12Þ

For LC filter,

Im ag Rr þ j nxLr � 1
nxCr

� �� �
¼ 0 ð14:13Þ

Harmonic gain in the substation calculated by MATLAB is shown in Fig. 14.11.
On the left side of Fig. 14.11, a second-order damped filter is installed in the
auxiliary winding of traction transformer with locomotives is 20 km from

Fig. 14.10 Five-conductor circuit model of unit length and 10 km of traction network
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substation, whose parameters are shown in first row of Table 14.1. On the right side
of Fig. 14.11, a LC filter is installed in the auxiliary winding of traction transformer
with locomotives is 20 km from substation, whose parameters are shown in second
row of Table 1.

AS shown in Fig. 14.11, harmonic gains greatly reduce in the vicinity of the
resonance point of traction network. The second-order damped filter is better than
the LC branch, but the second-order damped filter capacitance value is much larger
than the capacitance of the LC filter branch, which will increase the cost and
volume of the filter branch.

Figure 14.12 is the waveform of catenary current Ic and its corresponding
spectrum in substation without filter branch when locomotive is 20 km from sub-
station. Since the harmonic current spectrum is in the vicinity of the 37th resonance

Fig. 14.11 Harmonic gain calculated by MATLAB

Table 14.1 Different
parameters of the filter branch

Lr (uH) Cr (uF) Rr (Ω)

Second-order damped filter 2560 100 2

LC filter 64 100 2

Fig. 14.12 Waveform of Ic without filter branch and its corresponding spectrum
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point of traction network, harmonic currents are magnified greatly, the current
waveform distort seriously. Figure 14.14 is Ic catenary current waveform measured
at the substation after installing to the second-order damped filter branch and LC
filter branch, respectively. The second half of Figs. 14.13 and 14.14 are corre-
sponding spectrum of Ic, respectively. After installing filter branch, harmonic gain
greatly reduced, verifying the effectiveness of the filter branch (Fig. 14.13).

14.5 Conclusions

In this paper, the equivalent traction network model of the multi-conductor trans-
mission line was built to study the harmonic transmission characteristic and reso-
nance of the traction network. Simulation results show that if the distribution of
locomotive characteristic harmonics is in the vicinity of traction network resonance

Fig. 14.13 Waveform of Ic with a second-order damped filter branch and its corresponding
spectrum

Fig. 14.14 Waveform of Ic with a LC filter branch and its corresponding spectrum
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point, then the system will occur resonance seriously and the current distorts
seriously, undermining the stability and safety of the power system.

To suppress harmonic current, two methods were proposed by installing a filter
branch in the auxiliary winding of traction transformer. Calculation and simulation
results show that after installing the filter winding, harmonic current gain greatly
reduced, verifying the validity of the method of harmonic suppression. And this
research has reference value for avoiding and reducing the harm of traction
resonance.
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Chapter 15
Research on Traction Control Strategy
for Hybrid Electric Multiple Units

Shaobo Yin, Lijun Diao and Xuefei Li

Abstract In this paper, the control strategies of traction inverter for hybrid electric
multiple units (HEMUs) are introduced. First of all, the basic working principle of
the traction motor control strategy is analyzed. And this work establishes simulation
model for traction motor control strategy. At last, automatic speed control
(ASC) logic and electro-pneumatic brake are introduced. Currently, the inverter has
been installed on the HEMU, and the experiments are completed. The simulation
and experimental results prove that traction control strategies in this paper perform
well on hybrid EMU.

Keywords Traction inverter � Control strategy � Automatic speed control �
Electro-pneumatic brake

15.1 Introduction

The electrified railways are developing sustainably in China, but now there are still
some non-electrified railways. Electric multiple units (EMU) cannot get power from
pantograph in these non-electrified railways. In this project, we propose the concept
called hybrid electric multiple unit (HEMU) to solve the problem. There are two
prototypes of HEMU. Firstly, the pantograph supplies power to the first HEMU
when it is in electrified railways. The diesel generators and a set of battery pack
provide power for the first HEMU when it is in non-electrified railways. Secondly,
the two lithium batteries in second HEMU supplies power when HEMU passes
through those non-electrified railways. In electric railways, the pantograph supplies
power for EMU’s driving and charges the lithium battery. Thus, the above problem
could be solved.
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It is well known that the traction inverter as the power source of EMU is an
important part of the ac motor traction drive system. Voltage source inverter gen-
erates variable voltage, variable frequency, and alternating current to drive motors,
achieve traction motors run full speed range [1]. In the process of braking, traction
motor will be generators which make braking energy feedback to the overhead
contact line network through the four-quadrant converter [2]. Meanwhile, the
traction inverter needs to receive commands from the control network of the vehicle
during traction procedure and achieve the electro-pneumatic brake with pneumatic
brake control unit (BCU) while braking. To achieve good operating characteristics
of traction inverter and cooperate well with train system, the research on traction
control strategy is very necessary.

15.2 Control Strategy of Traction Motor

Traction motor control strategy with high-precision dual closed-loop indirect vector
control strategy is shown in Fig. 15.1.

By applying rotor field orientation, the excitation component and torque com-
ponent could be decoupled. Changing torque component iqs could alter electro-
magnetic torque; at the same time, excitation component of stator current will be

Fig. 15.1 Schematic diagram of vector control system under voltage feedforward decoupling
principle
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changed by altering excitation component ids [3, 4]; at this point, the model of the
asynchronous motor in synchronous rotating coordinate system can be equivalent to
separately excited dc motor model.

According to the rotor magnetic field-oriented control, as shown in Fig. 15.2, the
stator d axis and q axis voltage equations (15.1) and (15.2) are as follows:

uds ¼ Rsids þ rLs
dids
dt

� rLsxeiqs þ Lm
Lr

dwr

dt
ð15:1Þ

uqs ¼ Rsiqs þ rLs
diqs
dt

þ rLsxeids þ Lm
Lr

xewr ð15:2Þ

r ¼ 1� L2m=LsLr is the leakage inductance coefficient. The equation shows that
d axis and q axis components of the stator voltage are coupled, which means the
stator voltage uds cannot control the stator excitation component ids independently
and the stator voltage component uqs could not control the torque component iqs of
stator current.

In order to eliminate coupling between d axis and q axis, appropriate voltage
decoupling algorithm must be adopted. Feedforward control algorithm calculates
voltage decoupling component according to the given value of d and q axes stator
current. It has the advantages of fast speed, and the principle is shown in Fig. 15.1.

According to the command value and the motor parameters, the feedforward
control components ûds and ûqs are given in formula (15.3) and (15.4):

ûds ¼ Rsi
�
ds � rLsxei

�
qs ð15:3Þ

ûqs ¼ Rsi
�
qs þ rLsxei

�
ds þ

Lm
Lr

xew
�
r ð15:4Þ

Then, the feedforward control can achieve independent control of excitation
current and torque current by taking the advantage of formula (15.3) and (15.4).

In order to validate the strategy, this paper builds a simulation model based on
MATLAB/Simulink. As shown in Fig. 15.3, the vehicle accelerates from a standing

s sR i

q

d eω
rψ

dsi

qsi

si

o

( / )m r e rj L L ω ψ

s e sj L iσ ω
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Fig. 15.2 Phasor diagram of
asynchronous motor in
synchronous rotary
coordinates under rotor
field-oriented control
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state and then maintains a constant speed after reaching to 90 km/h, at last the
vehicle turns to breaking process. From the simulation results, the motor current is
relatively stable and the acceleration process and deceleration process smoothly.

15.3 Vehicle Control Logic of HEMU

The basic block diagram of the inverter operation after receiving instructions as
shown in Fig. 15.4, the traction inverter receives a percentage of the traction force
and direction signal, and output torque passes through the limit according to the
motor traction characteristics, then after slope control and anti-slip anti-slide control
into motor vector control module.

Fig. 15.3 Traction procedure turns idle then turns breaking
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15.3.1 Automatic Speed Control

Hybrid EMU ASC constant speed control can be divided into two kinds: automatic
speed at low speed and high speed. Low speed of automatic speed control includes
2 and 5 km/h constant speed control. 2 km/h constant speed control is used to
couple up trains and 5 km/h constant speed control for the rolls shunting [5].

When speed is faster than 10 km/h high speed, automatic control can be used,
the central control unit (CCU) sends percentage of traction or braking force to TCU,
and TCU controls the train speed in the target value [6]. Figure 15.5 is a principle of
constant speed control, when the train is in the traction; if the current speed is below
the set value 3 km/h or less, CCU gives maximum percentage of traction force.
When the difference between current speed and the target speed is less than 3 km/h,
the traction force decreases linearly. When the train is braking, the current speed is
over the set value more than 3 km/h and CCU gives maximum percentage of brake
force. When the difference between the target speed and current speed is less than
3 km/h, the braking force decreases slowly. Through dynamic regulation, the train
speed stabilizes at the target speed.

Fig. 15.4 Basic block diagram of command control

Fig. 15.5 Constant speed
control
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15.3.2 Electro-pneumatic Brake

Hybrid EMU braking is controlled by BCU completely, and BCU informs TCU the
required electric brake force currently via analog 4–20 mA current instruction. TCU
is switched to the braking state by BCU brake signal, since the limit of torque
characteristic curve and electric braking force cannot meet the maximum braking
force in the high-speed zone, so air braking supplement is needed [7].

TCU responds to BCU braking instruction normally when speed is more than
16 km/h, and electric braking force is reduced to zero within 2.5 s when the speed is
below 16 km/h; while the air braking force is gradually put to work at a constant
speed, at last BCU makes train stop completely by applying parking brake [8].
Electro-pneumatic brake logic is shown in Fig. 15.6.

15.4 Experiments and Results

In order to verify the traction and braking performance of HEMU, a lot of exper-
iments are finished in test line of Changchun Railway Vehicles Company. At the
same time, we record the important parameters when the train runs in the range of
normal traction turns idle running then breaking.

Figure 15.7 shows 25 km/h constant speed control waveform, As the speed
approaches the target speed, traction gradually declines, after reaching the target

Fig. 15.6 Electro-pneumatic brake control logic
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speed; about 2 % of traction force is given to overcome the resistance, and train
traveling speed is stabilized at the target speed.

Figure 15.8 shows electro-pneumatic braking waveform, as shown in the figure
that trains from traction to idle running and then go to the braking process. BCU
request of electric braking force is 52 kN, and the actual electric braking force is
about 50 kN. When speed reduced to 16 km/h, electric braking force is reduced
gradually and withdraw at 8 km/h, electric brake and air brake cooperate well can
be seen from the waveform as follows.

As shown in Fig. 15.9, the hybrid EMU runs from traction procedure and turns
idle running then breaking in the range of 0–100 km/h, the conversion of the motor
current in each segment is smooth, and traction acceleration and breaking perfor-
mance behave well.

From Fig. 15.10, power battery-driven experiment shows that the power battery
cooperates well on the hybrid EMU, power battery discharges current, and charging
current is normal, achieved the desired effect.

Fig. 15.7 Constant speed control
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Fig. 15.8 Electro-pneumatic brake control

Fig. 15.9 The whole process in speed of 100 km/h
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15.5 Conclusion

In summary, a simulation model based on traction motor control strategy is
established, the simulation result and experiments show that the indirect vector
control strategy based on feedforward decoupling is suitable in this project. Based
on that, other strategies including automatic speed control and electro-pneumatic
brake preform well on HEMU.
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Chapter 16
Asynchronous and Synchronous
SVPWM Design and Implementation
Based on FPGA

Xue Bai, Ruichang Qiu, Shaoliang Huang and Lijun Diao

Abstract Electric traction drive system is the key and difficulty of the equipment of
metro cars. In the traction drive system, train traction control is the most important
part. Its operation reliability directly affects the safety and stability of trains. In the
train traction control, SVPWM modulation method has wide application. This paper
introduces the principle of SVPWM and analyzes the feasibility of implementing
pulse width modulation technology by FPGA, introduces the specific implementa-
tion strategy of the pulse width modulation method, and then verifies the correctness
of the theoretical research by amounts of simulations and tests.

Keywords Inverter � SVPWM � FPGA

16.1 Introduction

With the rapid development of power electronics in electric traction drive system,
PWM technology has been greatly developed in recent years [1]. The traditional
PWM is the modulation technology based on triangle wave and sine wave [2].
Space vector pulse width modulation (SVPWM) obtains a circular magnetic field
by the switching of the inverter voltage vector space [3].

This paper proposes a method to achieve the SVPWM in polar coordinates, and
the algorithm does not involve a lot of logic operation, which suits for imple-
mentation in the FPGA [4, 5]. This paper combines DSP with FPGA, describes a
method to improve the time series, and discusses the stability of the motor oper-
ation. Finally, it verifies the correctness by the simulation and experiments.
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16.2 Space Vector Pulse Width Modulations Principle

SVPWM uses six switches to correspond eight basic voltage vectors of inverter
which divides space into six sectors I → VI. Each sector corresponds to p=3. In
each switching cycle, the desired output voltage vector falls within a particular area
and then uses the two basic vectors and zero vector to combine to approximate the
voltage vector [6]. Space voltage vectors are shown in Fig. 16.1. If the command
voltage vectors motion constant angle, the result form is synchronous modulation.

uref is command voltage vector and he is a rotational angle of vector.

uref sin
p
3
� he

� �
¼ Vx sin

p
3

ð16:1Þ

uref sin he ¼ Vy sin
p
3

ð16:2Þ

Thereby

Vx ¼ 2ffiffiffi
3

p uref sin
p
3
� he

� �
ð16:3Þ

Vy ¼ 2ffiffiffi
3

p uref sin he ð16:4Þ

Vx;Vy are uref in u1; u2 direction vector decomposition. When it considers half of
the switching period, the average output should equal to the reference value.

urefTsw ¼ u1Tx þ u2Ty þðu0oru7ÞT0 ð16:5Þ

Solve:

Tx ¼ 2
ffiffi
3

p
p mTsw sinðp3 � heÞ

Ty ¼ 2
ffiffi
3

p
p mTsw sin he

8<
: ð16:6Þ

m is the voltage modulation depth, defined m ¼ uref
2udc=p
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vector
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16.3 Based on the FPGA Design and Implementation
of a Pulse Width Modulation

16.3.1 FPGA Implementation Method of Pulse Width
Modulation

In the FPGA, it achieves the asynchronous and synchronous SVPWM by using the
counter. In this paper, outputting frequency is 10 MHZ by the FPGA PLL clock
module. Asynchronous SVPWM switching cycles is constant, but synchronous
SVPWM switching cycles changes by the frequency.

By switching cycle and counting the clock cycle, the current modulation mode
corresponds to a switch cycle count cycle setting value. By the formula 16.6, the
time of action is expressed as a percentage of the switching cycle and then cal-
culates the three-phase switching time corresponding to the count value compar-
ison, Na;Nb;Nc, so that the SVPWM pulse is realized.

T 0
x ¼

2
ffiffiffi
3

p

p
m sin

p
3
� h

� �
ð16:7Þ

T 0
y ¼

2
ffiffiffi
3

p

p
m sin h ð16:8Þ

T 0
0 ¼ 1� T 0

x � T 0
y ð16:9Þ

Na ¼ Np � T 0
0
4

Nb ¼ Np � ðT
0
x
2 þ T 0

0
4 Þ

Nc ¼ Np � ðT
0
y

2 þ T 0
0
4 Þ

8>>><
>>>:

ð16:10Þ

16.3.2 Design of Pulse Width Modulation Technology
Based on FPGA

Traction motor control algorithm is completed by DSP, and FPGA receives the
results of the control algorithm in DSP; then, the pulse width modulation generates
the corresponding PWM to drive converter. FPGA generates synchronous control
signal by increasing or decreasing the counter module.

Asynchronous SVPWM and synchronous SVPWM transition is using the state
machine to achieve, and the state machine mainly has three states: State1 to State3,
corresponding asynchronous SVPWM modulation, synchronous 21 pulses
SVPWM synchronous 15 pulses SVPWM.
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16.4 The Simulation and Experimental Verification

16.4.1 The Simulation and Experimental Verification
of Asynchronous and Synchronous SVPWM

As shown in Fig. 16.2, SVPWM uses comparison with modulation wave and carrier
wave to simplify the digital signal real-time operation [7]. SVPWM module gen-
erates the carrier wave, interrupt signal, and PWM pulse signal.

Traction converter control system mainly includes the power supply board and a
control board. Control board adopts the double-layered structure. Master core board
mainly consists of two pieces was used for motor control and network monitoring
control. DSP chip uses TI Company’s TMS320F2812, and FPGA chip is Altera
Company’s cyclone II Series EP2C8Q [8].

Asynchronous SVPWM mode and synchronous SVPWM mode motor operation
diagram are shown in Figs. 16.3 and 16.4, respectively. Asynchronous and syn-
chronous SVPWM’s pulse and current of the motor in experiment are shown in
Figs. 16.5 and 16.6, respectively. The motor torque and motor current ripple in the
acceptable range.

16.4.2 The Simulation and Experimental Verification
of the Smooth Transition Between SVPWM

The smooth transition of motor operation diagram is shown in Fig. 16.7. As shown
in Fig. 16.8, the transition of 21 asynchronous and synchronous SVPWM is

Fig. 16.2 Simulation model diagram
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Fig. 16.3 Motor operation diagram of asynchronous SVPWM
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Fig. 16.4 Motor operation diagram of synchronous SVPWM

Fig. 16.5 Motor stator
current and pulse of
asynchronous SVPWM in
experiment
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obtained in experiment, which from top to bottom in turn are drive IGBT pulse,
motor stator current, and switching signs. The distortion rate and ripple of motor
current is within the acceptable range, which is consistent with the simulation
results.

Fig. 16.6 Motor stator current and pulse of synchronous SVPWM in experiment
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Fig. 16.7 The smooth transition of motor operation diagram

Fig. 16.8 The transition of
21 synchronous and
asynchronous SVPWM in
experiment
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16.5 Conclusion

Asynchronous and synchronous SVPWM implementation based on FPGA reduces
the response time, improves the flexibility and stability of the system, and realizes
the control of the inverter. The simulation and experiment results prove that the
arithmetic implementation possesses the correctness of the strategy and advantages,
such as high precision, fast control rate, and good performance, and improves the
performance of the electric traction drive system.

Acknowledgments This work was supported by National Science and Technology Support
Project under Grant 2015BAG13B01, and in part by Beijing Education Committee, Major
Achievement Transformation Project for the Central Universities ZDZH20141000401.

References

1. Xinming F (2009) The simulation of SVPWM based on SIMULINK. Electric Drive Autom 31
(3):20–34 (in Chinese)

2. Jianliang M, Hua Y, Shuzhe Z (2012) The realization of frequency conversion control system
based on FPGA. J Southeast Univ (Nat Sci Ed) 42:25–29 (in Chinese)

3. Jian L, Jinsheng D (2011) Based on SPWM SVPWM algorithm. Sci Technol Eng 11
(26):6315–6318 (in Chinese)

4. Xueling J, Keyang C (2013) Simulation of a simplified SVPWM algorithm and the
implementation of FPGA. Commun Power Supply Technol 30(1):13–16 (in Chinese)

5. Hongshun Z, Fu X, Peng D (2011) The implementation of three-level SVPWM new algorithm
based on FPGA. Electric Drive 41(11):29–30 (in Chinese)

6. Bimal KB (2009) Modern power electronics and AC drives. Mech Industry Press, Beijing,
pp 178–182

7. Haiyan P, Yun X, Shanshan X, Bingcheng C (2010) The FPGA design and implementation of
SVPWM servo control system. Micro Comput Appl 02:75–82 (in Chinese)

8. Danan S (2012) Metro vehicle traction electric drive system control key technology research.
Beijing Jiaotong University, Beijing (in Chinese)

16 Asynchronous and Synchronous SVPWM Design … 151



Chapter 17
Study on Application of All-Parallel DN
Power Supply Mode on Montanic
Electrified Railway

Yunchuan Deng, Zhigang Liu, Ying Wang and Ke Huang

Abstract Aiming at the characteristics of electrified railway in mountain zone, this
paper proposes all-parallel DN power supply mode (all-parallel direct power supply
mode with return line) to solve the power supply of mixed passenger and freight
traffic railway line with the speed of 200 km/h or higher by combining load
characteristics and economy of project operation investment. Then, respectively
from the angles of current ampacity capacity, electrical energy consumption and
voltage loss, the power supply capability of all-parallel DN power supply mode in
montanic electrified railway was analyzed. Finally, the conclusion that power
supply capability of all-parallel DN supply mode is stronger than separated DN
supply mode and terminal parallel DN supply mode was proved.

Keywords Montanic electrified railway � All-parallel DN power supply mode �
Current ampacity capacity � Electrical energy consumption � Voltage loss

17.1 Introduction

With the persistent and stable development of national economy in China,
high-speed and heavy-load electric railway has been developing rapidly, and the
development of railway with speed of over 200 km/h is spreading from eastern
plain and small hill area to western mountainous area. In the western mountainous
area, the railway has characteristics of large undulating slope and high proportion of
bridges and tunnels. For the mixed passenger and freight traffic montanic
high-speed electrified railway, under the premise of satisfying power supply
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capacity requirement and economy of project operation investment, how to select
appropriate supply mode is one important issue.

Studying methods regarding traction power supply capacity at home and abroad
are mainly divided into three categories: mathematical calculation, simulation
operation, and experimental investigation. Based on Newton’s method [1], calcu-
lated catenary voltage distribution when trains pass through two adjacent ATs by
utilizing one flow analysis method; [2] proposed applicable algorithm for solving
catenary voltages under different conditions of AT power supply mode (auto-
transformer power supply mode), and proved the correctness of algorithm through
PSCAD/EMTDC simulation; [3] calculated load capacity of traction network with
all-parallel direct supply mode and analyzed the best position of parallel branch,
and the conclusion that the best position of AT post is at the front one-quarter of the
supply arm was drawn; based on multi-conductor transmission line theory, [4]
performed power flow analysis and mathematical calculation for catenary under
regenerative braking, and drew a series of conclusions; [5] analyzed catenary
voltage levels under AT supply mode and all-parallel DN supply mode (direct
power supply mode with return line) on the software of PSCAD/EMTDC, and the
conclusion that voltage levels under DN supply mode is poorer than AT supply
mode for most traction section whether catenary has load or not was obtained;
aiming at Shenshuo railway, [6] carried out experimental tests for electrical
equipment along line, and then, the power supply capacity was analyzed from
traction transformer capacity, catenary voltage, and catenary ampacity, where
restrictive factors of current ampacity capacity were calculated.

Therefore, considering that existing references rarely studied the selection of
power supply mode in montanic electrified railway and montanic railway has
characteristics of large undulating slope and high proportion of bridges and tunnels,
this paper carried out mathematical calculation for the power supply capability
under different supply modes; then, from an economic perspective, appropriate
supply mode was proposed for mixed passenger and freight traffic montanic elec-
trified railway with speed of 200 km/h or higher.

17.2 Power Supply Mode Choice for Montanic
Electrified Railway

For a long time, the design speed is lower than 160 km/h in montanic electrified
railway. However, with the development of technology, more and more mixed
passenger and freight traffic electrified railway with speed of 200 km/h or higher
has begun to construct in mountain area, where the highest running speed of pas-
senger train can reach 200 km/h or higher while the highest running speed of freight
train can reach 120 km/h. Considering that montanic railway rampway is abrupt,
passenger train and freight train always adopt double-locomotive traction while the
single train is with high power (9600–22,000 kW) and high current (400–900 A)
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[7]. Besides, traction load is sharply larger because several high-speed trains often
run synchronously.

At present, most of the Chinese electrified railways adopt AT supply mode and
terminal DN supply mode. In the plain and small hill area, the power transmission
capacity and the power supply distance for AT supply mode are, respectively,
stronger and longer than terminal DN supply mode; besides, the AT supply mode is
able to reduce the speed and power loss when train passes neutral section in
electric-phase system, and weaken the rail potential and its influence on the nearby
communication line. So, the superiority for AT supply mode is obvious. However,
in montanic high-speed electrified railway, considering that the percentage of
bridge and tunnel is quite high and the transportation is inconvenient, more traction
facilities such as AT post, section post, etc., must be built and it is very difficult for
searching proper place to construct the traction facilities when AT supply mode is
adopted. Moreover, AT supply mode will bring about difficult conquest of civil
engineering, difficult operation and maintenance, and huge construction investment.

Since the ups and downs of the rampway in the montanic railway is violent,
all-parallel DN power supply mode is proposed to solve the power supply issue of
traction power system. On the basis that the catenaries of up and down feeding arms
are connected parallelly at the terminal of feeder in general DN power mode, new
parallel connection point is added in the middle of feeder, where Fig. 17.1 depicts
corresponding equivalent network schematic diagram.

Table 17.1 shows the investment comparison of electrification under different
power supply modes in Chongqing-Lichuan railway. It is obvious that investment
of all-parallel DN supply mode is lower than investment of AT supply mode. As the
all-parallel DN power supply mode is adopted, more heavier load at up direction
of rampway will be distributed to light load at down direction of rampway

(a) AT power supply mode

(b) All-parallel DN power supply mode

Fig. 17.1 Schematic diagram of AT supply mode and all-parallel DN supply mode
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effectively [7, 8]. Hence, compared with original DN power mode, catenary voltage
loss and catenary energy consumption will be reduced; meanwhile, comprehensive
catenary current-carrying capacity will be improved.

17.3 Supplying Capacity of All-Parallel DN Power Supply
Mode

As catenary adopts all-parallel DN supply mode, from the effect of improving
catenary power quality, two parallel connection points are almost the same with
three parallel points in each feeder [9]. So, the following analysis is aiming at two
parallel connection points, including central parallel and terminal parallel.

Meanwhile, in order to analyze the parallel power supply conveniently, in all the
mathematical calculations in this paper, we suppose that the heavy load exists at up
feeder and the light load exists at down feeder. In addition, the tracking inter-
val amount in each power supply arm is set as n; the tracking distance between two
adjacent trains is Lz; the distance between the train being closest to traction sub-
station and substation is set to xLz, x 2 [0, 1]. For posterior trains, their distance
from the substation is xLz + (k − 1)Lz, k = 1, …, n. Therefore, the length of the
whole feeding arm is equal to L = xLz + nLz.

Table 17.1 Investment comparison of different power supply modes in Chongqing-Lichuan
railway (10,000 RMB each unit)

Mode Unit Terminal parallel
DN power supply

AT power supply All-parallel DN
power supply

Amount Total
price

Amount Total
price

Amount Total
price

Catenary km 820 45,100 820 49,200 820 47,560

Traction substation Seat 9 16,200 7 15,400 7 12,600

Section post (common) Seat 8 800 6 5100 6 600

AT post (common) Seat – – 7 3150 – –

Section post (in tunnel) Seat 2 800 2 4000 2 800

AT post (in tunnel) Seat – – 4 4800 – –

Paralleling post
(common)

Seat – – – – 7 1400

Paralleling post (in
tunnel)

Seat – – – – 4 1200

Total 62,900 81,650 64,160
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17.3.1 Analysis on Capacity of Current Ampacity

As previously mentioned, compared with separated DN supply mode and terminal
DN supply mode, the balanced relation between up traction current and down
traction current will be improved when all-parallel DN supply mode is adopted.
However, considering that traction load is influenced by traffic organization mode
and line gradient, the load differences between up feeder and down feeder always
exist. To a large extent, the improved degree on balanced distribution of traction
current depends on the differences of up load and down load, and the improved
effect will be significantly increasing with the increased differences. Since the
rampway is abrupt in montanic railway, the differences are very sharp and distinct.
In this paper, for the convenience of analysis, we would assume that the rampway
of montanic electrified railway is one-side and corresponding gradient is very
abrupt.

Based on the generalized analysis and the assumed premises, the current
received by the kth running train on down feeder is expressed by

ix ¼ xLZ þðk � 1ÞLZ
2L

I ¼ xþðk � 1Þ
2ðxþ nÞ I; k ¼ 1; . . .; n ð17:1Þ

The current received by the kth running train on up feeder is expressed by

is ¼ 2L� ½xLZ þðk � 1ÞLZ �
2L

I ¼ xþ 2n� ðk � 1Þ
2ðxþ nÞ I; k ¼ 1; . . .; n ð17:2Þ

The total current component on down feeder is obtained as follows:

id ¼
Xn
k¼1

ix ¼ nx
2ðnþ xÞ þ

ðn� 1Þn
4ðnþ xÞ

� �
I ð17:3Þ

Similarly, the total current component on up feeder is obtained as follows:

iu ¼ nI � id ¼ ð3nþ 1Þn
4ðnþ xÞ þ nx

2ðnþ xÞ
� �

I ð17:4Þ

Then, the average value of traction current on down feeder is obtained as
follows:

Idx ¼
Z1

0

iddx ¼
Z1

0

nx
2ðnþ xÞ þ

ðn� 1Þn
4ðnþ xÞ

� �
Idx ð17:5Þ
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The average value of traction current on up feeder is obtained as follows:

Iux ¼
Z1

0

iudx ¼
Z1

0

ð3nþ 1Þn
4ðnþ xÞ þ nx

2ðnþ xÞ
� �

Idx ð17:6Þ

The effective value of traction current on down feeder is obtained as follows:

Idxx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ1

0

i2ddx

vuuut ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ1

0

nx
2ðnþ xÞ þ

ðn� 1Þn
4ðnþ xÞ

� �2

I2

vuuut dx ð17:7Þ

The effective value of traction current up down feeder is obtained as follows:

Iuxx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ1

0

i2udx

vuuut ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ1

0

ð3nþ 1Þn
4ðnþ xÞ þ nx

2ðnþ xÞ
� �2

I2

vuuut dx ð17:8Þ

According to the above analysis and combining (17.5), (17.6), (17.7), and (17.8),
the current distributional proportions under different amount of running trains in
each feeder are obtained as shown in Table 17.2, where mode 1 represents terminal
parallel DN supply mode and mode 2 represents all-parallel DN supply mode.

As depicted in Table 17.2, it can be obtained as follows: As only the terminals of
up feeder and down feeder are connected in parallel, the average current will be
improved around 15–22 %. As the terminal and the middle of up feeder and down
feeder are, respectively, connected in parallel, the average current can be improved
around 37.5 %, upgrading 18–14 % than terminal parallel connection. In addition,
the effective value can be improved at 37 %, upgrading around 20 % than terminal
parallel connection.

Table 17.2 Current distributional proportion under different amount of running trains (all-parallel
DN power supply mode and terminal parallel DN power supply mode)

Amount of tracking trains Supply
mode

1 (%) 2 (%) 3 (%) 4 (%) 5 (%)

Proportion of average value on
down feeder

Mode 1 84.66 80.41 78.77 77.89 77.35

Mode 2 62.5 62.5 62.5 62.5 62.5

Proportion of effective value on
down feeder

Mode 1 84.95 80.49 78.80 77.91 77.36

Mode 2 61.26 63.34 62.66 62.63 62.56

Proportion of average value on
up feeder

Mode 1 15.34 19.59 21.23 22.11 22.65

Mode 2 37.5 37.5 37.5 37.5 37.5

Proportion of effective value on
up feeder

Mode 1 16.86 19.92 21.35 22.19 22.69

Mode 2 38.74 36.66 37.34 37.37 37.44
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17.3.2 Analysis on Electric Energy Consumption
of Traction Network

As train runs, the catenary resistance will consume electric energy. Since the energy
consumption is related to runtime, in the premise of avoid losing generality, the
study will be carried out based on the current square moment of tracking interval
time; meanwhile, the per-unit value is adopted to analyze.

Based on the generalized analysis and assumed premises, the calculation process
for catenary energy consumption is as follows: First, define the product of running
current’s square at certain position and its distributional length as current square
moment, which is a formula about x; secondly, obtain the per-unit value of current
square moment through division of current square moment and I2Lz; thirdly, based
on the tracking time interval represented by Lz/v (v represents running speed), the
current square moment is integrated to obtain current square moment in Lz/v and the
integrated time is totally divided into 0 − xLz/v and xLz/v − Lz/v, which are,
respectively, 0 − x and x − 1 through per-unit simplification; finally, obtain the
power consumption in tracking interval time through the product of current
square moment in Lz/v and resistance per unit-length, where corresponding cal-
culation results under different tracking interval amount are depicted in Table 17.3.
As shown in Table 17.3, if terminal parallel connection is adopted, the catenary
electric energy consumption has reduced by around 33–45 % compared with no
parallel connection; if all-parallel connection is adopted, the catenary electric
energy consumption has reduced by around 42–53 % compared with no parallel
connection.

Table 17.3 Comparison on the load power consumption under different power supply modes
(under different tracking intervals)

Power supply mode Tracking
interval

Maximum
value

Minimum
value

Mean
value

Effective
value

Standard
deviation

Terminal Parallel
connection/no
parallel connection

1 0.6666 0.6666 0.667 0.6666 0

2 0.6701 0.6646 0.666 0.6659 0.001567

3 0.6389 0.6316 0.635 0.6341 0.002355

4 0.6316 0.6288 0.63 0.6299 0.000898

5 0.6255 0.4854 0.552 0.5496 0.04133

All-parallel
connection/no
parallel connection

1 0.5833 0.5833 0.583 0.5833 0

2 0.5825 0.4792 0.531 0.5301 0.03048

3 0.5556 0.5029 0.519 0.5137 0.0149

4 0.5424 0.5379 0.540 0.5397 0.00133

5 0.5355 0.4152 0.472 0.4704 0.03549
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17.3.3 Analysis on the Voltage Loss of Traction Network

In the operation of traction load, the voltage level in the terminal of traction network
is one of the important indicators to estimate power supply capacity. The voltage
loss, caused by traction load, comes from catenary, traction transformer, and power
system. For the same traction load, considering that only the catenary voltage losses
will be different if the installation capacities of traction transformers are the same.
Hence, the voltage losses under different power supply modes were analyzed in this
paper.

Combining with generalized analysis and assumed premises, the calculation
process of catenary voltage loss is as follows: First, define the product of running
current at certain position and its distributional length as current moment; secondly,
obtain corresponding per-unit value through division of current moment and ILz. To

Fig. 17.2 Comparison about the voltage level at traction network terminal. a One tracking
interval. b Two tracking interval. c Three tracking interval. d Four tracking interval. e Five
tracking interval
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avoid losing generality, catenary current moments when whole feeder loads pass x-
length under the same speeds are adopted to be analyzed; then, the product of
current moments and equivalent impedance per unit-length is calculated as the
voltage loss. Based on the above calculation, the voltage loss of traction network
under different tracking interval conditions will be, respectively, compared and
analyzed.

According to the above analysis, under the same catenary suspension assembly
and train’s tracking arrangement in each feeder, voltage losses under different
supply modes and tracking intervals were calculated, respectively, as shown in
Fig. 17.2 and Table 17.4. Note that left result represents the ratio of terminal
parallel mode and no parallel mode while right result represents the ratio of
all-parallel mode and terminal parallel mode in each tracking interval of Fig. 17.2.
As shown in Fig. 17.2 and Table 17.4, the voltage losses under terminal parallel
connection reduce by 40–50 % compared with no parallel connection; the voltage
losses under all-parallel connection reduce by around 10 % compared with terminal
parallel connection.

17.4 Conclusion

For montanic electrified railway, if all-parallel DN supply mode is adopted, the
supply capacity is improved greatly compared with general DN power mode (ter-
minal parallel DN), and the complicated degree of catenary structure and trans-
former equipment is reduced significantly and investment is economized to a large
extent compared with AT supply mode. In this paper, the power supply capabil-
ity of all-parallel DN supply mode in the mixed passenger and freight traffic
montanic high-speed railway is taken as study object; combining with general-
ized analysis of parallel power supply, current ampacity capacity, electrical energy

Table 17.4 Comparison on the voltage level at traction network terminal under different supply
modes (under different tracking intervals)

Power supply mode Tracking
interval

Maximum
value

Minimum
value

Mean
value

Terminal parallel connection/no
parallel connection

1 1 0.5 0.6667

2 0.745 0.243 0.6326

3 0.6667 0.5017 0.5876

4 0.625 0.5012 0.565

5 0.6 0.5010 0.5516

All-parallel connection/terminal
parallel connection

1 1 0.6667 0.8749

2 1 0.6667 0.8803

3 1 0.8333 0.8917

4 1 0.8667 0.936

5 1 0.9 0.9496
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consumption, and voltage loss were, respectively, calculated to prove that
all-parallel DN supply mode has stronger power supply capability than separated
and terminal parallel DN supply mode, expressing that all-parallel DN supply mode
has prominent technical and economic advantage for montanic high-speed electri-
fied railway.
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Chapter 18
Analysis of Three Kinds of Power Supply
Modes of Auxiliary System in Urban
Rail Train

Yang Yu, Yunqi Guo, Zhaoyang Zhou and Yonggang Huang

Abstract This paper analyzes three modes of auxiliary power supply system: cross
power supply mode, extended power supply mode, and parallel connected power
supply mode, and there is a detailed introduction of the parallel connected system.
The advantages and disadvantages of the three modes under the condition of faults
are analyzed. Finally, the three power supply modes are compared. This paper can
provide reference for the selection and design of auxiliary power supply sys-
tem in urban rail train.

Keywords Auxiliary power supply � Cross power supply � Extended power
supply � Parallel connected power supply � Droop control

18.1 Introduction

The auxiliary power supply system is an important part of the system of urban rail
train. The load of auxiliary system comprises air-conditioning compressors,
air-conditioning fans, etc. It is related to many functions and comfort of the train.
Therefore, more attention should be paid. Given this, the auxiliary power supply
mode on the train is introduced and analyzed.

Y. Yu (&) � Y. Guo � Z. Zhou
School of Electrical Engineering, Beijing Engineering Research Center of
Electric Rail Transportation, Beijing Jiaotong University, 100044 Beijing, China
e-mail: 14121502@bjtu.edu.cn

Y. Huang
Standards and Metrology Research Institute, China Academy of Railway Sciences,
Beijing, China

© Springer-Verlag Berlin Heidelberg 2016
L. Jia et al. (eds.), Proceedings of the 2015 International Conference
on Electrical and Information Technologies for Rail Transportation,
Lecture Notes in Electrical Engineering 377, DOI 10.1007/978-3-662-49367-0_18

163



18.2 Cross Power Supply

Schematic diagram of cross power supply is shown in Fig. 18.1.
The whole train has two sets of auxiliary power supply equipment. Under the

cross power supply mode, two three-phase AC power supply bus is through
the whole train. The whole load is divided into two parts averagely, and each part is,
respectively, connected to each power supply bus. So under normal condi-
tions, each inverter supplies half of the whole load. When an inverter fails, there
are still half of the air-conditioning, lighting, and other equipment working
properly.

Cross power supply mode has obvious shortcomings [1]. Taking the system
above as an example, the cross power supply mode needs laying two three-phase
power supply lines, so there are totally 8 lines needed in the whole train. It increases
the number of the power lines, cost, and cable weight, and it is not conducive to
the goal of weight loss.

18.3 Extended Power Supply

Schematic diagram of the extended power supply is shown in Fig. 18.2.
Under the extended power supply mode, one three-phase AC power bus sup-

plies throughout the whole train, and the bus is divided into two sections. Under
normal conditions, the extended contactor (LK) is off, each inverter supplying for
each half load. When an inverter fails, the extended contactor is closed to contact
the two sections of the AC power bus. And the other inverter supplies for the whole

Fig. 18.1 Cross power supply

164 Y. Yu et al.



train. If the load is beyond the capacity of a single inverter, the train maintains the
normal operation of the state through the load instruction of load reduction.

Extended power supply has the advantages of relatively simple wiring. The
whole train has only a set of AC bus, so the capacity of a single inverter can be fully
utilized. But the disadvantage of extended power supply mode is when an inverter
fails, the air conditioning needs load reduction because of the reduction of the
power supply system.

18.4 Parallel Connected Power Supply

The parallel connected power system is shown in Fig. 18.3. The contactor is used to
isolate inverters and the AC bus. In normal circumstances, the contactor is
closed. And all inverters are under the parallel power supply mode. When an
inverter fails, the contactor can isolate it with the AC bus. The AC bus supplies

Fig. 18.2 Extended power supply

Fig. 18.3 Parallel connected supply work principle
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power for all types of AC load, and each load has its own contactor linked to the
bus. When a load has a fault, the contactor will disconnect to isolate it with the AC
bus to ensure that the bus is not affected.

18.4.1 Comparison of the Method of Parallel Inverter

18.4.1.1 Centralized Control Method

Figure 18.4 shows a block diagram of centralized control method (with three
inverters in parallel as an example). The centralized control method realizes voltage
synchronization and current sharing by additional parallel controllers. Regardless
of whether the inverter parameters are the same or not, it can achieve stale operation
of the parallel connected system. But this control method mainly depends on the
performance of the controller, and the inverter itself has no voltage control loop. If
the controller fails, then the inverter will lose its control. So the reliability of this
method is low.

18.4.1.2 Master–Slave Control Method

The parallel system consists of a master inverter (voltage-controlled
inverter) and several slave inverters (current-controlled inverter) and a parallel
controller (parallel control center) [2]. The master inverter having a voltage control
loop is responsible to produce a constant AC voltage in order to provide a refer-
ence voltage for the slave inverter. The slave inverter tracks the output voltage and
receives reference current signal from the parallel controller to achieve the task of
current sharing control. Figure 18.5 shows a schematic diagram of the master–slave
control (with two sets of parallel inverter as an example).

Fig. 18.4 Centralized control diagram
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Compared with the centralized control method, each of the inverters has its own
control loop in master–slave control method so that the dependence on parallel
controller is reduced. Even if the parallel controller has a fault, the inverters in the
parallel connected system still can maintain the synchronization of the output
voltage. The method has a higher system reliability. But if the master inverter has a
fault, the system will lose the reference signal of the output voltage. The system will
also split.

18.4.1.3 Decentralized Control Method

The reason why the system will split under centralized control or master–slave
control is that the control is not equal objectively. In centralized control method, the
parallel controller is responsible for the output control of each inverter unit in the
system. In master–slave control method, the output of the master inverter is
the reference of the slave inverter. Different from centralized control method and
master-slave control method, the inverters have the equal control status with each
other in decentralised control method.

Figure 18.6 shows a common control diagram of decentralized control method.
The parallel control system has three-phase public bus, and each inverter has an
independent control unit to finish real-time monitoring of the operating
state. Through the public bus, it can realize sending and receiving of the controlled
variables to control output of the inverter in order to achieve current sharing
[3]. When one inverter has a fault, it can exit the parallel system, and the other

Fig. 18.5 Master–slave control diagram
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inverters can maintain working properly. The method has a high redundancy and
reliability. But in the decentralized control system, each inverter has a control
unit, so the layout of the control lines among the inverters is complex.
Further, long-distance control line is susceptible to electromagnetic interference, so
it decreases the stability of the system.

18.4.2 Wireless Parallel Method

Compared with the centralized control and master–slave control, decentralized
control has a higher reliability. With regard to the auxiliary power supply system of
urban rail train, the auxiliary inverter is far from the others, and long-distance
communication is easy to introduce interference. Therefore, it is difficult to
implement, while the cost of system maintenance also needs to be taken into
account. Wireless parallel method is a kind of decentralized control
method. Without control lines among the inverters, each inverter only needs
to monitor its own state to realize current sharing. Therefore, it can avoid com-
plex layout of the control lines in parallel connected system. And it has a higher
redundancy and reliability. The most classic control method of wireless parallel
scheme is the droop control. This paper introduces several common wireless par-
allel connected scheme which is all based on the droop control.
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Fig. 18.6 Decentralized control diagram based on the average signal
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18.4.2.1 Traditional PQ Droop Control Method

The traditional PQ droop control method is a method that adjusts the output vari-
ables based on the power control. This theory originated from the ideas of grid
connected theory of synchronous motor from power system. It is believed that the
change of active power output depends on the phase difference of output voltage,
and the change of reactive power depends on the voltage amplitude difference
of output voltage [4]. Each inverter calculates active and reactive power through
sensing its output voltage and current using the active power to droop the phase and
the reactive power to droop the amplitude to get reference voltage value.
Then, independent voltage loops are used to realize power sharing. A block dia-
gram of traditional PQ droop control is shown in Fig. 18.7.

The controlled variables of the traditional PQ control droop method are all
from the inverter itself, so it avoids the information exchange
among inverters. Even though an inverter failure occurs, it will not affect the par-
allel control of the whole system. But because of its inherent defect, it always
cannot achieve the optimal control effect [4–7].

18.4.2.2 Droop Control Method Based On Virtual Impedance

The difference of the output impedance of the inverters will lead to circulating
currents. In order to suppress the circulating current, a virtual impedance is added in
the inductor current feedback loop. The virtual impedance scheme can adjust the
output impedance of the inverter which has the power sharing effect. In recent

Fig. 18.7 Traditional PQ droop control diagram
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years, the progress of research on the virtual impedance scheme of parallel has a
rapid progress.

In Fig. 18.8, a virtual impedance loop is added to the cascade voltage-current
closed-loop control [8]. With the virtual impedance, circulating current is inversely
proportional to the virtual impedance, which improves the current sharing ability of
the parallel system [9].

18.4.2.3 Droop Control Method Based On Decoupling Control

When the parallel system implements the droop method, the regulation of frequency
and amplitude may lead to positive feedback causing system oscillation. In order to
overcome the defect, the droop method that the active power regulates the fre-
quency and the reactive power regulates the amplitude is not used directly. Instead,
a decoupling control method that eliminates the coupling relationship between
the output voltage amplitude droop variables and output voltage frequency
droop variables is proposed. The method adjusts using new droop-controlled
variables. Figure 18.9 shows a block diagram of control based on decoupling droop
method, which adds a new calculation based on the traditional droop

Fig. 18.8 Parallel control diagram based on the virtual impedance

Fig. 18.9 Droop control diagram based on decoupling
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control method and gets the M and N, the two decoupled droop variables. Then,
using the droop method to realize parallel connected control can avoid the positive
feedback effect caused by the coupling relationship between the droop variables.

The redundancy of parallel connected mode is better than cross power supply
mode and extended power supply mode. The train has one set of AC bus only,
and there is no need to install extra extended power supply device. But it has a
complicated control method, and the implementation of parallel operation of AC
power supply is difficult.

18.5 Conclusions

Totally, three power supply modes have its own advantages and disadvantages, and
the parallel connected mode has obvious advantages, With the continuous
improvement of the AC power supply parallel connected technology, urban rail
trains with parallel connected power supply mode is the main research direction and
development trend at domestic and foreign.
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Chapter 19
Research of Urban Rail Transit Power
Quality

Xinhang Xie, Xiaochun Ma, Bin Li and Meina Jiang

Abstract With the rapid development of urban rail transit, as well as the con-
struction of the smart grid, the power quality of rail transport has received more
attention from both power suppliers and users. It is a complex and systematic
project to control the power quality problem effectively for involving many factors.
Perfect power quality management system is the key to guarantee the security,
stability, and economic operation of the grid. The paper introduces the background
and current situation of power quality management system, gives the analysis
method and evaluation of it, and at last puts forward the architecture and functions
of management system which greatly improves the work efficiency.

Keywords Rail transit � Power quality � Power quality management system

19.1 Introduction

Rail transit is the important infrastructure and the typical characteristics of mod-
ernization of the city. The construction of rail transit is becoming the booster of our
economy in order to get sustained, stable, and healthy growth. It has always been
the focus of national industrial policy and has attracted great attention from central
and local government at all levels. Therefore, we need to make scientific urban rail
traffic development routes, standardize the construction standards, and push the
development of light rail, subway, trams, and other urban rail transit network.

Although as an intensive mode of transportation, urban rail transit is still among
the ranks of high energy consumption in the city. Rail transit system expends a
relatively little kind of energy mainly concentration on electric energy and water
consumption, and electricity accounts for the most. Rail transit is a special kind of
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load which will cause the decrease of power quality, such as negative sequence
voltage, negative sequence current, harmonic and the voltage fluctuation, and
flicker. Seriously, it may cause the false operation of the relay protection, system
resonance, small- and medium-sized generator rotor damage, and even the large
area blackout accident [1, 2]. In the background of smart grid and under the call of
energy conservation and emissions reduction, solving the problem of power quality
and reducing the loss are more significant.

19.2 Background and Current Situation

After the statistical analysis of power load in urban rail transit, energy consumption
is mainly distributed in train traction and a variety of dynamic lighting devices, such
as ventilation, air-conditioning, escalators, lighting, and weak current equipment.
The energy consumption distribution of rail transit system is shown in Fig. 19.1.

In urban rail transit, the causes of the power quality problem are mainly from
two aspects. One is that the special load characteristics of urban rail transit system,
as well as a variety of electronic devices and the wide application of nonlinear
equipment make the voltage and current of the rail transportation grid distort,
causing the deterioration of power quality. The other one is that a large number of
applications of intelligent control devices such as microprocessor and PLC, which
are vulnerable to power system jitters, make a request of high power quality. At the
same time, along with the rapid development of power industry, the steady-state
power quality problems such as voltage fluctuation and harmonic frequency are
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Fig. 19.1 The distribution of energy consumption in rail transit system
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more and more prominent, and the transient power qualities such as voltage drop,
surge, and short power supply interruption, which are often occur, have already
caused enough attention of people [3].

At present, the main power quality monitoring methods of operation department
is to test some of the lines and substations irregularly by using some portable tester
or just to monitor a single substation in high voltage. These methods are not
comprehensive in data collection, poor in real-time performance, and low in
monitoring efficiency [4]. Therefore, fully understanding the type of power quality
problem and making correct identification, classification, and evaluation are of great
significance in improving the efficiency of rail power transit.

19.3 Power Quality Analysis and Evaluation

19.3.1 Analysis Method

In recent years, all kinds of analysis method based on digital technology have
widely applied in the field of power quality. These analysis approaches can be
mainly divided into three parts that are time domain analysis, frequency domain
analysis, and the method based on transform. Time domain analysis is widely used
in power quality analysis. It can directly extract the characteristics of waveform to
analyze, and it has the definite physical meanings and the obvious intuitive. Root
mean value is commonly used in time domain analysis. Frequency domain analysis
method mainly includes the frequency scanning, harmonic power flow calculation,
and mixed harmonic power flow calculation, and they are more used in the har-
monic wave analysis in power quality problem. In the field of power quality
analysis, Fourier transform, quadratic transform, and wavelet transform are exten-
sively applied in the method based on transformation [5].

19.3.2 Power Quality Evaluation

Rail transit power quality is an assessment process of obtaining the access point of
data, analyzing the index power quality, and then testing the data whether meets the
requirements of standards. According to the power quality indicators, evaluation
methods can be divided into single index evaluation method and comprehensive
evaluation method. Rail transit power quality assessment flowchart is shown in
Fig. 19.2. Its main work includes the following four aspects: collecting on-site
power quality data with remote terminal, evaluating individual data and all data
with single index evaluation and comprehensive index evaluation, respectively, and
then getting the results.

Single parameter evaluation analyzes the monitoring data under the definite
index and with the statistical method, compares data with the index limit or grade
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range, and obtains results. Power quality comprehensive assessment is based on
single index evaluation, but it is not the simple sum of each single index. It is
usually includes fuzzy theory method, probability statistics, the vector algebra
method, and analytic hierarchy process.

19.4 Architecture and Function

19.4.1 Architecture

Power quality management system is a tool for monitoring and analysis the power
quality. Rail transit power quality management system consists of control center,
substation power quality management system, and the communication transmission
network that connects the two parts. Through collecting the data of terminal sub-
station in 10-kV power quality monitoring device and 0.4-kV smart instrumenta-
tion, it realizes the power quality parameters measurement, analysis, management,
and other functions. The rail transit power quality management system architecture
is shown in Fig. 19.3.

From Fig. 19.3, we know that the process of power quality management system
is mainly composed of collecting basic data and indicators through terminal
instrument, transmitting data to communication network by station switch, and at
last transmitting the data to data server which include historical data server and
real-time data server. After showing the data in workstation, power quality man-
agement system can give you some advice of the decision support as a reference for
staff.
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19.4.2 Function

19.4.2.1 Data Collection

Monitoring instrument of terminal is the foundation of the power quality man-
agement system. After collecting, analyzing, and processing the data of monitoring
device, it uploads the results to center through fieldbus in real time [6].

19.4.2.2 Statistical Analysis

Database stores the data collected by terminal including the basic data and power
quality index data. The specific statistical analysis function of rail traffic power
quality management system is as follows:

• Display function. System can automatically generate various power quality
information graphics, curve, and table which can vividly show the power quality
data to the operators.

• Event analysis function. When power quality event occurs, the power quality
management system can record the start time and end time of events which is
convenient to query.
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Fig. 19.3 The architecture of rail transit power quality management system
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• Report function. System can realize the function that statistics, analysis,
reporting, printing, etc.

• Query function. Users can choose time, station, and voltage level as the retrieve
data and customize personal query interface [7]. It provides comprehensive
information of diagnosis and maintenance of the rail transit power supply
system.

19.4.2.3 Decision Support

In some area, expert system as the man–machine system to analysis and solve
problem is built on the existing expertise. With the constant improvement of
decision support technology, it can be applied to the power quality management
system. In the process of power quality analysis in expert system, it can quickly
complete the relevant judgment and analysis due to the direct introduction of
professional experience and knowledge [8].

19.5 Conclusion

Power quality is the necessary condition to enhance the utilization efficiency, to
improve the electrical environment, and to ensure the sustainable development of
the power system [9]. The power quality of rail transit system is directly related to
the overall benefits of rail transit and the superior grid power quality. The power
quality problem is needed to rely on technology and standardized management
which are both in dispensable. Being an important content of power grid man-
agement, power quality management must establish a strict management system
according to the power quality management standards and make the power quality
management from passive to active, from loose management toward the
institutionalization.
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Chapter 20
The Output Waveform Control Methods
of Auxiliary Voltage Source Inverter

Yunqi Guo, Yang Yu, Yonggang Huang
and Zhaoyang Zhou

Abstract This paper summarizes many of the inverter output waveform control
methods at present and divides them into the control method based on cycle and the
control method of instantaneous feedback. The control method based on cycle uses
periodic compensation of error to achieve the steady without static error, mainly
including the repetitive control and harmonic feedback control. Instantaneous
feedback control method uses rapid detection to correct the inverter output wave-
form, mainly including PID control of single loop, double-loop control, deadbeat
control, and hysteresis control. In order to achieve the ideal waveform control, the
most promising method was proposed after analyzing the characteristics of those
methods.

Keywords Auxiliary inverter � Harmonic � Control methods

20.1 Introduction

With the continuous development of China’s economy, the speed of urbanization
advancement becomes faster and the growth of urban population becomes more
rapid; traffic congestion has become the focus of people’s attention increasingly,
and urban rail transit attracts more and more people’s universal attention. And
auxiliary inverter system is an essential electrical part for the rail train and mainly
provides the stable three-phase and four-wire power supply for air-conditioning
units, fan, lighting, and alternating current load.
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Auxiliary inverter is one of the most important parts of the rail train; it can
convert input DC to alternating current that the load required. The power electronic
device in the inverter will produce a great deal of harmonic in the working process
and the serious harmonic pollution will cause damage to power electronic facilities,
electrical equipment and cmmunication lines. Therefore, power electronic precision
control technology of AC waveform has become one of the hot spots in the research
of power electronic technology.

In the past, inverter produced the sine wave dependent on open loop feedforward
control; at the same time, use the relatively slower feedback of output voltage’s
effective value to control amplitude. Although these forms of controller can guar-
antee the effective value of the rated output voltage, the response is very slow under
abrupt load variation and will produce great voltage distortion in the nonlinear load
conditions. Now, many of the feedback technologies are used to control the
instantaneous output voltage. These “instantaneous” controllers can achieve many
excellent properties, including fast transient response, low harmonic distortion rate,
and excellent anti-disturbance ability. Digital controller combined with various
forms of dynamic correction improved the quality of the output waveform further.
The dynamic correction method in addition to the series correction can also use
parallel correction or combine feedforward with feedback to form a composite
control. At present, the inverter control method of output voltage waveform can be
divided into two categories in general: control method based on cycle and instan-
taneous feedback control method.

20.2 Model of Three-Phase Voltage Source Inverter

Figure 20.1 shows the main circuit topology of SPWM inverter. There have six
power switches, which include of an antiparallel diode for continuing current, and
the inverter is supplied by a constant DC voltage source [8].
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We can use the potential of n point as voltage reference value; we can obtain the
equation according to Kirchhoff law:
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We can obtain the equation according to (20.2.1) and (20.2.2):
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Making the Laplace transform for the (20.2.3), we can obtain the equation as
follows:

ua
ub
uc

2
4

3
5 ¼ 1

LCs2 þCrsþ 1

uA
uB
uC

2
4

3
5� Lsþ r

LCs2 þCrsþ 1

ia
ib
ic

2
4

3
5 ð20:2:4Þ

The type (20.2.4) is the inverter system model under the condition of the open
loop. We can suppose:

GðsÞ ¼ 1
LCs2 þCrsþ 1

ð20:2:5Þ

ZðsÞ ¼ Lsþ r
LCs2 þCrsþ 1

ð20:2:6Þ

We can see the inverter can be equivalent to a power supply, its controller is G
(s), and its equivalent output impedance is Z(s); unbalanced and nonlinear load
currents in the Z(s) will produce the corresponding voltage drop, which influences
the quality of the output waveform.

From the above analysis, we can see that we can regulate the load voltage
through adjusting the inverter output voltage uA, uB, uC, output current ia, ib, ic, or
the equivalent output impedance. The latter method had been achieved based on
this.
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20.3 Control Method Based on Cycle

20.3.1 Repetitive Control

The input signal that is added to the controlled object not only have a present signal
of deviation but also include a last signal of deviation, which is a control deviation in
the last cycle. Put the last running deviation to the present, and add the last running
deviation and the “present deviation” together to the controlled object. In this control
method, deviation was used repeatedly, which is called repetitive control [1].

Basic ideas of repetitive control are derived from the internal model principle in
control theory. Repetitive control’s principle of design is that put the dynamic
model affecting the external system signal into the controller in order to realize
high-precision feedback control. By the internal model principle, it cannot achieve
no static error unless set as an internal model of sine function for each instruction or
disturbance signals. Repetitive control uses the internal model of “repeat signal
generator” solves this problem skillfully. The repetitive control was earliest used in
mechanical motion control and obtained good results in the waveform control at
present. Figure 20.2 shows a system structure diagram based on repetitive control.

20.3.2 Harmonic Feedback Control

The basic idea of harmonic feedback control comes from the basic feedback con-
trol, which has anti-disturbance performance. Harmonic feedback control can

Fig. 20.2 Structure diagram based on repetitive control

Fig. 20.3 Structure diagram of harmonic feedback control
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restrain all disturbances in the forward channel surrounded by negative feedback
effectively [2]. Figure 20.3 shows the diagram of the inverter harmonic feedback
control.

The harmonic distortion caused by nonlinear loads is mainly the low-order
harmonics of odd times; higher harmonic can be eliminated by LC filter. So, we just
need the 3, 5, and 7 times harmonics as the feedback. Therefore, we can record the
instantaneous value of voltage in a cycle into the computer memory and calculate
the amplitude and phase of 3, 5, 7 times harmonic by the fast Fourier transform
method, and then we can compound the harmonic feedback. Obviously, this
method requires at least one complete cycle of sine.

20.4 Instantaneous Feedback Control Method

20.4.1 PID Control of Single Loop

PID control is the most widely used controller in engineering practice. It has also
been applied to control the output waveform of the inverter [6]. However, the PID
regulator cannot guarantee no static error due to the output waveform that is sine in
middle or low frequency. We can design a suitable regulator during steady-state
accuracy and dynamic response extent that the control system requiring, but it is
more difficult than the constant value giving system. Because PID control is only
used in linear constant system, which can be described by using linear ordinary
differential equation, PID control has some limitations to reduce waveform distortion
in the condition of nonlinear load. Figure 20.4 shows a diagram of the PID control.

20.4.2 Double-Loop Control

In general, the double-loop control system inverter consists of inner loop of
capacitor current with voltage outer loop control and inner loop of inductance
current with voltage outer loop control; while the inner loop of capacitor current
and voltage outer loop control can effectively improve the response speed of the
output voltage, the output current of the inverter cannot be controlled and restricted

Fig. 20.4 Structure diagram of PID control
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because the load current does not be detected; inner loop of inductance and voltage
outer loop control can effectively solve this problem, but the inductance current
inner loop and voltage outer loop control have very good performance of restricting
load disturbance. So there are many improved methods based on it [3]. In order to
increase the ability of the system in restricting load disturbance, we can add a part
of load current feedforward, getting a new general block diagram of inductance
current inner loop and voltage outer loop control as shown in Fig. 20.5.

20.4.3 Deadbeat Control

Deadbeat control is a control method based on microcomputer and digital control; it
can achieve deadbeat track in theory. In deadbeat control, the speed of dynamic
response is very fast and the rate of waveform distortion is small. The pulse width
of next sampling period was calculated through the inverter’s state equation and
output feedback signal, and the pulse width can control the action of each switching
device, so the waveform of output voltage can track reference voltage signal with
no static error in the next sampling period. In this way, we can modify the output
voltage deviation caused by the load disturbance in a sampling period of time. In
addition, the delay of phase caused by LC filter of output can also be compensated
through regulating the output phase of inverter bridge, which can greatly reduce the
impact of output voltage phase caused by various loads. But deadbeat control also
has obvious shortcomings: Firstly, deadbeat control requires very high accuracy on
model estimation, which has considerable difficulty in the actual implementation,
and secondly, in order to eliminate the error in a sampling period, the amount of
transient adjustment is large, and it easily results in oscillation of the output voltage
when the estimate of system model is not accurate.

20.4.4 Hysteresis Control

The principle of hysteresis control is the method that compares the actual output
current signal detected by sensors with the command signal; this control method
can decrease the current by means of changing the inverter switching state when the

Fig. 20.5 Structure diagram of inductance current inner loop and voltage outer loop control
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actual current is larger. So, the actual signal of output current can make a jagged
change surrounding command signal, which making current deviation always keep
in a certain range. Hysteresis control is using the current feedback, so it has fast
dynamic response. And this kind of control method is not sensitive in the system
parameters and load properties, and the system is robust. However, hysteresis
control could lead to the switching device has not fixed switching frequency, and it
is easy to cause the high temperature of switching device and even damage the
device when the switching frequency is too high. At the same time, the filter’s
parameters are difficult to determine. Figure 20.6 shows the PWM inverter’s output
waveform of current tracking.

20.5 Comprehensive Control Technologies

Control method based on cycle or instantaneous control technologies both has their
own advantages and characteristics; of course, there also have disadvantages. In
order to realize the optimal waveform control and achieve complementary advan-
tages, many integrated schemes have been proposed, such as PR (proportional
resonant) controller, which can use instantaneous control ensures the dynamic
response of output and use the control method based on cycle to realize the static
performance of high precision. It can realize zero steady-state error of the sinusoidal
AC command and use the resonant controller to compensate special harmonics [5].
This control method has very good adaptability to balanced load or non-balanced
load. Figure 20.7 shows the block diagram of PR controller.

Fig. 20.7 Structure diagram of PR controller

i u
* i u

i

0

Fig. 20.6 PWM inverter output waveform of current tracking
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In addition, there also have intelligent control technology, including fuzzy
control and neural network control. Comparing with the traditional control method,
the most advantage of intelligent control imitates the human intelligence instead of
depending on the mathematical model of the controlled object. But from the point
of view of electrical engineering technology, abandoning the presently mature
control method is the losses overweight the gain under the condition of relatively
easy to establish the model. Therefore, it is usually to combine intelligent control
methods with other control methods, which can improve the performance and
robustness of the system.

20.6 Conclusion

High-performance inverter not only includes good waveform quality, but also has a
fast speed of dynamic response. With the development of the power electronic
technology and control technology, all kinds of suitable control schemes can be
flexibly applied to waveform control of inverter output, but various control methods
have their own advantages and disadvantages; we need to choose the suitable
control method according to the requirements of the performance on the system
itself, thereby obtaining the ideal waveform and ensuring the system with high
performance.
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Chapter 21
Analysis on Inducted Voltage Under
Multi-service Conditions of Feeder Cable
in High-Speed Railway

Xiuqing Mu, Sheng Lin, Zhengyou He and Ying Wang

Abstract Aiming at inducted voltage distributions of 27.5 kV feeder cables in
high-speed railway (HSR), different methods for metal shield’s inducted voltages of
single-circuit feeder cables are described in this paper based on electromagnetic
theory; then, by finite element method (FEM), inducted voltage results under
service conditions of different cable lengths, different distances between cables,
mechanical damage, curved lay, and so on are analyzed. The inducted voltage
distribution of feeder cables under the multi-service conditions can be observed
intuitively through FEM, which helps to warn inducted voltage early and select
appropriate grounding mode.

Keywords High-speed railway (HSR) � Finite element method (FEM) � Feeder
cable � Inducted voltage � Metal sheath

21.1 Introduction

In China, high-speed railway (HSR) and single-phase AC system with rated voltage
of 27.5 kV and 2 × 27.5 kV are adopted. Feeder cable with 27.5 kV transfers electric
power from traction substation to catenary, and it is dynamic pivot for the normal
operation of HSR [1]. The feeder cable adopts single-core structure, and the alter-
nating magnetic field generated by its running current will generate inducted voltage
on cable metal sheath. Inducted voltage will not only threaten cable insulation but
cause personal injury more likely. Meanwhile, due to sheath grounding mode,
circulating current will generate on metallic sheath if pathway between metallic
sheath and ground or return lines is formed by inducted voltage. Circulating current
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will loss, reduce current capacity of cable, and even burn grounding line under
severe fever condition [2].

Most studies are focused on inducted voltages and circulation characteristics of
one-circuit three-phase power cable under different laying conditions and laying
arrangement [3–6]. However, feeder cable of HSR is single-phase cable and its
length and arrangement are special, and the study on cable’s inducted voltages is
mainly focused on the electromagnetic influence of 10 kV cable’s short-circuit
current or catenary current on communication signal cable [7, 8]. Although the
other references studied grounding mode selection of feeder cables in HSR to avoid
the high inducted voltage, the value of circulating current under different grounding
modes has never been discussed deeply [9].

In this paper, the analytical method for metal shield inducted voltages of
single-circuit feeder cables is described based on electromagnetic theory; secondly,
on the platform of finite element method (FEM), inducted voltage distributional
results under service conditions of different cable lengths, different cable distances,
mechanical damage, curved lay, and so on are analyzed.

21.2 Calculation Model of Cable Inducted Voltage

In HSR, high-voltage cable of 27.5 kV adopts flame retardant and aluminum
material armored cross-linked polyethylene insulated cable with single-phase AC
and single-core copper conductor. In this paper, YJY73-type aluminum material
armored cross-linked polyethylene insulated cable, which is used in China HSR, is
taken as a research case. The corresponding structure is depicted in Fig. 21.1.

Power supply cable of HSR contains many T lines, F lines, and return lines,
where all of the lines lay in parallel and current values and current directions of
them are different. Generally, most of HSR feeder wires are in the range of 1 km. At
present, the longest feeder cable reaches 8 km. If the length of feeder wire is short,
the metallic sheath generally adopts direct grounding of two ends and single-end

9

81
2
3
4
5

6

7

Fig. 21.1 Diagram of 27.5 kV feeder cable structure. 1 Wire core conductor; 2 inner shield; 3
insulation layer; 4 external shield; 5 metal shield; 6 belt and fill in the blanks; 7 liner; 8 armored
layer; 9 external sheath
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mutual connection grounding [10]. If the length of feeder wire is long, the cross
connection of several transposition sections is generally divided and the metal
shields at the two ends of wire are grounded. Considering that the length of feeder
cable is short, equivalent circuit of sheath circulating current under laying in same
ditch of multi-circuit cable line is depicted in Fig. 21.2.

As depicted in Fig. 21.2, Z1 and Z2 represent metal sheath impedances of feeder
cables; R1 and R2 represent sheath grounding impedances of feeder cables; Re

represents ground leakage resistance; U1 and U2, respectively, represent inducted
potentials on metallic sheaths which are caused by currents flowing through core
wires (I1 and I2); and U0

1 and U0
2, respectively, represent inducted potentials on

metallic sheaths, which are caused by currents flowing through cable sheaths
(Is1 and Is2).

In addition, inducted potential generated on sheath p, which is caused by each
core current, can be expressed by

Esp ¼
X2
i¼1

�jx/pi

� � ¼ �2� 10�7jx
X2
i¼1

Ii ln
di
dp

� �
ð21:1Þ

where di represents distance between cable core and cable sheath p, and dp repre-
sents cable core geometric average radius.

So, for U1 and U2,

Up ¼ LEsp ¼ �2� 10�7jxL
Xn
i¼1

Ii ln
di
dp

� �
ð21:2Þ

where L represents cable length.
Then, mutual inductive impedance of unit length conductors (j, k) is as follows

Xjk ¼ 2x� 10�7 ln
De

djk
ð21:3Þ

where De represents equivalent loop circuit depth when the ground is loop circuit,
De ¼ 660

ffiffiffiffiffiffiffiffiffi
qe=f

p
; ρe represents soil resistivity; djk represents distance of two par-

allel conductors.

Fig. 21.2 Diagram of 27.5 kV feeder cable structure
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Therefore, the self-impedances of cable core and cable shield are calculated
through the formula (21.4) and (21.5), which are, respectively, expressed by

Zcc ¼ rc þ re þ j0:1445 lg
De

dc
ð21:4Þ

Zss ¼ rs þ re þ j0:1445 lg
De

ds
ð21:5Þ

where Zcc represents cable core self-impedance; Zss represents sheath
self-impedance; rc represents AC resistance of core wire per unit length; rs repre-
sents AC resistance of cable sheath per unit length; re represents equivalent resis-
tance of the ground; dc represents cable core geometric average distance; and ds
represents cable sheath geometric average radius.

As cable shield sleeve and cable core wire are at the same phase, their mutual
impedance is as follows

Zcs ¼ re þ j0:1445 lg
De

ds
ð21:6Þ

Based on formula (21.6), mutual impedance between two cable core wires and
shield sleeves can be obtained. Then, the inducted potential on sheath p, which is
generated by sheath circulating current, is as follows

U0
p ¼

Xn
i¼1;i 6¼p

jIsiZpiL
� � ¼ jL

Xn
i¼1;i6¼p

IsiZpi
� � ð21:7Þ

where i ≠ p represents that cable p is not contained.
Therefore, in Fig. 21.1, it can be obtained that

Is1Z1 þðR1 þR2 þReÞðIs1 þ Is2 þ � � � IsnÞþU0
1 ¼ U1

Is2Z1 þðR1 þR2 þReÞðIs1 þ Is2 þ � � � IsnÞþU0
2 ¼ U2

(
ð21:8Þ

After obtaining essential equations and determining parameters, inducted volt-
ages on metal shield and circulation current values of feeder cables can be obtained
through programming.

21.3 Establishment of FEM Model for Cable Inducted
Voltage

After establishing model, dividing grid, and determining material parameters and
boundary conditions through finite element simulation software, the distributions of
inducted voltages and circulating currents can be studied.
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21.3.1 Essential Assumption of Model

The following assumptions are used in the solution procedure:

1. Steady-state assumption: Thermal exchange of cable surface and its surrounding
air will generate through radiation and convection, and temperature distribution
does not vary with time when thermal consumption reach balance;

2. Constant physical assumption: Physical parameters of constituting cable mate-
rials are constants;

3. Cable structure is symmetrical, and axial length is far longer than cable external
radius. Considering that temperature gradient only exists at the direction of
radius, the thermal conduction along radius is linear;

4. Generating thermal quantity in cable per unit time and unit volume is constant,
and temperature in cable core is uniform;

5. Exothermic power at insulating layer (q) is symmetrical.
6. Thermal contact resistances among cable core, cable insulation layer, and cable

composite layer are ignored.

Considering that many feeder cables are laid in groove, under above assumed
conditions, select cross section of cable, which includes the air in groove, as
solution region. Then, combine specific model parameters and method of utilizing
finite element to solve electromagnetic field. Aiming at this solution region, the
boundary value problem of 2D electromagnetic field can be described as follows

X: 1
l

@2A
@x2 þ @2A

@y2

� �
¼ �J

C1: A ¼ 0

(
ð21:9Þ

where Ω represents the whole solution region; Γ1 represents the first homogeneous
boundary conditions; μ represents the magnetic conductivity; J represents the
current density; and A represents the magnetic vector potential.

21.3.2 FEM of Traction Feeder Cable

Considering that the feeder cable core transfers alternating current, vortex field is
selected to calculate; electromagnetic analysis unit selects solid 236 with 20 nodes,
and it has the free degree of electricity and magnetism. Grid division adopts the
combination mode of software’s adaptive subdivision and setting partition size
manually to improve simulation accuracy. Also, the corresponding material prop-
erty of each cable part is shown in Table 21.1.

Then, the FEM results of feeder cable are as shown in Fig. 21.3.
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21.4 Comparisons and Analysis of FEM Results

Under the conditions that the length of feeder wire is set as 1 km, the distance
between two single-circuit wires is short and the power frequency sinusoidal current
with amplitude of 600 A is loaded when single-circuit wires are at state of one-end
grounding and one-end suspended from ground; the cloud chart under space
magnetic inducted intensity (B) is obtained in Fig. 21.4.

As depicted in Fig. 21.4, the red region, which represents high space magnetic
inducted intensity, is mainly focused on the contact region of cable core and cable
insulation layer. This result is jointly decided by cable arrangement position and
cable core current, namely the acting result of vicinity effect, which is in accord

Table 21.1 Material physical parameters of each part in feeder wire

Material physical quantity/Unit Copper Conductor shield Insulated shield Metal shield

Dielectric constant/1 1e4 100 2.5 1e4

Electrical resistivity/(Ω m) 1.7241e−8 1000 1e14 1.7593e−8

Electrical conductivity/(s m) 1 1 1 1

Thermal conductivity/W/(m K) 401 0.48 0.2857 100

Fig. 21.3 Finite element solution region and FEM of feeder cable. a Model solution domain.
b Mesh model of single loop cable

Fig. 21.4 Cloud chart of B and inducted voltage for cable. a Cloud chart of B for radial section.
b Cloud chart of inducted voltage for cable
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with the result of theoretical analysis. In addition, cloud chart of B in solution
region is substantially uniform.

By changing the cable length in simulation, the variation of inducted voltage at
cable sheath is depicted in Fig. 21.5. Meanwhile, the comparison between analytical
solution and FEM results was given.

Also, by changing the distance of two cables in simulation, the variation of
inducted voltage at cable sheath is depicted in Fig. 21.6, where the comparison of
calculation results was given in the same picture.

In traction power supply system, feeder cable between traction substation and
traction network is restricted by geography and laying condition; it is highly pos-
sible for the existence of cable bending. Besides, in the operation of the project, the
fault including cable insulation breakdown often appears at the bending points of
cable. Figure 21.7 depicts the distribution result of electromagnetic field and
inducted voltage when the cable is bent.

Figure 21.8 shows inducted voltage distribution on cable metal sheath under
straight-line lay and bending lay of cable. As depicted in Fig. 21.8, the inducted
voltage under bending lay of cable is higher obviously than the inducted voltage
under straight-line lay of cable. In order to guarantee the safety of cable, the bend of
cable should be avoided in project as far as possible; if it is inevitable to adopt
bending cable, the bending radius should be limited strictly.

In the actual operation of cable, mechanical damage will appear easily. The
mechanical damage will influence electromagnetic field distribution of cable and
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Fig. 21.5 Inducted voltage variation on cable sheath with cable length
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Fig. 21.6 Inducted voltage variation on cable sheath with distance of cables
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influence inducted voltage distribution of cable metal sheath. Set mechanical
damage at certain points of cable sheath, and the influence of mechanical damage
on sheath’s inducted voltage is depicted in Fig. 21.9.

As depicted in Fig. 21.9, due to mechanical damage of cable, metal sheath’s
inducted voltages at damage points and neighboring region are higher than inducted
voltages under region without mechanical damage, and it will cause non-uniform
electric field inevitably, which is very unfavorable for cable insulation life span;
meanwhile, more energy consumption will be caused and destroy the safe operation
of feeder wire.

Fig. 21.7 Inducted voltage distribution on the metal shielding layer of bending cable
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Fig. 21.8 Inducted voltage on metal sheath of cable (straight-line lay and bending lay)
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21.5 Conclusions

In this paper, aiming at two feeder wires of single circuit, the calculation of sheath’s
inducted voltage and circulating current was analyzed deeply. Meanwhile, FEM
was utilized to analyze the cloud distribution of metal sheath’s inducted voltage
when material physical parameters are considered directly, which can reflect the
varying characteristics of magnetic field distribution intuitively and precisely. The
value and distribution of feeder wire’s inducted voltage are related to current
flowing through wire, wire length, distance between wires and mechanical damage,
etc. Meanwhile, under different grounding modes of feeder wire, different inducted
voltage levels will also bring about different circulating current distributions. So,
studying inducted voltage levels and circulating current distributions help to select
more appropriate grounding mode and can service the safe operation of HSR in
better condition.

Acknowledgment This study was partly supported by National Natural Science Foundation of
China (U1234203).

Fig. 21.9 Inducted voltage distribution under mechanical damage
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Chapter 22
Analysis of Harmonic Current Model
in Traction Power Supply Network

Xiuqing Mu, Zhengyou He, Ying Wang and Haitao Hu

Abstract Based on the travelling wave theory of transmission line, the distributed
parameter model of traction power supply network (TPSN) is built in this paper.
First, the unit length impedance and admittance of TPSN are obtained by the
equivalent reduction method of multi-transmission lines (MTLs). Second, this paper
analyzes the transient characteristics of the harmonic currents in different conditions
which concludes the different locomotive positions condition, different positions of
traction network when locomotive fixed condition and different length of TPSN
condition. Finally, in order to evaluate the higher harmonic current influence, it is
used to simulate the traction harmonic transient characteristics of dynamic loco-
motive operation..

Keywords Traction power supply network (TPSN) � Multi-transmission lines
(MTL) � Impedance reduction method � Harmonic current

22.1 Introduction

Traction power supply network (TPSN) is a system with many inductance elements
and capacitance elements. With the widespread of high-speed locomotive, the issue
of TPSN higher-order harmonic injected from HST is seriously increasingly [1].
Although the higher-order harmonic content is not high, they will seriously endanger
the insulated equipments of traction substation, HST, etc., and affect safe operation.

At present, the study regarding the higher-order harmonic phenomenon of TPSN
is mainly divided into three aspects: The one is to analyze the harmonic charac-
teristics of TPSN [2, 3], the second is to analyze the series and parallel harmonic
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resonance [4, 5], and the third is to analyze the harmonic characteristics of harmonic
current injected by HST [6]. Reference [7] studied has adopted the simplified model
of single-line TPSN to study the harmonic characteristics. In this method, substa-
tion (SS) is equivalent to inductive load; TPSN is regarded as one well-distributed
transmission line and is equivalent to resistance and inductance in series and par-
allel capacitor; HST is equivalent to harmonic current source, and it is more con-
venient to analyze harmonic propagating law and propagating characteristic
qualitatively. Aiming at the all-parallel AT-fed system, reference [2, 4] established
TPSN’s multi-line model to simulate the resonance phenomenon but never dis-
cussed HST’s current change at traction network deeply. Reference [4, 8] mainly
studied the higher-order harmonic resonance phenomenon caused by unmatched
parameter between HST and TPSN. Also, reference [9] studied series and parallel
resonance of higher-order harmonic wave.

Therefore, this paper adopted equivalent order reduction method to obtain unit
length impedance and unit length admittance of TPSN. By utilizing
multi-transmission lines’ (MTL) traveling wave theory, the distributed parameter
model of TPSN was established; then, the amplification of harmonic currents under
the different lengths and positions of TPSN were analyzed and compared. Through
the comparison of different lengths and positions of TPSN, this paper analyzed the
harmonic current amplification trend caused by the injection of HST’s harmonic
current.

22.2 Harmonic Current Analysis of TPSN

HST is one harmonic source with extremely frequency components, and it will
cause great harm to TPSN. The equivalent circuit of general TPSN is depicted in
Fig. 22.1. As shown in Fig. 22.1, ZSS represents equivalent impedance of traction
substation (SS); IX represents traction current at X position; It represents HST
current; I1 and I2, respectively, represent TPSN current which flows into SS and
section post (SP); Z1 and Z2, respectively, represent TPSN impedance regarded at
the direction toward SS and SP (containing impedance and admittance of π-type
equivalent circuit); L represents TPSN length; L1 represents distance between HST
and SS; and L2 represents distance between HST and SP.

X

2I1ISS

SS
U

L

2Z

tI

1L 2L

U

XI SP

SP
USS

Z

1Z

dx

Fig. 22.1 Equivalent model of power supply network

200 X. Mu et al.



From Fig. 22.1, it can be obtained that

I1 ¼ It � Z2
Z1 þ Z2

ð22:1Þ

I2 ¼ It � Z1
Z1 þ Z2

ð22:2Þ

Also, TPSN is equivalent to a double-port network, and the corresponding
two-port network equations are, respectively, depicted in Eqs. (22.3) and (22.4).

U
� ¼ USP

�
cosh cxþ I2

�
Z0 sinh cx ð22:3Þ

I
� ¼ USP

�

Z0
sinh cxþ I2

�
cosh cx ð22:4Þ

where Z0 represents characteristic impedance and Z0 ¼
ffiffiffiffiffiffiffiffiffi
Z=Y

p
; γ represents line

transmission coefficient and c ¼ ffiffiffiffiffiffiffiffiffiffi
Z � Yp

; Z and Y, respectively, represent unit
length impedance and unit length admittance of TPSN.

By continuously applying two-port network equation, Z1 and Z2 can be obtained
as depicted in Eqs. (22.5) and (22.6).

Z1 ¼ Z0 � Zss cosh cL1 þ Z0 sinh cL1
Zss sinh cL1 þ Z0 cosh cL1

ð22:5Þ

Z2 ¼ Z0 � cosh cL2cosh cL2
ð22:6Þ

For the whole TPSN, the impedance for the current source of high-speed
locomotive is parallel connection of Z1 and Z2, namely

ZP ¼ Z0 � cosh c L� L1ð Þ � Zss cosh cL1 þ Z0 sinh cL1ð Þ
Zss sinh cLþ Z0 cosh cL

ð22:7Þ

By combining Eqs. (22.5), (22.6), and (22.1), it can be obtained that

I1 ¼ It � cosh cL2 � Zss cosh cL1 þ Z0 sinh cL1ð Þ
Zss sinh cLþ Z0 cosh cL

ð22:8Þ

So, the current of TPSN at X distance from HST (SS direction) is as follows

IX ¼ It � cosh cL2 � Zss cosh c L1 � Xð Þþ Z0 sinh c L1 � Xð Þ½ �
Zss sinh cLþ Z0 cosh cL

ð22:9Þ
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Then, the magnification ratio of harmonic current at X position (KX) can be
expressed as

KX ¼ cosh cL2 � Zss cosh c L1 � Xð Þþ Z0 sinh c L1 � Xð Þ½ �
Zss sinh cLþ Z0 cosh cL

ð22:10Þ

22.3 Impedance Analyze of Traction Power Supply
Network

Based on the Eq. (22.10), through the given parameter values, the magnification
ratio of harmonic current at X position (KX) can be calculated. Among these, the γ
(concluding equivalent impedance and equivalent admittance) is the main factor to
obtain KX. As shown in Fig. 22.2, there are several parallel conductors in all-parallel
AT-fed network including feeder wires (l1, l2), messenger wires (l3, l4), contact
wires (l5, l6), protect wires (l7, l8), and rails (l9, l10, l11, l12). Due to the electrical
relativity of these conductors, the characteristics of these lines can be analyzed by
the MTL approach, which is completely described by matrix reduction method.
Therefore, TPSN can be simplified to several conductors, including feeder wires,
contact wires, and rails.

22.3.1 Impedance Matrix and Reduced Calculation

TPSN is one MTL system and can adopt nominal unit π model to represent real
lines. So, series impedance matrix (Z,X/m) and parallel admittance matrix (Y, S/m)
of TPSN need to be solved.

Self-impedance of TPSN is as follows

Zii ¼ ZAii þ ZEii ð22:11Þ

where ZAii represents self-impedance of conductor and ZEii represents
self-impedance of return circuit constituted by conductor and ground.

Feeder wire: l1 Feeder wire: l2
Messenger wire: l3 Messenger wire: l4

Contact wire: l5 Contact wire: l6 Protect wire: l8Protect wire:  l7

Rail: l9 Rail: l10 Rail: l11 Rail: l12

Fig. 22.2 High-speed railway traction network
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Also, mutual impedance of TPSN can be calculated as follows

Zik ¼ Zki ¼ DRik þ jx
l0
2p

Dik

dik
þDXik

� �
ð22:12Þ

where DRik and DX represent correction of ground return circuit, Ω/kW; ω repre-
sents angular frequency, ω = 2πf; μ0 represents vacuum permeability,
μ0 = 4π × 10−7 H/m; Dik represents mirror distance between conductor i and
conductor k, m; and dik represents distance between conductor i and conductor k, m.

The equivalent impedance matrix (Z), concluding Zii and Zik, can be obtained
through the MTL approach and is shown in Fig. 22.3a. Note that the impedance
order reduction process [1] is depicted in Fig. 22.3b and corresponding order
reduction formula is shown in Eq. (22.13).

Z 0
i;j ¼ Zi;j � ðZi;n�1 � Zi;nÞðZj;n�1 � Zj;nÞ

Zn;n � Zn;n�1 � Zn�1;n � Zn�1;n�1
ð22:13Þ

In Eq. (22.14), Z can be obtained by

U1

..

.

Un�2

Un�1

2
6664

3
7775 ¼

Z 0
1;1 Z 0

1;2 � � � Z 0
1;n�1

..

. ..
. ..

. ..
.

Z 0
n�2;1 � � � � � � Z 0

n�2;n�1
Z 0
n�1;1 � � � � � � Z 0

n�1;n�1

2
6664

3
7775 �

I1
..
.

In�2

In�1 þ In

2
6664

3
7775 ð22:14Þ

where I1…In are conductor currents, A; U1…Un are voltage drops in conductors, V;
Zii and Zik, respectively, represent conductor’s self-impedance and mutual impe-
dance, Ω/km.

Based on several conductor wires reserved after order reduction (including
contact wires, rail, and feeder wires) and spatial arrangement of the traction net-
work, the unit impedance matrix of traction network is as follows

Z ¼
ZMM ZMC ZMF

ZCM ZCC ZCF
ZFM ZFC ZFF

2
4

3
5 ð22:15Þ

(a) (b)

Fig. 22.3 Equivalent impedance reduction. a Before order reduction. b After order reduction
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where Zii and Zij, respectively, represent the self-impedance and the mutual impe-
dance of F, C and R, Ω.

22.3.2 Admittance Matrix and Reduced Calculation

Being similar with Z, admittance matrix (Y) of TPSN can be obtained through order
reduction process. Due to the lower distance between rail and ground, the rail
capacitance to ground and the mutual capacitance are ignored. And the corre-
sponding spatial location of TPSN is depicted in Fig. 22.4.

In Fig. 22.4b, L1…Ln represent different conductors for MTL; Q1…Qn represent
corresponding charges carried by different conductors, C; Dij represents mirror
distance between Li and Lj, m, and specific value is shown in Fig. 22.3a; hi rep-
resents distance between conductor wire Li and ground (or distance between mirror
image of Li and ground, m) and; dij represents distance between Li and Lj, m, and
specific value is shown in Fig. 22.4a.

According to Fig. 22.4, after the order reduction process, based on the reduced
feeder wires (F), contact wires (C), and rails (R) of TPSN, we can get the relation
matrix.

VM

VC

VF

2
4

3
5 ¼

PMM PMC PMF

PCM PCC PCF

PFM PFC PFF

2
4

3
5 QM

QC

QF

2
4

3
5 ð22:16Þ

where VM, VC, and VF, respectively, represent voltage to ground of F, C and R, V;
Pii represents self-stiffness of F, C and R, 1/F, and Pii = ln(2hi/Ri)/2πε0; Ri repre-
sents outer diameter of conductor (Li), m; Pij represents mutual stiffness of F, C and
R, 1/F, and Pij = Pji = ln(Dij/dij)/2πε0; ε0 represents vacuum dielectric constant,
ε0 = 8.849 × 10−12 F/m and; QM, QC, and QF, respectively, represent electric charge
quantity carried by F, C and R, C.

(a) (b)

Fig. 22.4 Spatial location of traction network multi-conductors
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So, after systemic order reduction, unit capacitance matrix (C) is as follows:

C ¼ P�1 ¼
CMM CMC CMF

CCM CCC CCF

CFM CFC CFF

2
4

3
5 ð22:17Þ

where Cii and Cij, respectively, represent self-capacitance and mutual capacitance of
F, C and R, F/m.

Then, the admittance matrix (Y) of TPSN is j x C.

22.4 Calculation and Analysis

According to the above theoretical derivation, the harmonic current magnifications
of different X and L were analyzed by the numerical calculation. All of the impe-
dance parameters calculated are given [7] in Table 22.1.

As L1 = L and L = 10, 20, 30, 40, and 50 km, respectively, the amplification of
harmonic current caused by HST’s harmonic current at the headend of TPSN,
namely at SP position, is depicted in Fig. 22.5a. It can be observed that the har-
monic number under harmonic amplification increases with the decrease of TPSN
length. Also, as L1 = 10, 20, 30, and 40 km, respectively, the amplification of
harmonic current caused by HST’s harmonic injection is shown in Fig. 22.5b.
As HST is at different positions, it is obvious that harmonic orders of harmonic
amplification at headend of TPSN are basically fixed, while the amplification ratio
changes with the variation of HST position. The amplification is lower and lower
when the distance of HST and SS is shorter increasingly.

Table 22.1 Calculated parameter values

Parameters meaning, variable Value

Equivalent impedance of SS, ZSS 1.180 + 9.750j(Ω)

Self-impedance of V, ZC 0.109 + 0.772j(Ω)

Self-impedance of F, ZF 0.224 + 0.895j(Ω)

Self-impedance of R, ZR 0.172 + 0.651j(Ω)

Mutual impedance between C and R, ZCR = ZRC 0.056 + 0.378j(Ω)

Mutual impedance between C and F, ZCF = ZFC 0.056 + 0.385j(Ω)

Mutual impedance between F and R, ZFR = ZRF 0.056 + 0.351j(Ω)

Self-capacitance of C, CCC 1.321 × 10−5(F/km)

Self-capacitance of F, CFF 7.872 × 10−6(F/km)

Self-capacitance of R, CRR 3.451 × 10−5(F/km)

Mutual capacitance C and F, CCF = CFC 5.246 × 10−7(F/km)

Mutual capacitance between C and R, CCR = CRC 2.157 × 10−6(F/km)

Mutual capacitance between F and R, CFR = CRF 3.162 × 10−6(F/km)
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As L1 = L=50 km and X = 10, 20, 30, 40, and 50 km, respectively, the ampli-
fication ratio of harmonic currents is depicted in Fig. 22.6a, where the amplification
current harmonics are mainly at the vicinity of 21-order and 63-order, respectively.
In addition, as L = 50 km and L1 = 30 km, the amplification results of harmonic
currents when X = 10, 20, and 30 km are revealed in Fig. 22.6b, where the
amplification harmonic orders of harmonic currents are mainly at the vicinity of
21-order.

Besides, as L = 50 km, L1 = 10, and L1 = 30 km, the comparison of HST side
current is shown in Fig. 22.7, which shows the degrees of distortion for harmonic
current. Also, it can be found that the current amplitudes are almost the same.

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61
0

20

40

60

80

Harmonic number

H
a

rm
o

n
ic

 c
u

rr
e

n
t  

  
  

a
m

p
lif

ic
a

tio
n 50 km

40 km
30 km
20 km
10 km

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85
0

10

20

30

40

Harmonic number

H
a

rm
o

n
ic

 c
u

rr
e

n
t  

  
  

a
m

p
lif

ic
a

tio
n

40 km
30 km
20 km
10 km

(a) (b)

Fig. 22.5 Harmonic current amplification. a SP position under different L. b HST position under
different L1
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22.5 Conclusions

This paper analyzed the mechanism regarding the harmonic current of TPSN and
discussed the relation among harmonic voltage, harmonic impedance, and harmonic
current. It can be seen that the main factor of influencing harmonic current
amplification is the harmonic current injection of locomotive. The harmonic current
magnification proportion increases with the increase in the distance between
locomotive and SS. As the position of HST is determined and harmonic magnifi-
cations of harmonic currents injected by locomotive appear at different X of TPSN,
corresponding harmonic frequency band is basically unchanged and only the
magnification times of harmonic current will change; in addition, the current
amplitude of HST side hardly changes but will generate different distortions of
harmonic current.
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Chapter 23
Design of PI Controller in the Charging
Current Control System of the Battery
Charger

Yiming Chen, Ruichang Qiu and Yonggang Huang

Abstract The stability of the charger for charging current of the battery is one of
the important indicators of the charging machine performance. The duty ratio to
output transfer function was derived due to charger charging current control system
of the small signal model. The PI controller was designed, and the correction
system stability margin was analyzed, through the way of zero-pole assignment.
The digital realization form of the PI controller was deduced, and the PI control
program of Digital Signal Processor (DSP) was designed. Then, the performance of
the design was verified by simulation and field test.

Keywords Charging current � Small signal � PI controller

23.1 Introduction

A reliable control system is an important guarantee for the reliable operation of the
battery charger [1]. In order to complete the design of control system of the charger,
the dynamic mathematical model of full-bridge converter was established. Periodic
conduction or cutoff will cause power conversion circuit structure in time because
the power electronic converter system includes controllable devices, diodes, and
other nonlinear elements. The approximate mathematical model was obtained for
the nonlinear time-varying system by using mathematical method. At present, small
signal analysis method is widely used in the modeling and analysis of switch
converter [2, 3]. Further application of the classical control theory to the design of
controller is established based on the controlled variable and the output voltage
transfer function.
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The topology of the charging system is as follows (Fig. 23.1).

23.2 The Small Signal Model of Converter

The full-bridge converter is essentially belongs to the type of buck converter.
According to the literature [4], the main difference of full-bridge converter circuits
lies in the middle of the high-frequency transformer. Full-bridge switching cycle
can be the equivalent of two work periods of buck circuit. The ratio of transformer
is N, considering the small signal model of converter is derived. It is easy to get the
full-bridge converter AC small signal model as follows:

L d̂iLðtÞdt ¼ Vg

N d̂ðtÞþ D
N v̂gðtÞ � v̂ðtÞ

C dv̂ðtÞ
dt ¼ îLðtÞ � v̂ðtÞ

R

îgðtÞ ¼ D
N îLðtÞþ IL

N d̂ðtÞ

8>>><
>>>:

ð23:1Þ

Integrating it can get a full-bridge converter of small signal AC equivalent circuit
model which is shown in Fig. 23.2.

Fig. 23.1 The topology of the charging system

Fig. 23.2 Small signal AC equivalent circuit of full-bridge converter model
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Converted above figure into frequency domain, the equivalent circuit is shown in
Fig. 23.3.

From the model, control output transfer function is as follows:

Gvd sð Þ ¼ v̂ sð Þ
d̂ sð Þ

�����
v̂g¼0

¼
1
Cs ==R
� �

1
Cs ==R
� �þ Ls

� Vg
�
N ¼ Vg

�
N

LCs2 þ L
R sþ 1

ð23:2Þ

Input–output transfer function is as follows:

GvgðsÞ ¼ v̂ðsÞ
v̂gðsÞ

����
d̂ðsÞ¼0

¼
1
Cs ==R
� �

1
Cs ==R
� �þ Ls

� D=N ¼ D=N
LCs2 þ L

R sþ 1
ð23:3Þ

The parameters of the charger were determined in the design phase, which is
shown in Table 23.1.

According to the parameters, it is easy to obtain that control-output transfer
function is as follows:

GvdðsÞ ¼ 513=3:2
2:2� 10�6 s2 þ 5� 10�5 sþ 1

ð23:4Þ

According to the system open-loop transfer function, draw the amplitude fre-
quency characteristic curve as shown in Fig. 23.4.

Fig. 23.3 Small signal AC equivalent circuit model of full-bridge converter in s domain

Table 23.1 The parameters
of the charger

Parameter Values

Vg/(V) 513

N 3.2

L/(H) 5 × 10−5

C/(F) 4.4 × 10−2

R/(Ω) 1
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23.3 The System Controller Design

In order to improve the performance of the system, and improve the system type,
we design a PI controller for correction [5]. In voltage regulation, the PI controller
can eliminate the steady-state error and improve the system steady-state perfor-
mance, and the parameter tuning method is simple and easy to implement. Draw the
PI control system block diagram as shown in Fig. 23.5.

By using the method of zero-pole assignment, set the transfer function of PI
controller as follows:

D sð Þ ¼ KP 1þ 1
Tis

� �
¼ KP þ KI

s
ð23:5Þ

Under the condition of duty ratio being disturbed, the closed-loop transfer
function for output voltage is as follows:

UoðsÞ ¼
160:3 KpsþKI

� �
LC s3 þ 1

RC s
2 þ 160:3KP þ 1

LC

� �
sþ 160:3KI

LC

� 	 ð23:6Þ

Fig. 23.4 The open-loop transfer function amplitude frequency characteristic curve

Fig. 23.5 PI control system block diagram
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Thus, the characteristic equation is as follows:

F sð Þ ¼ s3 þ 1
RC

s2 þ 160:3KP þ 1
LC

� �
sþ 160:3KI

LC
ð23:7Þ

Three roots of characteristic equation determine the system stability and dynamic
response, through the method of zero-pole assignment, two-pole assignment for
dominant poles, and another pole assignment for the non-dominant pole, thus to
determine the parameters of PI controller [6].

Set the two dominant pole, respectively:

s1;2 ¼ �fxn � jxn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f2

q
ð23:8Þ

ζ the system damping ratio;
ωn the system without damping oscillation frequency.

Another non-dominant pole is as follows:

s3 ¼ �nrfxn ð23:9Þ

nr is associated with the role of the non-dominant pole. If nr becomes bigger, the
non-dominant pole has a smaller impact on the system. So the system can be
simplified as second-order processing system decided by the dominant poles.
According to the engineering experience, we choose nr value of 10.

The characteristic equation is rewritten as follows:

FðsÞ ¼ s� s1ð Þ s� s2ð Þ s� s3ð Þ ¼ s2 þ 2fxn þx2
n

� �
sþ nrfxnð Þ

¼ s3 þ nrfxn þ 2fxnð Þs2 þ 2nrf
2x2

n þx2
n

� �
sþ nrfx

3
n

ð23:10Þ

In engineering, the optimal value of ζ is 0.707. The system without damping
oscillation frequency ωn determines the speed of the system dynamic response. The
bigger ωn, the faster system response, and it shall ensure the two coefficients of
characteristic equation of the system in little difference at the same time.
Choose ωn to 200 rad/s after comprehensive consideration, then determine other
parameters.

Get the characteristic equation as follows:

FðsÞ ¼ s3 þ 1:69� 103s2 þ 4:4� 105sþ 5:656� 107 ð23:11Þ
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The characteristic equation was calculated by analogy: KP ¼ 0:006, KI ¼ 0:776.
The transfer function for PI controller is as follows:

DðsÞ ¼ KP 1þ 1
Tis

� �
¼ 0:006þ 0:776

s
ð23:12Þ

Get the system for open-loop transfer function as follows:

G0ðsÞ ¼ 4:37� 105sþ 5:65� 107

s3 þ 1:69� 103s2 þ 4:54� 105s
ð23:13Þ

The open-loop transfer function of the Bode diagram is shown in Fig. 23.6.
It can be seen from the diagram, in the system, the cutoff frequency is 203 rad/s,

and the phase margin is 108°.

23.4 The Realization of Digital PI Controller in DSP

In previous discussion, the PI controller is in continuous form. But in practical
application in DSP, it is in discrete model. DSP has the function of rapid sampling,
provided the conditions for the design of high-frequency charger [7, 8]. So need to
get PI controller discrete algorithm [9]. The following is its discrete form.

Fig. 23.6 PI control system Bode diagram
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The basic PI controller has the following form:

DðsÞ ¼ KP 1þ 1
TIs

� �
¼ KP þ KI

s
ð23:14Þ

TI Integral time constant

The PI controller output is as the following form:

uðtÞ ¼ upðtÞþ uIðtÞ ð23:15Þ

upðtÞ ¼ KPeðtÞ ð23:16Þ

uIðtÞ ¼ KP

Ti

Z t

0

eðtÞdt ð23:17Þ

Assumes that system is for sampling control cycle; at the moment t ¼ kT , the
equation can be written as:

uðkÞ ¼ upðkÞþ uIðkÞ ð23:18Þ

The proportion item is as follows:

upðkÞ ¼ KPeðkÞ ð23:19Þ

The integral item is as follows:

uIðkÞ ¼ KP

Ti

ZkT
0

eðtÞdt ¼ KP

Ti

Zðk�1ÞT

0

eðtÞdtþ KP

Ti

ZkT
ðk�1ÞT

eðtÞdt ð23:20Þ

Because sampling control cycle is sufficiently small. The last item can be on the
approximation, which takes into account the error amount remains unchanged in a
very short period of time.

uIðkÞ ¼ uI k � 1ð Þþ KPT
Ti

eðkÞ ð23:21Þ

In summary:

uðkÞ ¼ KPeðkÞþ uI k � 1ð Þþ KPT
Ti

eðkÞ ð23:22Þ
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In order to avoid the saturation of PI controller, the limit control after the PI
control is added, as shown in Fig. 23.7. Max is the maximum duty ratio and min is
zero.

23.5 Simulation and Field Test of Charging Current

The charging current is controlled by output voltage difference between the charger
and battery. In order to verify the feasibility of the proposed scheme, the control
target of charging current is set to 30 A in the simulation.

The charger under the condition of light load (24 A), the output voltage, and the
charging current waveform is shown in Fig. 23.8.

Through the analysis of the simulation waveform, the battery charges current
waves between 25 and 35 A, and the control target is 30 A. The simulation meets
the design requirements.

In order to verify dynamic performance of the system, different loads are
inputted and removed in sequence at the output terminal. The output voltage and
current waveform are shown in Fig. 23.9.

The whole simulation time is set to 0.5 s. Input loads which are 2.13 Ω, 5Ω and
7 Ω respectively at 0.2 s, 0.25 s and 0.3 s. Then, the loads are removed in sequence
at 0.35 s, 0.4 s, 0.45 s. Analyze the time of 0.2 s when input maximum load, the
voltage fluctuation is shown in Fig. 23.9. Input load transient voltage does not

Fig. 23.7 PI control system added the limit control diagram

Fig. 23.8 Charger output voltage and charging current waveform simulation waveform
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appear obvious drop. The fluctuations of the output voltage value are within ±0.5 V.
There is no large impact in current at the moment of inputting load, and it come
back to the control target soon. According to the simulation results, the design
meets the requirements.

In order to verify the dynamic performance of the charger, the experiment of the
input and removal load were carried out. After the charger start-up normally, input
and removal two series of loads in sequence, which is 1.39 Ω and 2.5 Ω. Observe
the changes of the charger output voltage and battery charging current. The
experimental waveform is shown in Fig. 23.10.

Fig. 23.9 Load input and removal simulation waveform

Fig. 23.10 Load input and removal field test waveform
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From the experimental waveforms, it can be seen when the load time invested,
charger output voltage did not produce obvious drop, battery charging current in the
fall after a rapid return to normal charging current; when the load shedding and
charger output voltage do not appear significant uplift, charging current fluctuations
decreased rapidly to normal charging current. In summary, the charger in the load
switching output stable condition meets the design requirements.

23.6 Summary

The charger charging current PI controller is designed, combined with charging
characteristics. The PI controller improves the static and dynamic performance of
the system to ensure that the output charging current has stability. And analyze it by
introducing small signal model. In the simulation and the field test of the load input
and removal experiments, charging current did not appear larger fluctuation and can
quickly return to normal. Verify that the controller design meets the requirements.
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Chapter 24
Multi-mode Pulse Width Modulation
Strategy Based on Traction Inverter
Harmonic Optimization

Jing Tang, Lijun Diao, Kan Dong, Zhigang Liu
and Shaoliang Huang

Abstract Pulse width modulation (PWM) is one of the key control techniques of
traction converter. To adapt the requirement of high-power and low-frequency
feature of traction system, multi-mode PWM strategy is often used. In this paper, a
multi-mode PWM strategy based on harmonic optimization is proposed, which
consists of asynchronous third-harmonic injection sinusoidal PWM (THI-SPWM),
15-pulse synchronous THI-SPWM, selective harmonic elimination modulation
(SHEPWM), and single-pulse modulation. As a result, switching frequency and
power losses are reduced, and the harmonic feature of motor current in medium and
high-frequency region is improved. Simulation and experiment results confirm the
effectiveness and feasibility of the proposed strategy.

Keywords Multi-mode pulse width modulation � Third-harmonic injection sinu-
soidal PWM � Selective harmonic elimination PWM

24.1 Introduction

Switching frequency of traction converter is greatly limited by switching losses and
heat dissipation. Due to the wide frequency range of traction motor and low
switching frequency, carrier wave ratio varies greatly in full speed range [1, 2].
Through Fourier analysis, pulse width modulation (PWM) waves contain plenty of
harmonic components, which will cause harmonic heating and torque ripple [3].
What is more, low-order harmonic component is harmful to traction motor. This
paper carried out a research on multi-mode PWM on the basis of harmonic opti-
mization and proposed a strategy consists of asynchronous THI-SPWM, 15-pulse
synchronous THI-SPWM, SHEPWM, and single-pulse modulation. As a result, the
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harmonic feature in medium- and high-frequency region is improved, and a smooth
transition between different modulation methods is achieved. Simulation and
experiment results verified the effectiveness and feasibility of the proposed strategy.

24.2 Multi-mode Pulse Width Modulation Strategy

The multi-mode PWM strategy proposed is shown in Fig. 24.1.
Asynchronous modulation uses third-harmonic injection sinusoidal pulse width

modulation (THI-SPWM); because of the simple calculation and high DC voltage
utilization ratio, the switching frequency is 500 Hz. In medium speed range,
15-pulse THI-SPWM and SHEPWM are used, which improve the harmonic fea-
tures and reduce motor torque ripple. Finally, single-pulse modulation is used to
improve the DC voltage utilization ratio and reduce switching frequency.

24.2.1 Third-Harmonic Injection Sinusoidal PWM

For SPWM, the maximum fundamental line voltage is √3/2Udc and DC voltage
utilization rate is 0.866. For THI-SPWM, its maximum fundamental line voltage is
Udc, and DC voltage utilization rate is 1, equal to space voltage vector pulse width
modulation (SVPWM). THI-SPWM injects the third-harmonic wave in the sinu-
soidal modulation wave as a new modulation, as shown in Fig. 24.2. The modulation
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Fig. 24.1 Multi-mode pulse width modulation strategy
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wave is saddle-shaped wave [4] that injects the third-harmonic wave, comparing the
modulation wave and the triangle carrier wave, at the intersection controlling the
switch on/off. In Fig. 24.2, we can see that compare to the original sine wave,
the saddle-shaped wave amplitude is decreased and in the linear modulation region,
the sine fundamental wave modulation ratio is greater than 1. Thus, the amplitude of
the sine fundamental voltage is 1.154 times to the amplitude of the saddle-shaped
wave voltage, equivalent to under the same DC bus voltage, providing additional
15.4 % output power [5].

24.2.2 Selective Harmonic Elimination PWM Technique

Selective harmonic elimination PWM aims at eliminating specific harmonic, and it
uses reasonable arrangement of switching time both to achieve eliminating specific
harmonic and to control the output fundamental voltage. The amplitude of funda-
mental wave and harmonics is given as follows:

An ¼ 4Ud
np

�1� 2
XN
i¼1

ð�1Þi cosðnaiÞ
" #

ð1:1Þ

where n is the number of the wave, n = 1, 3, 5 … 2N + 1; N is the number of
switching angle in [0, π/2]. In order to eliminate harmonics, we should select angle
αi reasonability to make An = 0 [6].

This method needs to open some predetermined groove angles in square wave,
as shown in Fig. 24.3. The groove angles are through making specific-order har-
monics equal to 0. When the groove angle number is N, it can eliminate N − 1
specific harmonics and can produce 2N + 1 pulses in a cycle. The groove angles

Fig. 24.2 Third-harmonic
injection sinusoidal PWM
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calculated, is the variables on the modulation depth, in the realization of simulation
and practical experiments,the angles are saved to table, we can look up table for the
angles if we need [7].

24.3 Different Modulation Modes Smooth Transition

24.3.1 Transition Between Asynchronous THI-SPWM
and 15-Pulse Synchronous THI-SPWM

When the motor frequency is low, the carrier wave ratio (switching
frequency/motor frequency) is large, and asynchronous modulation is used. The
switching frequency of asynchronous modulation is 500 Hz when the motor fre-
quency is greater than 500/15 = 33.3 Hz, and asynchronous modulation transits to
synchronous modulation. Both asynchronous modulation and synchronous modu-
lation use SPWM technology, thereby making the switching frequency of the
transition continuous to transit smoothly.

24.3.2 Transition Between 15-Pulse Synchronous
THI-SPWM and 9-Pulse SHEPWM

The maximum switching frequency is limited to 1 kHz, when the motor frequency
is more than 1000/15 = 66.6 Hz, and if 15-pulse synchronous THI-SPWM is still
used, then the switching frequency will be greater than 1 kHz, so we must transit
15-pulse synchronous THI-SPWM to SHE9. At the same time, when modulation
depth is more than 0.8, then transit 15-pulse synchronous THI-SPWM to SHE9.
When the switching condition meets, switching at the zero of fundamental voltage
can be ensured by a smooth transition.

Fig. 24.3 Output voltage of
SHEPWM
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24.3.3 Transition Between Different SHEPWM Modes

Limited by the available range of SHE calculated angles and the switch frequency
of IGBT, transition between different SHE modes according to frequency or
modulation depth, switching point shows in Table 24.1. The utilization rate of
single pulse is higher than others, so it offen works at single pulse at last. Because
the method of pulse generated between different SHE modes is similar, switching at
any point can transit smoothly.

24.4 Simulation and Experiment

24.4.1 Simulation

To verify the effectiveness and correctness of multimode PWM strategy, use
MATLAB/Simulink to build the simulation model to simulate. According to the
modulation rules shown in Fig. 24.1, simulate the transition between modulations.
Figures 24.4, 24.5, 24.6, 24.7, 24.8, 24.9, and 24.10 show the drive pulse, motor
current, and switch flag of switching point between different modulations.

24.4.2 Experiment

Building the ground experiment platform of traction system, the control system
combines DSP with FPGA. DSP works for current sampling, motor control algo-
rithm, and transitions between modulations. FPGA works for pulse generated.
Figures 24.11, 24.12, 24.13, 24.14, 24.15, and 24.16 show the transitions of
experiment.

Table 24.1 Transition strategy

Modulation mode Modulation depth Motor frequency/Hz

Asynchronous THI-SPWM to 15-pulse
synchronous THI-SPWM

– 33.3

15-pulse synchronous THI-SPWM to SHE9 0.8 Or 66.6

SHE9 to SHE7 0.91 Or 111.1

SHE7 to SHE5 0.93 Or 142.8

SHE5 to SHE3 0.96 Or 200

SHE3 to single pulse 1 –
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The simulation and experiment shows that motor current is almost have no
impact at the switching point of different modulations. So the results verified the
effectiveness and feasibility of the proposed strategy.

Fig. 24.10 5th harmonics of
SHE5

D
ri

ve
 p

ul
se

s
M

ot
or

 c
ur

re
nt

 [
A

]
Sw

itc
h 

fl
ag

Fig. 24.11 Asynchronous
THI-SPWM to 15-pulse
synchronous THI-SPWM
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24.5 Conclusion

In this paper, a traction converter multimode PWM technology based on harmonic
optimization is proposed, which consists of asynchronous SPWM, 15-pulse syn-
chronous SPWM, SHEPWM, and single-pulse modulation, to optimize the har-
monic and effectively improve DC voltage utilization ratio. The smooth transition
between different modulation modes is also studied. As a result, a smooth transition
between different modulation methods is achieved, and the harmonic feature of
motor current in medium- and high-frequency regions is improved. Finally, a large
amount of simulations and experiments are carried out, and the feasibility and
effectiveness of the strategy above is verified.

As reducing the switching loss, optimizing harmonic, and reducing the traction
motor torque ripple to the control target, the traction converters use the smooth
switching method between modulations, realizing smooth switching between the
modulations and the guarantee that there is a good harmonic characteristic in the
entire frequency range. Finally in the traction system experiment platform testing,
get the waveform in the switching point. From the experimental results, it can be
seen that the switching between modulations can transit smoothly.
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Chapter 25
Radar Target Recognition Method Based
on Kernel Principal Component Analysis
and Collaborative Representation

Zhiqiang Guo, Keming Wu, Lan Liu and Jing Huang

Abstract Radar target recognition technology is a hot topic in modern radar
research field. It can provide target information for the instructor or the operator to
make the right decision. Due to its structural feature information, high-resolution
range profile (HRRP) is widely used in the field of radar automatic target recog-
nition (RATR). In this paper, we introduced a classification method based on kernel
principal component analysis and collaborative representation (KPCA_CRC). First,
KPCA is used to extract the nonlinear structure of target data and to reduce the data
dimensions of the sample. Then, collaborative representation of samples is carried
out to further improve the accuracy of target recognition. Experiments have been
done on airplane data of a domestic institution. Compared with Fisher discriminant
dictionary learning (FDDL) and the algorithm of CRC_RLS, the experimental
results of the method of KPCA_CRC show better performance.

Keywords High-resolution range profile (HRRP) � Feature extraction � Kernel
principal component analysis (KPCA) � Collaborative representation

25.1 Introduction

Radar target recognition is a technique, in which the radar echo signal features are
extracted and matched with the target feature library. In order to gain the category
and attributes of monitoring objectives [1], high-resolution range profile (HRRP)
has been extensively used in radar target recognition. HRRP is easy to acquire and
the problem of motion compensation encountered during the imaging process can
be avoided. In current research on HRRP for radar target recognition, how to extract
the robust features of range profile and design appropriate classification is the key
issue to improve the accuracy of target recognition.
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A number of target recognition methods of radar range profile have been pro-
posed. The primary methods include scattering center extraction model [2], sub-
space projection model [3], higher-order spectral method [4], the invariant moment
method [5], and wavelet transform method [6]. With the development of com-
pressed sensing theory, the sparse decomposition method has been applied to this
field. In this method, the training samples are regarded as dictionaries, and each test
sample is processed to determine its category by looking for the simplest sparse
representation. Du et al. [7] introduced the sparse component analysis to the radar
target recognition and then studied the atomic structure and related algorithm of
HRRP with the sparse component analysis. In the end, the parameter estimation of
the algorithm was tested in theory. Zheng [8] studied the sparse decomposition
method based on the convex optimization of HRRP target recognition.
Experimental results show that this method has a better anti-noise performance and
better recognition results.

The condition of HRRP target recognition based on sparse representation is that
the total number of target range profile samples must be larger than its dimensions.
However, such conditions often cannot be met in practice. At the same time, highly
nonlinear relationship also exists between the range profile signal and the target
category. How to solve the two issues above is essential to HRRP target recogni-
tion. Therefore, this paper uses coordinate representation combining with kernel
principal component analysis for radar target recognition of HRRP. Experimental
results demonstrate the effectiveness of the method.

25.2 Collaborative Representation

25.2.1 Collaborative Representation of Samples

Wright et al. [9] proposed the method of the Sparse Representation based on
Classification (SRC). Suppose there are c class samples. Let A ¼ A1;A2; . . .;Ac½ � be
the original training sample set, in which Ai represents the training sample subset of
the ith class. Let y be the test sample, then the theory of SRC is as Eq. (25.1).

Sparsely code y on A via l1-norm minimization

â ¼ argmin
a

y� Aak k22 þ c ak k1
n o

ð25:1Þ

where γ is a scalar constant. Classification can be made by Eq. (25.2)

identityðyÞ ¼ argmin
i

eif g ð25:2Þ
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where ei ¼ y� Aâik k2, â ¼ â1; â2; � � � ; âc½ �, âi is a vector of coefficients associated
with the ith class samples. Reconstruction error is used for classification in the
process of SRC, and test samples will be classified as the minimum reconstruction
error. In the method of SRC, we can use the l1-norm minimization instead of the l0-
norm minimization. It should not be overlooked that the l1-norm minimization
algorithm is of high complexity and bad real-time performance, so it is difficult to
apply l1-norm minimization algorithm to the recognition systems with real-time
demanding. Although researchers have proposed many improved algorithms to
accelerate the speed of optimization [10], there is no efficient algorithm can be
widely used. Collaborative representation [11] can achieve the sparse weakly effect
by putting the restriction of l2-norm on representation coefficients.

Equation (25.1) can be changed into a least square problem ðâÞ ¼ arg
mina y� Xak k22, when the sparse constraint of l2-norm is removed. In fact, the
expression ŷ ¼ P

i Xiâi represents the vertical projection of test sample on the training
set X. In the SRC method, the reconstruction error ei ¼ y� Xiâik k22 for each class is
effective for classification. This can be easily derived ei ¼ y� Xiâik k22 ¼
y� ŷk k22 þ ŷ� Xiâik k22. Here, e�i ¼ ŷ� Xiâik k22 obviously plays a major role in the

classification since the expression y� ŷk k22 is a constant for all classes. With the l2-
norm rather than the l1-norm, we can get similar classification results and less com-
puting complexity.

25.2.2 The Algorithm of CRC_RLS

In order to represent the test samples with a minimum amount of computation,
collaborative representation based on classification with regularized least square
(CRC_RLS) is proposed [12]. The objective function is shown in Eq. (25.3)

q̂ ¼ argmin
q

y� X � qk k22 þ k qk k22
n o

ð25:3Þ

where λ is a parameter of regularization. The solution of the CRC_RLS method can
be easily obtained by Eq. (25.4)

q̂ ¼ ðXTXþ k � IÞ�1XTy ð25:4Þ

Let P ¼ ðXTXþ k � IÞ�1XT . Obviously, y is not related to P, and P can be
calculated in advance as a projection matrix. Given a test set, y will be projected
onto P by q̂ ¼ Py. This increases the computational speed of collaborative
representation.
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25.3 The Algorithm of KPCA_CRC

In the algorithm of CRC_RLS, samples are the original data of radar target range
profile. Due to the redundant target data, complex algorithm processing, and poor
real-time performance, we introduce a classification method based on KPCA and
collaborative representation. KPCA is used to extract the nonlinear structure of
target data to reduce the data dimensions. Simultaneously, we take advantage of the
collaborative representation of samples to further improve the accuracy of target
recognition.

The literature [13] combined the kernel function with the principal component
analysis to propose the algorithm of KPCA. With the M training samples
xk k ¼ 1; 2; . . .;Mð Þ; xk 2 RN , we can solve Eq. (25.6) to obtain the eigenvalue λ and
the eigenvector α.

Mk ¼ Ka ð25:6Þ

where K is the kernel matrix.
For the test sample, the projection of the vector Vk in the space F is given as

Eq. (25.7)

Vk � UðxÞ ¼
XM
i¼1

aki U xið Þ � UðxÞ½ � ð25:7Þ

K can be replaced by �Kij:

�Kij ¼ Kij � 1
M

XM
m¼1

limKmj� 1
M

XM
n¼1

linKmi þ 1
M2

XM
m;n¼1

limKmnlin ð25:8Þ

where lij ¼ 1.
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Due to its excellent representativeness in the radar target recognition of HRRP,
the Gaussian kernel function [14] is utilized to acquire the kernel matrix in this
work.

25.4 Experiment and Result

25.4.1 Experimental Data

In the experiment, the data are provided by a certain domestic institute. The center
frequency of the radar is 2380 MHz with the sampling points 256. The experiment
randomly selects three types of aircrafts. Among them, “YaK-42” is a large-
and-medium-sized jet engine powered aircraft, “An-26” is a small-and-medium-sized
propeller powered aircraft, and “Cessna” is a small jet engine powered aircraft.
Table 25.1 lists the basic parameters of the experimental aircrafts. Figure 25.1 shows
the image of the aircrafts [15]. Figure 25.2 shows the tracks of three types of aircrafts
and the normalized range profiles of 260 images for each section. In the figure, radar is
located in 0 coordinates of the horizontal axis. 1, 2, 3, etc. presents the corresponding
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data segment. The signal-to-noise ratio of aircraft data measured in the field is so high
so that the effects of system noise can be ignored.

The simulation experiment in this paper selects 3 groups from the data segments.
The first group consists of the 4th segment of An-26, the 4th segment of Cessna,
and the 2nd segment of Yak-42. The second group consists of the 4th segment of
An-26, the 2nd segment of Cessna, and the 1st segment of Yak-42. The third group
consists of the 4th segment of An-26, the 7th segment of Cessna, and the 2nd
segment of Yak-42. The training and test set of each group is selected as follows:
The odd are for the training set and the even are for the test set.

The HRRP data before usage had better be normalized and preprocessed with
the range alignment to minimize the influence of time-shift and amplitude-scale
sensitivity.

Table 25.1 Basic parameters
of the experimental aircrafts
(unit: m)

Aircraft Wingspan Length Height

YaK-42 16.3 36.2 9.8

Cessna 16.3 16.9 5.1

An-26 29.2 23.8 8.6

YaK- 42                  Cessna           An-26 

Fig. 25.1 The shape picture of the aircrafts
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(1) The elimination of the amplitude sensitivity
The normalization of total energy: The amplitude of the range profile will
change with the objective and the environment. In order to eliminate the
uncertain factors effecting on feature extraction, classification, and recogni-
tion, the amplitude of range profile should be normalized with total energy in
the experiments. The expression of normalization is x̂ ¼ x= xk k, x is the vector
of the range profile. x̂ is the normalized vector, and kk represents the 2-norm.

(2) The elimination of the time-shift sensitivity
There are two ways to eliminate the time-shift sensitivity of HRRP: one is the
motion compensation in the training stage; the other uses frequency infor-
mation as the recognition feature by taking the amount in the translation
invariance property of the Fourier transform. The latter is the most classic
method which is adopted in this work. The equation of translation invariance
property of Fourier transform as Eq. (25.9) is given below:

DFT x nð Þð Þj j ¼ DFT x n� n0ð Þð Þj j ð25:9Þ

After the Fourier transform, time-shift has been removed from the frequency
domain. At the same time, according to the conjugate symmetry of the real Fourier
transform, the half results after the Fourier transform can be taken as inputs for
classification.

25.4.2 Experimental Results and Discussion

In addition to CRC_RLS and KPCA_CRC, fisher discrimination dictionary learn-
ing (FDDL) is also adopted for HRRP data recognition in this paper. The detail of
FDDL is described in the Literature [16]. The experimental data are based on the
three groups of target data mentioned in Sect. 25.1.4.1. The parameter settings of
the algorithm of FDDL are as follows: the balance parameter k1 ¼ 0:005; k1 ¼ 0:05
and the weight w ¼ 0:5.

Experiment 1 The comparison of recognition results of FDDL, CRC_RLS, and
KPCA_CRC.
The experimental data are prepared as Sect. 25.1.4.1. For each group, 180 range
profiles with consecutive attitude angles are selected as the training and test sets to
measure the performance of proposed method. The number of iterations of FDDL is
15 and the number of principal components of KPCA ranges from 1 to 270.

The experimental results are shown in Tables 25.2, 25.3, and 25.4. According to
the recognition results, we can draw the following conclusions.

Overall, the average recognition rates are high, which are almost above 90 %.
The average recognition rate of KPCA_CRC is the highest, and three methods in
descending order are KPCA_CRC, CRC_RLS, and FDDL.
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Compared with the higher recognition rates of the method of FDDL and
CRC_RLS for Cessna, the proposed method KPCA_CRC is high for each target.
This indicates that the method of KPCA_CRC has a wider scope of application. In
other words, KPCA_CRC is less sensitive to the targets with different
characteristics.

Comparing the three different aircraft targets, the recognition rates of different
methods are not the same. The highest recognition rate comes to Cessna with the
method of FDDL while it comes to YaK-42 with the method of KPCA_CRC,
which indicates that there is no effective method for any target recognition with
different characteristics.

Experiment 2 The comparison of recognition results of three methods with different
numbers of samples
This experiment is based on the second group of target data in Sect. 25.1.4.1. We
select 10, 20, 30, 60, 90, 150, 180 range profiles with consecutive attitude angles
for the set of training samples and the set of test samples to test the recognition
performance of three methods. The number of iterations of FDDL is 15 and the
number of principal components of KPCA is selected as the contribution rate of
eigenvalues q = 0.98.

Table 25.2 Recognition rate
(%) of the first group of target
data with varied numbers of
samples

Recognition
method

FDDL CRC_RLS KPCA_CRC

An-26 90 95.56 100 (25)

Cessna 100 100 93.33 (132)

YaK-42 87.78 88.89 100 (31)

Average
recognition rate

92.59 94.82 97.78 (193)

Table 25.3 Recognition rate
(%) of the second group of
target data with varied
numbers of samples

Recognition
method

FDDL CRC_RLS KPCA_CRC

An-26 94.44 95.56 93.33 (25)

Cessna 100 98.89 96.67 (24)

YaK-42 88.89 95.56 100 (20)

Average
recognition rate

94.44 96.67 97.778 (71)

Table 25.4 Recognition rate
(%) of the third group of
target data with varied
numbers of samples

Recognition
method

FDDL CRC_RLS KPCA_CRC

An-26 92.22 93.33 96.67 (32)

Cessna 100 98.89 93.33 (31)

YaK-42 81.11 90 96.67 (184)

Average
recognition rate

91.11 94.07 98.15 (221)
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Figure 25.3 shows that the recognition performance (the recognition rate is under
70 %) of KPCA_CRC for An-26 is obviously poor while the number of samples is
small (under 10). The possible reason is that small number of samples cannot
completely reflect the feature of original data in the process of principal component
extraction. The recognition rate can reach the desired level with the increase of the
number of training samples. Meanwhile, the average recognition rate of the method
of KPCA_CRC is higher than that of the other two methods when the number of
training samples reaches to 45. The average recognition rate of the other two
methods tends to decrease with the large number of samples.

Experiment 3 The comparison of time consuming
Real-time performance is the another important indicator to measure the perfor-
mance of target recognition algorithm. This experiment is based on the first group
of target data in Sect. 1.4.1. Table 25.5 shows the recognition times of three
methods. 60, 120,180 samples are selected from each target, respectively. For each
group, we repeated the experiment three times, so the result in tables is the mean of
nine experiments. The number of principal components of KPCA is selected as the
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Fig. 25.3 The recognition rates of three methods with different numbers of samples

Table 25.5 The comparison
of recognition time
consuming of three
algorithms

Number of
samples

Method

FDDL CRC_RLS KPCA_CRC

60 2.761821 0.012726 0.011232

120 7.257226 0.029279 0.028259

180 13.975105 0.053736 0.052416
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contribution rate of eigenvalues q = 0.98. The platform of software and hardware is
as follows: Window 7(32 bit), MATLAB (R2012a); Lenovo C340 (processor: Intel
(R) Core (TM) i3-3240T, 2.90 GHz; memory: 4G).

According to the experimental results of Table 25.5, we can draw a conclusion
that the real-time performance of the KPCA_CRC method is the best of three
algorithms. Time consuming of three methods is increasing with the number of
samples. The three methods, ranked in descending order by time consuming, are
FDDL, CRC_RLS, and KPCA_CRC. Due to the steps of preprocessing, dic-
tionaries initialization, and dictionaries update, time consuming of FDDL is much
larger than the other two methods. Compared with the method of CRC_RLS, the
performance of KPCA_CRC is improved. We believe that the reason why
KPCA_CRC use KPCA is to reduce the dimension in feature extraction.

25.5 Conclusion

In this paper, we have applied the method based on collaborative representation to
the recognition of the HRRP radar target. According to the characteristics of the
HRRP radar data, we put forward the radar target recognition method based on
kernel principal component analysis and collaborative representation, namely
KPCA_CRC. Experimental results show the effectiveness of the proposed method.
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Chapter 26
Hybrid Integrated Power Flow Controller
for Cophase Traction Power Systems
in Electrified Railway

Xiaohong Huang and Qunzhan Li

Abstract A hybrid integrated power flow controller (HIPFC) is proposed in this
paper to optimize dc-link voltage rating and converter capacity for cophase traction
power supply systems. In contrast to the conventional integrated power flow con-
troller (IPFC), the presented HIPFC behaves advantages in lowering the dc-link
voltage up to 55 % and saving converter capacity 14 % when load power factor is
0.86. The system configuration combined with V/V transformer, compensation
principles, and characteristic is analyzed. The system parameters for HIPFC are
investigated in detail according to traction and regeneration operation conditions.
Finally, steady and dynamic simulation results validate the correctness and effec-
tiveness of the proposed HIPFC, which can compensate reactive current, negative
sequence current, and harmonic current simultaneously in a broad range of loads.

Keywords High-speed railway � Cophase traction power supply system � Hybrid
integrated power flow controller � V/V transformer � Power quality � dc-link
voltage � Active compensation capacity

26.1 Introduction

It is a noticeable focus about the problems of power quality in electrified railway [1,
2]. Electric locomotive, as a single-phase, nonlinear and large capacity load, pro-
duces negative sequence, harmonic and reactive power currents, which is proved to
have an undesirable effect on 3-phase electric grid [3]. Some effective methods have
been proposed to solve the abovementioned issues, such as active power filter
(APF) in [4] and railway power compensator (RPC) in [5]. Although achieving
satisfactory solution, the neutral sections near traction substations could not be
removed from the power catenary with reference to the aforementioned studies,
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which cause a potential risk for locomotives running fast and smoothly. In [2, 6],
the principles of cophase power system were put forward, whose advantages are not
only excellence in dealing with the power quality but also superiority in eliminating
the neutral sections. Subsequently, all kinds of cophase power systems based on
integrated power flow controller (IPFC) and variety of transformer modes are
discussed in [7, 8]. However, there are few concerns and studies to the IPFC
equipment itself. Although matched transformers are often introduced, the dc-link
voltage for IPFC is still higher and compensation capacity is accordingly larger,
which produces huge initial expenditure. In [9], a hybrid power quality compen-
sator is proposed to reduce the dc-link voltage in cophase traction power supply.
However, only the traction condition is taken into account, which lacks persuasion.
With wide applications of ac–dc–ac locomotives in many countries, the regenera-
tion condition is also routine operation mode.

In this paper, an improved IPFC scheme, named as hybrid integrated power flow
controller (HIPFC), is presented. By optimizing the configuration of the reactance at
ac side before the IPFC is connected to ac transformer, it can lower the voltage at
the dc side and reduce the capacity of the active compensation so as to promote the
engineering.

26.2 System Configuration and Compensation Principles

The system configuration of typical cophase traction power system based on HIPFC
and V/V transformer is shown in Fig. 26.1. The HIPFC is cross-connected to two
separate secondary windings of V/V defined as α-side and β-side, and the feeder
line is only drawn from α-side, which turns the power supply mode from a tradi-
tional two-phase into a single phase. Then, the catenary can be supplied with the
same phase voltage in a long distance. That is just the reason why it is called as
cophase power systems.

A
B
C

α β

Feeder
Catenary

Rail

iα iβ

Li
HIPFC

Ai Ci Bi

Ci β
Ci α

V/V

or110kV 220kV

27.5kV

 Transformer

line

Fig. 26.1 Cophase traction
power system based on
HIPFC and V/V transformer
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As shown in Fig. 26.2, there are several components in the traditional IPFC:
back-to-back converter (two full-bridge converters with one common dc-link
capacitor), two input ac inductors (Lα and Lβ), and two isolated step-down trans-
formers (T1 and T2). In contrast to conventional IPFC structure, the HIPFC that is
shown in Fig. 26.3 is reshaped via additional controllable unit TCRα(β) between the
step-down transformer and the converter. The TCR unit is composed of a capacitor
and a thyristor-switched reactor (TSR) in parallel. Because extra reactive units are
brought to IPFC, the new structure is called as HIPFC. As will be discussed later,
this results in superiorities in dc-link voltage and active compensation capacity (i.e.,
converter capacity).

Assumed voltages and currents are denoted as ~vx and ~ix (x ¼ A;B;C) at the
electric grid side, whereas~vn and~in (n ¼ a; b) at the traction load side. According
to the regulations that have been explored in [10], when~vA is taken as the reference
direction,~vn and~in can be expressed as following:

~vn ¼ Vne�jwn

~in ¼ Ine�jðwn þunÞ

�
ð26:1Þ

where Vn and In are root-mean-square (RMS) values; wn is the phase angle that~vn is
lagged by~va; and un is the power factor angle of the n-port.
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Fig. 26.2 Circuit
configuration of conventional
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system with IPFC

iα

1 :1k

2 :1k

Li

locomotive

Lα

2T

1Tuα

uβ

Ci β

Ci α

Lββ

α

LCu β

Cβ

CL β TCRβ

LCu α

Cα

CL α
TCRα

Lu α

Lu β

2i

1i

2S

1S

Fig. 26.3 Circuit
configuration of proposed
cophase traction power
system with HIPFC

26 Hybrid Integrated Power Flow Controller … 245



Then, the negative sequence component at the grid side caused by traction sides
can be determined by [10]:

~ið�Þ ¼ 1ffiffiffi
3

p
X
n¼a;b

knIne�jð2wn þunÞ ð26:2Þ

where kn is a proportional value with kn ¼ Vn=
ffiffiffi
3

p
Va.

As deduced in [10], the primary and secondary current relationship of V/V
transformer is described as follows:

~iA
~iB
~iC

2
664

3
775 ¼ 2ffiffiffi

3
p

ka coswa kb coswb
ka cosð120� � waÞ kb cosð120� � wbÞ
ka cosð120� þwaÞ kb cosð120� þwbÞ

2
4

3
5 ~ia

~ib

" #
ð26:3Þ

It reaches an ideal compensation result when the negative sequence and reactive
and harmonic currents are eliminated entirely. That is, the locomotive loads do not
make power pollution harmful to the electric grid, just like a resistor.

When setting~ið�Þ to zero in (26.2), the conditional expressions are met below:

Ia ¼ Ib
2wa þua � 2wb � ub ¼ 180�

�
ð26:4Þ

Meantime, taking unit power factor for the electric grid into consideration, the
representation is satisfied in accordance with (26.3):

coswa � sinðwa þuaÞþ coswb � sinðwb þubÞ ¼ 0 ð26:5Þ

For V/V transformer, according to (26.4) and (26.5), the currents at the sec-
ondary side of the traction transformer are expressed by (26.6).

iaðtÞ ¼
ffiffiffi
2

p
Ix sinxt

ibðtÞ ¼
ffiffiffi
2

p
Ix sinðxt � 120�Þ

�
ð26:6Þ

where Ix ¼ Ia ¼ Ib and ω is the industrial angular frequency.
In view of the law of energy conservation, when the loss is omitted, the energy

provided by the transformer is equal to the load. It can be demonstrated as follows:

ZT
0

ðvaðtÞ � iaðtÞþ vbðtÞ � ibðtÞÞdt ¼
ZT
0

vaðtÞ � iLðtÞdt ð26:7Þ

Here, the load current iL can be denoted as iLðtÞ ¼ I1m sinðxt � wa � u1Þþ
ihðtÞ, in which u1 is the power factor angle of the load; ihðtÞ is the harmonic current.
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By substituting the expression of iLðtÞ into (26.7), as a result, Ix can be deduced as
follows:

Ix ¼ I1mffiffiffi
6

p ð26:8Þ

Thus, the corresponding expected compensation current for HIPFC can be
determined by (26.9):

iCaðtÞ
iCbðtÞ

� �
¼ iLðtÞ

ibðtÞ
� �

� iaðtÞ
0

� �
ð26:9Þ

26.3 Advantages for HIPFC Compared with Conventional
IPFC

Nowadays, ac–dc–ac locomotives based on IGBT and IGCT are adopted in elec-
trified railways. Locomotives can run in different modes such as traction and
regeneration. Energy is obtained from electric grid when undergoing traction,
whereas returned when regeneration. The following analyses are developed from
dc-link voltage and converter capacity and are grounded in diverse operative
modes. In addition, as we know, ac–dc–ac locomotives have behaved a much lower
harmonic standard. Therefore, the analysis can be simplified without regard to their
influences.

26.3.1 DC-Link Voltage

From Figs. 26.2 and 26.3, the dc-link voltage value VC is subject to the voltages:~vab
and~vcd , which can be listed, respectively, as follows:

IPFC:
~vab ¼~vLa þ~va=k1
~vcd ¼ �~vLb þ~vb=k2

�
ð26:10Þ

HIPFC:
~vab ¼~vLCa þ~va=k1
~vcd ¼ �~vLCb þ~vb=k2

�
ð26:11Þ

Then, the constraint conditions for VC are indicated as follows:

VC �maxðvabðtÞÞ
VC �maxðvcdðtÞÞ

�
ð26:12Þ
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In (26.12), the function ‘max (*)’ means solving the maximum value. So, it is
clear that we can improve the voltage VC by dropping the maximum of the voltages
~vab and~vcd .

By comparison with (26.10) and (26.11), the difference of voltage ~vab (or ~vcd)
only lies in the voltages: ~vLa (or ~vLb) and~vLCa (or~vLCb). Just because of this, the
HIPFC can diminish the VC value availably. Notice that the voltages~vLCa and~vLCb
are controlled by the TCRaðbÞ branches.

26.3.1.1 Analysis in Traction Condition

The vector diagrams in the traction condition are shown in Fig. 26.4.
From Fig. 26.4a α-side, it can be observed that the vector~vLa in IPFC and the

vector~vLCa in HIPFC are in the opposite directions, which makes the vector~vab in
HIPFC get a smaller value. Obviously, ~vab in HIPFC reach its minimum when it
takes the same direction with the current~i1. The optimization of the voltage ~vab
contributes dramatically to drop the dc-link voltage VC.

The minimal voltage labeled as Vab min can be worked out:

Vab min ¼ 1
k1
Va

� �
� cos h ð26:13Þ

and ‘cos h’ above is determined by load power factor angle as follows:

cos h ¼ 0:5 cosu1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2

3 cos
2 u1 þ

ffiffi
3

p
6 sin 2u1

q ð26:14Þ

By comparison, the voltage Vab in IPFC is a larger one which can be expressed
by (26.15).

Vab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
k1
Va

� �2
þV2

La þ 2 1
k1
Va

� �
� VLa sin h

r
ð26:15Þ
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Fig. 26.4 Vector diagrams in the traction condition with a α-side and b β-side
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According to (26.13)–(26.15), the ratio of voltage reduction for HIPFC is 45.7–
56.6 % with the variation of cosu1 from 0.8 to 0.9.

From Fig. 26.4b β-side, it can be seen that the vectors~vLb in IPFC and~vLCb in
HIPFC are in the same directions. However, the value~vLCb is a bigger one, which
caters to the requirement that the vector~vcd reaches its minimal value Vcd min.

In a similar way, the voltages Vcd min in HIPFC and Vcd in IPFC can be cal-
culated by the following formulas where the angle h0 is equal to 30° for V/V.

Vcd min ¼ 1
k2
Vb

� �
� cos h0 ð26:16Þ

Vcd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
k1
Vb

� �2
þV2

Lb � 2 1
k1
Vb

� �
� VLb sin h

0
r

ð26:17Þ

26.3.1.2 Analysis in Regeneration Condition

In regeneration condition, the currents for α-side and β-side are reverse compared
with the traction condition. The corresponding vector diagrams are shown in
Fig. 26.5. Similarly, the vectors~vab and~vcd in HIPFC can reach their minimums that
are uniformly represented as the calculations in (26.13) and (26.16).

In conclusion, in different operation conditions and two sides, the HIPFC pro-
motes a better dc-link voltage VC.

26.3.2 Converter Capacity

Here, the capacity for HIPFC is defined as the sum of two back-to-back full-bridge
converters; thus, it can be donated by (26.18) in accordance with Fig. 26.3.

SHIPFC ¼ Vab � k1Ia þVcd � k2Ib ð26:18Þ

1

1
k vα

Lv α

1i

θ

LCv α
abv abv 2

1
k vβ

cdv
2i Lv β

cdv

LCv β

'θ

(a) (b)

Fig. 26.5 Vector diagrams in the regeneration condition with a α-side and b β-side
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By substituting (26.13) and (26.16) into (26.18), as a result, the converter
capacity SHIPFC is uniquely related to the active power of locomotive load and can
be concluded as follows:

SHIPFC ¼ 1ffiffiffi
2

p VaI1m cosu1 ð26:19Þ

The formula (26.19) shows that the active power of the load is only provided by
the converter in HIPFC, and the reactive power is compensated by the improved
units TCR. However, the converter in IPFC needs to supply the reactive power
apart from the active power necessary. In case cosu1 ¼ 0:86, about 14 % of the
capacity can be saved. In [9], it points out that the price of the converter is 10 times
more than LC units. Then, when the capacity for HIPFC is cut down, it helps to
decrease the initial cost, especially for the lower power factor.

26.4 System Parameter Design for HIPFC

Here, the emphasis is put on the determination of system parameters, including
dc-link voltage VC, winding ratios k1 and k2 for step-down transformer, and the
values of capacitor and inductance for TCR.

The optimal dc-link voltage VC can be obtained from (26.13). That is,

VC �
ffiffiffi
2

p 1
k1
Va

� �
� cos h ð26:20Þ

Considering that two back-to-back converters are coupled via common dc-link
capacitor, the relationship in (26.21) is established subsequently.

k2 �
ffiffiffi
2

p
Vb

VC
ð26:21Þ

Generally, for cophase power supply systems, it exists with Vα = Vβ and k1 ¼ 10,
as discussed in [7, 8].

The logic control units S1 and S2, shown in Fig. 26.3, are controlled as: S1 ¼
0 ðopenedÞ and S2 ¼ 1 ðclosedÞ for traction condition, and S1 ¼ 1 ðclosedÞ and S2 ¼
0 ðopenedÞ for regeneration condition.

It is worth mentioning that TCRα and TCRβ act as capacitive and inductive
characters in traction condition, respectively, while inductive and capacitive char-
acters in regeneration condition.

Then, combined with Fig. 26.4, the following equations can be deduced con-
veniently through the basic circuit theory.
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VLCa ¼ 1
k1
Va

� 	 � sin h ¼ 1
xCa

� xLa
� �

� I1
VLCb ¼ 1

k2
Vb

� 	 � sin h0 ¼ xLCb
1� x2LCbCb

þxLb


 �
� I2

8><
>: ð26:22Þ

In the same way, in terms of Fig. 26.5, (26.23) is as well met.

VLCa ¼ 1
k1
Va

� 	 � sin h ¼ xLCa
1� x2LCaCa

þxLa
� �

� I1
VLCb ¼ 1

k2
Vb

� 	 � sin h0 ¼ 1
xCb

� xLb


 �
� I2

8><
>: ð26:23Þ

By solving the Eqs. (26.22) and (26.23) together, the four parameters for TCR,
LCα, LCβ, Cα, and Cβ, can be determined accordingly.

26.5 Simulation Verifications

To verify the proposed HIPFC, a simulation study has been done by using
MATLAB/Simulink. The circuit schematic of the system is just same as in
Figs. 26.1 and 26.3. The substation V/V transformer is composed of two
single-phase transformers, with winding ratio of 110/27.5 kV. The parameter of
traction load is as close to typical application as possible, with the value of iL = 200
sin(ωt – 36.8°) + 42 sin(3ωt – 60°) + 30 sin(5ωt + 150°) A in traction condition,
whereas reverse one in regeneration condition. The load with a capacity of
4800 kVA is characterized by the third harmonic of 21 %, the fifth harmonic of
15 %, and the lagging power factor of 0.8. The parameters for HIPFC are listed in
Table 26.1 according to the aforementioned analysis. The system control strategy
for back-to-back converter can be found in [7]. And the control logic about S1 and
S2 depend on operation conditions which can conveniently be detected by the
directions of load current.

Table 26.1 Parameters of
simulation system for HIPFC

Items Description Items Description

α-side Lα 1 mH β-side Cα 3600 uF

α-side Cα 1600 uF β-side LCα 0.63 mH

α-side LCα 2.57 mH β-side k2 17

α-side k1 10 dc-link voltage 2400 V

β-side Lα 1 mH
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26.5.1 DC-Link Voltage Reduction Contrast to IPFC

Figs. 26.6, 26.7, 26.8, and 26.9 display the current curves of traction load and V/V
transformer with the dc-link voltages VC = 2 kV, VC = 2.4 kV, VC = 4 kV, and
VC = 5 kV for IPFC and HIPFC in cophase power system, respectively.

When the dc-link voltage VC is much lower, as shown in Fig. 26.7 (VC = 2 kV),
they fail to attain the expected compensation result for IPFC as well as HIPFC.
With increasing VC to 2.4 kV (in Fig. 26.8), there is a successful outcome in
compensating negative sequence, reactive power, and harmonic currents for
HIPFC. However, it does not work well until VC rises to 5 kV (in Fig. 26.10) for
IPFC. The simulations support that HIPFC has more outstanding advantage than
IPFC in reducing dc-link voltage. Extensive simulations indicate that the cutoff
point is 2.2 kV for HIPFC, whereas it is 4.9 kV for IPFC, that is to say, in contrast
to IPFC, HIPFC creates 55.1 % reductions in dc-link voltage.
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Fig. 26.6 Load and V/V transformer currents with VC = 2 kV for a IPFC and b HIPFC

-200

0

200

C
ur

re
nt

 (
A

) Load Current

-200

0

200

C
ur

re
nt

 (
A

) Load Current

-500
0

500

C
ur

re
nt

 (
A

) Secondary Current of V/V

0.06 0.09 0.12 0.15

-200
0

200

Time (s)

C
ur

re
nt

 (
A

) Primary Current of V/V

-100

0

100

C
ur

re
nt

 (
A

) Secondary Current of V/V

0.06 0.09 0.12 0.15

-20

0

20

Time (s)

C
ur

re
nt

 (
A

) Primary Current of V/V

(a) (b)

Fig. 26.7 Load and V/V transformer currents with VC = 2.4 kV for a IPFC and b HIPFC
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26.5.2 Dynamic Performance for HIPFC

The dynamic performance for HIPFC is also provided as Fig. 26.10, including
variable load and regenerative braking operations. The working states are divided
into 5 parts denoted as cases 1–5: normal traction, light traction, excess traction,
normal regeneration, and light regeneration. The currents of traction load, HIPFC,
and V/V transformer are recorded independently, which show that cophase power
system can run dynamically, steadily, and real-timely in a board range with all
kinds of conditions which are very close to practical situations. One point that needs
to explain is that there is a fluctuation in the shifting time such as 0.1 s and 0.2 s, but
it is transient and acceptable.
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Fig. 26.8 Load and V/V transformer currents with VC = 4 kV for a IPFC and b HIPFC
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26.6 Conclusion

In this paper, a HIPFC is proposed for the cophase power supply system in elec-
trified railway. It achieves a lower dc-link voltage in different operation conditions
compared with the conventional IPFC. Furthermore, the capacity of active com-
pensation is as well reduced because of the improved reactive units. As a result, it is
beneficial to extensive engineering promotion. Steady and dynamic simulation
results show that the proposed HIPFC can compensate reactive current, negative
current, and harmonic current simultaneously in a broad load ranges and operation
conditions.
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Chapter 27
Estimation of Vertical Track Irregularity
Based on Extended Kalman Filter

Gui Wang, Zongyi Xing, Xiaohao Wang, Yuejian Chen and Yong Qin

Abstract Track irregularity is the main factor that influences vehicle running
stability and passenger riding comfortableness, so monitoring the status of track
irregularity in time is of great significance to ensure the operation safety. To esti-
mate the track irregularity in wide wave bands which can hardly be detected by a
single inertia, a method based on multi-inertia observation and extended Kalman
filtering was proposed. At first, Recursive Jacobi matrix is calculated according to
the vehicle-track coupling state-space equation. Then, the optimal state estimation
is obtained combining the result with the linear observation equation. Finally, the
simulation experiment under the track irregularity excitation is carried out on the
MATLAB platform. Applying the proposed method to the simulated data, the
vertical track irregularity can be estimated. The results show that the method can
effectively estimate track irregularity with advantages such as high accuracy and
good robustness.

Keywords Track irregularities � Extended Kalman filter � Optimal estimation

27.1 Introduction

Track irregularity is the main causes of the vibration of the vehicle and the track,
and the concentrated expression of the state of track quality. Track irregularity will
not only increase the interaction between vehicle and track, shorten the working

G. Wang � Z. Xing (&)
School of Automation, Nanjing University of Science and Technology,
Nanjing, China
e-mail: xingzongyi@163.com

X. Wang � Y. Chen
School of Mechanical Engineering, Nanjing University of Science and Technology,
Nanjing, China

Y. Qin
State Key Lab of Traffic Control and Safety, Beijing Jiaotong University, Beijing, China

© Springer-Verlag Berlin Heidelberg 2016
L. Jia et al. (eds.), Proceedings of the 2015 International Conference
on Electrical and Information Technologies for Rail Transportation,
Lecture Notes in Electrical Engineering 377, DOI 10.1007/978-3-662-49367-0_27

257



lives of the vehicles and the tracks and affect ride comfort, but also result in
inclination of vehicles and side roll motion when the deformation of wheels and
tracks reaches certain level, which seriously threaten the operation safety of train.
Therefore, it is important for real-time detection and estimation of track irregularity
in the operation lines [1].

There are many researches about online detection and estimation of track
irregularity. Zhu [2] proposed a method to detect track long-wave irregularity based
on SINS, obtaining track long-wave irregularity by processing acceleration signal
with wavelet transform and integration filter. Real et al. [3] mounted the axle box
vertical accelerometer to detect vertical track irregularity through the signal to
obtain acceleration signal of the axle box, and then processed the signal by
quadratic interpolation, high-pass filter, phase compensation, and inverse input of
dynamics model. Lee et al. [4] used the acceleration of axle box through Kalman
filter and the wavelength band-pass filter to estimate the track irregularity.

Track irregularity includes irregularity in wide wavelengths. In the common track
irregularity measurement methods, single inertial detection is difficult for monitoring
wide wavelength irregularity that is: the axle box vibration to simultaneously detect
shortwave irregularity and longwave irregularity; the bogie vibration missed more
wavelength components due to the filtering characteristics of a series of spring filter
and geometric filter; the bogie inclination exists spatial filter characteristics on
shorten irregularity [5, 6]. Taking vibration acceleration, frame angular velocity, and
other inertial amount into account, this paper builds mathematical model that the
input is multi-inertia response and the output is vertical track irregularity.

27.2 Extended Kalman Filter

A nonlinear state equation in the presence of the process noise and measurement
noise is as follows:

xk ¼ fk�1 xk�1; uk�1;wk�1ð Þ ð27:1Þ

where xk is the state being estimated, f is a nonlinear function of states, uk is the
input at time sample k, and wk is the random zero-mean noise with covariance
matrix Qk. The relationship between system states (xk) and measurement (yk) is as
follows:

yk ¼ hk xk; vkð Þ ð27:2Þ

where yk is the measurement, h is a measurement function of states, and vk is a
zero-mean random process described by the measurement noise covariance matrix.

The EKF iteration equation includes two processes which are time update and
state update. The time update equations of the state estimation and covariance
estimation are as follows.
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P�
k ¼ Fk�1P

þ
k�1F

T
k�1 þ Lk�1Qk�1L

T
k�1 ð27:3Þ

x̂�k ¼ fk�1 x̂þk�1; uk�1; 0
� � ð27:4Þ

where P�
k is the a priori estimate of the error covariance matrix, Pþ

k�1 is the a
posterior error covariance matrix, Fk�1 and Lk�1 are partial differential Jacobi
matrix of f, and x̂�k is the a priori estimate state.

The update equation of the state measurement estimation and estimation error
covariance are as follows.

Kk ¼ P�
k H

T
k HkP

�
k H

T
k �MkRkM

T
k

� ��1 ð27:5Þ

x̂þk ¼ x̂�k þKk yk � hk x̂�k ; 0
� �� � ð27:6Þ

Pþ
k ¼ I � KkHkð ÞP�

k ð27:7Þ

where Hk and Mk are partial differential Jacobi matrix of h and Kk is Kalman gain.

27.3 Estimation of Vertical Track Irregularity
Based on EKF

27.3.1 Vehicle–Track Coupling State Equation

The dynamic equation of vehicle-track coupling model is as follows:

M€xþC _xþKx ¼ Q ð27:8Þ

where M is mass of the vehicle and the track, C is damping of the vehicle and the
track, and K is spring matrix of the vehicle and the track. Q is a nonlinear function
between the state vector x and wheel–rail contact forces, namely Q ¼ Fðx; uðtÞÞ:
The state vector x expression is as follows.

x ¼ Zc bc Zt1 bt1 Zt2 bt2 Zw1 Zw2 Zw3 Zw4 qkðtÞ Zsj Zbj½ �T
k ¼ 1. . .NM; j ¼ 1. . .Nð Þ

ð27:9Þ

In this equation, x is state vector of the vehicle and track dynamic system; Zc, Zt1,
Zt2, Zw1, Zw2, Zw3, Zw4, Zsj, and Zbi, respectively, are drifting motion of vehicle
body, front frame, rear frame, one to four wheels, sleeper, and track bed; βc, βt1, and
βt2, respectively, are nodding motion of vehicle body, front frame, and rear frame;
NM is the order of rail modal; and N is the total number of sleeper fulcrum.
According to literature [7], the reasonable value of NM is 90 in this paper.
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The equation of the vehicle-track coupling dynamic model can be rewritten to
obtain a state equation of the vehicle-track coupling system [8].

_XðtÞ ¼ AXðtÞþ f XðtÞ; uðtÞð ÞþwðtÞ ð27:10Þ

where X(t) is a combination of the state vector x and its derivatives, u(t) is the track
irregularity, w(t) is a noise of model, and A is a constant coefficient matrix of
600 × 600.

27.3.2 Observation Equation of Sensors

The vertical vibration acceleration and the angular velocity of the vehicle body and
the bogie are obtained by installing acceleration sensors and gyroscope at the
vehicle body and the frame. The observation equation is as follows.

yðtÞ ¼ €Zc
_bc €Zt1

_bt1 €Zt2
_bt2

h i0
¼ ½H�XðtÞþ g 0 g 0 g 0½ �0 þ vðtÞ ð27:11Þ

where €Zc and €Zt are vertical vibration acceleration of the vehicle body and the
bogie, _bc is angular velocity of the vehicle body, _bt1 and _bt2 are nod angular
velocity of the frame, g is the gravitational acceleration, v(t) is measurement noise,
and H is the measurement matrix.

It is noted that formula (27.11) includes additional gravitational acceleration,
which can be considered as measurement noise that is not a zero mean. The
acceleration detected by the sensor should subtract g.

27.3.3 Configured Filter Iterative Equation

The Jacobican matrix calculated by the state Eq. (27.10) of the system is as follows:

Fk�1 ¼ @fk�1

@X

����
x̂þk�1

¼ @

@X
AXðtÞþ f XðtÞ; uðtÞð Þ½ �

����
x̂þk�1

¼ Aþ @

@X
f XðtÞ; uðtÞð Þ

����
x̂þk�1

ð27:12Þ

Ignoring index x̂þk�1:

Au ¼ @

@X
f XðtÞ; uðtÞð Þ ð27:13Þ

The state estimation and the estimation error covariance after time updating are
as follows.
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P�
k ¼ Fk�1P

þ
k�1F

T
k�1 þQk�1 ð27:14Þ

x̂�k ¼ fk�1 x̂þk�1; uk�1; 0
� � ð27:15Þ

The status estimation time updates of formula (27.15) used the classic
fourth-order Runge-Kutta integration implementation [9].

The Jacobian matrix calculated by the observation Eq. (27.11)is as follows:

Hk ¼ @hk
@x

����
x̂�k

¼ H Mk ¼ @hk
@v

����
x̂�k

¼ I ð27:16Þ

The update of the measurement of state estimation and estimation error
covariance is as follows:

Kk ¼ P�
k H

T
k HkP

�
k H

T
k � Rk

� ��1 ð27:17Þ

x̂þk ¼ x̂�k þKk yk � Hkx̂
�
k

� � ð27:18Þ

Pþ
k ¼ I � KkHkð ÞP�

k ð27:19Þ

27.3.4 Calculate Track Irregularity by the Optimal State

Track irregularity ûk is obtained by inverse optimal state in each time through EKF
filter iteration, namely

uk�1 ¼ f�1
k�1 x̂k�1; x̂k; 0ð Þ ð27:20Þ

where uk−1 is the wheel–rail contact force, x̂k is the state estimation at time k, and
x̂k�1 is the state estimation at time k − 1. Rewrite the state transition Eq. (27.10) as
follows:

f Xk�1; uk�1ð Þ ¼ Xk � Xk�1

T
� AXk�1 ¼ s ð27:21Þ

where τ is a constant matrix. Due to excitation input performed on track irregularity
in different wheels are just time lags, only first wheel Zw1 accepting excitation is
needed. The established equation through extracted 307 lines elements is as follows.

g� 2
Mw

p1 tð Þ ¼ s 307ð Þ ð27:22Þ
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where p1(t) is the wheel–rail contact force of the first wheel. Eventually, the inverse
equation of track irregularity is as follows:

z01k�1 ¼ � MwG
1:5 gþ s 307ð Þ

2

� �2
3

þ Zw1 � Zr1 ð27:23Þ

where Mw is the quality of wheels, G is a constant of wheel–rail contact, and Zr1 is
the vertical displacement of the rail.

27.4 Simulation

Real state response and observable state, such as accelerations of vehicle body, are
obtained through vehicle–track coupling dynamic simulation model; optimal
estimate of track irregularity is achieved by backward calculation of track irregu-
larity, combining extended Kalman filter, observation equation, state equation and
state estimation. The framework of estimation of track irregularity based on EKF
algorithm is shown in Fig. 27.1.

The acceleration, the nod angular velocity of vehicle body, and the acceleration
and the nod angular velocity of frame can be obtained by dynamic simulation
model. The result of simulated response is shown in Fig. 27.2.

Define x̂þ0 ¼ 0 in the filter initialization process. Since the initial choice of
covariance P0 is not important as long as the value of Po not being zero, this paper
chooses P0 = I. In the actual monitoring process, uk−1 may be the last track
irregularity value. Meanwhile, the uk−1 is unknown when the monitoring device
originally put into using. Therefore, we set uk−1 = 0 in Eq. (27.15), which will bring
some uncertainty to the state estimation of Eq. (27.15).

In the filter iterative process, the first work is to set the parameter value of the
state estimation in Eq. (27.15). The integration step is 0.1 ms; the filter iterative step
is 1 ms; the space step is 0.1 m. The state response of the vehicle system after
filtered is compared with real state of the dynamic outputting as shown in Fig. 27.3.

In order to compare the approaching level of the state response of the vehicle
system after filtered and the real state of the dynamic system output, the correlation
coefficient R, the standard deviation SD, and the normalized mean square error
NMSE are calculated. The quantitative indicators are shown in Table 27.1.

observation equation
state equation of 

vehicle-track coupling
inverse calculated track 

irregularity by estimation state

Vehicle-track coupling 
dynamics model

Track irregularity
 excitation

Estimation 
track irregularity

Real
State response

Observed key
State response

Input InputOutput Output

Fig. 27.1 The framework of estimation of track irregularity based on EKF algorithm
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Each state variable from optimal estimation obtained by EKF shows a high
degree of approximation with the correlation coefficient R being higher than 0.98
and the NMSE being lower than −10. The effects of the observation noise are
effectively restrained and optimal estimation with acceptable accuracy of state
variable are gained.

According to Eq. (27.11), the optimal state is obtained by EKF and the track
irregularity is calculated. The obtained track irregularity of simulation is compared
with the real one, as shown in Fig. 27.4. The calculated value of track irregularity
based on optimal state in each band is close to the actual value; in particular, the
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Fig. 27.2 Observation of spatial domain waveform. a The angular velocity of frame, b the
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Fig. 27.3 Comparison between spatial domain waveform and power spectrum of the optimal state
and the real value
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power spectrum value and actual irregularity perform a strong consistency in the
range of 2–300 m as well. After filtering, the correlation coefficient R is 0.9843, SD
is 0.171 mm, and NMSE is −27.2, which showed operator trains can achieve
forecast track irregularity in a wide speed range.

Table 27.1 The quantitative indicator of optimal state and real value

State variables Before filtering After filtering

R SD NMSE R SD NMSE

Wheel acceleration 0.647 4.048 m/s2 1.44 0.997 0.339 m/s2 −19.89

Frame acceleration 0.662 0.474 m/s2 1.08 0.983 0.118 m/s2 −15.33

Vehicle acceleration 0.786 0.099 m/s2 −2.03 0.998 0.069 m/s2 −20.93

Wheel speed 0.587 0.041 m/s 2.83 0.997 0.0031 m/s −19.42

Frame angular
velocity

0.746 0.562°/s −0.98 0.998 0.056°/s −10.44

Vehicle angular
velocity

0.816 0.110°/s −3.02 0.999 0.083°/s −21.28
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Fig. 27.4 Comparative result between spatial domain waveform and power spectrum of the track
irregularity after filtered and actual excitation value
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27.5 Conclusions

The estimation of track irregularities based on EKF is proposed in this paper.
Because it is difficult to detect different bands’ irregularities with a single inertial
amount, the paper observes a plurality of inertia. Combined with the state-space
equation of vehicle–track coupling model, the vertical track irregularity is estimated
based on EKF. Simulation results show that the proposed method has high accuracy
and robustness.
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Chapter 28
Dead-Time Effect on Traction Motor
Torque Pulsation of High-Speed Train

Zhiqiang Zhang, Jinghai Jiao, Xinying Zhao, Fei Lin
and Zhongping Yang

Abstract In the process of high-speed train operation, nonlinear factors of power
switches especially dead-time effect may result in low-frequency harmonic current
and traction motor torque ripple, which has an adverse effect on locomotive traction
performance. Firstly, this paper introduces the mechanism of dead-time effect.
Secondly, this thesis analyzes the dead-time effect on performance of traction motor
harmonic current and torque pulsation. Lastly, the simulation of dead-time effect is
performed in this paper, the simulation results present zero-current clamping phe-
nomenon, and research the influence factors of dead-time effect by analysing
characteristics of harmonic current and torque pulsation under different dead-times,
carrier frequencies and dead-zone setting modes.

Keywords Dead-time effect � Harmonic current � Torque ripple

28.1 Introduction

In the drive system of high-speed train, pulse-width modulation (PWM) inverter
output voltage also contains harmonic components besides basic frequency. There
are switching delay in power switches; dead-time and inherent characteristics of
switches not only can cause nonlinear distortion of voltage compared with ideal
waveform, but also can severe distortion of current and low-frequency torque ripple
especially in low frequency, high carrier frequency, and low speed conditions,
which increase harmonic loss and influence the characteristics of system [1].
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Dead-time in inverter may result in fundamental voltage drop and harmonic
voltages, and influence the reliability of system operation [2–6]. Torque ripple can
be influenced by nonlinear factors, and the most obvious one is dead-time among
them. So the study of dead-time effect on harmonic performance and traction motor
torque ripple is of very important. This paper introduces the mechanism of
dead-time first, then analyzes dead-time effect on harmonic and torque ripple, and
lastly, takes the traction system of CRH2A EMUs as an example and researches
dead-time effect and its influence factors by simulation.

28.2 Dead-Time Effect

For the PWM voltage source inverters (Fig. 28.1), the bridge circuit is mainly
consisted of switching devices and fly-wheel diodes that have switching delays in
application, and the turn-on time is usually less than turn-off time. In inverter, the
high-side and low-side switches work in a complementary condition, so a few
microseconds dead-time must be inserted in the switching signals to prevent a short
circuit [6].

Although the dead-time is very short at microsecond level and a single pulse is
not enough to affect the performance of the whole system, accumulation of all
dead-times is long enough to obviously influence the stator voltage of motor.

28.2.1 Error Voltage Vector Caused by Dead-Time

Dead-time specification depends on switching delays of devices, and dead-time is
not less than 4 µs. There are two ways to set dead-time: one is unilateral dead-time
(asymmetric set-up) and the other is bilateral dead-time (symmetric setup). They
have different realization ways, but the total delay time is the same, and the former
way is easier.

M
3~

1T 3T 5T

4T 6T 2T

VD1 VD3 VD5

VD4 VD6 VD2

Ud/2

Ud/2

Fig. 28.1 Circuit of
two-level inverter
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So this paper defines error time Ter as follows [6]:

Ter ¼ Td þ Ton � Toff ð28:1Þ

where Td is the dead-time, Ton is the turn-on time, and Toff is the turn-off time of
IGBT.

Dead-time effect can be divided into switch dead-time effect and control
dead-time effect, and Ton-Toff is very small. Studies show that switch dead-time
effect could be neglected in analysis, so the error time approximately equals Td.

This paper adopts unilateral dead-time and defines the way current flow into
motor as the positive direction: When A phase current is positive, current flows
along VD4 and phase A is connected with the negative terminal of DC power, so
UAO = −Ud/2.

So the error voltage has some characteristics as follows:

1. The amplitude of each pulse is a constant Ud and the width is Td;
2. The polarity of each error voltage pulse is contrary to the direction of ia;
3. Positive pulses of output voltage narrow down in the case of positive current,

and negative pulses narrow down when negative current.

28.2.2 Analysis of Dead-Time Effect

Figure 28.2d presents error voltage caused by dead-time. According to the equiv-
alence principle of average voltage, error voltage pulses can be equivalent to a
square-wave voltage, and its amplitude Ueq shows as Eq. (28.2).

Fig. 28.2 Waveform of
output voltage affected by
dead-time. a Ideal voltage.
b ia. c Real voltage. d Error
voltage
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Ueq
T
2
¼ TdUd

N
2

ð28:2Þ

where T is the fundamental period of output voltage, N is the carrier ratio, and Ud is
the DC bus voltage.

Equation (28.3) shows Fourier transformation of the equivalent square wave.

uef ¼ 4fcUdTd
p

sinxtþ 1
5
sin 5xtþ 1

7
sin 7xtþ � � � 1

n
sin nxt

� �
ð28:3Þ

where ω is the fundamental frequency, fc is the carrier frequency, and n is the odd
number not including integral multiple of 3.

When there are current harmonics in motor, it will surely lead to harmonic
magnetomotive force of air gap. Taking 5th harmonic current as an example, the
instantaneous value of pulse harmonic torque is given in (28.4).

TeA5 ¼ np
2pfs

ffiffiffi
2

p
Eg sinxt

ffiffiffi
2

p
Ir5sinð5xt � urÞ

TeB5 ¼ np
2pfs

ffiffiffi
2

p
Eg sinxt� 2p

3

� � ffiffiffi
2

p
Ir5sin ð5xt � urÞþ

2p
3

� �

TeC5 ¼ np
2pfs

ffiffiffi
2

p
Eg sinxt� 4p

3

� � ffiffiffi
2

p
Ir5sin ð5xt � urÞ�

2p
3

� � ð28:4Þ

where fs is the stator fundamental frequency of motor, Eg is the rms-induced
electromotive force, Ir5 is the rms 5th rotor harmonic current, and φr is the angle
between 5th harmonic current and fundamental electromotive force in the air gap.

Simplifying Eq. (28.4) and combining three-phase torques, Eq. (28.5) gives
instantaneous value of harmonic torque generated by 5th harmonic current.

Te5 ¼ 3np
2pf1

Ir5Eg cos 6xtþ p� urð Þ ð28:5Þ

Similarly, Eq. (28.6) gets 7th pulse harmonic torque.

Te7 ¼ 3np
2pf1

Ir7Eg cos 6xt � urð Þ ð28:6Þ

Harmonic torques caused by 5th and 7th harmonic currents are 6 times stator
frequency; similarly, 11th and 13th harmonic currents interact with fundamental
frequency to produce 12th pulse harmonic torque [7, 8].
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28.3 Analysis of Dead-Time Effect and the Influence
Factors

The simulation is based on the control model of motor in CRH2A EMUs and sets
dead-time in asynchronous modulation period, research dead-time effect by com-
paring the harmonic performance under different dead-times, carrier frequencies,
and setting modes.

28.3.1 Simulation Result of Dead-Time Effect

The current of phase A without considering dead-time is shown in Fig. 28.3a when
the speed of train is 100 km/h, and Fig. 28.3b shows the simulation result of the
current waveform when unilateral dead-time is 10 µs in the same condition.

As it is clear from the comparison of waveforms above, there are mainly
high-frequency harmonics without setting dead-time, and when the dead-time is
10μs, it results in severe current harmonic distortion accompanieswith low-frequency
harmonic components. Figure 28.4 shows the FFT analysis of currents.

It has proved that 5th harmonics resulted in 6th torque pulsation in motor above.
Figure 28.5 shows the torque waveforms with and without dead-time effect, and it is
obviously that low-frequency torque pulse considering dead-time effect is severe
when the pulsating amplitude increased from 250 to 350 N m.

28.3.2 Zero-Current Clamping Phenomenon

In the simulation, current changes slowly when current is in polarity transition
because of dead-zone, which named zero-current clamping phenomenon. The
reason of the phenomenon is that switch tubes prevent current from flowing along
the opposite direction when they are out of control, so the current clamped in the
zero point, Fig. 28.6 shows the phenomenon when dead-time is larger than before.

3.7 3.71 3.72 3.73 3.74 3.75 3.76 3.77 3.78 3.79 3.8
-150

-100

-50

0

50

100

150

time/s

cu
rr
en

t/A

3.7 3.71 3.72 3.73 3.74 3.75 3.76 3.77 3.78 3.79 3.8
-150

-100

-50

0

50

100

150

time/s

cu
rr
en

t/A

(a)         (b)

Fig. 28.3 a Current without dead-time. b Current when dead-time is 10 µs
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Now most dead-time compensation methods assume that the direction of output
current remains the same in dead-zone without considering zero-current clamping
phenomenon. Although many compensation methods can obtain good results, the
zero-current clamping phenomenon happened frequently when runs with light load
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Fig. 28.5 a Torque ripple without dead-time. b Torque ripple when dead-time is 10 μs

Fig. 28.4 a FFT analysis of current without dead-time. b FFT analysis of current when dead-time
is 10 μs
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and low speed, which result in the distortion of current and perturb the direction of
current, and dead-time compensation methods will produce error and even be
counterproductive if do not overcome the zero-current clamping phenomenon.

28.3.3 Simulation Results of Influence Factors
of Dead-Time Effect

Equation (28.3) proved that the error voltage amplitude is proportional to the
dead-time Td, and simulation results could be analyzed according to FFT analysis of
currents and peak-to-peak values of torque ripple at different dead-times, as shown
in Fig. 28.7.

As it is clear from the simulation results above, 5th harmonic content rises from
4 to 13 % when dead-time varies from 5 to 30 µs and peak-to-peak values of the
torque pulsation increase from 280 to 420 N m.

Figure 28.8 shows 5th harmonic content at different carrier frequencies when
dead-time is 10 μs. The 5th harmonic content increases with the rise of carrier
frequency.
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28.3.4 Different Dead-Time Setting Modes

Figure 28.9 shows the current and torque when dead-time is 10 µs under bilateral
setting mode. While the bilateral dead-time improves harmonic performance of
current (see Fig. 28.3b), peak-to-peak values of the torque pulsation decreases from
350 to 300 N m in the same simulation condition (see Fig. 28.5b).

28.4 Conclusion

The dead-time effect, as well as simulation, on the performance of harmonic current
and torque pulsation has been studied theoretically. There is an error between
expected and real output voltages for dead-time effect, which may result in dis-
tortion in currents, and 5th harmonics is especially striking among them.

The influencing factors of dead-time effect are dead-time, carrier frequency, and
setting mode. The longer the dead-time is the bigger the carrier frequency is, and
the greater the dead-time effect is. Moreover, the bilateral dead-time improves
harmonic performance and torque ripple. Zero-current clamping phenomenon may
cause error and counterproductive if do not overcome in dead-time compensation.
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Chapter 29
Harmonics Influence Factors Analysis
for Four-Quadrant Converters
of High-Speed Train

Jinghai Jiao, Zhiqiang Zhang, Shihui Liu, Fei Lin
and Zhongping Yang

Abstract This chapter first introduces the application of four-quadrant converter
and the problems it leads to. Secondly, this paper introduces the working principle
of four-quadrant converter, including the two-level four-quadrant converter main
circuit, switching function, the principle of SPWM modulation, and transient cur-
rent control. Through introducing the working principle of the four-quadrant con-
verter, the grid-side harmonic characteristics of four-quadrant converter are
analyzed. Theoretical analysis and simulation verify the influence of operating
conditions, power, network voltage and the circuit topology on harmonics of
four-quadrant converter respectively. The influence factors of four-quadrant con-
verter harmonics and their effects are summarized at last.

Keywords Four-quadrant converter � Harmonics analysis � Traction � Braking

29.1 Introduction

With the continuous development of high-speed train in China and a large number
of them put into operation, high-speed train network-side harmonic problems have
received more and more attention [1]. This article analyzes the working principle of
high-speed train four-quadrant converter theoretically, deduces the expression of
train network-side current, and then analyzes the factors that affect the harmonic.
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In particular do theoretical and simulation analysis of operation condition, power,
network voltage, the circuit topology and other factors, compare the waveform and
data, and analyze the effect of various factors on the harmonic characteristic.

29.2 Main Circuit and Control of Four-Quadrant
Converter

29.2.1 Two-Level Four-Quadrant Converter

The two-level four-quadrant converter circuit structure is shown in Fig. 29.1a,
equivalent circuit in Fig. 29.1b. Using unipolar modulation, comparing modulation
signal with carrier, the pulse signal is obtained to control four devices, realizing
rectification and inversion.

29.2.2 Transient Current Control

The mathematical model of the transient current control strategy is given as follows:

IN1 ¼ kp U�
d � Ud

� �þ 1
Ti

Z
U�

d � Ud
� �

dt IN2 ¼ IdUd

UN
I�N ¼ IN1 þ IN2

uabðtÞ ¼ uNðtÞ � xmLNI
�
N cosxmt � G2 I�N sinxmt � iNðtÞ

� �
ð29:1Þ

Ti, kp are PI regulator parameters, G2 is the proportion amplification coefficient,
Ud and Id are actual value of dc voltage and current, U�

d is the given value of dc
voltage, UN and iN are the RMS of ac voltage and current, uab and uN are instan-
taneous value of ac-side voltage and ac source voltage, ω is the angular frequency
of voltage source, and LN is the ac inductance. Control block diagram is shown in
Fig. 29.2, Pd is the dc-side power, and uL is the ac voltage on the inductance.
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Fig. 29.1 Circuit structure (a) and equivalent circuit (b) of two-level four-quadrant converter
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29.3 Influencing Factor Analysis and the Simulation

This part analyzes the influence of operating conditions, power, network voltage,
and circuit topology to harmonic [2–8] and compares them by simulation.

29.3.1 The Effect of Operation Condition on Harmonics

By bilateral Fourier analysis of two-level four-quadrant converter, we summarize
the following:

uabðtÞ ¼ uaðtÞ � ubðtÞ ¼ MUd cosðxmtþ bÞ

þ
X1

m¼2;4...

X1
n¼�1;�3...

4Ud

mp
sin

np
2
cos

mp
2

Jn
mpM
2

� �
cosðmxctþ nxmtþmaþ nbÞ

ð29:2Þ

uN and synchronous input current fundamental components are given as:

uN ¼
ffiffiffi
2

p
UN cosðxmtþ bÞ iNs ¼

ffiffiffi
2

p
IN cosðxmtþ bÞ ð29:3Þ

Considering the ac resistance, in the case that the power factor is 1 and −1,
vector diagram of the converter is shown in Fig. 29.3.

The ac voltage fundamental amplitude Uab is M times of Ud.
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According to the vector diagram, in traction condition and braking condition:

ðUN � RINÞ2 þðxmLNINÞ2 ¼ ðMUdÞ2 ðUN þRINÞ2 þðxmLNINÞ2 ¼ ðMUdÞ2
ð29:4Þ

In traction and braking condition, input current fundamental amplitude value is
given as:

\ !½CDATA½
IN ¼

Rþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � U2

N �M2U2
d

� �
R2 � x2L2Nð Þ

q
R2 þx2L2N

IN ¼
R�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � U2

N �M2U2
d

� �
R2 � x2L2Nð Þ

q
R2 þx2L2N

aligned

ð29:5Þ

The input current harmonic components satisfy the voltage constraints.

LN
diNn
dt

þ iNnR ¼ �uabn ð29:6Þ

The expression of input current harmonic component iNn(t) is given as:

iNnðtÞ ¼
X1

m¼2;4...

X1
n¼�1;�3...

4Ud

mpLNðmxc þ nxmÞ Jn
mpM
2

� �
cos

mp
2

� sin
np
2

sin mxctþ nxmtþmaþ nbð Þþ sin maþ nbð Þ½ �
ð29:7Þ

Ideally: (1) higher harmonics concentrates near the even number times of the
switching frequency. (2) If the carrier ratio is N, then the harmonic frequency is ωm

(m � NþN). (m � NþN) is odd. (3) Harmonic content and amplitude are smaller
when m is bigger and rapidly decays with higher frequency. (4) Harmonic content is
affected by modulation, dc voltage amplitude, network voltage and frequency, and
carrier frequency; harmonic amplitude is related to ac inductance. (5) If the fun-
damental wave amplitude is same, then the harmonic content in braking condition is
greater than in traction condition, with same circuit parameters.

Setup of Simulink simulation model. Specific parameters are shown in
Table 29.1.

In traction condition, figure and diagram are shown as Fig. 29.4.
In braking condition, figure and diagram are shown as Fig. 29.5.
The specific harmonic content is shown in Table 29.2. Harmonic frequency

distribution is near even times of switching frequency (1250 Hz). With the increase
of harmonics order, harmonic content gradually decreases fastly. The simulation
results basically accord with theoretical analysis. Harmonic distortion coefficient of
transformer primary side current is larger in regenerative braking condition.
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Table 29.1 The simulation model parameters of two-level four-quadrant converter

Parameters Value Parameters Value

Resistance (Ω) 4.56 Carrier wave ratio 25

Capacitor (F) 8000e−6 Network voltage frequency (Hz) 50

Ac inductance (H) 1.195e−3 Dc-side voltage instruction (V) 2950

Secondary filter inductance (H) 0.603e−3 The simulation step size (s) 1e−5

Secondary filter capacitor (F) 4.42e−3 PI parameters (kp ki G) 0.1 10 5

Transformer rated power (kW) 3855 Amplitude limiting 500

The transformer primary side input
ac voltage RMS (V)

25,000 Transformer secondary side output
ac voltage RMS (V)

1658
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Fig. 29.4 Transformer secondary side voltage (uN2) and current (iN2) waveform figure with 100 %
rated load (a) and primary side current spectrum diagram (b) in traction condition
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29.3.2 The Effect of Power and Network Voltage
on Harmonic

Due to converter fundamental wave active and reactive power balance:

P ¼ UNMUd

xmLN
ffiffiffi
2

p sin b ¼ INUN sin b MUd cos b ¼
ffiffiffi
2

p
UN ð29:8Þ

After derivation, work out that:

M ¼
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U4

N þ PxmLNð Þ2
q

UNUd
b ¼ arcsin

PxmLNffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U4

N þ PxmLNð Þ2
q ð29:9Þ

P is active power of fundamental wave. Net voltage and output power affect the
modulation degree and modulation wave phase, but do not affect the harmonic
distribution. When the output power increases, the modulation degree and funda-
mental current amplitude also increase thereby harmonic content in each order
reduces accordingly. With greater network voltage, transformer fundamental cur-
rent is smaller and the harmonic content is greater.
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Fig. 29.5 Transformer secondary side voltage and current waveform figure (a) and primary side
current spectrum diagram (b) in braking condition
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29.3.3 The Effect of the Circuit Topology on Harmonics

Comparing the difference of effect between two-level converters, three-level con-
verters, and duplicate converters.

Ideally, three-level four-quadrant converter ac voltage uab and input current are
given as follows:

uabðtÞ ¼ uaðtÞ � ubðtÞ ¼ MUd cosðxmtþ bÞ

þ
X1

m¼2;4...

X1
n¼�1;�3...

2Ud

mp
sin

np
2
JnðmpMÞ cos mxctþ nxmtþmaþ nbð Þ

ð29:10Þ

iNðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2U2

d � 2U2
N

p
xmLN

cos xmtþ bð Þ

þ
X1

m¼2;4...

X1
n¼�1;�3...

2Ud

mpLNðmxc þ nxmÞ JnðmpMÞ sin np
2
sin maþ nbþmxctþ nxmtð Þ

ð29:11Þ

The difference of three-level formula compared with the two-level is that the
harmonic amplitude is half and there is no cos(mπ/2) harmonic part. Therefore,
three-level converter has the same fundamental component and harmonic distri-
bution, but the harmonic content is half. Three-level converter structure reduces
harmonic content in the ac side. Harmonic characteristic is the same except to the
content. Set up three-level converter simulation model with same parameters.
Figure and diagram are shown in Fig. 29.6a, b.

Duplicate topology is a transformer connects two parallel converter units. Carrier
of each unit 90° is staggered. Two converter units are in parallel, so add those two
input currents of the converter which can get expression of transformer primary side
current.

Duplicate two-level four-quadrant converter input current is given as:

iNðtÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2U2

d � 2U2
N

p
kxmLN

cos xmtþ bð Þ

þ
X1

m¼4;8...

X1
n¼�1;�3...

8Ud

kmpLNðmxc þ nxmÞ Jn
mpM
2

� �

� cos
mp
2

sin
np
2
sin ma1 þ nbþmxctþ nxmtð Þ

ð29:12Þ
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Duplicate three-level four-quadrant converter input current is given as follows:

iNðtÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2U2

d � 2U2
N

p
kxmLN

cosðxmtþbÞ

þ
X1

m¼4;8...

X1
n¼�1;�3...

4Ud

kmpLNðmxc þ nxmÞ JnðmpMÞ sin np
2
sinðma1 þ nbþmxctþ nxmtÞ

ð29:13Þ

From the formula, duplicate topology eliminates harmonics of 2, 6, 10… times
of the switching frequency, but makes harmonics of 4, 8… times of the switching
frequency double. Duplicate topology can effectively reduce the current harmonic
content.

Duplicate two-level four-quadrant converter input current waveform and spec-
trum diagram are shown in Fig. 29.7a, b.

Duplicate three-level four-quadrant converter input current waveform and
spectrum diagram are shown in Fig. 29.8a, b.

A comparison of harmonic current content is shown in Table 29.3. Compared
with two-level converter, fundamental amplitude and harmonic components of
three-level converter are the same, but THD and harmonic content are smaller,
especially in 49, 51, 97 harmonics. Duplicate topology can significantly reduce the
harmonics, but the structure is complicated.
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Fig. 29.6 Transformer secondary side voltage and current waveform figure with 100 % rated load
(a) and primary side current spectrum diagram (b) in traction condition

29 Harmonics Influence Factors Analysis for Four-Quadrant … 285



0.98 0.982 0.984 0.986 0.988 0.99 0.992 0.994 0.996 0.998 1
-300

-200

-100

0

100

200

300
in

0 5000 10000 15000
0

0.1

0.2

0.3

0.4

0.5

Frequency (Hz)

Fundamental (50Hz) = 216.4, THD = 1.37%

M
ag

 (
%

 o
f F

un
da

m
en

ta
l)

(a)

(b)

Fig. 29.7 Duplicate two-level converter a input current waveform and b spectrum diagram
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29.4 Conclusion

Ideally, the two-level four-quadrant converter ac voltage and input current harmonic
have the same components and different content; three-level converter harmonic
component is the same, but the content is much smaller than two-level converter;
the input current only contains odd harmonics. Harmonic frequency is near even
times of switching frequency and zonal distribution, and bandwidth is about 7 times
around the modulation frequency; harmonic content gradually decreases with
higher order. If harmonic distribution is same in traction or braking condition, then
THD in braking condition is greater, and there is little difference in harmonic
content. The change of network voltage and output power has no effect on the
overall harmonic distribution. When the output power increases, the current fun-
damental wave amplitude also increases, and harmonic content is reduced
accordingly. In the case of constant power, with greater network voltage, the
fundamental current is smaller, the harmonic content is greater.
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Chapter 30
A Research of Power Sharing Method
Based on the Wireless Parallel Control
Technology of EMU Auxiliary Inverter

Chun Yang, Yang Yu, Yiming Chen and Yunqi Guo

Abstract PQ principle is the conventional technology of wireless parallel with
auxiliary inverters. The capacity of dynamically adjusting is poor and difficult to
achieve power sharing. Because of the high demand for the quality and reliability of
EMU power system, the new control method is presented to improve the effect of
power sharing. The design of effective power control loop is to reduce the adverse
effects of power sharing on the wireless parallel system.

Keywords Parallel system � Wireless � Power flow � Power control loop

30.1 Introduction

Recently, in order to improve power supply reliability and redundancy, a large
amount of research in parallel control technology of EMU auxiliary inverter is
underway [1, 2]. This article researched the problem of power sharing on the basis
of wireless parallel technology. Because there is no interconnection between var-
ious inverters in parallel system, power sharing has always been a key problem.
Drooping control can realize power sharing under steady state [3]. But under the
dynamic process, power sharing is not obvious [4]. The instantaneous power flow
between the inverters can damage the stability of the parallel system. As a result,
after the research of modeling analysis in power flow of the parallel system, this
paper designed power control loop in the wireless parallel system. The design is on
the principle of active power and reactive power control. Combined with drooping
control, the transmission power between inverters was calculated using the
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amplitude and frequency of the output voltage. After calculating the three-phase
instantaneous power, transmitted power is joined to adjust power loop. This method
improves the adjustability of power under transient process.

30.2 The Model of Power Flow in Parallel System

It is necessary that the two parallel auxiliary inverters can well achieve power
sharing, but relying on the principle of regulating drooping effect is limited.
Therefore, the power flow modeling needs parallel systems which provide a ref-
erence for the design of power control [5].

For example, the schematic diagram of power system consists of two motor
trains and one trailer. Figure 30.1 shows a schematic diagram of power supply for
EMU auxiliary inverter. Two auxiliary inverters are in the middle of the train. The
load is not evenly distributed. The distribution of load is dynamic. If there are no
appropriate control strategies, each different inverter outputs different power,
resulting in the line circulation. Therefore, greater challenges are presented for the
actual application environment of EMU power sharing.

Figure 30.2 shows a simplified schematic diagram of AC bus and load distri-
bution in a train. In order to simplify the analysis, load 1 is connected to the AC
bus. For example, the line impedance between auxiliary inverter 1 and load 1 is Z1,
and the line impedance between auxiliary inverter 2 and load 1 is Z2 and Z2 > Z1.

Three-phase system impedance and power flow analysis are more complex, and
we can build an equivalent model of the single-phase circuit as shown in Fig. 30.3.
The voltage source Ei represents two output voltages of auxiliary inverter. Zload

load1 load2 load3

DC/AC DC/ACMotor
train

Trailer
Motor
train

Fig. 30.1 Schematic diagram of EMU auxiliary inverter power supply

Inverter1 Inverter2

Load1 Load2 Load3

Z1 Z2

Fig. 30.2 AC bus load distribution
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represents impedance of load 1. Figure 30.3a shows a Y-shaped connection model
drawn impedance load distribution based on the train, but this model is not con-
ducive to analysis power flow between two inverters. Therefore, after Y-Δ trans-
formation, it is shown in Fig. 30.3b.

It is noted that the impedances Z1 and Z2 are much smaller than the load
impedance Zload. According to Y-Δ transform principle, the relations among
impedances can be deduced as follows:

Z1C ¼ Z1 þ Zload þ Z1�Zload
Z2

� Zload 1þ Z1
Z2

� �
Z2C ¼ Z2 þ Zload þ Z2�Zload

Z1
� Zload 1þ Z2

Z1

� �
ZLC � Z1 þ Z2 þ Z1�Z2

Zload
� Z1 þ Z2

8>><
>>: ð30:1Þ

As shown in Fig. 30.3b, if the two auxiliary inverter output voltage amplitude
and phase are equal, then the Z1C and Z2C determine the asymmetry of power
sharing:

P1

P2
� Z2C

Z1C
ð30:2Þ

Extended to the case of multiple loads connected to the bus [5, 6], the model of
the whole load impedance is shown in Fig. 30.4a and the last simplified model is
shown in Fig. 30.4c.

In Figure 30.4a, the impedance Z 0
LC is approximately equal to the line impedance

of the entire circuit, Z 0
1C and Z 0

2C are approximately equal to times of the whole load
impedance, RT is the equivalent resistance of transformer, Lf represents equivalent
leakage inductance in the secondary side of the transformer, and Cf represents the
output filter capacitor.

The fundamental component is less than the cutoff frequency of output filter,
whose capacitive reactance is much greater than the line impedance and inductance
of filter inductor. Thus, in Fig. 30.4a, the capacitor 3Cf and Z 0

1C and Z 0
2C can be

ignored when the system is in parallel. Z 0
1C, Z

0
2C, and Z

0
LC through Δ-Y transform are

shown in Fig. 30.4b. According to the conclusion of Formula (30.1), Z 0
1 is

approximately equal to Z1, and Z 0
2 is approximately equal to Z2. The circuit diagram

1 1CE δ∠
2 2CE δ∠ 1 1CE δ∠ 2 2CE δ∠

1Z 2Z

loadZ

LCZ

2CZ1CZ

(a) (b)

Fig. 30.3 System impedance model of single load
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of Fig. 30.4b transformed to Fig. 30.4c through Y-Δ transform principle. The
impedance model of Fig. 30.4c is the last one used to analysis inverter power flow
of power auxiliary.

In Fig. 30.4c, Z1d and Z2d represent times of the load impedance, ZL represents
the line impedance and the sum of filter inductance with two inverters. Due to the
large power of inverter, the resistance of transformer RT and line resistance are
small, so that the ZL mainly shows sensibility. The time constant of the line has a
great impact on the stability of power flow between the inverters.

According to the above model of power flow, we can see the power source is
divided into two parts [7]: one is power Sid, which directly supplies the load
impedance Zid connected in parallel, and the other is power SSi which is transferred
with each other between the auxiliary inverters; power expression of the two parts is
as follows:

Sid ¼ Pid þ jQid ¼ E2
i

Zid
cos uZid

� �þ j
E2
i

Zid
sin uZid

� � ð30:3Þ

SSi ¼ PSi þ jQSi )
PS1 ¼ E1

ZL
ðE1 � E2Þ cosuL þE2 sinuLd½ �

QS1 ¼ E1
ZL

ðE1 � E2Þ sinuL � E2 cosuLd½ �
d ¼ d1 � d2

8<
: ð30:4Þ
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The Formulae (30.3) and (30.4) describe the steady power state of auxiliary
power supply system. Because ZL is far less than Zid, the power transferred between
auxiliary inverters is more than the load power. In addition, the inductive ZL
introduces delay time for power SSi also. In order to calculate the power flow
between systems, the impact of this delay must be taken into account in the design
of auxiliary inverter control system. Setting that the line impedance is ZL = RL + jLL
and the time constant which decides the transient phase current is s ¼ LL=RL.
Because that the phase angle difference between the auxiliary inverters is too small
and the line impedance is mainly inductive, three-phase instantaneous active power
and reactive power can be expressed as follows:

PS1ðtÞ ¼ 3E1E2d
ZL

½1� cosðwtÞe�t=s�
QS1ðtÞ ¼ 3E1ðE1�E2Þ

ZL
½1� cosðwtÞe�t=s�

(
ð30:5Þ

where ω is the angular frequency of bus voltage.
As can be seen from Formula (30.5), the fluctuation frequency of active power

and reactive power is in the vicinity of voltage frequency from the bus, and the time
constant of line impedance can mitigate such oscillations and suppress the fluctu-
ation of power in the situation of mutated load. Dynamic characteristics of power
are similar to second-order system; set damping frequency ωd and damping coef-
ficient ζ, both are expressed as follows:

xd ¼ x; n � 1
sx

ð30:6Þ

By referencing the dynamic response of second-order system in model, it can be
more convenient and precise to research power change; power transfer function of
dynamic process G(s) is as follows:

GðsÞ ¼ x2
n

s2 þ 2nxnsþx2
n

xn ¼ x=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

p
(

ð30:7Þ

30.3 The Design of Power Control Loop

According to the analysis of power flow model, power control loop of parallel
systems is designed as shown in Figs. 30.5 and 30.6.

Figure 30.5 is a block diagram of active power control. P1d and P2d are active
power consumption on Z1d and Z2d of impedance model [8], representing the load
power; PS is the power transferred between two auxiliary inverters, representing the
line power; P1 and P2 represent output active power of two auxiliary inverters,
which is the algebraic sum of load power and transmission power. The starting
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variables of the whole control block are load powers P1d and P2d. The manipulated
variable is transferred power PS. The final output variables are P1 and P2. As can be
seen from the diagram, the phase angle does not affect the active power of load Zid,
which improves the sharing of active power. In addition, the control block can also
be used to judge the stability of the system power and contributes to select drooping
parameters.

Figure 30.6 shows a control block of the reactive power. Q1d and Q2d are
reactive power on Z1d and Z2d of impedance model. QS is the power transferred
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between two inverters. Q1 and Q2 represent reactive power of two inverters.
Regulating the principle of reactive power is similar to active power except that
amplitude difference of the output voltage effects load power and transferred power
between the auxiliary inverters.

30.4 The Results and Analysis of Simulation

Figures 30.7 and 30.8 show voltage and current waveforms of two auxiliary
inverters operating in parallel with resistive load and inductive load. The output
voltage amplitude and phase of the two auxiliary inverters are synchronous. The
output current of two auxiliary inverters substantially equals and achieves the
desired effect of power sharing.

The key performances of parallel system are dynamic characteristics of running
or cutting a load, especially two auxiliary inverters whether to maintain current
sharing after the occurrence of a dynamic process. On this point, Fig. 30.9 shows a
simulation of the conditions that load mutate at 0.3 s. It can be achieved current
sharing before or after the dynamic process, and the effect of power sharing is good.
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30.5 Conclusions

Through the establishment of the model with power flow of parallel system, the
design of power control loop with active power and reactive power is on the basis
of the drooping control. In order to guarantee power sharing of load, the
closed-loop control of inverter power flow between the optimization of the whole
system is joined.
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Chapter 31
Analysis of Energy Conversion
in Multipole Field Electromagnetic
Launcher

Yingwei Zhu, Yong Lei and Qun Zhou

Abstract This paper proposes an optimized modified three-stage multipole field
electromagnetic launcher with arced saddle coils and cylindrical sleeve. The
equivalent circuit model and energy balance equations of a capacitor driving
multipole field electromagnetic launcher are established. The energy conversion
efficiency of the whole launch system is expressed with the overall efficiency and
the coefficient of energy utilization. In the idealized launcher model, the electro-
static to kinetic energy conversion could be achieved with an efficiency close to
100 %. The unified analysis model of electromagnetic launch is eddy current
problem with the moving conductor. An experimentally designed three-stage twisty
octapole electromagnetic launcher with arced saddle coils is numerically simulated
and evaluated. The results indicate that a 0.227-kg projectile is accelerated to an exit
velocity of 164.66 m/s. The proposed coefficient of energy utilization of the sim-
ulation model is 2.92 %. We should cut down the resistance of the launch system to
reduce the ohmic heat loss. This launch model has a potential application in military
electrical guns and rocket propulsion.

Keywords Multipole field electromagnetic launcher � Electromagnetic energy
analysis � Energy conversion efficiency � FEM simulation � Ohmic heat loss

31.1 Introduction

The electromagnetic coil launcher has the advantage of low current and less friction
comparing with rail launcher. The multipole field electromagnetic launcher is
characterized by the interaction of the radial magnetic field with azimuthal eddy
current. It has a better ratio of the axial thrust force to the radial compression force.
In the recent papers, the operation principle and launch model of the multipole field
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electromagnetic launcher are introduced and analyzed in theory [1], and the launch
performance of an improved twisty launch model is simulated and evaluated by the
Finite Element Method with multiple degrees of freedom [2]. The paper [3] derives
an analytical solution approach based on the second-order vector potential for-
mulation. The paper [4] analyzes the different coil connection patterns and presents
the experimental performances.

In this paper, an optimized configuration of a three-stage twisty octapole elec-
tromagnetic launcher with arced saddle coils is proposed as shown in Fig. 31.1. The
projectile is an aluminum cylinder sleeve. This proposed launch model has better
reasonable mechanical structure. As the multistage launch coils are excited with the
sequentially pulsed power currents, they could generate a better helicoidal traveling
magnetic wave. The transient multipole magnetic field induces the moving pro-
jectile and produces mainly the axial acceleration force and azimuthally restoring
torsion. The projectile could be continuously accelerated to high speed and helically
flies to a long distance.

31.2 Electromagnetic Energy Analysis

The basic principle of multipole electromagnetic launcher is the Faraday’s Law of
Induction and Ampere’s force. As the projectile has a good conductivity with fast
moving speed in the transient varied magnetic field, the analysis model of the
launcher lies in identifying the current distribution on the projectile, thereby
complicating any calculations in which electromagnetic force and energy conver-
sion efficiency are involved. There are two effective analysis models for the elec-
tromagnetic coil launch model [5–8]: (I) a simple model based on an assumed
two-dimensional current distribution in the conductors; (II) a filamentary model in

Fig. 31.1 An optimized
configuration of three-stage
twisty octapole
electromagnetic launcher
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which both the drivecoils and the projectile are divided into a number of separate
but interacting thin currents rings. The two methods focus on calculating the mutual
inductance and electromagnetic force between drivecoils and projectile.

31.2.1 Energy Balance of the System

We consider the pulsed power capacitor as a discharge source supply to the mul-
tipole coils, and the equivalent circuit of the multipole field electromagnetic
launcher is shown in Fig. 31.2, where C is the power capacitor. Rc and Lc are the
resistance and self-inductance of the multipole coils. Rp and Lp are the resistance
and self-inductance of the projectile. M is the mutual inductance between the
multipole coils and the projectile.

As the projectile passes across the discharge position defined as the axial dis-
tance between the original section of the stage coils and the rear of the projectile,
the power capacitor discharges to the multipole coils and transforms the electrical
energy into the inductance magnetic energy. Based on the electromagnetic induc-
tion law and Ampere’s force interaction, the inductance magnetic energy converts
into projectile’s kinetic energy and resistance ohmic heat loss.

According to the law of conservation of energy, the energy balance of the whole
launch system could be presented as follows:

Ecap ¼ Eohm þEind þEmov ð31:1Þ

Ecap ¼ 1
2
CU2

0 �
1
2
CU2

t ð31:2Þ

Eohm ¼
Z t

0

i2cRcdtþ
Z t

0
i2pRpdt ð31:3Þ

Fig. 31.2 Equivalent circuit model of the multipole electromagnetic launcher
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Eind ¼ 1
2
Lci

2
c þ

1
2
Lpi

2
p þMicip ð31:4Þ

Emov ¼ 1
2
mðv2t � v20Þþ

1
2
Iðx2

t � x2
0Þ ð31:5Þ

where Ecap is the decreasing of the power capacitor; Eohm is the ohmic loss of the
system, including the multipole coils and the projectile, even the switches; Eind is
the magnetic energy stored in the inductance; and Emov is the projectile’s kinetic
energy increment or the converted effective energy of the system.

31.2.2 Energy Conversion Efficiency

The traditional launch energy conversion efficiency is defined as the ratio of the
projectile’s kinetic energy increment to the electrical energy initially stored in the
capacitors. That is always called as overall efficiency, which is expressed by:

g ¼ Emov

Ecap0
¼

1
2mðv2t � v20Þþ 1

2 Iðx2
t � x2

0Þ
1
2CU

2
0

ð31:6Þ

where Ecap0 is the initial electrical energy stored in the power capacitor. This
expression gives the relation between the kinetic energy goal and the original power
source.

Sometimes, the projectile has flied out of the launch tube, while the discharge
current of the multipole coils has not decayed to zero. That means that the
self-inductance and mutual inductance of the multipole coils and projectile may
store much magnetic energy. This energy is not utilized by the projectile or the
system. We propose the coefficient of energy utilization defined as the ratio of the
projectile’s kinetic energy increment to the difference of the power capacitor energy
and the magnetic energy stored in the system.

c ¼ Emov

Ecap � Eind
¼

1
2mðv2t � v20Þþ 1

2 Iðx2
t � x2

0Þ
1
2CðU2

0 � U2
t Þ � 1

2 Lci
2
c þ 1

2Lpi
2
p þMicip

� � ð31:7Þ

The coefficient of energy utilization should be particularly bigger than the
overall energy conversion efficiency. It is should be called as actual launch effi-
ciency. According to the actual launch conditions, we should use the coefficient of
energy utilization to estimate the performance of electromagnetic launcher.
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31.2.3 Two Current Work Styles

The launch efficiency of the electromagnetic launcher primarily relates to the power
supply type and launcher construction parameters. There are two main working
styles of the power supply. One is the constant current (i.e., Current Sources) mode:
Current is constant during the entire acceleration process interrupted only when the
projectile flies out of the launcher.

g1 ¼
Emov

Emov þEind þEohm
¼ 1

2þ Eohm
Emov

ð31:8Þ

where Emov = Eind in constant current mode.
The other one is the zero exit current (i.e., Capacitor power supply) mode:

Current is increased to a given level but is zero as the projectile exits the launcher.
The current can decay to zero in a natural manner, as prescribed by the electrical
circuit, or it can be forced to zero with an external circuit.

g2 ¼
Emov

Emov þEind þEohm
¼ 1

1þ Eohm
Emov

ð31:9Þ

where Eind = 0 in zero exit current mode.

31.2.4 Idealized Analysis Approach

For analyzing the maximal energy conversion efficiency, we describe the launch
system with the aid of the idealized and simplified equivalent circuit as shown in
Fig. 31.3a. Also, if we assume that the acceleration process during a short time
compared to the decay time of current in either the coil or the projectile, then the
resistance of the system may be neglected. After crowbar, the coil circuit may be
represented by the single equivalent circuit as shown in Fig. 31.3b.

The current I is given by I = Ic and the inductance L is the effective inductance of
the coil given by L ¼ ð1� K2ÞLc, where K is the coupling coefficient. Mutual
inductance between the systems could be expressed as M ¼ K

ffiffiffiffiffiffiffiffiffi
LcLp

p
.

According to the law of conservation of energy, all the energy lost by the coil
circuit is converted into kinetic energy of the projectile. The energy balance is
expressed as follows:

1
2
L0I

2
0 �

1
2
LI2 ¼ 1

2
mv2 ð31:10Þ
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The circuit equation for the equivalent coil circuit is given as follows:

d
dt
ðLIÞ ¼ 0 or LI ¼ L0I0 ð31:11Þ

Using the coupling coefficient of the coil and projectile, we obtained the fol-
lowing equation:

1
2
mv2 ¼ K2

0

2
L0I

2
0 ð31:12Þ

Since the initial coupling coefficient K0 could have a value close to unity, the
multipole coil launcher is potentially efficient. The maximal electrostatic to kinetic
energy conversion of the idealized launcher could approach 100 %.

31.3 Simulation Parameters and Results

We select Infolytica MagNet (FEM Electromagnetic software) to implement such a
complicated 3D transient motional simulation with six degrees of freedom. The
all-launch process is numerically solved by the transient 3D with motion module.
Here, the transient interval time stepping is fixed as 2 μs and the FEM Conjugate
Gradient (CG) tolerance is set as 0.1 %.

Fig. 31.3 Idealized
equivalent circuit model of
the multipole coils launcher
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31.3.1 Simulation Model and Parameters

The transient with motion simulation model of three-stage twisty octapole elec-
tromagnetic launcher is established as shown in Fig. 31.1. The multipole coils are
optimizationally designed with arced saddle coils. Every stage coil in series is fed
by pulsed power capacitors. The transient electromagnetic simulation coupling
circuit model is as shown in Fig. 31.2.

The projectile is an aluminum cylinder sleeve with a bottom. The discharge
sequence of the capacitors to multipole coils is determined by the presupposition
moving location of the projectile along the acceleration path. The parameter values
of the launch model and the system are shown in Table 31.1.

31.3.2 Simulation Result and Evaluation

The following Figs. 31.4, 31.5, 31.6, 31.7, 31.8, and 31.9 show the simulation
results of the three-stage twisty octapole electromagnetic launcher.

Table 31.1 Parameter values of the three-stage twisty octapole field launch system

Item Parameter Value

Octapole coils (every stage) Material Copper

Inner radius 60 mm

Outer radius 66 mm

Length 32 mm

Twisted angle 15 deg

Inductance 60 μH

Resistance 6.88 mΩ

Projectile Material Aluminum

Inner radius 55 mm

Outer radius 59 mm

Length 32 mm

Mass 0.227 kg

Initial speed 10 m/s

Initial angular speed 36,000 deg/s

Capacitor banks First stage 200 μF, 20 kV

Second stage 100 μF, 30 kV

Third stage 80 μF, 40 kV

Discharge position First stage 4 mm

Second stage 36 mm

Third stage 69 mm

Flyback diode On resistance (every stage) 10 mΩ

31 Analysis of Energy Conversion … 303



0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0

10000

20000

30000

40000

50000

C
ap

ac
ito

r 
V

ol
ta

ge
 (

V
)

Time (ms)

Stage#1
Stage#2
Stage#3

Fig. 31.4 Voltages of the
three-stage capacitors

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0

5000

10000

15000

20000

25000

30000

C
oi

l C
ur

re
nt

 (
A

)

Time (ms)

Stage#1
Stage#2
Stage#3

Fig. 31.5 Currents of the
three-stage coils

-150

-100

-50

0

50

100

150

200

250

Speed_Z (m/s)

M
ag

ne
tic

 F
or

ce
 a

nd
 S

pe
ed

Time (ms)

Magnetic Force_Z (kN)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig. 31.6 Translational axial
force and speed

304 Y. Zhu et al.



-3000

-2000

-1000

0

1000

2000

3000

4000

5000

M
ag

ne
tic

 T
or

qu
e_

Z
 (

N
m

)

Time (ms)

Magnetic Torque_Z

-60000

-40000

-20000

0

20000

40000

60000

80000

100000

Angular Speed_Z 

A
ng

ul
ar

 S
pe

ed
_Z

 (
de

g/
s)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig. 31.7 Rotational torque
and angular speed

0

5000

10000

15000

20000

25000

30000

35000

40000

In
du

ct
an

ce
 M

ag
ne

tic
 E

ne
rg

y 
(J

)

Time (ms)

Inductance Magnetic Energy

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig. 31.8 Inductance
magnetic energy in the system

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

2

4

6

8

10

12

14

16

18

20

O
hm

ic
 L

os
s 

(M
W

)

Time (ms)

Projectile Ohmic Loss

Fig. 31.9 Ohmic heat power
of projectile

31 Analysis of Energy Conversion … 305



Figure 31.4 as a circuit simulation result shows the voltage changes of the
three-stage pulsed power capacitors. After the projectile exits the launcher,
the initial electrical energy stored in the three-stage capacitors all converts into the
projectile’s kinetic energy, inductance magnetic energy, and ohmic heat loss.
The initial electrical energy is total 149 kJ.

Figure 31.5 shows the running currents of the three-stage multipole coils. The
peak current of coils is round about 28.912 kA. As the projectile exits the launcher,
the currents in the multipole coils do not decay to zero. It means that the multipole
coils still store inductance magnetic energy, which is calculated as 24.94 kJ.

The simulation results about mechanical force and motion are as shown in
Figs. 31.6 and 31.7. Figure 31.6 presents the translational axial magnetic force and
axial speed of the projectile. It can be clearly seen three stages significant impulses
of electromagnetic acceleration force. Figure 31.7 presents the rotational torque and
angular speed of the projectile. The magnetic torque and angular speed curves show
an impressive demonstration of spinning motion, which could keep projectile flying
with suspension stability.

The results indicate that a 0.227-kg projectile is accelerated to an exit velocity of
164.66 m/s and 87587.36 deg/s. The total kinetic energy increment of projectile can
be calculated as 3.62 kJ.

Figure 31.8 shows the instantaneous inductance magnetic energy stored in the
launch system. It indicates that the final exit inductance magnetic energy is
24.94 kJ, including the multipole coils and projectile eddy currents.

Figure 31.9 shows the ohmic heat power of eddy current on the projectile in the
transient launch process. By integrating the ohmic heat power with time, we can
obtain the ohmic heat loss of the launch system, including multipole coils, pro-
jectile, and flyback diode. The total ohmic heat loss of the system is 120.44 kJ.

Adopting the traditional computing method of overall energy conversion effi-
ciency, the overall efficiency is only 2.43 %. But with the proposed coefficient of
energy utilization, the result is 2.92 %. The exit inductance magnetic energy has a
proportion of initial electrical energy as 16.74 %. However, the total ohmic heat
loss of the system has accounted to 80.83 %. We should cut down the resistance of
the launch system to reduce the ohmic heat loss.

31.4 Conclusion

An optimized modified three-stage multipole field electromagnetic launcher with
arced saddle coils and cylindrical sleeve is presented. The equivalent circuit model
and energy balance equations of a capacitor driving multipole field electromagnetic
launcher are established. Two analysis methods of energy conversion efficiency to
estimate the performance of electromagnetic launcher are proposed. An experi-
mental three-stage twisty octapole electromagnetic launcher model is established
and numerically simulated. The simulation results indicate that a 0.227-kg projectile
is accelerated to an exit velocity of 164.66 m/s and the coefficient of energy
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utilization of the simulation model is 2.92 %. It is suggested that cutting down the
resistance of the launch system is to increase the energy conversion efficiency.
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Chapter 32
Feasibility Study on the Power Supply
of DC 3-kV System in Urban Railway

Xiaoyu Lei, Guofei Yang, Wei Liu, Cong Liu, Ying Wang, Ke Huang
and Yunchuan Deng

Abstract The DC (direct current) traction power supply calculation is important
for the design of urban railway power supply system. Aiming at the introduction of
DC 3-kV traction supply system in domestic urban railway transport, this paper
proposes calculation principle and procedures detailedly; then, based on the certain
line of Shenzhen subway, the comparison in the design scheme of DC 1.5-kV
system and DC 3-kV system is carried out through calculation, and the feasibility
and superiority of DC 3-kV system are assessed in the aspects of power supply
technical index, power supply quality and so on.

Keywords Urban railway transport � Traction power supply calculation � DC
3-kV traction supply system � Feasibility and superiority

32.1 Introduction

As one emerging public transport mode, urban railway transport has developed
rapidly, and corresponding traction power supply system is one of important
constituent parts. In recent years, due to technological progress, especially the
acceleration of urbanization and growing increase of passenger flow, the volume of
vehicle body in railway is larger increasingly, the marshaling of train is longer
increasingly, and the train speed is improved increasingly, which put forward
higher requirements for the overall dynamic performance of train. So, improving
traction voltage and increasing systemic capacity is important direction in the
development of urban railway transport.
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Traction substation transforms three-phase AC high-voltage into DC
low-voltage; feeder line transforms the DC low-voltage into catenary, and electric
vehicles receive electric energy through direct contact between their collectors and
catenary [1, 2]. In the design of urban railway system, the calculation of traction
power supply is extremely important and it is related with the critical design factors
including traction systemic constitution, traction power supply mode, and substa-
tion settings. Besides, the traction power supply modes in urban railway mainly
include current mode, voltage level, and collection mode. [3–5], where it is nec-
essary to determine voltage level according to train, line structure, electrical
equipment level, etc. In previous studies, [1] illustrated differences between DC
1.5-kV system and DC 3-kV system and drew the conclusion that the DC 1.5-kV
system relates optimal way in urban railway transport system; similarly, [3] argued
that the collection modes shall be unified for railway in one city and the DC 1.5-kV
system shall be the first selection. [4] studied the optimization of urban railway train
control and dynamic simulation of traction system; [6] proposed unified AC/DC
power flow algorithm to realize the calculation of urban railway transport; based on
the DC power supply model, [8] developed simulation system of solving train
voltage and current, provided as economic and effective experimental method.

Although the DC 3-kV system has not been adopted in China urban railway
system, the power supply calculation is necessary when the feasibility scheme is
formulated and designed initially. Since existing references rarely studied feasibility
of DC 3-kV system, this paper carried out power supply calculation and compared
the design schemes of DC 3-kV system and DC 1.5-kV system; finally, in order to
prove the feasibility and superiority of DC 3-kV system, the effect assessment is
performed based on certain line of Shenzhen subway.

32.2 Selection for Traction Mode in Urban Railway
Transport

The DC traction voltage modes adopted in urban railway transport are various and
generally in the range of DC 0.6–3 kV, where the voltage modes at abroad include
DC 0.6, DC 0.75, DC 0.825, DC 1, DC 1.2, and DC 1.5 kV, while domestic voltage
modes adopt voltage standard of international electrotechnical commission (IEC),
including DC 0.6, DC 0.75, and DC 1.5 kV [7, 8]. At present, domestic urban
railway transport mainly adopts DC 0.75 kV mode and DC 1.5 kV mode.
Considering that higher voltage will transfer higher power in equal conditions,
compared with the DC 0.75-kV system, the DC 1.5-kV supply system is able to
adapt to the electric vehicles with greater power and can reach higher speed levels,
where the acceleration speed is improved accordingly under allowing adhesion;
besides, the supplying current of DC 1.5 kV mode reduces by half, and the resis-
tance consumption and the stray current from traction substation reduce
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accordingly. Note that above comparisons can be also analogy to the comparison of
DC 1.5-kV system and DC 3-kV system. In the selection of voltage mode, it is
necessary to consider technical index, power supply quality, power supply distance,
passenger-flow density comprehensively, and the selection should be determined
based on comprehensive demonstration of economic development and compre-
hensive project in urban [7].

The comparison for application ages of all the traction supply technology in
domestic and abroad is shown in Table 32.1. Obviously, the DC 3-kV system has
not been applied at domestic, while DC 3 kV mode has been adopted at abroad. In
Belgium, the national operating mileage of electrified railway has reached 3536 km,
where the DC 3 kV mode is adopted in the 83.4 % of total mileage. Besides, the
coverage of current electrification railway has reached 100 % in Georgia, and DC
3 kV mode has been adopted with the rapid development of urban railway transport.
The construction of Tbilisi section was carried out through the project cooperation
regarding DC 3 kV between Georgia and China Railway Eryuan Engineering
Group CO in 2010.

32.3 Modeling for DC 3-kV Power Supply System

32.3.1 Traction Substation Model

In the traction power supply system of DC 3 kV, traction substation adopts parallel
operation of two 12-pulse rectifier units to constitute the 24-pulse output, where the
connection form of 12-pulse rectifier unit is shown in Fig. 32.1.

As the interphase reactor without bridge operates, the interaction between two
electrical bridges of rectifier unit will appear [9], and the expressions of voltage and
current at DC side and fundamental power at AC side under normal operation mode
are, respectively, depicted in (1)–(5).

Ed ¼ 6U
p

ffiffi
2

p ð3þ 2
ffiffi
3

p Þ
7 sinða1 þ lÞ � sin a1½ � þ

1þ ffiffi
3

p
2 sin a1 þ p

12

� �� sin a1 þ l� p
12

� �� �
8<
:

9=
; ð1Þ

Table 32.1 Domestic and foreign DC traction power supply technology

Power supply mode Direct current (DC) Alternating current (AC)

0.75 kV 1.5 kV 3 kV 25 kV/50 Hz 15 kV/50/3 Hz

Abroad 1900–1915 1915–1930 1930–1950 1950-now 1915–1930

Domestic 1969-now 1969-now – 1961-now –
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In (1)–(5), U, P1, and Q1 are, respectively, voltage effective value, fundamental
active power, and fundamental reactive power at the AC sidetrack of 12-pulse
rectifier unit; Ed and Id are, respectively, voltage and current at the DC side of
12-pulse rectifier unit; XC is commutating reactance of rectifier unit; α1 is delay

conduction angle, and a1 ¼ tan�1 2� ffiffi
3

p
7

� �
� 2:192

�
; μ is commutation overlap

angle, which satisfies (6).
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Fig. 32.1 12-pluse rectifier connection mode
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32.3.2 Multi-conductor Traction Catenary Model

Multi-conductor catenary model is generally adopted in the simulation and calcu-
lation of power supply, and it is constituted by five conductors, including upstream
catenary, downstream catenary, upstream rail, downstream rail, and stray current
collecting network (current-discharge network) as seen in Fig. 32.2.

For the upstream and downstream catenary in urban railway, the traction current
comes from all the traction substations at the same feeding section. However, in the
traditional traction calculation method and section calculation method of operation
chart, only two substations are related; besides, the train only collects currents from
two adjacent substations under normal bilateral power supply. So, it is feasible to
install a few parallel lines at different catenary positions for the catenary parallel
operation except that the catenaries at upstream direction and downstream direction
supply currents to trains.

For upstream and downstream rail, rail acts as return circuit of traction current,
and the difference of operation currents under different states is obvious, where
most of currents are able to return to the negative pole of source, while a small
portion of currents are always leaked to ballast bed and surrounding soil medium at
the poor insulated position between rail and ground, namely formatting stray cur-
rent. Generally, current-equalized line is installed at each station to parallel with
return wires as many as possible to reduce rail return resistance.

For collection network of stray current, the structural concrete irons at each
feeding section, which includes ballast bed, bridge, and tunnel, are connected
together and connected with the negative bus terminal of traction substation to form
the pathway of stray currents.

Upstream catenary

Downstream catenary

Downstream rail
Upstream rail

Ballast bed

Rs Rs

Fig. 32.2 System model of
multi-conductor catenary

32 Feasibility Study on the Power Supply of DC 3-kV System … 313



32.4 Procedures of Traction Supply Calculation

In theory, compared with DC 1.5 kVmode, catenary voltage level is improved by one
time, average and effective catenary currents are reduced, catenary consumption is
reduced, distance between traction substations is longer, rail current flowing towards
traction substation is reduced and rail potential is improved in DC 3-kV system.

According to the train operation diagram, the traction calculation of DC system
when multi-trains are running in line is carried out to obtain installment capacity of
rectifier unit and catenary voltage, and the rectifier unit can be expressed as the
model of voltage source series with resistance. The DC voltage adjustment rate is
the relative reference value of the difference between rated no-load DC voltage and
rated DC voltage on ideal no-load DC voltage. As the no-load of rectifier unit has
reached the rated load with 300 %, the external characteristic of rectifier unit
presents straight line. Besides, catenary resistance is equivalent to the constitution
of catenary and rail, and the train is equivalent to current source model.

In the traction calculation, the lowest catenary voltage consumption can be
checked to confirm that it is in the range of standard requirement under operation
abscission and load with peak hour (the departure density of train is 30 per hour); in
addition, the capacity of traction substation is calculated under operation abscission,
load with peak hour, and overload coefficient of rectifier unit (considered with the
overload of 150 % and two operation hours).

As depicted in Fig. 32.3, the power supply calculation on DC system mainly
includes traction calculation module and power calculation module. The major

DC3kV train 
marshalling data

Railway line 
data

System 
parameter

Simulation 
actual display

Database/File

Database/File
Result output

Traction calculation 
module

Simulation time

Operation chart data
Supply system 

network

Power calculation 
module of DC3kV

 Main program of 
supply simulation

Simulation actual 
display

Simulation clock

Data playback Txt statements 
output

Figure output

Fig. 32.3 Structure on DC
3-kV power supply
calculation system
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functions in traction calculation module include vehicle parameter editor, line
editor, train operation simulation, energy consumption calculation, output of result
report; the major functions of power calculation module include train diagram
editor, operation simulation of train group, structure module of DC 3-kV system,
power supply simulation module, and result output module.

32.5 Calculation for Power Supply System in Urban
Railway

Take certain line of Shenzhen subway, for example, where the overall line length is
27.7 km and the amount of stations is 16, and the vehicle marshaling of Shenzhen
metro line 5 is adopted to carry out power supply calculation. In the calculation
section, considering that many rampway intervals exist and distances between a few
adjacent stations are too large, the amount of substations is selected as 13 and it
includes 2 interval substations, where the power supply calculation module is seen
in Fig. 32.4. To study the performance of DC 3-kV urban railway traction system,
the comparison calculation between DC 3- and DC 1.5-kV systems is carried out
under the same line condition.

In the DC 1.5-kV system, the distances between a few adjacent stations are long,
and it is necessary to set interval substation. Considering the factors regarding rail
potential, it is feasible to adopt 13 substations in DC 1.5-kV system (including two
interval substations). As the DC 3 kVmode is adopted, the scheme of 8 substations is
selected through comparison. Compared with DC 1.5-kV system, the distance
between average substations is around 4 km, improving by 1.8 times, and the
substation installation capacity is reduced from 43.05 MVA into 38 MVA. Through
traction calculation, the distribution curves of catenary voltages and rail potentials at

Fig. 32.4 Interface of power supply calculation module
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all stations under DC 1.5-kV system and DC 3-kV system are, respectively, obtained
as depicted in Fig. 32.5a, b. In the scheme of DC 1.5-kV system, the minimum
catenary voltage is 1329 V and rail potential is below 60 V basically; in the scheme
of DC 3-kV system, the minimum catenary voltage is 2804 V, rail potential is around
60 V, and the maximum rail potential is only 100 V. Considering that the restriction
standard of rail potential is 120 V, the design requirements are satisfied in both DC
1.5-kV system and DC 3-kV system.

In addition, maximum powers of DC 1.5-kV system and DC 3-kV system under
operation abscission are, respectively, obtained through calculation, which are
described in Fig. 32.6a, b. Obviously, the maximum power are, respectively, close
to 10,000 and 12,000 kW. Combining with appropriate overload coefficient, the
recommended design capacities of single unit in DC 1.5-kV system and DC 3-kV
system are, respectively, depicted in Tables 32.2 and 32.3.

Fig. 32.5 Catenary voltage and rail potential under different power supply modes. a DC 1.5-kV
system. b DC 3-kV system

Fig. 32.6 Comparison on maximum power under different power supply modes. a DC 1.5-kV
system. b DC 3-kV system
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32.6 Conclusion

The calculation of DC traction power supply system has great significance in the
design of urban railway power supply system. Aiming at the introduction of DC
3-kV power supply system in domestic urban railway, by combining with certain
line of Shenzhen subway, this paper carries out corresponding feasibility calcula-
tion and analysis elaborately, and the following conclusions are obtained:
Compared with the DC 1.5-kV system, the distance between average substations is
improved by around 1.8 times, the amount of substations is reduced from 13
substations into 8 substations, and the length of each feeding arm is longer in the
DC 3-kV system; besides, the maximum rail potential is only 100 V in the DC 3-kV
system, which is lower than the restriction standard of rail potential. Combining
with the substation maximum powers under operation abscission of DC 1.5-kV
system and DC 3-kV system, corresponding recommended design capacities of
single unit under operation abscission are, respectively, obtained. Based on the
calculation result and economy, the feasibility and superiority of DC 3-kV system
are proved.

Acknowledgment This study was partly supported by Special Funds of Education Combined
with Production and Research (2012B090500022).

Table 32.2 Power supply design project of DC 1.5-kV system

Substation Wen Jin Huangbei
Ling

Liantang
Port

Wutong
Mountain

AK9 Shatou
Jiao

Yan
Gang

Recommended
capacity (kW)

2500 3300 3300 4000 3300 3300 3300

Substation Foreign language
institute

Dong
Haidao

Eastern of
Yangang

Da
Meisha

AK26 Xiao
Meisha

Recommended
capacity (kW)

4000 4000 4000 3300 2750 2000

Table 32.3 Power supply design project of DC 3-kV system

Substation Wen Jin Luohu
Gymnasium

Wutong
Mountain

Shatou
Jiao

Recommended capacity
(kW)

4000 5000 5000 5500

Substation Foreign language
institute

Yantian Shijie Da Meisha Xiao
Meisha

Recommended capacity
(kW)

5500 5000 4000 4000
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Chapter 33
The Chaos Research on Anti-Control
of PMSM of Electric Vehicle Based
on Adaptive Method

Lidong Liu

Abstract Nowadays, it was speeded up the pace on research of the electric vehicle.
In fact, the electric vehicle suffered the impact of turbulent air flow with certain
chaos characteristics, while the vector control strategy ignored the characteristics.
To this end, this paper presents a new idea of control system for electric vehicle
main drive permanent magnet synchronous motor (PMSM) which is called the
chaotic anti-control system. For the chaotic mathematical model of PMSM, the
adaptive method is used to analyze it and the simulation images of the chaos
anti-control method were given. The research provided the theory basis for the
anti-control of main drive PMSM in electric vehicle.

Keywords Permanent magnet motor � Anti-control � Adaptive method � Chaos

33.1 Introduction

With the development of energy conservation and emission reduction, motor is
used to be the main driving force of electrical vehicle, which is a new trend
undoubtedly. So the research on main drive motor of electric vehicle has an
important practical significance and a good application prospect.

The major studies are as follows: In 1994, Hemati N proposed the method of
time coordinate transformation and state quantity transform. In 1998, Chen
Guanrong proposed the Lyapunov index configuration method for discrete non-
linear systems; in 2000, Guan Xinping and Wang Xiaofan proposed the indirect
time delay feedback method for continuous system. In 2001, Chen Guanrong and
some other people proposed chaotic anti-control method based on absolute value
feedback. In recent years, he puts forward chaotic anti-control method based on
fuzzy neural network, which uses piecewise linear control function. In 2003, Omer
discussed the anti-control problem of controllable dynamic system, which is based
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on continuous-time system chaos of controllable canonical form and observer
synchronization, and in 2004, Starkov discussed the polynomial chaos anti-control
problem for continuous-time system. And in 2006, Ren Haipeng, Liu Ding, and
Han Chongzhao proposed direct feedback control method. In 2002, Pari J.B and
Li Z solved the chaos anti-control problem of surface-mounted PMSM [1–5].

33.2 The Mathematical Model of PMSM

Firstly, according to the actual electrical vehicle system, construct the working
principle diagram of the main drive PMSM, which is shown in Fig. 33.1.

To simplify the fact analysis, the assumptions are for the electrical vehicle main
drive PMSM as follows [6, 7]:

1. Ignore the saturation degree of iron core and the superposition principle can be
used. Both inductance and movement potential coefficient are constants.

2. Both hysteresis loss and eddy current loss are regardless in the iron core.
3. Permanent magnets produce constant magnetic field lines and do not consider

the magnetic effect and demagnetization effect.
4. The PMSM air gap is distributed equally; namely, the quadrature axis induc-

tance is equal to direct axis inductance.

The actual parameters of main propulsion PMSM in electrical vehicle are shown
in Table 33.1.

Fig. 33.1 The working principle diagram of main propulsion motor

Table 33.1 The main drive
PMSM parameters

Categories Numerical

Rated voltage/V 220

Moment of inertial/kgm2 0.000058

Damping coefficient/N �m � s=rad 0.00347

Kinetic coefficient 0.216

Load torque/N �m 79.86

Winding resistance/X 0.212

Winding inductance/mH 2.26
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33.3 Adaptive Controller Design

The adaptive method is used that controlled system tracks the chaotic system by
setting the controller to achieve the goal of chaotic anti-control and in the situation
of motor parameter changes, the adaptive method by adding adaption law
can correct the parameters of the controller to make the anti-control more stable.

Controlled system of electrical vehicle main drive PMSM is shown in formula
(33.1)

_ia ¼ � Ra
La
ia � km

La
Xþ Vin

La
_X ¼ km

J ia � RX
J X� Ti

J

(
ð33:1Þ

Tracking chaotic system is the Duffing system, and make center point of the
Duffing oscillator translating to steady point (iaN ;XN ) of PMSM in order to guar-
antee the dynamic performance, in which iaN is the rotor current of the motor during
steady state operation and XN is the motor speed during steady operation stage.
After the transformation, the equations of Duffing system are:

_x1 ¼ x2 � XN

_x2 ¼ �0:5x2 þ x1 � ðx1 � iaNÞ3

þð0:5XN � iaNÞþ 0:6 cos t

8<
: ð33:2Þ

According to the principle of tracking method, if the error is expressed as
e ¼ y� x, then:

_e1 ¼ _ia � _x1 ¼ � km
La
e2 � Ra

La
e1 � Ra

La
x1 � km

La
þ 1

� �
x2 þXN þ u1ðtÞ

_e2 ¼ _X� _x2 ¼ km
J e1 � RX

J e2 þ km
J � 1

� �
x1 � RX

J � 0:5
� �

x2

þðx1 � iaNÞ3 � ð0:5XN � iaNÞþ 0:6 cos tþ u2ðtÞ

8>>><
>>>:

ð33:3Þ

When lim ej j ¼ C (time t ! 1 and C is the constant), controlled system tracked
the chaotic situation, where Ra=La ¼ a11, km=La ¼ a12, km=J ¼ a21, RX=J ¼ a22.
The control law is shown in formula (33.4):

u1ðtÞ ¼ ~a12e2 þ ~a11e1 þ a11x1 þða12 þ 1Þx2 � XN � e1

u2ðtÞ ¼ �~a21e1 þ ~a22e2 � ða21 � 1Þx1 þða22 � 0:5Þx2
�ðx1 � iaNÞ3 þð0:5XN � iaNÞ � 0:6 cos t � e2

8>><
>>: ð33:4Þ
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Putting the formula (33.4) into formula (33.3), we get:

_e1 ¼ ð~a12 � a12Þe2 þð~a11 � a11Þe1 � e1
_e2 ¼ ða21 � ~a21Þe1 þð~a22 � a22Þe2 � e2

�
ð33:5Þ

Lyapunov function is:

V ¼ 1
2

e21 þ e22 þð~a12 � a12Þ2 þð~a11 � a11Þ2
h

þða21 � ~a21Þ2 þð~a22 � a22Þ2
i

ð33:6Þ

Then, in the formula (33.6), the error system trajectory V is:

_V ¼ e1 _e1 þ e1 _e1 þð~a12 � a12Þ _~a12 þð~a11 � a11Þ _~a11 þð~a22 � a22Þ _~a22 þð~a21 � a21Þ _~a21
¼ �e21 � e22 þðe21 þ _~a11Þð~a11 � a11Þþ ðe22 þ _~a22Þð~a22 � a22Þ
þ ðe1e2 þ _~a12Þð~a12 � a12Þþ ðe1e2 þ _~a21Þð~a21 � a21Þ

ð33:7Þ

Therefore, adaptive law is:

_~a11 ¼ �kð~a11 � a11Þ � e21
_~a22 ¼ �kð~a22 � a22Þ � e22
_~a12 ¼ �kð~a12 � a12Þ � e1e2
_~a21 ¼ �kð~a21 � a21Þ � e1e2

8>><
>>: ð33:8Þ

where k� 0. Putting adaptive law (33.8) into the formula (33.5), we get:

_V ¼ �e21 � e22 � k½ð~a11 � a11Þ2

þð~a22 � a22Þ2 þð~a12 � a12Þ2 þð~a21 � a21Þ2� ð33:9Þ

Because k� 0 and V is not positive, according to the Lyapunov stability theo-
rem, the error dynamic formula (33.9) is asymptotically stable at zero point, so as to
realize tracking the trajectory of Duffing chaos system of two-order linear stable
system, which realizes the chaos of two-order continuous-time stable linear system.

33.4 The Chaotic Criterion

The distance growth rates from n different directions are different, and each growth
rate is a Lyapunov index. For chaotic system, one Lyapunov index is positive at
least, and it means that when T is infinite, /TðxÞ is unbounded. Since the system is
nonlinear, when T is large enough, the basic solution matrix of linear system /TðxÞ
has a larger error, even though its characteristic value mi cannot be calculated
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accurately, so it cannot accurately reflect the emission rate between two adjacent
phase trajectories.

Therefore, we use the method of variation equation piecewise integral to correct
the result. Select the appropriate step size T being greater than zero. The initial state
x0 (it must be in the solution domain) is greater than 0. If x0 ¼ x0 and
xk ¼ 1ðxðk�1ÞÞ; k ¼ 1; . . .; n, so is integer K. Then we have:

/KT xð0Þ
� �

¼ /T xðK�1Þ
� �

� � �/Tðxð0ÞÞ ð33:10Þ

where T is not very large here, so every stage of /TðxðkÞÞ and integral can be
accurately calculated.

Thus, n Lyapunov indexes can be got from the following formula [8, 9]:

ki � 1
KT

XK
K�1

ln z � vðkÞi � z ð33:11Þ

And Lyapunov index should be satisfied with
P

i¼1 ki\0 .

33.5 Simulation

The system is simulated in order to analyze the whole system. Firstly, the operation
parameters of electrical vehicle PMSM are set to be constant. The rotor current,
speed and rotor current rotational speed phase space trajectory are shown in
Figs. 33.2, 33.3 and 33.4 in the period of 99–101 s.

In order to validate the adaptive method, change the motor parameters when the
motor runs to 100 s, and the results of the system are shown in Figs. 33.5, 33.6,
and 33.7.
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profile of invariable parameter
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When the parameter was variable, rotor current rotational speed and phase space
trajectory jumped out from one attractor to another, which reflects that adaptive
controller can adjust automatically when the parameter is variable. The largest
Lyapunov index is 0.682, which guarantees the effectiveness of control method, and
adaptive method is illustrated that the motor enters a chaotic stage by this means. In
addition, it can adjust the control regulation automatically to make the motor still
track the chaos system.

Using the adaptive method to make the control system of electrical vehicle main
drive PMSM being into chaos, according to the working condition and when the
outer parameters change, the adaptive controller can adjust the parameters
numerical at any time, which has a good anti-jamming performance.
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33.6 Analysis of Test Result and Optimization Design
of Stator Structure

According to the mass participation factors in Table 33.2, the resonance process and
stator vibration are relatively stable, when front cover cabinet and the body in the
low-order frequency vibrate intensely. The mass participation factor is higher,
losing much energy consumption. In the higher-order case, the cover vibration is
violent. Both chassis vibration and stator vibration without shell cooling ribs were
in Fig. 33.8 at 1156 Hz, while vibration with cooling ribs was as in Fig. 33.9.

Table 33.2 The resonance frequencies of the whole PMSM at the take-off stage

Moe number Frequency X direction Y direction Z direction

1 69.79 0.072779 0.026544 8.1276e-008

2 145.71 0.026156 0.074869 1.9856e-006

3 181.99 0.017569 0.48941 7.8094e-005

4 268.65 1.7001e-006 3.243e-009 0.27362

5 542.97 7.6432e-007 2.5514e-006 1.4164e-009

– – ∑X = 0.11651 ∑Y = 0.59083 ∑Z = 0.2737

Fig. 33.8 Vibration without cooling ribs
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33.7 Conclusion

Adaptive method is used for electric vehicle drive motor system to realize chaotic
anti-control, and it proves it is feasible in theory to control an electrical vehicle
main drive PMSM by the method. From the view of complexity of the con-
trol system, the adaptive method is extraordinary complex, including three state
equations and three controllers. But the adaptive method can make the chaotic
anti-control more reliable and adjust the controller parameters automatically, while
it can make the electrical vehicle accommodate the air flow in chaotic state.

Based on the chaos theory, the optimization method for main drive motor control
system of electrical vehicle is put forward, which uses the adaptive method to finish
chaotic anti-control for the system. Use MATLAB to get the images of electric
vehicle main drive PMSM, which proved the correctness of analyzed method.
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Chapter 34
Chaos Genetic Algorithm Optimization
Design Based on Permanent Magnet
Brushless DC Motor

Hongkui Yan, Lei Zhou and Lidong Liu

Abstract In the field of electric vehicles, the motor is the most commonly used
permanent magnet brushless DC motor, it is essential to design optimization. A new
method of genetic chaos optimization combination is proposed after analyzing the
advantages and disadvantages of genetic algorithm and chaos optimization method.
The chaos optimization algorithm can overcome shortcomings of failure in a wide
range and improve the local searching ability and accuracy of genetic algorithm,
which proves that the algorithm can converge to the global optimum with a large
probability. The satisfying results are obtained by applying the method for opti-
mizing the test function.

Keywords Genetic algorithm � Chaos optimization method � Electric vehicle �
Search algorithm

34.1 Introduction

Genetic algorithm based on the mechanism of natural selection and school groups is
a random, iterative, and evolutionary, search method, which has wide application.
Although the genetic algorithm can converge to the global optimal solution with
probability, but the local search speed and accuracy cannot get a good guarantee
due to the limitation of the structure of algorithm, the code length, and the com-
plexity of algorithm. Chaos optimization algorithm is a new search algorithm, the
basic idea of which is to transform the variables from the chaotic space to the
solution space, then search by the chaos variables having the features of ergodicity,
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randomness, and regularity. The chaos optimization method is not sensitive to the
initial value, easy to escape from local minimum point, fast search speed, and global
asymptotic convergence. Literature [1, 2] proposed the varying-scale chaos opti-
mization algorithm. This paper combines the genetic algorithms and chaos opti-
mization to research the genetic chaos optimization algorithm [3].

The following three strategies are proposed for improving GA due to the early,
slow convergence and other shortcomings and deficiencies of the standard genetic
algorithm.

34.2 Adaptive Crossover and Mutation Genetic Algorithm

The choice of crossover probability Pc and mutation probability Pe in the genetic
algorithm is the key parameters which influence the behavior and performance of
genetic algorithm and directly affect the convergence of the algorithm. The greater
the crossover probability Pe is, the faster the new individuality produces. Such
individual having a high-fitness-value structure is destroyed very quickly. But for
the crossover probability Pe, if it is too small, it will make the search process slow,
even precocious stop. For the mutation probability Pe, if it is too small, it is not easy
to produce a new individual structure and the genetic algorithm becomes purely
random algorithm if it is too large. To overcome the fixed limitations of the
crossover and mutation probability simple genetic algorithm generating, this article,
based on the convergence status changes, allows crossover and mutation probability
adaptively to ensure the rapid evolution of the early search and individual diversity.

The change of adaptive crossover probability formula is

Pc ¼
0
ðfmax � fcÞ=ðfmax � favÞ
1:0

8<
: ð34:1Þ

fc � fmax

fc � fav
fc\fav

8<
: ð34:2Þ

In the formula, fc is crosslarge bodies of two fitness values, fav is the average
fitness of the previous generation, and fmax is maximum fitness value of the previous
generation. When two bodies are adapted to a low degree less than the average
fitness of previous generations, the results help them poor fit and intersect with
probability of 1 in order to obtain a new individual to adapt a higher degree; When
crossing two bodies are larger than fmax, this individual fitness is high. The best
retention policy is used not to cross and copy directly to the next generation; When
fc is between fav and fmax, change of adaptive crossover probability is used, which is
bigger than average probability, and crossover probability is smaller in order to
reduce the probability of excellent individuals destroyed.
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The adaptive mutation probability change of the formula is [4, 5]:

pm ¼ pm1 þðpm2 � pm1Þ � t=tmax ð34:3Þ

In the formula, pm is the first generation of T in the individual mutation proba-
bility, tmax is the biggest evolution algebra. pm1; pm2 is the last and the initial of
mutation probability, respectively, ðpm1\pm2Þ. When the evolution of algebra
increases, pm increases gradually. This is because the post-genetic algorithm will be
flooded with a large number of individual populations of the same generation, which
will allow the algorithm stalled and it need constantly improve the mutation rate.

34.3 Chaos and Improved Genetic Algorithm to Optimize
the Design for Permanent Magnet Brushless DC
Motors

34.3.1 Genetic Manipulation Design

Genetic manipulation of permanent magnet brushless DC motor is designed for the
study, including encoding and decoding to generate the initial population, selection,
crossover, and mutation. Considering the binary encoding and decoding flexibility,
this paper uses a binary encoding. The 11 discrete optimization variables based on
the accuracy and range changes are considered. Different length binary is coded into
substrings and sequentially join together to form an individual. Consider the pro-
cess precision, balance each optimization variable length coding and minimize the
amount of calculation and other aspects of factors. In this paper, the optimization of
discrete variable step size is selected as follows:

scale var ¼ ½1; 1; 0:35; 0:1; 0:1; 0:1; 0:1; 0:05; 0:1; 0:1; 0:1� ð34:4Þ

Corresponding to the formula (34.3) in the optimization variables,

X ¼ Ns;Nt1;La; bM; hM; b1; h12; g; br1; br2; hr12½ � ð34:5Þ

The above optimization variables are coded using the following functions:

bits ¼ ceilðlog 2ððmaxvar �minvarÞ=scale varÞÞ
bin�gen1 ¼ rand intðpopsize; sumðbitsÞÞ

�
ð34:6Þ

Among them, ceilðÞ is an integer function, rand intðÞ is a function of the matrix
to produce a certain number of bits. Since the permanent magnet brushless DC
motor has non-uniform change in the diameter of the wire, encoding is independent.
To take eight kinds of gauge near the initial plan value, its first integer number is
0; 1; 2; . . .; 7. The larger the number is, the larger the diameter is. The optimization
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variables such as the diameter correspond to the length of three code string, coding
encoded into between 000��111. Decoding is binary chromosome into the values
of the optimize design variables. For continuous uniform discrete variables, based
on the correspondence between binary and decimal, it is easy to obtain a decoded
value for wire diameter. By the encoder convert numbers to get the serial of the wire
and according to the correspondence between the wire diameter and number, the
wire diameter was got. Decoding is the order to generate the initial population in the
end.

Before generating the initial population, the population size needs to be determined.
The larger the group is, the higher the diversity of groups of individuals is. However,
when population size is too large, it will greatly increase the amount of calculation
which will impact optimized for speed. This article takes popular size of 40.

After determining the size of the population, in this paper, the initial program
coded permanent magnet brushless DC motor as an individual to join the popu-
lation. This is done because the optimal design of linear motor is based on the initial
program conducted. The performance of its technical indicators generally better, its
optimized design variables corresponding point value should be at least in feasible
region.

Selecting the operation is to determine the individual to get the chance in the
next generation according to the size of individual fitness values. The greater the
fitness is, the greater the probability is selected. The selection probability is cal-
culated as follows:

pi ¼ fi=
XN
j¼1

fj ð34:7Þ

fi is the ith individual fitness,
PN

j¼1 fj is the sum of all the individual populations of
fitness, N is the population size, and pi is the ith individual selected probability.
Cross into a single point and multipoint, then intersect two body swap portion gene
fragments, which is the primary means to generate new individuals. In this paper,
the single-point crossover manner is used. Crossprocess is shown in Fig. 34.1.
Crossover probability Pc controls the crossover frequency to use, which opens the
larger new search area in favor of genetic algorithms, but the possibility of having
excellent properties of the gene cluster is destroyed and increases, resulting in
excellent structural genes which are frequently destroyed. This will definitely
reduce the global search ability of genetic algorithms. Crossover rate is too low,
which will more directly step into the next generation of the parent and make
genetic algorithms premature or immature convergence phenomenon.

In each of a pair of chromosomes, first generation [0, 1] interval random number
d, according to the size d and pm, determines this bit whether to mutate, if Pm � d,
this bit from 0 ! 1 or from 1 ! 0; if Pm\d, the bit is to maintain the original gene
value. Figure 34.2 is a schematic diagram of variation.

These laid a solid foundation for the realization of the preparation of permanent
magnet brushless DC motor optimization program.
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34.3.2 Design Optimization Software

Figure 34.3 is based on improved genetic algorithm optimization of permanent
magnet synchronous motor program flow. According to the flow chart of Fig. 34.3,
the MATLAB language is used to optimize the preparation of the design process.

The optimization program includes initial data input module, start permanent
magnet synchronous motor electromagnetic calculation program, crossover, muta-
tion operator selection operator, and the output module. The optimization program
has been successfully debugging and can be used to optimize the design.

34.3.3 Genetic Chaos Optimization

Assume continuous optimization problem can be described in the following form:

min f ðx1; x2; x3; . . .; xnÞ;
xi 2 ½ai; bi�; i ¼ 1; 2; . . .; n

ð34:8Þ

Genetic algorithms and chaos optimization method has a great difference in the
genetic algorithm because of its inherent algorithm structure, mapping, and search
granularity, which is the solution of the original problem space mapped to code
space. Suppose xi 2 ½ai; bi�, use m bit binary code; then, the accuracy of search
results of the xi can be achieved ðbi � aiÞ=2m and then search the granularity of
ðbi � aiÞ=2m. The chaos optimization algorithm is a chaotic space; it is mapped to
the original problem solution space while the search for global use of the intrinsic
properties of chaotic variables. In practical applications, chaos space always has
some limitations, such as the formula (34.9) logistic mapping is [6, 7]:

1001 011 1001 101
0101 101 0101 011

Fig. 34.1 Schematic of crossprocess

1 0 0 1 0 1 1

1 0 0 1 1 1 1

Fig. 34.2 Schematic of variation
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tkþ 1 ¼ ltkð1� tkÞ ð34:9Þ

Among l is a control parameter, take l ¼ 4, suppose 0� t1 � 1, k is a positive
integer, it is easy to prove. When u ¼ 4, the system is fully in a chaotic state, its
chaotic space is [0, 1], whichever accuracy is 10�3, let the size of the original
problem solution space is as li. The accuracy of chaos optimization search is
li� 10�3. If genetic algorithm uses binary encoding, the particle size of the selected
search is h; let the range of the xi linear mapping to length is li binary bit string,
then a feasible solution to this problem corresponds to

P
li ¼ l binary bit string,

selected discrete hybridization, hybridization of each variable tap in the sub-bit
string of the specified bit in the hybridization. Chaos space Chaos optimization
method logistic map selection formula (34.8) is generated.

34.4 Test Analysis

The wind tunnel test can imitate actual flying condition of UAV, which can provide
a scientific and true test data. After the wind tunnel test, a flying test is performed to
UAV. The thermal rise of cooling house, stator iron core, and winding is measured
restrained by the test condition when the wind tunnel test and flying test are per-
formed. The maximum thermal rise of each stage is measured. Table 34.1 gives data

Fig. 34.3 Motor optimization
flowchart
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of simulation value, wind test value, and flying test value. It can be seen that the
simulation data of cooling house, stator iron core, and winding can conform to the
wind tunnel test and flying test value, which proves the correctness of fluid–solid
coupling calculation for thermal field.

Table 34.2 LPMSM optimize performance before and after the change table

Project Before optimization After optimization Unit

Efficiency 0.933 0.932 –

Power factor 0.958 0.976 –

Pull-out torque multiples 2.509 2.834 –

Starting torque multiples 2.33 2.53 –

Starting current multiples 7.88 8.99 –

Thermal load 73.225 87.196 A2/mm3

Cost of materials 9051 9026 yuan

No-load EMF 207 210.6 V

Coil space factor 0.82 0.76 –

Stator gap flux density 0.785 0.844 T

Stator tooth flux density 1.612 1.563 T

Stator yoke flux density 1.594 1.681 T

Rotor tooth flux density 1.406 1.499 T

Rotor yoke flux density 0.754 0.729 T

Conductor per slot 20 19 root

Core length 170 169.7 mm

Gas length 1 0.9 mm

Stator wire diameter 1.12 0.95 mm

Number of strands 6 7 root

Stator slot shoulder breadth 7.3 6.4 mm

Stator slot height 25.6 25.5 mm

Rotor slot shoulder breadth 3.4 3.81 mm

Rotor slot height 22 23.81 mm

Ring outer diameter 256 253.2 mm

Ring inner diameter 210 205.97 mm

Table 34.1 Contrast for the simulation value and test value of each electrical components with
highest rise temperature

Classification Climb stage Cruise stage

Position Coil Iron core Shell Coil Iron core Shell

Simulation 120 98 88 126 122 93

Wind test 121 100 90 129 124 91

Error (%) 0.8 2 2.3 2.4 1.6 2.2
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34.5 Simulation

In order to verify the correctness of the program, the program used 22 kw per-
manent magnet brushless DC permanent magnet motor optimal design. Among
population size popsize ¼ 40, pcl ¼ 0:95, pc2 ¼ 0:5, pm1 ¼ 0:001, pm2 ¼ 0:01
evolution algebra maxgeneration ¼ 100.

Table 34.2 lists the permanent magnet synchronous motor control data before
and after optimization iterations chosen 100 times.

It can be shown in Table 34.2, after optimization, all the parameters such as
power factor PFN, out torque multiplier Tmax, starting torque multiplier Tst and
pull-in torque multiplier Tpi have been increased, while effective material cost of the
motor is reduced by 25 RMB.

Figure 34.4 is 100 times iterative optimization algorithm to track the genetic
map. It can be seen that in the optimization process, the largest population of
individual fitness and average fitness radiated a steady growth trend. In the latter
part of the genetic algorithm, the best individual fitness population has essentially
the same one, which is taken as the best results that have been found, so opti-
mization can be terminated.

Fig. 34.4 100 iterations of genetic algorithm optimization tracking chart
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34.6 Conclusion

A new search optimization method is proposed, namely genetic chaos optimization
combination method, which makes full use of advantages of genetic algorithm and
chaos optimization method, respectively. The search space of optimization vari-
ables is shrunk in the optimization process. The searching accuracy, efficiency and
accuracy of optimization variables are well, and the proposed algorithm lays a
theoretical foundation for the development of electric vehicles. The proposed
method is simple to use, is easy to program, and is a promising optimization
method. The simulation example shows that the proposed method is effective in
continuous optimization.
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Chapter 35
Analysis and Solution of Rail
Traction PMSM in Machinery

Qiujia Guan

Abstract With the speed and load increasing, the vibration noise problems of rail
traction high-power density permanent magnet synchronous motor (PMSM)
became more serious. The vibration characteristics of permanent magnet motor
were introduced in this paper, and the 3D analysis model was established using the
finite element method. All the parts of rail traction PMSM considering the whole
vibration analysis were studied under different working conditions. The simulation
analysis and experiment data are compared, which verified the correctness of the
simulation analysis. Both resonance frequency and energy consumption ability of
rail traction PMSM were analyzed under different working conditions, while
chassis damage of rail traction motor was analyzed.

Keywords Permanent magnet synchronous motor (PMSM) � Vibration analysis �
Main propulsion motor � Radial force wave

35.1 Introduction

Vibration noise is one of the major technical indicators of motors. Motor vibration
mainly consists of electromagnetic vibration, mechanical vibration, and vibration of
gas. The electromagnetic vibration and mechanical vibration are directly related
with natural frequency of motor rotor. So, to reduce the vibration noise of rail
traction permanent magnet synchronous motor (PMSM), we must seriously study
the mechanical vibration characteristics of rotor, stator natural frequency, and
inherent state of the motor, in order to propose reasonable structure design, improve
motor design level, and design quality to enhance competitiveness. The literature
[1–4] has been used the energy method about natural frequency of stator to make
calculation analysis. With the development of the numerical method and the birth of
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the advanced test equipment, the literature [5] began to use the finite element
method to calculate the natural frequency of the motor stator.

Researches on the electromagnetic vibration theory of motor are earlier in
developed countries; many scholars have conducted in-depth research about the
generation of electromagnetic vibration mechanism and influence factors of elec-
tromagnetic vibration. The literature [6–8] pointed out earlier that putting the
induction motor stator as a single ring, study the electromagnetic vibration and
noise and ignore the impact of the motor housing. There is a wide gap between the
actual, so we need to consider the impact of additional components. The literature
[9] pointed out that the magnetic field inside the motor is one of the main causes of
mechanical vibration or noise generation, where the numerical method used by
people for solving electric field is relatively easy now. However, the application of
mechanical force excitation was difficult to stator. It is an important reason that
there are large calculation errors when calculating the stator inner surface stress.
The literature [10, 11] conducted a more in-depth study about the influence of
inputting the noise harmonic of induction motor; the results show that the noise
level of harmonic current and harmonic voltage generated will be very high. When
the harmonic frequency is close to the natural frequency of the stator, it is enough to
produce obvious noise.

At the same time, compared with the ordinary motor, PMSM has a more
compact structure and widely used in fractional-slot concentrated-winding-type
structure, so there are more complex space, time harmonic, and vibration spectrum.
In this paper, the characteristics and design model of the PMSM were considered.
This will produce the problem of low strength, therefore.

In this paper, the analysis formula of spatial distribution along the radial force
was calculated, and vibration of PMSM from the point of force was analyzed. Using
the finite element method, the overall motor natural frequency in modal was ana-
lyzed and calculated, while various resonance frequencies of vibration mode and
energy consumption were analyzed.

35.2 The Vibration Characteristic Calculations
of Permanent Magnet Motor

35.2.1 Building a Mathematical Model

Currently, when studying the vibration characteristics of the motor, researchers had
a few study on the overall vibration characteristics. The literature [12–14] con-
ducted a separate study about the vibration characteristics of the stator and rotor. It
had a large difference between the actual vibration characteristic coupling system of
stator and rotor of the motor. The calculation results of finite element were com-
pared with experimental data, verifying the accuracy of the results of finite element
calculation.
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In this paper, model of the whole machine of rail traction PMSM was built and
the vibration characteristics of complex conditions were studied. Based on the
principles of Halllilton coupled modes, the relationship between stress and strain or
strain and displacement, motion equation of the motor structure is derived for the
following:

KuþR _uþM€u ¼ F ð35:1Þ

where K is stiffness matrix, M is mass matrix, R is damping matrix, ratio is the
displacement vector of node, and F is nodal force of vector.

Through the finite element analysis of the structure, the vibration mode and
natural frequency of the motor can be obtained. The calculation of the natural
frequency is generally non-damping-free vibration, so in Formula (35.1), make
F = 0; time derivative was replaced by jx. The undamped free vibration modal
analysis is corresponding to the eigenvalue problem of motor structure:

ðK � x2MÞu ¼ f0g ð35:2Þ

According to sufficient and necessary conditions, system of linear equations had
nonzero solution:

K � x2M
�� ��u ¼ f0g ð35:3Þ

where xj; uj is, respectively, the natural frequency and vibration mode of the
structure of the motor.

35.2.2 Building a Physical Model

The material of shell is cast iron, material of the stator core lamination is silicon
steel sheet, and the silicon steel sheet is coated with a thin layer of insulating
material, while the winding material is copper. The motor is widely used in various
fields of power plant, chemical industry, machinery manufacturing, etc. The motor
rotor is a key component of the motor system. The vibration characteristics directly
affect the vibration noise and the working life of the whole unit. Assemble the
stator, the shell, rotor, and shaft. Two systems are connected by a bearing. Because
the winding has little influence on the vibration frequency, using the simplified
model to build winding, at the same time, the winding with the stator is assembled.
Rotor dynamic design is an important part in the motor design, and the vibration
characteristics directly affect the performance of the motor system.

Excessive vibration caused structural fatigue and loose, thereby undermining the
structure. And it will affect the flux density, resulting in deterioration of motor
performance. Vibration of the rotor becomes very serious in its critical speed, to
ensure that the rotor will not resonate within the operating speed range; the critical
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speed should deviate from the working speed. Thus, the accurate calculation of the
natural frequency of the rotor structure is good for avoiding the damage caused by
the use of resonance in rotor.

The design should follow the following principles: (1) The algorithm can
approximate the boundary of the region well, (2) a small amount of data input,
(3) the characteristic of grid rules is good, (4) high operating efficiency, and
(5) algorithm has broad applicability. In this paper, consider grid distribution
technology of planar region, grid generation technology, mesh optimization, and
node number. Using the most popular triangulation named Delaunay and advancing
front method, triangular mesh of high quality can be generated. Divide especially
for part of bolt connection, the contact part, and the sharp part. Ensure the accuracy
of the calculation. The physical model is shown in Fig. 35.1.

35.2.3 Solving Basic Assumptions

(a) The stator yoke is a circular rigid body. (b) The stator tooth and the coil stiffness
are zero, so their impact on the stator yoke was considered to use additional quality.
(c) Axial ventilation holes and other stator yoke gap are reduced to only consider
simple quality. (d) An electromagnetic force wave whose times is r on the stator
yoke torus, can change stress wave periodicly in time and be symmetrical along the
entire circumference of the yoke. (e) Ignore damping effect. Here are several points
to be discussed:

1. Reeb times r = 0.

In this case, the vibration pattern of stator yoke ring is stretched a reduction of
pulsation, as shown in Fig. 35.4a; at this time if the radial force changes with cosine
alternating, the vibration equation is as follows:

Fig. 35.1 Schematic diagram
of the whole PMSM
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m
d2y
dt2

þKf 1y ¼ Fm cosxt ð35:4Þ

Its solution is as follows:

y ¼ ym cosxt ð35:5Þ

where Fm is the amplitude of alternating radial force. Kf 1 is the stiffness of the stator
yoke.

ym¼ Fm

Kf 1 � mx2 ð35:6Þ

If the denominator approaches to zero in (35.6), ym approaches to1, and there is
a phenomenon of resonance. Then, the resonance angular frequency and resonance
frequencies are as follows:

x0 ¼
ffiffiffiffiffiffiffi
Kf 1

m

r
ð35:7Þ

f0 ¼ 1
2p

ffiffiffiffiffiffiffi
Kf 1

m

r
ð35:8Þ

Compared with the object of the resonant frequency and the natural frequency, it
can be seen that both are equal. It shows that when the excitation wave frequency
and the natural frequency of the stator yoke are equal, then resonance phenomenon
will occur. Also, it can be seen that the key is how to find stiffness Kf 1. Figure 35.2
shows the spatial pattern of general AC and DC motor stator yoke vibration(r ≤ 4).

2. Reeb times r = 1.

This type of vibration as a rotating force acts on the motor core, similar to the
weight of the rotor vibration under the condition of unbalanced rotation. If the
motor is equipped with shock absorbers below, the stator is free oscillating body;
the natural frequency of the stator yoke is as follows:

Fig. 35.2 The pattern space of stator yoke vibration
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f0 ¼ 1
2p

ffiffiffiffiffiffi
KD

m

r
ð35:9Þ

where KD is damper stiffness.
If the motor is fixed on the basis of the foot, the stator yoke is regarded as a

fan-shaped ring body with angle for export; the inherent vibration frequency can be
calculated as follows:

f0 ¼ f ðaÞ
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eh3f

12m�R4
f 1

s
ð35:10Þ

where the numerical value of f ðaÞ is obtained by Fig. 35.3.

3. Reeb times r ≥ 2.

Mostly, the vibration in motor stator yoke belongs to the type, and the natural
frequency of vibration can be calculated as follows:

f0 ¼ r r2 � 1ð Þ
2p

ffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ 1

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eh3f

12m�R4
f 1

s
ð35:11Þ

All kinds can be seen from the above; in the same data condition, the greater the
average radius of the stator yoke has, the lower the natural frequency is. Usually,
use reeb shape and reeb order to define the orders of the shape of the corresponding
stator vibration modes and natural frequencies. When the force wave frequency and
the order correspond to the natural frequency of the stator, modal will result in the
resonance. Vibration and noise of the motor will be particularly large, so this
phenomenon of motor noise and vibration in motor design must be avoided.

In order to reduce the vibration noise of the motor, except for reducing the
magnitude of electromagnetic exciting force, the frequency of the stator and the
rotor vibration frequency will avoid equally the frequency of electromagnetic
exciting force. Otherwise, the small electromagnetic excitation force will produce

Fig. 35.3 The curve of f ðaÞ
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greater vibration noise due to resonance. Therefore, in the stage of motor design, we
need to use the accounting method for calculating the natural vibration character-
istics of the stator and rotor. Though the electromagnetic radial force of motor in air
gap has an effect on teeth or poles directly, the vibration amplitude generated by the
pole teeth is less than the vibration amplitude of the stator yoke. So for the stator, it
is mainly to analyze the natural frequency of both the stator yoke and the shell.

As shown in Fig. 35.4, in the lower-order vibration frequency, the rotor and shaft
vibrated hard, which affects the normal operation of the motor, causing damage to
the motor. Compared with the starting state, the vibration frequency of the motor
decreased slightly, but the impact is not big.

In the high order vibration frequency, mainly the shell vibrations and the stator
vibrations make rotor and shaft vibrating. This case shows that the resonance effect
has been reached, damaging the motor seriously. The whole vibration frequency of
the motor was increased slightly, but the impact is not big.

On entire process of resonance, the stator vibration is relatively stable. Cabinet
front cover and the body in the lower-order frequency vibrate more intensely, the
mass participation factor is higher, and energy consumption is more. In the
higher-order case, the cover vibration is violent. When at 181.99 Hz, there is the
most violent vibration, especially in shell vibration. Compared to others, internal
stator resonance frequency is improved. When at 268.65 Hz, axial vibration is
violent. However, due to limitations of the bearing material and the site having a
certain thickness, the position is still relatively safe.

The vibration process has damage of bolt connection part. Total mass partici-
pation factors are observed in Table 35.1. It can be seen at the lower-order reso-
nance frequency, rotor and shaft system relatively vibrate severely, the mass

Fig. 35.4 The resonance frequency vibration pattern map of takeoff. a 129.79 Hz. b 268.65 Hz.
c 181.99 Hz. d 268.65 Hz. e 542.97 Hz

Table 35.1 Each component materials of rail traction motor

Name Silicon Cast iron Copper–tin alloy

Yield strength N/m2 2.95594e+008 3.5e+008 9.7e+007

Tension strength N/m2 9.00826e+008 4.2e+008 2.34e+008

Mass density kg/m3 7800 7870 8890

Elastic modulus N/m2 2.1e+011 2.05e+011 1.3e+011

Thermal expansion coefficient Kelvin 1.1e−005 1.2e−005 1.8e−005

Poisson’s ratio 0.28 0.29 0.33
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participation factor is higher, and energy consumption is more, mainly in the axial
direction, relating to its special working conditions. In the higher-order resonance
frequency, the vibration of shell and the stator are relatively sharp, mainly con-
centrated in the radial, but the mass participation factor is not high. In the start-up
process of rail traction motor, the vibration frequency is gradually rising. By
increasing the radiating rib, which effects on the vibration suppression, it can reduce
the resonance range and avoid the occurrence of resonance and rail. Figures 35.5
and 35.6 showed the fault cases, including chassis damage and touch between stator
and rotor, which should be avoided.

35.3 Conclusion

Based on the finite element analysis of permanent magnet motor for rail engine, get
the resonance frequency map of permanent magnet motor of rail in different con-
ditions and the vibration map of resonance frequency. It is convenient to observe
the resonance when the vibration state occurs. At the same time, combined with the
mass participation factor map, the power consumption of their resonance can be
understood more clearly. Lay a solid foundation for mechanical structure of the
permanent magnet motor. Study on vibration of shell and solve the influence of
vibration on the rail effectively, avoiding the problem of rotor sweep chamber. At

Fig. 35.5 Chassis damage
during the experiment

Fig. 35.6 Touch between
stator and rotor
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the same time, inhibit the stator vibration combined with rail traction conditions
effectively. When combined with vibration map of resonance, solve the driving
device of rail, whose damage caused by the problem of driving. Combined with the
vibration frequency range (900–1500 Hz) from starting to cruise of rail traction
motor, contrast comparison analysis of above machine simulations. Inferred that in
the higher-order resonance frequency conditions in the actual operation, vibration
of shell and the stator is more intense, but the mass participation factor is not high.
At the same time, the vibration frequency of the motor avoids resonance with rail
outside.
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Chapter 36
The Chaos Research on Anti-control
of PMSM of Electrical Vehicle

Lidong Liu

Abstract At present, the PMSM control systems of electrical vehicle main drive
are mostly vector control system or direct torque control, while common control
system ignores the impact. Chaotic PMSM mathematical model is established in
this paper, and the delayed feedback and the tracking method are used on the main
drive PMSM of electrical vehicle for chaotic anti-control. Using Simulink system
simulation, lyapunov values and simulation images are obtained. The content
provides a theoretical basis for chaos anti-control of PMSM of electrical vehicle
main drive.

Keywords Control system � PMSM � Chaotic � Lyapunov � Electrical vehicle
main drive

36.1 Introduction

With the gradual development of energy conservation and emission reduction, the
skill of blade electric vehicles becomes more and more attentional, which provides
the opportunity for the development of electrical vehicle.

Currently, based on the new information technologies, chaotic neural network,
the burgeoning chaos control, and anti-control systems have a high stability,
accuracy, and reliability, which can not only be applied to pattern classification,
message encryption, signal detection, image processing, and optimization, but also
be applied to electrical vehicle main drive [1–4].

In this paper, combining with the motor load characteristics under different
operating conditions, the chaotic control characteristics of main propulsion motor in
electrical vehicle are studied deeply. The indirect delayed feedback and the tracking
method for electrical vehicle power system have been studied by Simulink
simulation.
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36.2 PMSM Mathematical Model

To simplify the analysis, the following assumptions are made for the main drive
PMSM of electrical vehicle:

1. Ignore the core saturation degree, and superposition principle can be applied.
The inductor and movement potential factor are thought to be constant.

2. Ignore the eddy current loss and hysteresis loss of iron core.
3. Permanent magnets produce constant magnetic field lines and do not consider

the demagnetization effect and magnetic effect.
4. The quadrature axis inductance is equal to direct axis inductance.

Combining with the principle diagram of main propulsion PMSM and the
assumptions, select the armature current and rotational speed X as state variables.
According to Kirchhoff’s law and Newton’s motion theory, the state equations can
be expressed as follows:

La
dia
dt þRaia þ ea ¼ Ua

J dXdt þRXXþ Tl ¼ Tm

8<
: ð36:1Þ

Change the formula (36.1) into the vector form, and we get the mathematical
model of electrical vehicle main drive PMSM:

_ia
_X

� �
¼ �Ra=La �km=La

km=J �RX=J

� �
ia
X

� �
þ 1=La 0

0 �1=J

� �
V
Tl

� �
ð36:2Þ

In this paper, the actual parameters 20-kW electrical vehicle main drive PMSM
is shown in Table 36.1.

Table 36.1 Main parameters
of PMSM drive

Category Values

Rated voltage/V 220

Moment of inertia/kgm2 0.000058

Moment of inertia/N �m � s=rad 0.00347

Sports coefficient 0.216

Load torque/N �m 79.86

Winding resistance/X 0.212

Winding inductance/mH 2.26
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36.3 Delayed Feedback

The directly delayed feedback method is that input voltage overlaid feedback
voltage to implement certain chaotic anti-control of the motor in the range of speed.

In order to achieve the chaotic motion of motor within a given range, based on
the open-loop control superimposed delayed feedback voltage, input voltage of
control system is as follows:

V ¼ V0 þ v ð36:3Þ

where V0 is open-loop control voltage and v is delayed feedback voltage.

When v ¼ 0 and
_X ¼ 0
_ia ¼ 0

�
, the steady-state response to open-loop system is

shown in formula (36.4):

0 ¼ � Ra
La
ia � km

La
Xþ V

La

0 ¼ km
J ia � RX

J X� Ti
J

(
ð36:4Þ

Corresponding steady-state equation is as follows:

ia 1 ¼ RXV þ kmTi
RaRX þ k2m

X1 ¼ kmV�RaTi
RaRX þ k2m

(
ð36:5Þ

When steady-state speed x1 is given, open-loop control voltage V0 is obtained
according to Eq. (36.5). Therefore, the key question is the design of delayed
feedback voltage.

The system equilibrium point from (X1; ia1) is moved to the coordinate origin,
we get the following:

� Ti
J ¼ 0

V0
L ¼ 0

�
ð36:6Þ

i0a ¼ � Ra
La
ia � km

La
Xþ v

La

_X0 ¼ km
J ia � RX

J X

(
ð36:7Þ

According to literature [5, 6] and other scholars of the state variable feedback
control in the theory of chaotic anti-control, the continuous delayed feedback
voltage of periodic signal is as follows:

v ¼ A sin rxðt � sÞ ð36:8Þ
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where xðt � sÞ is the delayed feedback state variables, τ is the time delay, A is the
amplitude, and σ is the angular frequency coefficient. When τ is large enough and
t < τ is satisfied, the Eq. (36.9) is as follows:

X0ðtþmsÞ � km
RaRX þ k2m

A sin r X0½tþ ðm� 1Þs� ð36:9Þ

where formula (36.9) shown to exist is Li-Yorke chaos in a sense, so selecting the
appropriate parameters can make system (36.5) appear chaotic. And coefficient X0

is determined by an iterative function in the formula (36.9) magnitude range. Add
the delayed feedback system (36.3) in (X1; ia1), and the oscillation peak DX is as
follows:

DX� kmV
RaRX þ k2m

ð36:10Þ

Thus, the average speed is adjusted by the open-loop control voltage, while the
delayed feedback voltage is adjusted by amplitude A. Chaotic oscillation adjustable
range can be controlled so that the rotational speed variation is defined in the given
desired chaos range.

With MATLAB simulation on the system, set Ti ¼ 0 and let the motor run at the
rated voltage (24 V). When the feedback voltage vðv ¼ A sin r xðt � sÞÞ meeting
anticipate effect, the motor is superimposed for three generations. Through multiple
simulations, when A = 5 and σ = 0.15, motor chaos phenomenon is more obvious.
The motor speed changes also coincide with the results of calculation. After cal-
culation, the largest Lyapunov exponent is 0.248. Motor rotor current waveform
period, the speed waveform, and phase space trajectory are shown in Figs. 36.1,
36.2, and 36.3 in the 194–195 s.
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Fig. 36.1 Rotor current
profile of A = 5 and σ = 0.15
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36.4 Tracking Method

Tracking method is not only suitable for discrete systems, but also is suitable for
continuous systems, which can easily achieve chaos anti-control of a given discrete
system. And just ensure that the error is a stable system, which relieves of design
task the designers to some degree [7, 8].

The state equation of the motor is as follows:

_ia ¼ � Ra
La
ia � km

La
Xþ Vin

La

_X ¼ km
J ia � RX

J X� Ti
J

(
ð36:11Þ
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The electrical vehicle propulsion motor parameters is as follows:

A ¼ �2:92 �1:16
0:345 �0:005

� �

This is a linear continuous system, and in order to ensure the performance of the
motor, this system tracks after Lorenz system. The steady-state operating point of
the motor is approximately ðiaN ;XNÞ points. In the point, iaN is the rotor motor
current of steady-state operation, and XN is the motor speed of the steady-state
operation. Formula (36.12) is the Lorenz system of equation [9].

_x ¼ 8
3 xþ xz� izNz� 8

3 izN
_y ¼ 10ðz� yÞþ 10XN

_z ¼ �z� ð28� izNÞyþXNx� xzþð28� izNÞXN

8><
>: ð36:12Þ

_x ¼ 8
3 xþ xz

_y ¼ 10ðz� yÞ
_z ¼ �z� 28y� xz

8<
: ð36:13Þ

Formula (36.12) is simplified to _X ¼ BX þ f ðXÞ matrix

B ¼
8
3 0 �iaN
0 �10 10
XN �ð28� iaNÞ �1

2
4

3
5

Let error _e ¼ _Y � _X:

_e1 ¼ �2:92ia � 1:16Xþ V
La
� 8

3 xþ izNzþ 8
3 izN � xz

_e2 ¼ 0:345ia � 0:005X� Ti
J � 10zþ 10y� 10XN

(
ð36:14Þ

If motor system follows the Lorenz system into chaos, it must be
lim ej j ¼ C(t ! 1 and C is a constant). To satisfy this condition, control law is
structured in two cases.

When all eigenvalues of the matrix A is negative:

_e ¼ Be ð36:15Þ
Control law is configured to:

U ¼ f ðxÞþ ðB� AÞX ð36:16Þ

When the eigenvalues of the matrix A are not all negative, the matrix A is
necessary to do pole assignment. The matrix A of motor-state equation eigenvalues
is less than zero, and the control law is constructed as follows:
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u1 ¼ xzþð83 þ 2:92Þxþ 1:16y� izNz� 8
3 izN

u2 ¼ �0:345xþð�10þ 0:005Þyþ 10z� 10XN

�
ð36:17Þ

_e1 ¼ �2:92e1 � 1:16e2
_e2 ¼ 0:345e1 � 0:005e2

�
ð36:18Þ

Based on linear system theory, the system (36.18) is a stable linear system, when
t ! 1 and ej j ! 1, controlled system turns into chaos. The rotor current profile,
rotor rotational speed profile, and rotor speed phase diagram are shown in
Figs. 36.4, 36.5, and 36.6 in the waveform period of 75–100 s.

It can be seen from the results that the motor current and speed waveforms
showed the chaotic state of fluctuation. By calculation, the system’s largest
Lyapunov exponent is 0.843, which is a further proof that motor propulsion system
is into a chaotic state.
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36.5 Conclusions

A new optimization idea of electrical vehicle main propulsion motor is put forward
based on chaos theory. Chaotic PMSM mathematical model of main drive is
established by the delayed feedback method and the tracking method, which proved
the correctness of analyzed method theoretically.

The delayed feedback method and the tracking method are used in the chaos
anti-control for the main propulsion motor system. The process of chaos
anti-control is simulated by Simulink. Compared with the control effects of two
methods, the delayed feedback method has simple structure and also can be con-
trolled by adjusting external voltage chaos amplitude. But it has a limit for the
controlled object. Meanwhile, the controller of the tracking method has a superior
disturbance rejection, but the corresponding controller structure is also more
complicated.
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Chapter 37
Research on the Insulation Weak Area
of High-Voltage Equipment on High-Speed
Train Roof Based on Simulation

Xiao Yang, Wenzheng Liu, Tianyu Wang, Yifei Wang, Xiankai Liu
and Zhongping Yang

Abstract High-speed train is one of the most important traffic tools in our life.
With the increase of the speed of the train, there are new requirements for the
insulation characteristic of the high-voltage equipment. In this paper, the electric
field and flow field of the roof insulator are simulated by ANSYS-MAXWELL and
FLUENT, and the insulation weak area of a single insulator is analyzed. The
influence of intensity and direction of the airflow on the insulation weak area of
the insulator is analyzed by flow field simulation. Based on the research above, in
the premise that the insulation characteristic is not affected, the layout of the
high-voltage equipment on roof is optimized by the electric field simulation in order
to make the layout compact, reduce the occupancy space, reduce the effect of the
airflow on the insulation characteristic of high-voltage equipment, and reduce the
air resistance, which is conducive to increasing the speed of the train.

Keywords High-voltage equipment � Electric field � Flow field � Insulation
characteristic � Optimization of the roof layout

37.1 Introduction

With the improvement of the speed of trains, when the high-speed airflow rounds
the supporting insulators for pantograph, the pressure of the surrounding gas is
obviously unevenly distributed. This has bad impact on the safety of high-speed
trains, so the insulation characteristic of the supporting insulators for pantograph
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becomes critical. Nowadays, the fouling characteristic of the roof insulator influ-
enced by harsh environment is researched with methods of fluid mechanics in many
papers [1, 2]. The influence of pollution distribution on the distribution of electric
field and the pollution flashover caused by it is analyzed by electric field simulation
[3–5]. The insulation property of dry and clean insulators is also important. The
practical cases of electric field distribution along the dry and clean non-ceramic
insulators of high-voltage power lines are studied in paper [6]. In this paper, by the
research on the external airflow distribution and electric field distribution of the roof
insulator, the distribution of the insulation weak area of the roof insulator is showed
to provide basis for improving the insulation characteristics of the roof insulator. At
the same time, the influence of the layout of the high-voltage equipment on roof on
the weak area of the supporting insulator for the pantograph is studied by the
electric field simulation.

37.2 The Analysis of the Insulation Weak Area of the Roof
Insulator Based on the Electric Field Simulation

In this paper, composite insulator in roof of a certain type of train is considered as
the research object. The electrostatic field simulation of the roof insulator is done to
research the distribution characteristics of the electric field intensity under the rated
voltage and analyze the distribution of the insulation weak area.

37.2.1 Construction of the Electric Field Model

The electric field model is built with the ANSYS-MAXWELL software. The
structure height of the roof insulator which consists of large and small umbrellas in
intervals is 400 mm. The 3D model of the roof insulator is shown in Fig. 37.1.

The materials of the mandrel, umbrella skirt, and fittings are epoxy resin, sili-
cone rubber, and steel. Set 7 times the height of the insulator as the computational
domain, connect the top of the fittings to 25 kV, and ground the base. The technical
parameters of insulator are shown in Table 37.1.

37.2.2 Analysis of the Simulation Result

The electric field distribution of single insulator is shown in Fig. 37.2. It could be
seen from the simulation results that the electric field intensity is the largest where
the umbrella skirt is contacted with the fittings at the top of the insulator. The
electric field intensity in the umbrella limb is larger than that in the umbrella skirt.
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In the finite element model, there will be an extremely non-uniform electric field in
the corner of the umbrella skirt tip and fittings tip, as a result of which the maximum
electric field intensity will form in the position where the top umbrella skirt is
connected with the top fittings. This situation will be avoided in practical appli-
cation, so this area is not considered as the insulation weak part. There is large
electric field intensity in the umbrella limb because of the structure of the composite
insulator. So the umbrella limb is prone to discharging and considered as the
insulation weak part.

Fig. 37.1 The 3D model of
the roof insulator

Table 37.1 Model parameters

Structure
height (mm)

Shed
overhangs
(mm)

Mandrel
diameter (mm)

Creepage
distance (mm)

Creepage ratio
(mm/kV)

400 85/60 54 >1050 >400

37 Research on the Insulation Weak Area … 361



37.3 The Analysis of the Insulation Weak Area of the Roof
Insulator Based on the Flow Field Simulation

With the increase of the train speed, the high-speed air flow field is formed in the
train roof, which makes the gas pressure distribution around the roof insulator
uneven. The low-pressure area is prone to discharge which is considered as the
weak area of insulation. In this section, the flow field around the roof insulator is
simulated with the FLUENT software [7]. And the insulation weak area of the
insulator is analyzed.

37.3.1 Modeling of the Supporting Insulator for the Roof
Pantograph

At present, the highest operating speed of the high-speed train is 380 km/h, and the
highest speed of the experimental train is 570 km/h. In aerodynamics, the Mach
number is required to characterize the degree of compressibility of the airflow. In
this paper, the influence of air velocity on the insulation weak area of the insulators
is studied. When the speed is no more than 350 km/h, in other words, Ma is less
than 0.3, the air is regarded as the incompressible viscous fluid. When the speed is
no less than 380 km/h, in other words, Ma is more than 0.3, the air is regarded as
the compressible viscous fluid.

In order to study the actual situation of the outer flow field of the roof insulator,
the model is built taking the base of the roof insulator into consideration, and the
size of the model is the same as the electric field model. The model is built with
Gambit software. Because the 3D model of the insulator is complex, the grid
structure of the solving domain is tetrahedral and hexahedral. The 3D model and
grid partitioning model are shown in Fig. 37.3a, b.

Fig. 37.2 Electric field
distribution
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Use FLUENT software to do numerical calculation. Because of the complex
flow field around the roof insulator, the turbulence model is used [8].
A pressure-based solver is used, and the SIMPLEC algorithm whose discretization
method is second-order upwind is used to improve the calculation accuracy. When
the velocity is no more than 350 km/h, the inlet boundary is set as the velocity inlet
and the outlet boundary is set as the pressure-outlet. When the velocity is more than
380 km/h, the far-field boundary conditions are applied.

37.3.2 Simulation Result Analysis of the Insulation
Weak Area

37.3.2.1 Analysis of the Roof Insulation Weak Area at Certain Speed

Take the speed of the train which is 380 km/h as an example, the surface pressure
distribution diagrams of the crosswind side and leeward are shown in Fig. 37.4a, b.
The direction of the flow is negative x-axis. The pressure distribution and velocity
vector diagram of the flow field around the insulator of Y = 90 mm plane (the cross
section of the umbrella column between the supporting base and the lowest
umbrella skirt) are represented by Fig. 37.4c, d, respectively.

From the diagram, we can see that the pressure is the largest in the upwind side
of the roof insulator, and when the air rounds the insulator, the pressure decreases
firstly and then increases gradually. It can be shown from Fig. 37.4a that the
low-pressure area in the crosswind side of the insulator appears in the umbrella
column area (umbrella column numbers from the low-pressure end to the
high-pressure end were 1, 2 … 7). The pressure in the umbrella column 1 is the

Fig. 37.3 The 3D model and mesh model of the roof insulator
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smallest with the value of 7.49 × 104 Pa. It can be shown from Fig. 37.4b that the
pressure in the leeward side of the insulator is relatively small and the low-pressure
area appears in the umbrella column 1 and 5 with the value of 9.67 × 104Pa. It can
be shown from Fig. 37.4d that there is vortex in the leeward side. It is due to that the
boundary layer is separated when the high-speed airflow rounds the insulator, as a
result of which the pressure of the leeward side is significantly reduced to form the
inverse pressure area and produce the vortex.

In conclusion, the minimum pressure is in the crosswind side of the umbrella
column 1. Within the boundary layer of the insulator, a small amount of charged
particles are accumulated and it is easy for partial discharge. The flow velocity is
very large out of the boundary layer, so the charged particles can be blown away
and it is not easy for discharge along the surface. The pressure in the leeward side of
the umbrella column 1 is relatively small. The pressure of the leeward side is
uniformly distributed that is less than the ambient pressure the vortex phenomenon
is formed, which makes the charged particles easy to accumulate here. Once the
initial discharge electrons are generated, the surface discharge phenomenon is prone
to occurring. It can be summarized that the crosswind side and leeward side of the
umbrella column 1 are the insulation weak area of the supporting insulator for the
pantograph.

Fig. 37.4 The pressure contour and the velocity vector
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37.3.2.2 The Influence of Airflow Velocity on the Weak Area
of Insulation

Nowadays, the high-speed EMU has several different speeds of 200, 250, 300, 350,
and 380 km/h. The highest speed of the test train is 570 km/h. The influence of
different speed on the insulation weak area of the supporting insulator for the
pantograph is analyzed.

Import the model that has been built before to the FLUENT software. The
boundary conditions are adjusted according to the speed of the train. It can be seen
that the wake flow of the leeward side changes. As the flow speed increases, the
wake flow becomes relatively narrow. In this paper, the minimum speed is
200 km/h whose Reynolds number is 1.5 × 106. From the theoretical analysis of
fluid separation, when Re > 1.3 × 105, the flow phenomenon of circular cylinder is
in supercritical state in which the upwind side boundary layer of the insulator firstly
transits to turbulent boundary and then separates from the surface of the insulator.
The position of the separation point is obviously close to the trailing edge, so the
wake flow becomes relatively narrow, and the separation area becomes small, as a
result of which the pressure drag reduces and the area of the recirculation also
becomes small.

To consider the variation of pressure with velocity, the minimum pressure in the
crosswind and leeward side of the umbrella column 1 is selected to be analyzed.
The diagrams of pressure and flow velocity in the crosswind and leeward side are
drawn in Fig. 37.5a, b. The minimum pressure decreases linearly with the increase
of the airflow velocity.

It can be analyzed that when the direction of the airflow is constant, only the
speed increases, the insulation weak area of the crosswind side is unchanged, but
the pressure is smaller so the partial discharge is easier to happen in the boundary
layer. The insulation weak area of the leeward side becomes narrower, and the
discharge phenomenon along the surface is easier to happen because of the
reduction of the pressure.
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Fig. 37.5 The relation curve of pressure and airflow velocity
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37.3.2.3 The Influence of Airflow Direction on the Weak Area
of Insulation

As the speed of the high-speed EMU continues to increase, the front of the train is
generally streamlined structure in order to reduce the air resistance. When the
pantograph is placed in the car near the front, the airflow that rounds the supporting
insulator for the pantograph is an upward stream, so the insulation weak area of the
insulator will change.

In this section, the airflow direction is assumed to 30° and 45° above the level,
and the flow field around the insulator is simulated. Taking the train at the speed of
380 km/h as an example, the pressure distribution of the surface of the insulator
when the airflow direction is 30° and 45° is shown in Fig. 37.6. As we can see,
when the airflow direction is 30° above the level, the low-pressure area of the
crosswind side is on umbrella column 2 and above and the low-pressure area of the
leeward side is on the whole umbrella column. When the airflow direction is 45°
above the level, the low-pressure area of the crosswind side is on umbrella column
4 and above and the low-pressure area of the leeward side is on the whole umbrella
column and the distribution is relatively uniform. The minimum pressure increases
with the angle above the level increasing.

In conclusion, with the same speed, the low-pressure area of the crosswind side
of the umbrella column area rises and the minimum pressure of the whole leeward
side of the umbrella column that is the low-pressure area increases as the rising
angle increases, as a result of which the insulation performance gets better.

37.4 The Influence of the Layout of High-Voltage
Equipment on the Insulation Weak Area

Taking a certain type of train as an example, the high-voltage equipment of it
consists of the pantograph, the supporting insulator for the pantograph, the current
transformer, the voltage transformer, and the high-voltage insulator. The most

Crosswind side and Leeward side (30° Crosswind side and Leeward side (45°) )

Fig. 37.6 The pressure contour in different directions
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compact distribution of the high-voltage equipment is discussed by electric field
simulation to determine the most appropriate location and distance that satisfies the
insulation requirements. According to the standard TB/T 3251.1-2010, the electrical
safety distance is no less than 310 mm when the rated voltage is 25 kV [9]. So the
range of distance when we do experiment should be between 310 and 800 mm in
order to make the roof electric system compact.

37.4.1 The Influence of the Layout of Current Transformer
on the Insulation Weak Area

The position of the supporting insulator remains the same, as it is shown in
Fig. 37.7. The current transformer is in the same line that is parallel to the x-axis
with the supporting insulator 1 for the pantograph. Change the distance between
them among 310, 400, and 500 mm, and the intensity of electric field is shown in
Fig. 37.8. As we can see, the distribution of electric field intensity is almost the
same in three cases, so the variation trend of the electric field intensity in the
insulation weak area can be seen by comparison of the maximum electric field
intensity, which is shown in Table 37.2.

Fig. 37.7 Position of the supporting insulator

Fig. 37.8 Distribution of electric field intensity. a 310 mm, b 400 mm, c 500 mm
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It can be seen from the results above that the longer the distance between the
current transformer and the supporting insulator 1 for pantograph is, the less the
electric field intensity is, which is always less than the breakdown field intensity of
air 30 kV/cm. Considered to meet the requirement of insulation and compact dis-
tribution, the distance is set to be 400 mm.

37.4.2 The Influence of the Layout of High-Voltage Isolator
on the Insulation Weak Area

The high-voltage isolator is at 45° angle with the line connecting insulator 1 and
current transformer. Change the distance as follows: 310, 350, and 400 mm. The
distribution of the electric field intensity is shown in Fig. 37.9. The comparison of
the maximum electric field intensity is shown in Table 37.3.

It can be shown from Table 37.3 that with the increase of the distance, the
maximum electric field intensity of high-voltage isolator 1 decreases and that of
high-voltage isolator 2 increases, which are both less than the breakdown field
intensity of air within safe limits. From Fig. 37.9, we can see that the distance has

Table 37.2 Electric field
intensity at the top of the
current transformer

Distance (mm) Maximum electric field intensity (kV/m)

310 960

400 750

500 660

Fig. 37.9 Distribution of electric field intensity of the high-voltage isolator. a 310 mm, b 350 mm,
c 400 mm

Table 37.3 Electric field intensity at the top of the high-voltage isolator

Distance
(mm)

Top field intensity of the
high-voltage isolator 1 (kV/m)

Top field intensity of the
high-voltage isolator 2 (kV/m)

310 450 500

350 410 650

400 400 750
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few influences on the distribution of electric field intensity, so the position of the
insulation weak area does not change. The distance of 350 mm is selected con-
sidering the insulation effect and the size of the occupied space.

37.4.3 The Influence of the Layout of Voltage Transformer
on the Insulation Weak Area

The voltage transformer is placed on the line connecting the supporting insulator 3
for pantograph and the high-voltage isolator 2 with distance of 1200 mm between
them. Changing the distance between the voltage transformer and the high-voltage
isolator 2: 400, 600, and 800 mm, the distribution of electric field intensity is shown
in Fig. 37.10. The maximum electric field intensity of different distance is compared
in Table 37.4.

With the increase of the distance of the voltage transformer and the high-voltage
isolator, the top field intensity of the high-voltage isolator gradually decreases.
When the distance is 600 mm, the voltage transformer is dually affected by the
pantograph and the high-voltage isolator, and the top field intensity of it reaches the
maximum. Considering the position of the pantograph bow after the pantograph
drops, the voltage transformer should not be too close to the support insulator 3 for
the pantograph. After the comprehensive analysis, the distance of 400 mm is
selected.

Fig. 37.10 Distribution of electric field intensity of the current transformer. a 400 mm, b 600 mm,
c 800 mm

Table 37.4 The maximum electric field intensity at the top

Distance
(mm)

Top field intensity of the voltage
transformer isolator (kV/m)

Top field intensity of the
high-voltage isolator 2 (kV/m)

400 260 550

600 400 360

800 300 350
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37.4.4 The Layout of the High-Voltage Equipment After
the Optimization

From the discussion in this section, the optimized layout is shown in Fig. 37.11.
The covered area of the high-voltage equipment reduces obviously. And the
high-voltage equipment can be barrier to each other to reduce the influence of the
airflow on the insulation property. The air resistance is also reduced, which is
conducive to improving the train speed.

37.5 Conclusion

In this paper, the electric field and flow field simulation of supporting insulator for
pantograph in roof of certain type of train is conducted with MAXWELL and
FLUENT software. It draws the following three conclusions.

(1) The electric field simulation of single supporting insulator for pantograph is
conducted with MAXWELL software. It can be concluded that the electric
field intensity is distributed uniformly, but the one in the umbrella column is
larger than that in the umbrella skirt, which is easy to discharge and is the weak
area of the insulation.

(2) The flow field simulation of single insulator is conducted with FLUENT
software. It can be concluded that when the airflow rounds the insulator, the
crosswind and leeward sides of umbrella column 1 of the supporting insulator
for pantograph are insulation weak areas. When the airflow speed increases
with the same direction, the insulation weak area on the leeward side narrows.
When the rising angle of the airflow gets larger with the same speed, the
insulation weak area rises.

Fig. 37.11 Optimized layout
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(3) In conclusion, the crosswind and leeward sides of the umbrella column 1 of the
insulator are the insulation weak area. Without affecting the insulation weak
area, the layout of the high-voltage equipment on roof is optimized by the
electric field simulation to the better layout.
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Chapter 38
Predictive Current Control
for Three-Phase Z-Source PWM Rectifier

Kunpeng Li and Yongli Zhang

Abstract Three-phase z-source PWM rectifier is a single-stage system. The rec-
tifier can buck and boost input voltage and improve the reliability. In this paper, a
predictive current control strategy based on instantaneous power for z-source rec-
tifier is presented for simpler system structure. The proposed system consists of
three-closed-loop controller. The first controller is built on the discrete mathemat-
ical model, and source current can be predicted by minimizing a chosen cost
function in one period. The second controller is used to regulate voltage of dc-link
capacitor. Shoot-through duty ratio is achieved by the final controller, whose input
signal is a difference between reference and actual output voltage value of
z-network capacitor. Space vector pulse width modulation with shoot-through zero
state is adopted to implement current predictive control. Simulation results
demonstrate that the proposed system has better static and dynamic characteristics.

Keywords z-source rectifier � Instantaneous power � Predictive current �
Shoot-through

38.1 Introduction

Traditional PWM rectifier is a boost converter, and both boost and buck transfor-
mation can be realized by combining with DC/DC buck converter.

Cascaded converter increases complexity and reduces efficiency. Because of low
resistance properties of dc-link capacitor, the dead time is necessary to prevent the
two power switches in the same leg of the traditional rectifier shorting directly. But
the problems about sharp increase of harmonic distortion and lower quality of
output waveform are caused by dead time.
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However, in practice, even if control system inserts dead time, it may also
shoot-through on account of electromagnetic interference. Therefore, a novel
topology for z-source power converter was presented in [1]. The dead-time delay
was not required, and shoot-through states were allowed. This control system was a
buck–boost converter. As such, the control system had simple structure, high
reliability, and good anti-interference ability. Now, most researches about z-source
converter were mainly concentrated on z-source inverter [2–10]. In order to
decrease the voltage stress of z-network capacitor and each switch, various
topologies of z/quasi-z-source inverter were presented, whereas at present the
studies about z-source rectifier are still seldom [11, 12]. A PD controller was
designed for z-source rectifier in [11]. Although this system had steady dc-link
output voltage, its structure was complex and static error is inevitable.

Three-closed-loop controller for three-phase z-source rectifier is presented in this
paper. The first controller aims at predicting source current. The remaining two
controllers are all voltage loop; one of them is used to regulate voltage of dc-link
capacitor, and the other is used to regulate voltage of z-network capacitor and
generate shoot-through duty ratio signal. The communication between source
current loop and voltage loop is realized by instantaneous power variable.

Finally, the feasibility and effectiveness of the proposed system in this paper are
verified on MATLAB/Simulink platform.

38.2 Circuit Configuration

Figure 38.1 shows circuit configuration of three-phase z-source PWM rectifier.
Differentiating from traditional rectifier, the z-source rectifier adopts a z-network
impedance to replace traditional dc link. The z-network is composed of two
identical inductors and two identical capacitors, which means Lz1 ¼ Lz2 ¼ Lz and
Cz1 ¼ Cz2 ¼ Cz. At the same time, the relationships uLz1 ¼ uLz2 ¼ uLz ,
iLz1 ¼ iLz2 ¼ iLz , uCz1 ¼ uCz2 ¼ uCz , and iCz1 ¼ iCz2 ¼ iCz are all right.
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Fig. 38.1 Three-phase z-source PWM rectifier
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38.3 Mathematical Model

38.3.1 Mathematical Model at the AC Side

The mathematical models of grid voltage and instantaneous power are established
in two-phase stationary coordinates:

usa ¼ Ria þ L dia=dtþ ura
usb ¼ Rib þ L dib

�
dtþ urb

�
ð38:1Þ

P ¼ usaia þ usbib
Q ¼ usbia � usaib

�
ð38:2Þ

where usa and usb are components of grid voltage in ab coordinate system. ia and ib
are components of source current in ab coordinate system. ura and urb are com-
ponents of switching voltage of rectifier in ab coordinate system. P and Q are
instantaneous active power and instantaneous reactive power.

38.3.2 Mathematical Model at the DC Side

The dc side of three-phase z-source PWM rectifier is equivalent to a constant
current source idc under ideal conditions. The operating modes of z-source network
at the dc side are analyzed as follows.

(a) Mode 1: non-shoot-through state. In this state, the switch S0 is closed and the
equivalent circuit is shown in Fig. 38.2. (b) Mode 2: shoot-through state. In this
state, the switch S0 is opened and the equivalent circuit is shown in Fig. 38.3.

uo

iLz1

iLz2

uCz
1 uCz2

uLz1

uLz2

iCz
1 iCz2

idc

io
Fig. 38.2 Non-shoot-through
circuit
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The variable d0 is assumed as shoot-through duty ratio, and non-shoot-through
duty ratio is 1� d0. The average state equation is established as follows:

Lz � _iLz ¼ 1� 2d0ð Þ � uCz � 1� d0ð Þ � uo
Cz � _uCz ¼ � 1� 2d0ð Þ � iLz þ 1� d0ð Þ � idc

(
ð38:3Þ

According to the volt-second balance principle of inductor and ampere-second
balance principle of capacitor, the average of inductor voltage and capacitor current
is all zero within one switching period in a steady state.

uLz ¼ Lz � _iLz � 0 ) uo=uCz ¼ 1� 2d0=1� d0
iCz ¼ Cz � _uCz � 0 ) idc=iLz ¼ 1� 2d0=1� d0

(
ð38:4Þ

Meanwhile, the dc output voltage satisfies udc ¼ uCz þ uLz ¼ 2uCz � uo. The
relation between udc and uo is deduced as shown in Eq. (38.5):

uo ¼ 1� 2d0ð Þ � udc ¼ B � udc ð38:5Þ

where B ¼ 1� 2d0. It is assumed that variable m is booster modulation factor.
Formula udc ¼ 2uin=m is true when the operation of unity power factor is realized.
where uin is the fundamental amplitude of grid voltage. The output voltage range is
calculated by Eq. (38.6). When the variable BmðBm ¼ 2B=m ¼ 2 � ð1� 2d0ÞÞ sat-
isfies the inequality Bm � 1, it is means that the relation uo � uin is true, and z-source
rectifier is a buck converter now.

uo ¼ 2B � uin=m ¼ Bm � uin ð38:6Þ

iLz1

iCz1

uCz
1 uCz2

iLz2
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Fig. 38.3 Shoot-through
circuit
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38.4 Control Algorithm

The three-closed-loop controller consists of two PI voltage controllers and one
predictive current controller. The components of grid voltage us in ab coordinate
system are expressed as shown in Eq. (38.7).

usa ¼ usj j � cosxt
usb ¼ usj j � sinxt

�
ð38:7Þ

where ω and usj j are, respectively, the angular frequency and amplitude of grid
voltage. By the derivation and discretization of Eqs. (38.2) and (38.7), the tracking
errors of instantaneous power in one sample period are obtained based on the
assumption of t ¼ kTs, where Ts is the switching period.

DPk ¼ Pkþ 1 � Pk ¼ �xTsQk � Pk þ usa;kia;kþ1 þ usb;kib;kþ1

DQk ¼ Qkþ 1 � Qk ¼ xTsPk � Qk þ usb;kia;kþ1 � usa;kib;kþ1

�
ð38:8Þ

A cost function E is defined as E ¼ DP2 þDQ2, where DP and DQ satisfy:

DP ¼ Pref � Pkþ 1

DQ ¼ Qref � Qkþ 1

�
ð38:9Þ

where Pref and Qref are, respectively, the instructions of instantaneous active and
reactive power. Predictive current control is realized by minimizing the cost
function. Then, the components predicted of source current are computed in
Eq. (38.10):

ia;kþ 1 ¼ Pref þxTsQkð Þusa;k þ Qref � xTsPkð Þusb;k
� �.

usj j2

ib;kþ 1 ¼ Pref þxTsQkð Þusb;k � Qref � xTsPkð Þusa;k
� �.

usj j2

8<
: ð38:10Þ

The variable Qref is set to zero, in order to realize the unity power factor for
z-source PWM rectifier. The variable Pref can be achieved by PI voltage controller
of dc-link capacitor.

Pref ¼ uo � ðuoref � uoÞ � Gu½ � ¼ uo � ðuoref � uoÞ � kpu þ kiu=s
� � ð38:11Þ

where uoref is the reference dc output voltage, Gu is the transfer function of dc-link
voltage loop, and kpu and kiu are, respectively, the proportionality and integral
coefficient of dc-link voltage controller.

Ignoring grid voltage drop, the expected components of switching voltage at kTs
time can be computed by the discretization of the Eq. (38.1).
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ura;k ¼ usa;k � L ia;kþ 1 � ia;k
� �

=Ts
urb;k ¼ usb;k � L ib;kþ 1 � ib;k

� �
=Ts

�
ð38:12Þ

The variables of ura;k and urb;k were calculated by Eq. (38.12), and then, the
expected switch state functions Sa, Sb, and Sc were obtained by SVPWM
technology.

It should be specially explained that shoot-through zero vectors are produced
during the time intervals of traditional zero vectors in the SVPWM algorithm. The
variable d0 can be achieved by PI voltage controller of z-network capacitor.

d0 ¼ ðuCzref � uCzÞ � Gd ¼ ðuCzref � uCzÞ � kpd þ kid=s
� � ð38:13Þ

where uCzref is the z-network capacitor reference voltage, Gd is the transfer function
of z-network capacitor voltage controller, and kpd and kid are, respectively, the
proportionality and integral coefficient of z-network capacitor voltage controller.
The presented control structure is described in Fig. 38.4.

38.5 Simulation Results

To demonstrate the effectiveness and properties, the simulation models of tradi-
tional predictive current control system and the structure proposed in this paper for
three-phase z-source PWM rectifier are carried out simultaneously. The former is
named S1, and the latter is named S2 for convenience. To the S1 system, “pre-
dictive current” module is replaced with Fig. 38.5, and the calculation about
instantaneous active power instruction is no longer necessary.

Simulation parameters are given as follows: the amplitude of grid voltage usj j ¼
140V and the frequency of grid voltage f ¼ 50Hz. Switching frequency
fs ¼ 5 kHz, inductance value of ac filter L ¼ 4mH, dc-link capacitor C ¼ 6700 lF,
and the reference dc output voltage uoref ¼ 121V. Structure parameters of

Fig. 38.4 Control block diagram of z-source PWM rectifier
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z-network are given as follows: Lz ¼ 2mH, Cz ¼ 330 lF, the reference voltage of
z-network capacitor uCzref ¼ 300V, simulation time t ¼ 1 s, and the resistance of
load mutates from 20 to 10 Ω at 0.5 s. Simulation results are shown in Figs. 38.6,
38.7, 38.8, 38.9, and 38.10. The actual dc output voltage waveforms of S1 and S2
are, respectively, shown in Fig. 38.6a, b. The dc output voltage of these two
systems stabilizes at 121 V, and S2 has smaller voltage fluctuation than S1.

The source current waveforms of S1 and S2 are shown in Fig. 38.7a, b, c, d.
There are obvious oscillations at the trough of the wave in system S1.

Fig. 38.5 The diagram of traditional predictive current control

Fig. 38.6 Actual dc output voltage waveforms

Fig. 38.7 Source current waveforms

38 Predictive Current Control for Three-Phase Z-Source PWM Rectifier 379



The THD values of S1 and S2 are shown in Fig. 38.8a, b. The latter is 5.27 %,
and the former is 17.16 %. It can be seen that the THD in traditional rectifier is
greater than that of the proposed controller.

Figure 38.9a, b shows z-source capacitor voltage figures of S1 and S2. Both of
them stabilize at 300 V, and S2 has smaller voltage oscillation than S1.

Figure 38.10a, b shows instantaneous active and reactive power curves of S1 and
S2. The instantaneous active power changes suddenly, while the resistive load

Fig. 38.8 Harmonic analysis for source current

Fig. 38.9 Z-source network capacitor voltage waveforms

Fig. 38.10 Instantaneous active and reactive power waveforms
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changes. The instantaneous reactive power fluctuates around 0 Var. It means that
both control systems are running under unit power factor, and S2 has smaller
instantaneous power oscillation than S1.

38.6 Conclusion

Predictive current control strategy based on instantaneous power for three-phase
z-source PWM rectifier is proposed in this paper. The three-closed-loop control
system is built by combining with shoot-through zero vectors and SVPWM tech-
nology. And simulation results illustrate that this system has better static and
dynamic performances.
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Chapter 39
Research on the Battery Energy Storage
System for Hybrid Electric Multiple Units
(EMU)

Weiwei Yu, Jian Zhou, Lei Wang and Lijun Diao

Abstract According to the actual demand of hybrid EMU, this paper introduces
the characteristics of lithium titanate battery, circuit topology, and working prin-
ciples of Bi-DC/DC converter. Taking into account the different operating condi-
tions, corresponding control strategies are proposed. A simulation model is
established using MATLAB/Simulink to verify the feasibility of control strategies.
Finally, a full power test of battery energy storage system was done with the
experimental platform.

Keywords Hybrid EMU � Lithium titanate battery � Energy storage system �
Control strategy

39.1 Introduction

Along with the constantly promotion of Chinese high-speed railway, EMU has
become a widely accepted way to travel [1, 2], but EMU still has many problems.
For example, it has a strong dependence on catenary and causes a rise of mainte-
nance cost as well as a waste of braking energy with the braking sheets.

A possible solution is to add onboard energy storage system on EMU. With its
help, energy can be stored within the energy storage devices and be released when
necessary to drive the vehicle [3]. The energy storage system can also achieve an
efficient absorption of the braking energy, which can help improve the quality of
electricity and reduce the energy consumption [4].

This paper is on the basis of onboard energy storage system for hybrid EMU. It
firstly analyzes the charging and discharging characteristics of lithium titanate
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battery and then studies the circuit topologies and the working principles of
Bi-DC/DC converter for the system, proposed control strategies based on actual
demand analysis, and next established a MATLAB/Simulink model to verify the
control strategies of charge and discharge process. Finally, waveforms are displayed
from the result of experiment using the experimental platform.

39.2 Character of Lithium Titanate Battery

At present, the mainstream energy storage technologies in rail transit contain super
capacitor energy storage, flywheel energy storage, and battery energy storage. By
comparing these energy storage technologies, lithium battery energy storage has
better performance in most of indexes, especially for cycle life and safety, which
meets the demands of energy storage components for hybrid EMU, such as high
energy density, high cycle life, low self-discharge rate, and fast charging perfor-
mance. Among lithium batteries, the lithium titanate battery has the best
low-temperature performance and safety due to the new electrode materials, which
has been developing rapidly and commercially available [5, 6].

Figures 39.1 and 39.2 show the relationship between voltage and SOC (State Of
Charge) of lithium titanate battery while charging and discharging with different
ratios. The figure shows that lithium titanate battery holds a basically unchanged
voltage while charging and discharging when SOC varies between 10 and 80 %.

In addition, the battery temperature is lower with high charging ratio or low
discharging ratio, and the temperature rise is smaller when discharging ratio is low.
As the discharging capacity increases, the battery temperature rises, but stays stable
as charging ratio increases.

Fig. 39.1 Voltage–SOC
curve in different charge
current
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39.3 The Working Principle and Control Strategy
of Bi-DC/DC Converter

39.3.1 Circuit Topology of the Energy Storage System

Hybrid EMU traction system’s intermediate DC link voltage range is 1500–1850 V,
the nominal voltage of battery bank is 750–1095 V, the maximum power of energy
storage system is 400 kW, and the maximum voltage ratio is less than 3, which can
be achieved with non-isolated topologies. Since the energy storage system should
provide adequate power to drive the vehicle and a fully absorption of braking
energy, Bi-buck–boost converter is chosen as the circuit topology because its
voltage stress is lower and it is easier to integrate within a traditional converter
topology. Considering that battery is not sensitive to the current ripple, the filter
capacitor can be saved. The main circuit of Bi-DC/DC converter for onboard energy
storage is as shown in Fig. 39.3.

Q1

C1

Q2

Ud

Ub

+

-

L

Li

K1

K2 R

Fig. 39.3 Circuit topology of
energy storage system

Fig. 39.2 Voltage–SOC
curve in different discharge
current
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39.3.2 Working Principle of the Circuit

Bi-buck–boost circuit achieves bidirectional energy flow mainly by working in its
buck mode and boost mode. When the vehicle is in braking or charging condition,
circuit works in the buck mode, as shown in Fig. 39.4. Q1 is the main switching
device in this mode; Q2 and parallel diode D1 are switched off. By controlling the
pulse width of Q1, the step-down ratio arranges between 0 and 1, therefore changes
the current through the inductor; the energy flows from the intermediate DC link to
the battery [7].

When vehicle is in traction condition, the circuit works in boost mode, as shown
in Fig. 39.5. Q2 is the main switch device; Q1 and parallel diode D2 are switched
off. By controlling the pulse width of Q2, the step-up ratio arranges from 1 to +∞,
and the energy flows from the battery to the intermediate DC link and maintains the
stability of the DC link voltage.

39.3.3 Control Strategy of Energy Storage System

In catenary mode, the DC voltage is controlled by the traction power supply system.
In this mode, neither intermediate DC voltage nor battery’s output voltage is
controlled by Bi-DC/DC convertor; current loop controller is the most suitable for
this operation mode. Figure 39.6 shows the current loop control block diagram,
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Q2

Ud

Ub

+

L
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-

Fig. 39.4 Buck mode of the
converter
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Fig. 39.5 Boost mode of the
converter
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iL
*(s) is the given current target, and iL(s) is sampled current through the inductor.
Compare iL(s) and iL sð Þ� to get ie(s) and get switch tube duty ratio d sð Þ via PI
adjustment. Gi(s) is the transfer function from duty cycle d sð Þ to the inductor
current iL(s) [8].

In non-catenary mode, the energy storage system works as the DC bus controller
in order to maintain the stability of the intermediate DC voltage. For this reason,
voltage loop is necessary. Since the maximum discharge current and maximum
charge current given by battery management will varies with the change in SOC,
the current loop will be needed. Figure 39.7 shows block diagram of the dual-loop
control system.

Intermediate DC link voltage is the major controlled object; the error signal of
DC link voltage will be used as current reference via a PI controller. The internal
current loop is consistent with catenary mode, and it can achieve a fast response for
the current reference signal. The final output of the dual-loop controller is the duty
cycle of the switching devices, and it will be used to compare with the carrier for
generation of PWM pulses.

39.4 Simulation

To verify the control strategies of designed system, a simulation model following
the actual vehicle is established in MATLAB/Simulink.

Firstly, a simulation of charging is carried out. The voltage of intermediate DC
link is 1650 V, as shown in Fig. 39.8. It can be seen from the diagram that the

Fig. 39.6 Single current loop control block diagram

Fig. 39.7 Double closed-loop control block diagram
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current through inductor increases quickly from 0 to 300 A, the ripple current is less
than 15 %, and the fluctuations of intermediate DC link are less than 10 V.

Figure 39.9 shows the simulation waveform of the SOC, current, and voltage of
the battery. Along with the increase of time, the SOC is increasing slightly.

Secondly, a simulation of traction and braking is carried out. In this simulation,
the voltage reference of intermediate DC link is set to 1650 V during traction and
then increases to 1750 V while braking, as shown in Fig. 39.10. The output power
increases from zero to the maximum and then decrease to negative maximum.

Figure 39.11 shows the voltage of intermediate DC link and current through
inductor. It can be seen that the voltage follows the reference very well and the
current is stable during the whole simulation.
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39.5 Experiments

After finishing the circuit design and research of control strategies, an experimental
platform is established.

The experimental platform is connected with two battery banks, with which a
back-to-back test can be done. With such an experimental method, both charge and
discharge functions could be tested. Figure 39.12 shows a result of back-to-back
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Fig. 39.10 DC bus voltage and inductor current waveforms
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test; one of the Bi-DC/DC convertors maintains the voltage of intermediate DC
link, while another converter is charging the battery with current loop.

In this experiment, the voltage of intermediate DC link is set to 1500 V, and the
charging current is 240 A. The ripple current is 77 A peak to peak which is less than
15 % of the total current. The whole system runs stably, the disturbance of voltage
is only 1.33 V, and current loop achieved a stable control.

39.6 Conclusion

This paper studies the battery energy storage system of the hybrid EMU, and then,
circuit topology, working principle, and control strategies are concerned.
Simulation model and experimental platform are established to verify the design.
The result shows that the system can achieve a good control of both voltage and
current.
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Chapter 40
Impedance-Based Modeling and Stability
Analysis of High-Speed Train
and Traction Power Supply Grid
Coupling System

Shihui Liu, Fei Lin, Zhongping Yang, Jinghai Jiao
and Zhiqiang Zhang

Abstract The far-ranging application of high-speed train with four-quadrant
converter brings profound influence to the high-speed train and traction power
supply grid coupling system. The study of the dynamic interaction between the
high-speed train and the traction power supply grid based on impedance analysis
was presented in this paper. For high-speed train four-quadrant converter using
predictive current control, high-speed train equivalent model is established. Based
on the control principle, the high-speed train can be equivalent to the impedance
related to current loop control strategy. Based on the equivalent model, influence of
traction power supply grid parameters, the high-speed train control parameters, and
the number of high-speed train on the stability of the whole system are analyzed,
respectively.

Keywords Four-quadrant converter � Traction power supply grid � Coupling �
Modeling � Stability analysis

40.1 Introduction

At present in Chinese high-speed railway lines, multi-type high-speed trains operate
at the same time. High-speed trains using four-quadrant converters transform
electricity provided by traction power supply grid. There is a strong coupling
relationship between traction power supply grid and high-speed trains, forming a
dynamic interaction system, and dynamic interaction may affect the stability of the
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whole system. Once the high-speed trains and traction power supply grid coupling
system instability happens, it will seriously affect the quality of power supply, train
operation, and will also cause safety accidents in extreme cases [1]. Therefore,
establishing the proper theory and simulation model to analyze the stability of the
system has great significance.

Modeling of high-speed train is often simplified as modeling of four-quadrant
converter based on the control method, so the high-speed trains and traction power
supply grid coupling system can be simplified as the system four-quadrant con-
verter accesses to traction power supply grid. Impedance analysis method is a kind
of effective means in the study of multistage dynamic interactions system [2–8].
Stability criterion is as follows: the ratio of traction power supply grid impedance
and converter impedance satisfies the Nyquist criterion.

The study of the dynamic interaction between the high-speed train and the
traction power supply grid based on impedance analysis was presented in this
paper. First, the method for analyzing the stability of the system, the impedance
criterion, is introduced. The impedance interaction stability between four-quadrant
converter and traction power supply grid is analyzed. Then based on the predictive
current control method, equivalent mathematical model of single-phase
four-quadrant converter is derived. Finally, traction power supply grid parame-
ters, four-quadrant converter control parameters, and the number of high-speed train
influence on the stability of the whole system are analyzed by Bode diagram and
verified by the simulation.

40.2 Stability Criterion and Modeling

40.2.1 Impedance Ratio Criterion

The system can be divided into two subsystems: the power source and the load, as
shown in Fig. 40.1.

The transfer function of power source is GS(s). The output impedance of the
power source is Zo. The transfer function of the load is GL(s). The input impedance
of the power source is Zi. After the cascade, the transfer function of whole system,
GSL(s), can be achieved as follows:

GS(s) GL(s)

Zo Zi

Fig. 40.1 The system structure diagram
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GSLðsÞ ¼ GSðsÞGLðsÞ
1þ Zo=Zi

ð40:1Þ

Assume that the two subsystems are stable when working alone, so to guarantee
the stability of the system after cascade must ensure H(s) stable.

HðsÞ ¼ 1
1þ Zo=Zi

ð40:2Þ

H(s) can be regarded as the closed-loop transfer function of a negative feedback
control system where the forward gain is unity and the feedback gain is Zo/Zi. So
the open loop gain is Zo/Zi, that is, the ratio of traction power supply grid impe-
dance and converter impedance. By linear control theory, if the ratio of traction
power supply grid impedance and converter impedance satisfies the Nyquist cri-
terion, the whole system is stable, and the system stability margin can be charac-
terized by Nyquist curve of Zo/Zi.

40.2.2 Modeling of Four-Quadrant Converter

The traction power supply grid impedance is relatively easy to obtain. The
four-quadrant converter is relatively complicated, so modeling is necessary. When
the voltage loop bandwidth is very small, the impedance of the converter modeling
can ignore the influence of the voltage loop. In this paper, four-quadrant converter
use predictive current control. Control block diagram is shown in Fig. 40.2.

In this block diagram, C(s) is the current loop controller, Gd(s) is the transfer
function considering four-quadrant converter nonlinear characteristics, and Gp(s) is
the transfer function of current loop controlled object in s domain.

The controller C(s) is essentially a proportional controller and proportional
coefficient: gain = L*/Ts. Set the inductance value in controller as L*. The ratio of
the controller inductance L* and actual inductance Lm is defined as kL. Ts is control
period. The transfer function of C(s) is as follows:

CðsÞ ¼ KLLm=Ts ð40:3Þ

C(s) Gd(s) Gp(s)
ii* g(t) ig(t)

ig(t)

ug(t)

+

-
-

+ +
-

Fig. 40.2 Block diagram of predictive current control
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Considering digitally controlled four-quadrant converter nonlinear characteris-
tics, Gd(s) is composed mainly of computation delay, sampler continuous, and
zero-order hold. So the transfer function of Gd(s) is as follows:

GdðsÞ ¼ e�Tss � 1

Ts
� 1� e�Tss

s
� 1

1þ 1:5 Ts s
ð40:4Þ

The transfer function of current loop controlled object in s domain, Gp(s), is as
follows:

GpðsÞ ¼ 1=sLm ð40:5Þ

According to the current control block diagram, four-quadrant converter
equivalent impedance Zc(s) is as follows:

ZcðsÞ ¼ UgðsÞ
IgðsÞ ¼ 1þCðsÞGdðsÞGpðsÞ

½1� GdðsÞ�GpðsÞ ð40:6Þ

Considering the traction power supply grid impedance, assume it is Zo. The
system stability depends on Zo/Zc. Nyquist curve of Zo/Zc can show the system
stability margin.

40.3 The Analysis of System Stability Influence Factors

This part analyses the influence of traction power supply grid parameters, the
high-speed train control parameters, and the number of high-speed train to the
stability of the whole system, and verifies them by simulation.

40.3.1 The Effect of Traction Power Supply Grid Impedance
on System Stability

Regardless of traction power supply grid impedance, or assuming it is 0, the
coupling system is stable only if the four-quadrant converter is stable. According to
the above-mentioned model, when kL is less than 1, the four-quadrant converter
must be stable. Considering traction power supply grid impedance, the coupling
system is stable if the four-quadrant converter is stable and Zo/Zc satisfies the
Nyquist criterion. Zo/Zc needs to be small enough. When other parameters are fixed,
Zc can be changed by changing its control parameters.

Assuming Lm = 8 mH, Ts = 1/1250 s, and kL = 0.8, the four-quadrant converter
should be stable. If it is connected into the traction power supply grid, the result
may change. Assuming the traction power supply grid can be equivalent to RLC
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circuit, Ls = 2 mH, R = 0.1 Ω, and C = 8 μF, the system is not stable any more. Bode
diagram of Zo/Zc is shown in Fig. 40.3a. The system can restore stability, when kL is
smaller. If changing kL to 0.4, the system is stable. Bode diagram of Zo/Zc is shown
in Fig. 40.3b.

From the above, it can be concluded that traction power supply grid impedance
has the influence on the system stability. Bigger traction power supply grid
impedance is not conducive to system stability. Smaller four-quadrant converter
current loop control parameter, kL, is conducive to system stability.

Establish simulation model to verify the conclusion. Results are shown in
Fig. 40.4.

Taking no account of traction power supply grid parameters, the sine degree of
current wave is good, and THD is 16.78 %. Taking traction power supply grid
parameters into consideration, current wave distortion is serious, and THD is
39.42 %. Adjusting the control parameter, the system stability is improved, and
THD is reduced to 15.73 %. Theoretical analysis is verified by simulation results.
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40.3.2 The Effect of the Number of High-Speed Train
on System Stability

In many cases, there is more than one train in the line. It is necessary to discuss the
situation of multiple trains. When the distance between each train is not too far, this
kind of situation can be equivalent to multiple trains connect into traction power
supply grid in the same point. In this point, these trains can be regarded as parallel
train. Both traction power supply grid impedance Zo and four-quadrant converter
equivalent impedance Zc do not change. The subsystem connected to the common
point is not the single four-quadrant converter any more, but the multiple converters.
Zp is defined as the equivalent impedance. System stability depends on Zo/Zp.

Assume that only two converters in parallel, Zp can be calculated as follows:

ZpðsÞ ¼ Zc1ðsÞZc2ðsÞ
Zc1ðsÞþ Zc2ðsÞ ð40:7Þ

If these two converters have same parameters, Zp is half of Zc. If there are
N converters in parallel, Zp is equal to 1/N of Zc. Regardless of whether or not they
have the same parameters, Zp is smaller after parallel. It will reduce the stability of
the system. With different number of converter, Bode diagram of Zo/Zp is shown in
Fig. 40.5.

From the Bode diagram above, as the number increasing, zero point moves to
the right, and stability margin decreases. It can be concluded that the number of
converters has the influence on the system stability. The number is bigger, system
stability is lower.
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Establish simulation model. Results are shown in Fig. 40.6. The left one is worse
than single four-quadrant converter connected to traction power supply grid, but it
tends to be stable after a period of time. After 0.6 s, THD of current is 15.78 %,
close to 15.73 %, THD of single four-quadrant converter. The right waveform is
completely unstable.

From simulation waveforms, the number of high-speed train has a great influ-
ence on the system stability. The bigger the quantity, the more easily the system is
unstable.

40.4 Conclusion

It is convenient to judge system stability and stability margin with impedance ratio
criterion. Based on control strategy, four-quadrant converter equivalent impedance
is established. The traction power supply grid impedance and the number of con-
verters have influence on the system stability. Bigger traction power supply grid
impedance is not conducive to system stability. Smaller four-quadrant converter
current loop control parameter, kL, is conducive to system stability. The number of
converters is bigger, system stability is lower.
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Chapter 41
The Study on the Influence of the Earth
Current of DC Project on the Surrounding
Electrified Railway

Tingting Guo, Xishan Wen and Yongjin Peng

Abstract The earth current caused by DC project’s mono-pole ground return
operation mode will have an impact on the surrounding electrified railway. Firstly,
the impact assessment index of the earth current of DC project on the electrified
railway is analyzed. Secondly, the model about the influence of the earth current of
Yong-Fu DC project on the surrounding Yun-Gui electrified railway is built by
CDEGS software, and the core skin potential difference and transfer potential of the
Yun-Gui railway communication cable and the step voltage and corrosion situation
around the railway rail are calculated. The result shows that the earth current of
Yong-Fu DC project has a little influence on the surrounding Yun-Gui electrified
railway.

Keywords The earth current of DC project � Electrified railway � Impact
assessment index � CDEGS

41.1 Introduction

With the rapid development in China railway, the railway tracks appear inevitably
near the DC grounding electrode. The potential around the DC grounding electrode
will be raised in DC project’s mono-pole ground return operation mode, which has
an impact on the surrounding electric railway. The circuit current used in the
electric railway will have an impact on the tracks. The actual distribution of traction
return flow in AC and DC traction system and the factors affecting the circuit
current distribution were analyzed in the literature [1]. The leakage current and the
potential of railway track were derived, and the modeling method of buried metal
pipes near the railway was studied using the theory of electromagnetic field in the
literature [2]. It was pointed in the literature [3] that the uneven characteristics of
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earth resistivity should be considered in the calculation of the potential rise of
railway track. The grounding method of electric traction system was studied in the
literature [4]. The circuit currents in these studies are generated in the traction
system, but the influence of the earth current of DC project on the surrounding
electrified railway has not been studied in depth.

In this paper, the impact assessment index of the earth current of DC project on
the electrified railway is analyzed, and the model of the DC pole of Fu-Ning
convertor station and Yun-Gui electrified railway is built by CDEGS software. The
influence of the earth current caused by Yong-Fu DC project on Yun-Gui electrified
railway has been assessed according to the calculation results.

41.2 The Impact Assessment Index of the Earth Current
of DC Project on the Electrified Railway

41.2.1 The Step Voltage Around the Tracks

The step voltage around the tracks is the potential difference between the rails and
the ground when a man stands with one leg on the tracks and the other on the
ground near the tracks. It is related to the soil structure, rail parameters, ballast
resistance, and other factors. The step voltage should be less than the calculated
result of formula (41.1) [5]:

US� 7:42þ 0:0159qr þ 0:0159qs ð41:1Þ

where ρr refers to the resistivity of the tracks and ρs refers to the resistivity of
crushed stone on the ground (take 5000 Ω m).

The resistivity of the tracks can be neglected, because it is far less than that of
crushed stone on the ground. Namely, the limit value of the step voltage is 87 V.

41.2.2 The Core Skin Potential Difference
of the Communication Cable

It is ruled by railway industry standard that the power frequency withstand voltage
level of the aluminum sheath railway signal cable core is 3000 V (3 s) and 1800 V
(2 min) [6]. For the strict consideration, 1800 V is used as the core skin potential
difference limit value of the cable.
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41.2.3 The Transfer Potential of the Communication Cable

When the cable is not grounded at one end, the transfer potential is formed by the
potential difference between the cable and the ground. According to the provisions
of the interference voltage limit value in various countries, the recommended
transfer potential limit value of the signal cable is 60 V [7].

41.2.4 The Corrosion of Rail Tracks

The earth current of DC pole has a corrosive effect on its adjacent underground
metal pipeline and metal component. GIGRE guideline believes that the maximum
corrosion of the iron material in one year which is considered to be acceptable is
0.174 mm, and the leakage current of 10 mA/m2 can cause so much corrosion [8].
Therefore, the limit value of leakage current density is taken as 10 mA/m2 in this
paper.

41.2.5 The Interference Current of the Input of the Railway
Signal Circuit

If the potential difference between two tracks caused by DC project contains the AC
component, it will probably interfere with the signal cable. The unbalanced current
between the two rails caused by the earth current of the DC project is the main DC
component in the steady state, which cannot be coupled to the secondary side of the
signal loop receiver. Therefore, the impact of the earth current of the DC project on
the interference current of the input of the railway signal circuit can be ignored.

41.3 The Study on the Influence of the Earth Current
of Yong-Fu DC Project on Yun-Gui Electrified
Railway

41.3.1 Background Introduction

Yongren to Funing ±500 kV DC transmission project’s rated DC transmission
capacity is 3000 MW, rated DC current is 3000 A, the maximum load current
(taking running time as 2 h) is 3300 A, and the maximum transient over load
current (taking running time as 3 s) is 4200 A. The grounding electrode of Funing
converter station is the receiving end in this DC project. The polar ring is arranged
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with three horizontal concentric rings: The outer ring radius is 165 m, the central
ring radius is 115 m, the inner ring radius is 80 m, and the buried depth is 4 m.

Yun-Gui railway line has 20 stations: south of Kunming, Yangzong, stone
Itabashi, Mile, Xinshao, Nigelong, Puzhehei, Zhulin, Guangnan, bailazhai, Funing,
Ping An, Yangwei, Baise, Tianyang, Tian Dongbei, Pingguo, Long Andong,
Tanluo, and Nanning. It includes uplink and downlink route, the distance between
uplink and downlink railway is about 4.6 m, the railway distance is 1.435 m, the
sectional area of rail is about 80 cm2, and the connection is taken by using 35 mm2

transverse copper grounding wire every 500 m. The section between Funing station
and Pingan station is closest to the grounding electrode of Funing converter station,
and the nearest distance is about 10 km.

41.3.2 Establishment of Calculation Model

The model about the influence of the grounding electrode of Funing converter
station on the surrounding Yun-Gui electrified railway is built by CDEGS software,
as shown in Fig. 41.1. Two uninterruptedly buried copper connection rails are
parallel to the tracks in the model, the equivalent radius of the conductor is 0.033 m,
and the depth of the conductor is 0.5 m.

The local soil resistivity is shown in Table 41.1.

Fig. 41.1 CDEGS model of the grounding electrode of Funing converter station and Yun-Gui
electrified railway

Table 41.1 CDEGS model
of the grounding electrode of
Funing converter station and
Yun-Gui electrified railway

Sequence of
layer

Thickness/m Local soil resistivity/
Ω m

The first layer 129 117

The second layer 1870 12,100

The third layer 13,137 3040

The fourth layer ∞ 900
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41.3.3 Analysis of Calculation Results

Considering the importance of personal safety, the maximum transient current is
taken as the calculated current when the track step voltage is calculated, and the step
voltage distribution is shown in Fig. 41.2.

Figure 41.2 shows that the maximum step voltage along the line appears in the
section from Funing to Pingan station, but still far less than the limit value 60 V,
which means that it does not harm personal safety.

The core skin potential difference of the communication cable is used to test
whether the insulation of the cable will be damaged by the earth current in DC pole.
Considering the most serious conditions, the maximum transient current which is
4200 A is taken as the earth current, and the potential distribution of the segments
by calculating is shown in Fig. 41.3.
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Figure 41.3 shows that the maximum ground potential along the line appears in
the section from Funing to Pingan station, but still far less than the limit value
1800 V, which means that signal cable core and skin will not be punctured.

Due to the very short duration of the transient process, and considering the
probability of repair personnel touching cable with the grounding electrode in the
transient process is very low, the calculated current is taken as the maximum
overload current 3300 A when measuring the transfer potential of the communi-
cation cable, and the transfer potential distribution is shown in Fig. 41.4.

Figure 41.4 shows that the maximum metastasis potential along the line is
1.63 V, and it appears in the section from Funing to Pingan station, but still far less
than the limit value 60 V, which means that it does not harm personal safety.

Considering that the DC corrosion needs the extremely long process, the cal-
culated current is taken as the rated current 3000 A when measuring the corrosion
of rail, and the leakage current density of each section is shown in Fig. 41.5.
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Figure 41.5 shows that the maximum leakage current along the line is
6.423 mA/m2, and it appears in the section from Funing to Pingan station, but still
less than the limit value 10 mA/m2.

41.4 Conclusion

• The impact assessment index of the earth current of DC project on the electrified
railway has been analyzed by combining characteristics of electrified railway
and operation mode in this paper.

• The model about the influence of the earth current of Yong-Fu DC project on
the surrounding Yun-Gui electrified railway is built by CDEGS software, and
the core skin potential difference and transfer potential of the Yun-Gui railway
communication cable and the step voltage and corrosion situation around the
railway rail are calculated. The result shows that the earth current of Yong-Fu
DC project has a little influence on the surrounding Yun-Gui electrified railway.

• The electromagnetic influence indexes of ground electrode on electrified railway
and the way of modeling and calculation could provide a reference for the
designs of both ground electrode and electrified railway.
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Chapter 42
Research on Interleaved Bidirectional
DC/DC Converter

Yimin Li and Lijun Diao

Abstract Interleaved bidirectional DC/DC converter uses interlaced structure and
carrier phase-shifted method, which achieves better performance at a lower current
ripple and more stable output voltage characteristics as well as high energy density.
In this research, the structure of the two-channel topology with phase-shifting of
180° is introduced, which could effectively reduce the current ripple and increase
the power density. Average current mode control has been chosen which is based
on two independent loops. A PI controller is used in both loops, whose proper
design depend on the transfer functions of converter obtained in the modeling.

Keywords Bidirectional DC/DC converter � Interleaved topology � Dual-loop
controller

42.1 Introduction

This article is based on Five National Technology Support Program key projects
“Hybrid EMU key technology development and the production”. Aiming to
increase the bidirectional DC/DC converter power density, interleaved bidirectional
DC/DC converter topologies are used to reduce the system size and increase the
efficiency of the system. Interleaved bidirectional DC/DC converter topologies are
able to ensure efficient and reliable two-way flow of energy [1].

Interleaved converter gives the potential solution for higher power level, and it is
a trend for small-scaled DC/DC converter, which requires a high power density.
Interleaved topology is a form of paralleling technique where a single bridge is
replaced by a number (N) of parallel connected bridges. By using carrier
phase-shifted method, the amplitude of the total ripple is N times lesser and the
frequency is N times greater than that of a conventional converter. It will efficiently
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reduce the size of the filter and the inductor, and it will be helpful to increase the
reliability [2].

42.2 Interleaved Bidirectional DC/DC Converter

42.2.1 Converter Topology

One of the most popular topologies is the interleaved boost converter shown in
Fig. 42.1. By using the interleaved technique, the converter becomes adapted to the
achievement of high power density, while obvious advantages are reduced current
ripple and power sharing among the similar interleaved parts. However, this type of
structure needs attention on voltage balancing and isolation of faulty parts [3].

42.2.2 Operation Stages

In case of buck mode, the PWM switch is Q1. Two PWM switches are operated by
interleaved operation. Current does not flow via Q2. Current flows via diode D2.
A voltage is transferred from battery to DC-link shown in Fig.42.2a, b.

In case of boost mode, the PWM switch is Q2. Two PWM switches are operated
by interleaved operation. Current does not flow via Q1. Current flows via diode D1.
A voltage is transferred from DC-link to battery shown in Fig. 42.2a, b [4, 5].

Fig. 42.1 Proposed interleaved bidirectional converter topology
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42.2.3 Converter Design

Interleaved bidirectional DC/DC converter design is shown in Fig. 42.3a. The
simulation parameters used in this paper are given in Table 42.1. The load is
three-phase AC motor and starts from 50 to 100 kW after 1 s. The current loop
(IPID), voltage loop (UPID), and load (LAOD) topologies are packaged. The
control part is shown in Fig.42.3b and the load part is shown in Fig.42.3c [6].
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Fig. 42.3 Converter simulation
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42.3 Interleaved Bidirectional DC/DC Converter Control
Method

42.3.1 Phase-Shifted Carrier PWM

Within this context, a practical application is proposed in this paper. Two saw-
toothed waves phase-displaced by 180° are used to obtain the drive signals for the
active switches shown in Fig. 42.4. The operation of the converter in buck and
boost modes is symmetrical, since both them are complementary in terms of the
duty cycles applied to the active switches. Besides, the switches in a given arm
operate in a complementary way [7].

Table 42.1 Interleaved bidirectional DC/DC converter main parameters

Capacity Value Capacity Value

Input voltage 1100 V Main capacitor 8e.3[F]

Output voltage 1650 V Switching frequency 5000[HZ]

Main inductor 2e.3[H] * 2 Rated power 100e3/.100e3[W]

Fig. 42.4 Phase-shifted carrier PWM
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42.3.2 Dual-Loop Control

There are lots of techniques available in the literature for the control of DC/DC
converters. Average output voltage control has been chosen in this paper, which is
based on two independent loops. The first one is responsible for controlling the
current through the inductors, while the second one controls the voltage across the
capacitor. A PI controller is used in both loops, whose proper design depends on the
transfer functions of the converter obtained in the modeling shown in Fig. 42.5 [8].

42.4 Simulation Result

42.4.1 Topology Verification

In order to ensure the accurate converter operation, when the battery is using, the
drive signals for the switches in each phase must be displaced by 180° and a dead
time must exist between the PWM signals applied to complementary switches in a
same leg, where the phase displacement between the drive signals of the switches
does exist as shown in Fig. 42.6 and the current and voltage operation results of
IGBT are shown in Fig. 42.7.
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Fig. 42.5 Block diagram of the control system

Fig. 42.6 PWM drive signals of the active switches

42 Research on Interleaved Bidirectional DC/DC Converter 413



42.4.2 Current and Voltage Ripple Verification

As shown in Fig. 42.8a, when the battery charges, I0 component equals IL1 and IL2
synthesis, and the peak-to-peak current value is about 40 A – 10 A = 30 A, while
after the synthesis it is about 50 A – 35 A = 15 A. As shown in Fig. 42.8b, when the
battery is using, I0 also equals IL1 and IL2 synthesis, and the peak-to-peak cur-
rent value is about –30 A – (–60 A) = 30 A, while after synthesis it is about
–75 A – (–90 A) = 15 A.

Fig. 42.7 Currents through and voltages across IGBTs
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FFT analysis is used to analyze the harmonic components of the system. When
the system is in battery using (the waveform result of battery charging is similar to
battery using), the current component of inductor L1 is DC = 42.72 A and
THD = 32.64 % as shown in Fig. 42.9a; the current component of inductor L2 is
DC = 42.75 A and THD = 32.56 % as shown in Fig. 42.9b; and the synthesized
current component of I0 is DC = 85.47 and THD = 10.17 % as shown in Fig. 42.9c.
The DC component of output does not reduce after the synthesis, but the THD of
output significantly reduced 1/3 (about 66 %). The first harmonic is significantly

Fig. 42.7 (continued)
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Fig. 42.8 Currents through inductors L1 and L2

Fig. 42.9 FFT analysis result of currents
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counteracted after the synthesis. The synthesized current obviously suppressed odd
harmonics and effectively improved the harmonic components.

42.4.3 Dual-Loop Control Verification

When the battery is used, the peak-to-peak voltage ripple of bus is nearly 0.5 V,
which is stable at 1650 V as shown in Fig. 42.10a. When the battery is charged, the
peak-to-peak voltage ripple of bus is nearly 1 V, which is stable at 1650 V as shown
in Fig. 42.10b. Dual-loop control system keeps good system stability in either
condition of battery using or charging.

Fig. 42.10 Actual voltage in battery using
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When the battery is used, the peak-to-peak current ripple of inductors L1 and L2
is nearly 25 A as shown in Fig. 42.11a. When the battery is charged, the
peak-to-peak current ripple of inductors L1 and L2 is also nearly 25 A as shown in
Fig. 42.11b. Dual-loop control system efficiently limits inductor current and keeps
good system stability in either condition of battery using or charging.

Experimental results for converter in either buck or boost mode under
closed-loop operation are also presented and discussed as follows. The analysis is
divided into two stages and depends on the behavior of voltage and currents. The
result is verify the requirement of hybrid EMU, and the simulation interleaved
bidirectional DC/DC converter topology can effectively guarantee the stability and
efficiency of the flow of energy shown in Fig. 42.12.

Fig. 42.11 Currents through battery

418 Y. Li and L. Diao



Fig. 42.12 Simulation result
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42.5 Conclusion

In this paper, the use of interleaved bidirectional DC/DC converter topology rep-
resents a technology in constant progress with increasingly promising results. The
evaluation of the aforementioned converter shows that current ripple is reduced
significantly and power is equally shared between the phases, while a simple
structure results. Dual-loop control system efficiently limits inductor current and
keeps good system stability in either condition of battery using or charging.
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Chapter 43
The Selected Harmonic Elimination PWM
Strategy Based on FPGA

Shaoliang Huang, Lijun Diao, Xue Bai and Zhigang Liu

Abstract In the electric traction transmission system, subject to the maximum
switching frequency and output voltage and current harmonic performance, a
special optimized pulse width modulation strategy is generally required. The
selected harmonic elimination PWM eliminates the lower-order harmonics so the
interference of motor torque will decrease. In this paper, the basic principles of
SHE-PWM (selected harmonic elimination PWM) technology are studied; mean-
while, the method of using MATLAB to calculate switching angle is introduced.
Then, the limitation of SHE-PWM based on DSP and the advantage based on
FPGA are analyzed. Besides, the frequency conversion speed control system based
on the SHE-PWM algorithm is completed through the FPGA, and the experimental
results verify the theoretical analysis of SHE-PWM.

Keywords FPGA � Traction � SHE-PWM � Modulation

43.1 Introduction

Traction system is an important aspect of rail transportation research, and the core
of subway traction control is the pulse width modulation, but using this method to
produce phase voltage will produce a large number of harmonic at the same time,
resulting in motor heating, torque ripple, and electromagnetic pollution. How to
suppress harmonic effectively is the key of electric traction technology. The pulse
width modulation technology is now commonly used in synchronous pulse width
modulation, asynchronous pulse width modulation, sinusoidal pulse width modu-
lation (sinusoidal PWM-SPWM), etc. But these are only applicable to the pulse
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width modulation of middle frequency bands and low frequency bands. It will
generate a lot of harmonic in high-frequency bands. SHE-PWM (selected harmonic
elimination PWM) [1] can solve this problem. So SHE-PWM has important
significance.

The implementation of various PWM controller algorithms is mostly based on
MCU/DSP currently. This depends on the performance of the processor.
A large-scale operation of the controller will take up a lot of resources of CPU,
making it impossible to control the timing event management, limiting the per-
formance of it [2]. Furthermore, modern digital control algorithm is complex, and
the current processor uses a serial way. So, it is difficult to ensure the real-time
performance and the high speed of the algorithm.

In this paper, a SHE-PWM strategy based on FPGA is proposed. Firstly, the
basic principles of SHE-PWM algorithm are introduced, then the variation rule of
the SHE-PWM switching angle at different modulation depth is computed using
MATLAB, then the digital implementation of SHE-PWM algorithm in the FPGA is
introduced, and finally the theoretical analysis is verified through experiments.

43.2 The Basic Principle and the Calculation
of Switching Angle

43.2.1 The Basic Principle of SHE-PWM

SHE-PWM can eliminate N − 1 [3] kinds of harmonic by N switch angles in 1/4
wave cycle. Because the 3rd harmonic voltage offsets each other in the three-phase
line voltage, the elimination mainly aims at the harmonic which is not a multiple of
3. For example, if N is three, it can eliminate any two lower-order harmonic of 5th,
7th, 11st, 13rd, etc. As shown in Fig. 43.1, N = 3, which is 7-pulse SHE-PWM
mode. The waveform is the phase voltage UAO of the two-level traction inverter,
O is the midpoint of the capacitor in DC side, and a1; a2; a3 are correspondingly the
three switch angles of 1/4 fundamental wave cycle.

1α
2α
3α

dc

2

u

AOu

dc

2

u
−

rad

/2π 3   /2ππ 2π

1α
2α
3α

Fig. 43.1 A phase voltage waveform under 7-pulse SHE-PWM
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As shown in Fig. 43.1, the Fourier series of phase voltage UAO is as follows:

UAO¼
X1
k¼1

ðak cos kxtþ bk sin kxtÞ ð43:1Þ

For 1/4 cycle symmetry waveform, there are only sine and odd harmonic
components, so ax = 0 and

bk ¼ � 2udc
kp

1þ 2
Xn
i¼1

ð�1Þi cos kai
" #

ð43:2Þ

There are N variables in Formula (43.2), so n equations are needed to work out
the variable values. In the basic constraint conditions of (a1\a2\a3\ � � �\an),
by solving n angles, we can control the fundamental voltage amplitude and elim-
inate the n − 1 harmonics at the same time.

The 7-pulse SHE-PWM is used to eliminate the 5th and 7th harmonic of the
motor voltage and control the fundamental wave voltage. According to Formula
(43.2), the following equations are as follows:

�1þ 2 cos a1 � 2 cos a2 þ 2 cos a3 ¼ m
�1þ 2 cos 5a1 � 2 cos 5a2 þ 2 cos 5a3 ¼ 0
�1þ 2 cos 7a1 � 2 cos 7a2 þ 2 cos 7a3 ¼ 0

8<
: ð43:3Þ

To solve the nonlinear transcendental equations of the switching angles, repeated
iterations are required. It is difficult to manage online, so it is usually worked out
offline, stores the switch angle data in the controller memory, and calls them at
work. At present, the equations with the number of switch angles being up to 100
can be calculated, and the solving arithmetic convergence ability depends on the
algorithm of iterative initial value and the iteration step length, so the Newton
method [4, 5] is often used for iteration.

43.2.2 The Calculation of Switch Angle

Fsolve [6] function based on the Newton iteration method which is provided by the
MATLAB can solve the switch angle nonlinear transcendental equations well. The
algorithm is based on the least square method and can be used to find the zero point
of the nonlinear equations.

By using the fsolve function, we can get the SHE-PWM switch angles, which
are shown in Fig. 43.2. The modulation depth changes from 0.01 to 1 [7, 8].
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43.3 The analysis of the advantages of the FPGA
realization of pulse width modulation

Nowadays, most achievement of SHE-PWM is based on the software of DSP and
MCU. To generate three-phase SHE-PWM pulse at the same time, we can only use
DSP timer interrupt, but there are many priority differences in timer interrupt, and
the order of interrupting the response will make the three-phase pulse asynchronous
and cause the phase jitter. The precision of switch angle directly decides the effect
of eliminating low harmonic. Combining with the implementation process above, it
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can be concluded that the setting of timer interrupt frequency is the key. For
example, if the motor frequency is 54 Hz, the timer interrupt frequency should
reach 388.8 kHz to make the precision of SHE-PWM switch angle 0.05°. To keep
the precision the same, as the motor frequency increases, the timer interrupt cycle
needs to reduce. And such small cycle of the interrupt will seriously disrupt the
sequence of the application in DSP.

And FPGA provides a flexible and powerful tool to realize the special PWM
generator. The FPGA chips of Altera Company and Xilinx Company are widely
used in industrial application. Users can quickly and efficiently implement all kinds
of special circuit by FPGA and design and develop the integrated circuit by their
own. FPGA has the parallel execution mechanism and abundant I/O port resources,
which can realize the multiplex PWM output and meet the number requirements of
motor now. At the same time, the FPGA is integrated with PLL, which can increase
the frequency to 150 M to improve the precision of the SHE-PWM pulse greatly.

43.4 The Digital Implementation of SHE-PWM

Traction inverter pulse width modulation must be combined with traction motor
control algorithm, and the motor control algorithms are all completed by DSP. As
shown in Fig. 43.3, the motor frequency and modulation depth will be sent to
FPGA from DSP with the frequency of 2 k, and all the rest of the work is handled
by FPGA.

FPGA works under 40 m clock. It can obtain the angle by integral operation after
getting the frequency. It is very precise that the angle is calculated under such a
high clock, so the harmonic elimination is very important. Then, the switch angle

Fig. 43.3 The structure of control system
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stored in the ROM of FPGA can be read through modulation depth at the same
time, which can output PWM compared to the integral angle.

The design of DSP + FPGA control system in this paper is different from most
design of control system which uses DSP to be the main controller. The DSP acts as
the control part and the FPGA acts as modulation part. There are clear different
responsibilities and not so many requirements of the timing between them. By using
software Quartus II 9.1 provided by the Altera Company, the programming,
debugging, simulation, and verification of SHE-PWM are completed. In Figs. 43.4
and 43.5, the timing simulation results of 7-pulse SHE-PWM, 5-pulse SHE-PWM,
3-pulse SHE-PWM and single pulse are given. It can be seen that the simulation
results are consistent with the theoretical analysis above. It also verifies the cor-
rectness of the digital design of pulse width modulation module based on FPGA
and provides reference for further test.

Fig. 43.4 Quartus simulator timing order simulation results of 5-pulse and 7-pulse SHE-PWM

Fig. 43.5 Quartus simulator timing order simulation results of 3-pulse and single-pulse
SHE-PWM
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43.5 The analysis of experimental results

Based on the analysis above, SHE-PWM is verified by using the platform of the
laboratory. The motor runs with no load. The VVVF control is used.

In Figs. 43.6, 43.7, and 43.8, there is no switch angle in the peak values under
the SHE-PWM, so the spike of the motor current waveform is obvious. But the
traction motor current is symmetrical, and the low harmonic is eliminated obvi-
ously: As the 7-pulse SHEPWM mode shown in Fig. 43.6 correspondingly, the 5th
and 7th harmonics of the motor current are eliminated, and only the 11st, 13rd,
17th, 19th, etc., harmonics are remained. And the higher the harmonic order is, the
smaller the harmonic amplitude is.

Considering the same analysis, as the 5-pulse SHE-PWM mode shown in
Fig. 43.7 correspondingly, the 5th harmonics of motor current are eliminated. As
the 3-pulse SHE-PWM mode shown in Fig. 43.8, the 5th and 7th harmonics

Fig. 43.6 FFT analysis of the line voltage and current of 7-pulse SHE-PWM

Fig. 43.7 FFT analysis of the line voltage and current of 5-pulse SHE-PWM
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increase and the lower-order harmonics are smaller than 10 %. When it comes to the
single-pulse modulation mode, the 5th and 7th harmonics increase obviously.

It can be seen that within the scope of the fundamental frequency, the
SHE-PWM strategy achieved good optimization effect of low harmonic. The
voltage and current waveform and FFT analysis results shown in Figs. 43.6, 43.7,
and 43.8 are consistent with the theoretical analysis and simulation results above,
and it also demonstrates the validity of the design based on FPGA.

43.6 Conclusion

In this paper, first of all, the principle of SHE-PWM and the SHE-PWM switch
angle method are analyzed. Then, the limitations of DSP implementation and the
advantages of FPGA implementation are analyzed, and the method of using FPGA
to achieve SHE-PWM algorithm is illustrated. At last, through experiment results,
we can see that SHE-PWM algorithm is very good to eliminate the specific
harmonics.
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Chapter 44
Analysis and Simulation of Vector Control
for Doubly Salient Permanent Magnet
Motor

Huihui Xu, Feng Zhao, Wei Cong and Yongxing Wang

Abstract The doubly salient permanent machine (DSPM) has the advantages of
simple structure, high reliability, and high power density, which makes DSPM
receive great attention in the area of electric vehicle drive system research. Most of
the traditional control of DSPM is based on independent three-phase current
chopping control or angle control, which suffers unfavorable output effect. In this
paper, the vector control model within rotating coordinate frame of DSPM is
established based on rotor position angle. And the simulation model of DSPM is
built with the help of the finite element analysis (FEA), based on which the
derivation of vector control model and the practicability of the vector control used
in DSPM system are verified in the end of the paper.

Keyword Doubly salient � Coordinate transformation � Vector control � Finite
element analysis

44.1 Introduction

The DSPM is a new kind of mechatronics-controlled drive system, whose main
advantages are as follows: simple motor structure, flexible control method, fast
dynamic response, and high power density [1]. And the cross section of a 12/8-pole
DSPM motor is shown in Fig. 44.1.

Recent studies of DSPM are mainly focused on the optimization of the motor
body structure, while the control model and strategy of DSPM driving system have
not been studied deeply enough yet. The double-take control and variable-current
control have been used in DSPM drive system recently [2]. And the adjustment of
turn-on and turn-off angle has been optimized in order to reduce the overlapping of
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traditional control angle and to improve the output torque characteristic [3]. All the
methods described above are proposed based on traditional switch-mode control,
whose current is controlled independently per phase. In this paper, a new mathe-
matical model of vector controlled doubly salient permanent motor is established,
on the basis of the DSPM dq-coordinate frame model. Besides the motor body
simulation model of DSPM is built, with which the theory derivation of vector
control model is verified. And the simulation result of DSPM drive system under
vector control is given in the end of the paper.

44.2 Mathematical Model Derivation

The magnet circuit distribution of DSPM is complicated due to its special doubly
salient structure. So the partial saturation and marginalization of magnet circuit
should be neglected in order to achieve the equation of winding flux linkage and
output torque [4, 5]. As shown in Eqs. (44.1) and (44.2), the winding and air-gap
distribution functions by Fourier decomposition yield:

NxðcÞ ¼
X1

v¼1;3;5;...

Nv cos hc� /v � p x� 1ð Þv=3ð Þ ð44:1Þ

rðc; hrÞ ¼
X1

h¼0;2;4;...

rh cos h c� xrtþ hrð Þð Þ ð44:2Þ

where c, hr , xr are the view position along stator, rotor position and angular
velocity, respectively. Besides, /v denotes the initial angle of each component and
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Fig. 44.1 Cross section of a
12/8-pole DSPM motor
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the phase number, x = 1, 2, 3, indicates A-, B-, or C- phase, respectively. According
to the distribution functions above, the expressions of winding self- and mutual
inductance are got in Eqs. (44.3) and (44.4) with the fundamental component
concerned only.

Lxx ¼ Lm0 þ Lm cos prhr � 2p x� 1ð Þ=3ð Þ ð44:3Þ

Lxy ¼ Lyx ¼ Mm0 þMm cos prhr � 2pkxy
�
3

� � ð44:4Þ

where Lm0 and Mm0 are the dc component of self- and mutual inductance,
respectively; Lm and Mm are the magnitude of the fundamental components.
Meanwhile, the phase numbers x, y indicate A-, B-, or C- phase, and kab, kac, and
kbc equal −1, 0, and 1, respectively. And pr is the rotor pole number. In addition, as
shown in Eq. (44.5), the winding flux linkage is the complex of both magnet flux
linkage and armature winding flux linkage, which changes along with the rotor
position angle as well as the phase current.

wx ¼
X

y¼a;b;c

Lxyiy þwmx ð44:5Þ

where wx, wmx, ix, Lxy are the flux linkage, magnet flux linkage, phase current and
inductance, while x denotes A-, B- or C- phase, respectively. Hence, due to the
power balance principle, the expression of output torque can be got by

Te ¼ 1
2
I½ �Td L½ �

dhr
I½ � þ I½ �Td w½ �

dhr
ð44:6Þ

where I½ �, L½ � and w½ � are the matrixes of current, inductance, and flux linkage. And
ps is the stator pole number. As shown in Eq. (44.6), the output torque contains two
different parts, the reluctance torque caused by the fluctuation of inductance with
rotor position, and the magnet torque caused by change of magnet flux linkage.

44.3 Vector Control Model of DSPM

The vector control strategy is based on synchronous reference frame. Accordingly,
the flux linkage and voltage expression should be transformed from famous three
phase to dq-phase. The dq-axis is defined as shown in Fig. 44.2, in which the d-axis
is chosen at the position where the magnet flux linkage of phase A is maximum and
the q-axis is at the position where the d-axis is advanced by 90 electrical degrees
anticlockwise.
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44.3.1 Vector Control Model Derivation

Based on Eqs. (44.3) and (44.4), the distribution of inductance has been described
as sinusoidal. And to simplify the theoretical analysis further, the expression of
magnet flux linkage along rotor position is supposed as ideally sinusoidal, as shown
in Eq. (44.7).

wma ¼ w0 þwm cos prhr
wmb ¼ w0 þwm cos prhr � 2p=3ð Þ
wmc ¼ w0 þwm cos prhr þ 2p=3ð Þ

8<
: ð44:7Þ

where w0 and wm are the dc component and fundamental magnitude of magnet flux
linkage, respectively. Meanwhile, the magnet flux linkage and inductance expres-
sion within dq-axis can be got as Eqs. (44.8) and (44.9), after Park transformation
performed by Park matrix.

wmd
wmq
wm0

2
4

3
5 ¼ Pabc!dqo

wma
wmb
wmc

2
4

3
5 ¼

wm
0
w0

2
4

3
5 ð44:8Þ

Ld Ldq Ld0
Lqd Lq Lq0
L0d L0q L0

2
4

3
5 ¼ Pabc!dq0

Laa Lab Lac
Lba Lbb Lbc
Lca Lcb Lcc

2
4

3
5P�1

abc!dq0 ð44:9Þ

where Pabc!dq0 is the Park matrix, besides the d-axis magnet flux linkage wmd

equals wm, and the q-axis magnet flux linkage equals zero, while the 0-axis magnet
flux linkage equals w0. Meanwhile, the self- and mutual inductance within dq0-axis,
Ld , Lq, Ldq, can be expressed as

Ld ¼ Lm0 þ 1
2
Lm cos 3hrð Þ � Mm0 �Mm cos 3hrð Þ½ � ð44:10Þ

d_axis
q_axis

Phase_A 
pole

Fig. 44.2 The definition of
dq-axe of DSPM motor
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Lq ¼ Lm0 þ 1
2
Lm cos 3hrð Þ � Mm0 þMm cos 3hrð Þ½ � ð44:11Þ

Ldq ¼ Lqd ¼ � 1
2
Lm þMm

� �
sin 3hrð Þ ð44:12Þ

According to Eqs. (44.10)–(44.12), the dq-axis self-inductance Ld , Lq and mutual
inductance Ldq, Lqd approximate to constant because their ac components are small
compared to dc components. In addition, as the 0-axis current is zero, the influence
of 0-axis self-inductance L0 could be neglected. Furthermore, the dq0-axis mutual
inductance Ld0, L0d L0q, Lq0 can also be neglected as zero in theoretical analysis [6].
Hence, the d-axis and q-axis flux linkage satisfy

wd ¼ wm þ Ldid þ Ldqiq
wq ¼ Ldqid þ Lqiq

�
ð44:13Þ

Similar to the derivation of PMSM output torque, the torque of DSPM yields

Te ¼ 3
2
p wdiq � wqid
� 	

¼ 3
2
pwmiq þ

3
2
p Ld � Lq
� �

idiq þ 3
2
pLdq i2d � i2q

� 	
¼ Tem þ Trm þ Tad

ð44:14Þ

According to Eq. (44.14), the output torque of DSPM contains three respective
parts, the magnet torque Tem which is the main component, the reluctance torque
Trm whose average value is negligible and the additional torque named Tad which is
the main source of output torque ripple. It should be noted that the mutual coupling
between d-axis and q-axis is existent in the additional torque expression.
Furthermore, from the viewpoint of rotor reference frame, the magnet torque Tem
can be seen as numerical product of the magnet flux linkage magnitude wm and q-
axis current iq, which provides possibilities for vector control of DSPM.

44.3.2 System Diagram of Vector Control

Based on the output torque derivation above, the vector control model diagram of
DSPM driving system has been established in this section with the influence of
mutual coupling inductance Ldq being ignored. As shown in Fig. 44.3, the vector
control model includes three primary parts, model of DSPM motor body, power
converter, and drive control block.
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44.4 Simulation and Performance Analysis

In the simplification of the above inductance matrix, the ac magnitude of winding
self-inductance Lm and mutual inductance Mm is vitally important to the efficiency
of vector control. As the fluctuation and magnificent of magnet flux linkage and
inductance are closely related to the motor structure parameters, the universality of
vector control for DSPM drive system is restricted by the parameter matching [7].
In this paper, the parameter of a 12/8-pole DSPM motor is shown in Table 44.1,
based on which the FEA simulation model of motor body and Simulink model of
vector control system are built.

44.4.1 Simulation Model Establishment

The flux linkage and output torque of DSPM along rotor position are hard to be
expressed by numerical equation, due to the partial saturation and marginal effect

d-q-axis
current 

controller
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di
*
qi

+
dq

du

qu SVPWM IGBT

dcU
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dq
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bi

ci

Position and 
speed sensingr

di

qi

-

+
-

Fig. 44.3 System diagram of vector control for DSPM

Table 44.1 Motor
parameters of the 12/8-pole
DSPM

Name Value

Stator resistance 0.005 Ω

Stator outer diameter 120 mm

Stator inner diameter 71 mm

Rotor outer diameter 70 mm

Rotor inner diameter 40 mm

Stator tooth breadth 8.2 mm

Rotor tooth breadth 13.04 mm

Magnet steel breadth 45 mm

Magnet steel length 15 mm
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[8, 9]. In this section, the curves family and bivariate tables of phase winding flux
linkage and output torque are got by the finite element analysis of DSPM motor
body, in which the output torque is resolved into contributions of three-phase
currents individually. Based on the bivariate tables from finite element analysis, the
simulation model of DSPM motor body on Simulink platform has been built and
the diagram is shown in Fig. 44.4.

In Fig. 44.4, ux, Rx, wx, Ix, Tx are winding voltage, resistance, flux linkage,
current, and output torque component of per phase, and x denotes A, B, or C,
respectively. Besides, Tl, B, and J indicate the load torque, friction factor, and rotary
inertia. Furthermore, Tables I and II built based on FEA data, which signify the
functions Ix ¼ f wx; hrð Þ and Tx ¼ f Ix; hrð Þ, respectively, come to be the most sig-
nificant blocks in the above model diagram.

44.4.2 Simulation and Performance Results

The simulation of the magnet flux linkage and inductance along rotor position in the
view of dq reference frame is performed in this section based on the FEA model of
DSPM. The magnet flux linkages in dq-axis are displayed in Fig. 44.5 and the
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Fig. 44.4 The diagram of DSPM motor body in Simulink
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magnitudes of wmd , wmq, and wm0 are roughly accordant with the transformation
shown in Eq. (44.8). In addition, the waveform of inductances in rotary frame is
shown in Fig. 44.6, which reveals that the self-inductance Ld, Lq, contain ac
components, and the magnitudes of mutual inductance Ld0, Lq0 are negligible, while
the average value of mutual inductance Ldq is zero.

According to the system diagram shown in Fig. 44.3, the simulation of vector
control is performed on Simulink platform, where the output speed of DSPM is set
as 300 rpm, and the waveform of output torque is shown in Fig. 44.8. Besides, as
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shown in Fig. 44.7, the d-axis current is controlled as zero and the q-axis current is
controlled as 30 Å. From the simulation results, it is verified that the vector control
strategy used in DSPM drive system could realize favorable output characteristic.

44.5 Conclusion

In this paper, the mathematical model of DSPM motor and the vector control model
of DSPM drive system have been established based on the simplification of the
magnet flux linkage and winding inductance matrixes in abc reference frame.
Meanwhile, the simulation model of DSPM motor body was built on Simulink
platform based on the FEA data, and the simulation of the vector control system has
been performed.

In essence, the vector control strategy of DSPM is to optimize the phase current
of the traditional control. But the parameter matching of wm, Lm, and Mm has
restricted the universality of vector control for DSPM drive system, due to its
inherent doubly salient structure. Furthermore, the coupling inductance Ldq exists in
the output torque expression, which acts as the main source of the torque ripple. So
the application of vector control strategy in DSPM drive system is still confronted
with many problems, which needs further studies in the future.
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Chapter 45
Control Strategies of Hybrid Power
Supply System Based on Droop Control

Rongjia He, Ruichang Qiu, Zheming Jin and Weiwei Yu

Abstract Along with the rapid development of Chinese railway, EMU has already
become a widely accepted travel tool. But conventional EMU has a high depen-
dency on the overhead contact line (OCL) network as well as a potential risk of
injecting harmonics into the OCL network, which may lead to an oscillation in the
OCL network. This paper majorly studies the control strategies of hybrid power
supply system for the first diesel electric multiple units in China. Due to the natural
restriction of permanent magnet synchronous generator (PMSG), the output voltage
of the alternator cannot be controlled directly. To solve this problem and achieve a
good power allocation, the droop control is applied to build the control system of
hybrid power supply system. The result of experimental prototype test shows that
the control strategies work well and achieved a good power allocation in its
operation.

Keywords Hybrid power supply system � Droop control � PMSG � Bidirectional
DC/DC converter

45.1 Introduction

From 1958, when the first electrified railway was started, to the official opening of
Harbin-Dalian high-speed railway on December 1, 2012, China has built more than
48,000 km of electrified railway, which holds the world record of the longest
electrified railway [1]. Along with the rapid development of electrified railway,
higher requirements are emerging, especially in safety, high efficiency, and energy
saving.
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In China, electric multiple units (EMU) have many problems to overcome.
Firstly, EMU has a serious dependence on the overhead contact line (OCL), but OCL
network is not suitable for many areas. Moreover, OCL itself also has short life
cycle, low power factor, and other problems, which also increase the cost of con-
struction of electrified railway. Secondly, OCL is the only energy source of EMU,
which means that the vehicle can neither accelerate nor brake with renewable
braking if the OCL or the main transformer is unavailable. This is a potential
problem without temporary solution, and lots of faults are related to this directly or
indirectly. Thirdly, the major braking method of EMU is the combination of
renewable braking and mechanical braking, but renewable braking may inject a
number of harmonics to the OCL network and it may impact on the operation of
other EMUs. As for mechanical braking, the kinetic energy will transform into heat
and consumed on the braking sheet, which will certainly cause abrasion and increase
the maintenance cost greatly [2]. These problems are seriously restricting the further
development of EMUs.

To face these demands and problems, a novel hybrid EMU with both traditional
OCL system and novel hybrid power supply system is designed as intercity
medium-distance transit vehicle by CNR Changchun Railway Vehicles Co., Ltd.
and Beijing Jiaotong University. For this vehicle, OCL and hybrid power supply
system founded by diesel electric generator set and/or battery banks are both
available power sources [3]. This kind of design made the concept of diesel electric
multiple units (DEMU) one step forward, and it therefore makes itself more suitable
for an intercity rail transit. When OCL is available, the electric drive system will be
driven in a traditional way. When operating in a non-electrified area, the hybrid
power supply system will supply the electric drive system. By applying
high-performance lithium titanate battery, the braking energy can be fully absorbed
and stored, and this part of energy would be released during the following accel-
eration (Fig. 45.1).

Fig. 45.1 Main circuit of DEMU
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This paper is mainly working on the control strategy of hybrid power supply
system. Firstly, the behavior and characteristic of diesel electric generator set are
studied. After that, the research will focus on the Bi-DC/DC converter, which is the
core of the hybrid power supply system. The topology, circuit principle, and control
strategy of Bi-DC/DC converter will be introduced. The cooperation control
strategy that combines the Bi-DC/DC converter and diesel electric generator set will
also be studied and proposed in this part.

45.2 Diesel Electric Generator Set

Diesel electric generator set is the most frequent emergency power supply in many
areas. To realize the lightweight high-power generator [4], permanent magnet
synchronous generator (PMSG) is used in the diesel electric generator set of the
DEMU. The usage of PMSG makes a great contribution to the lightweight design
(Fig. 45.2).

Since the rotor is permanent magnet, the exciting winding is saved, which also
means that the output voltage of the generator set is no longer fully controllable.
Moreover, diode rectifier bridge is used because the frequency of the output varies
from 60 to 133 Hz. For these reasons, the natural droop characteristic of PMSG is
used to control the output indirectly. By using three-phase dynamic load, a natural
droop curve of the system founded by PMSG and diode bridge can be obtained as
shown in Fig. 45.3.

Fig. 45.2 Simulation of PMSG and non-controlled rectifier circuit using MATLAB/Simulink
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45.3 Bi-DC/DC Converter

Bi-DC/DC converter is two-quadrant-operated DC/DC converter, which can
achieve bidirectional energy flow. It is widely used in hybrid electric vehicles,
micro-grids, and other areas that may be related to energy storage [5–8]. In the
hybrid power supply system of DEMU, Bi-DC/DC converter is the key component
which controls the output power of the battery bank directly.

In buck mode, the circuit principle is shown in Fig. 45.4. When the IGBT is
switched on, the IGBT Q1, the high-voltage port, the inductor L, and the
low-voltage port will form a pathway, and the current through the inductor L will
increase as shown in formula (45.1) during this period. When the IGBT is switched
off, the parallel-connected diode D2, the inductor L, and the low-voltage port will
form a pathway, and the current through the inductor L will decrease as shown in
formula (45.2) during this period.

L
diL
dt

¼ Udc � Ubatð Þ � riL ð45:1Þ

Fig. 45.3 Droop
characteristic curve of PMSG

Q1

C1

Q2

Ud

Ub

L

Li

Fig. 45.4 Buck mode of the
circuit
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L
diL
dt

¼ �Ubat � riL ð45:2Þ

where iL is the current through the inductor L, Udc is the voltage of intermediate DC
link which is also the voltage of high-voltage port, Ubat is the voltage of battery
bank which is also the voltage of low-voltage port, and r stands for the parasitic
resistance in the circuit.
In boost mode, the circuit principle is shown in Fig. 45.5. When the IGBT is
switched on, the IGBT Q2 and the inductor L will form a pathway, and the current
through the inductor L will increase as shown in formula (45.3) during this period.
When the IGBT is switched off, the parallel-connected diode D1, the high-voltage
port, the inductor L, and the low-voltage port will form a pathway, and the current
through the inductor L will decrease as shown in formula (45.4) during this period
(Fig. 45.6)

L
diL
dt

¼ �Ubat � riL ð45:3Þ

Q1

C1

Q2

Ud

Ub

L

Li

Fig. 45.5 Boost mode of the
circuit

Fig. 45.6 Bi-DC/DC converter simulation model using MATLAB/Simulink
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L
diL
dt

¼ Udc � Ubatð Þ � riL ð45:4Þ

By using voltage loop PI control, the waveform of result of simulation for
discharging is shown in Fig. 45.7.

45.4 Droop Control Strategy

For a multi-input power supply system, an efficient power conditioning method is to
regulate the voltage of DC bus. As for the hybrid power supply system for hybrid
EMU, the power conditioning can be realized by using droop characteristic of
PMSG and gives a voltage reference by droop curve.

Since the diesel electric generator set is connected to DC link via a diode bridge,
a study of three-phase six-pulse diode rectifier is conducted to model it. By
applying the droop control theory of power system and P-V droop control method
of DC micro-grid and distributed generation to control the Bi-DC/DC converter and
the voltage of DC link.

The maximum available power of the diesel electric generator set could be
obtained by low-speed communication between two systems, and for each maxi-
mum power, there will be a voltage given by droop curve in a certain engine speed.

Fig. 45.7 Battery discharge waveform
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The voltage reference of DC link is selected according to the droop curve, which
limited the output of diesel electric generator set, for this reason, the generator set
can be protected from overload (Figs. 45.8 and 45.9).

Fig. 45.8 Simulation model of hybrid system using MATLAB/Simulink

Fig. 45.9 Control system and pulse generation module
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A simulation result of power conditioning of the hybrid power supply system is
shown in Figs. 45.10, 45.11, and 45.12.

Fig. 45.10 Simulation results of droop control strategy

Fig. 45.11 Amplified waveform
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45.5 Conclusion

This paper studies the hybrid power supply system with its operating diesel electric
generators and power allocation method of traction battery. To reduce the diesel
electric generator set, total volume and weight of the permanent magnet syn-
chronous generator are used. Because of the inherent limitations of permanent
magnet synchronous generator, the output voltage of the alternator cannot be
directly controlled. To solve this problem, to achieve good control of power dis-
tribution, the droop control is used to generate a control system of the hybrid power
system.

Acknowledgment This work was supported in part by the China National Science and
Technology Support Program under the grant (2015BAG13B01) and the National Natural Science
Foundation of China under the grant (ZDZH20141000401).

Fig. 45.12 Actual waveform of droop control strategy
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Chapter 46
Characteristics Analysis of a New
Electromagnetic Coupling Energy-Storage
Motor

Guili Dong, Yumei Du, Liming Shi and Nengqiang Jin

Abstract Conventional electromagnetic speed-adjustable motor (ESAM) has wide
application in speed adjustment. However, it is difficult to meet the high torque
density and transient response requirement in occasion of transient output of high
power. A new structure of dual-rotor electromagnetic coupling energy-storage
motor (ECESM) is presented to output transient high power under low excitation
power. Its mechanical structure and working principle based on eddy effect are
explained and the transient equivalent circuit is derived. Finite element analysis
(FEA) with Maxwell 2D is used to calculate electromagnetic performance and
output characteristics (with terminal leakage considered). The results verify that the
new ECESM has high performances in transient response and torque density,
providing reference to the motor design and manufacturing.

Keywords Electromagnetic coupling � Energy storage � Dual-rotor structure �
Transient response � Finite element analysis (FEA)

46.1 Introduction

On occasion of high-power application, motors based on varied frequency drive
depend much on the capacity of frequency converter. At present, motors at power
level of megawatt are equipped with converter at corresponding power level. Its
large volume and mass makes it inconvenient to move and maintain the equipment.

Conventional electromagnetic speed-adjustable motors (ESAM) have been
widely used since 1960s in the production field before it was replaced by variable
frequency speed control technology. The ESAM system effectively simplifies the
motor structure and lessens its volume and weight, thus reducing frictional loss in
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mechanical structure. The ESAM system consists of four parts, the prime motor,
electromagnetic clutch, velocity measurement, and control device for closed-loop
speed control.

Rui and Jianyun [1] proposed a new ac current-excited electromagnetic coupler
based on the structure of slip clutch. The coupler connects the fan gear on the outer
rotor and excites the coil with three-phase ac current through frequency convertor.
It is newly used in wind power grid-connected system [2].

Recent research on flywheel energy storage focuses on its advantage of
high-energy density and reusability as electro-mechanical energy conversion and
storage device [3, 4].

A new electromagnetic coupling energy-storage motor structure is presented in
the article. It effectively lessens the DC excitation power with energy storage of
flywheel and the outer rotor, and could get rapid transient response. The motor
structure and the operation principle are analyzed to derivate the equivalent circuit.
The software Ansoft Maxwell 2D is utilized to calculate the electromagnetic per-
formance, getting the regular effect of geometrical parameters on magnetic field
distribution and energy density. The results have important impact on the design of
energy-storage motor.

46.2 Theoretical Analysis

46.2.1 Motor Structure

ECESM motor structure, as shown in Fig. 46.1, is composed of the outer rotor
(salient pole structure) and the cylinder-shaped conductive inner rotor [5]. On the
outer rotor, the flywheel plate is attached to help store energy. Excitation coils were

Load

DC

CoreArmature

Slip Ring

Carbon Brush

Excitation
Coil

Prime motor Main
bearingI

bearingII

Flywheel
plate

Fig. 46.1 Schematic of ECESM system
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twined on iron cores to form four magnetic poles and were connected to DC
excitation device through slip rings and brushes. The outer rotor with inertia J1 and
fly wheel with inertia J0 are supported by a main bearing I outside. It is driven by
the prime motor to a rated speed for energy storage. The inner rotor with inertia J2 is
held by a bearing II inside and is free to rotate. When the rotary outer rotor produces
rotating magnetic field, the inner part is driven by Ampere’s force under relative
movement [6–8].

46.2.2 Equivalent Circuit of ECESM

During the start-up process, the outer rotor rotates at the speed of n1 and is excited
by DC current I1, producing magnetic potential F1 at speed n1, while the inner rotor
rotates at speed n2 with induced current of I2, producing the corresponding mag-
netic potential F2 at speed n; F1 and F2 are synthesized as equivalent magnet
potential Fm to form air gap magnet field. Eddy current schematic diagram is shown
in Fig. 46.2.

Slip ratio s is defined as in Eq. (46.1).

s ¼ n1 � n2
n1

ð46:1Þ

n2 ¼ ð1� sÞn1 ð46:2Þ

The inner rotor is equivalent to multiphase-distributed wingding, getting eddy
current induced in inner rotor I2 at frequency f2.

f2 ¼ sn1p=60 ð46:3Þ

n1
n2

Fig. 46.2 Eddy current
schematic
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The corresponding rotary magnetic potential F2 of I2 rotates at relative speed sn1
in the same direction with the inner rotor; in other words, F2 rotates at the speed
sn1 + n2 = n1, so the magnetic potential of both the outer and the inner rotor rotate at
the same speed n1 [9]. Considering the salient structure of the outer rotor, F2 should
be amounted to F2d and F2q in d-q axis. The mathematic relation is described in
Eqs. (46.4) and (46.5).

F2d ¼ F2 sin a ð46:4Þ

F2q ¼ F2 cos a ð46:5Þ

As F1 is produced by concentrated winding and F2 varies in sinusoidal distri-
bution along the surface of inner rotor, we cannot simply compute the amplitude of
F1 and F2d, F2q on d-q axis as scalar quantity. Magnetic potential vector synthesis is
shown in Fig. 46.3 as the base of vector operation. The parallelogram of the vector
potential keeps firm during the start-up process.

The magnetic potential equation on d-q axis is described in Eqs. (46.6) and
(46.7), with only first harmonic considered.

Fmd ¼ F1 þF2d ð46:6Þ

Fmq ¼ F1 þF2q ð46:7Þ

Consider the armature effect on magnetic potential of d-q axis equivalent to
coefficient of kd and kq, then

kd ¼ F2d=Fm ð46:8Þ

kq ¼ F2q=Fm ð46:9Þ

Winding conversion is based on Eqs. (46.6) and (46.7) (subscript is omitted for
simple writing):

N1Im ¼ N1I1 þN2I2 ð46:10Þ

Im ¼ I1 þ I2=Ki ð46:11Þ

θ 1F

mF
2FFig. 46.3 Magnetic potential

diagram
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Ki ¼ N1=N2 ð46:12Þ

Ki is defined as the coefficient of winding conversion in Eq. (46.12), then

Imd ¼ I1 þ I 02d ð46:13Þ

Imq ¼ I1 þ I 02q ð46:14Þ

With vector calculation of current on d-q axis in Eq. (46.15), we get the inte-
grated equation as (46.16).

_I
0
2 ¼ _I

0
2d þ j_I

0
2d ð46:15Þ

Im ¼ I1 þ I 02 ð46:16Þ

E2s is produced by the rotation of magnetic potential F1 while induced voltage
E1d, E1q on the outer rotor is induced by rotary potential F2d and F2q, which has
back induction to F1.

E2s is calculated in frequency conversion with the coefficient Ke to get the result
of E0

2 ¼ E1 in Eq. (46.17). Impedance of the circuit is converted into Eqs. (46.18)
and (46.19).

E2 ¼ 4:44 f2N2/ ¼ 4:44 f1N1/
f2N2

f1N1
¼ E0

2

Ke
ð46:17Þ

_Z 0
2 ¼

_E0
2
_I 02
¼ Ke _E2

_I2=Ki
¼ KeKi _Z2 ð46:18Þ

r02 ¼ KeKir2 ¼ N2
1

sN2
2
r2 ð46:19Þ

Comprehensively, voltage equation on the outer rotor is described in motor
convention:

_U1 ¼ � _E1 þ _I1r1 ð46:20Þ

However, the voltage equation on the inner rotor is described in generator
convention:

_U0
2 ¼ _I 02r

0
2 ¼ _E0

2 � j _I 02ðr02 þ jx02Þ ð46:20Þ
_E1 ¼ _E0

2 ð46:21Þ
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� _E1 ¼ _Imðrm þ jxmÞ ð46:22Þ
_I1 þ _I 02 ¼ _Im ð46:23Þ

With Eqs. (46.20)–(46.23), we get the ECESM transient equivalent circuit as in
Fig. 46.4.

46.2.3 Energy-Storage Principle

ECESM combines the principle of motor and generator, with flywheel attached to
the outer rotor to store energy. It is a comprehensive device for energy storage and
transmission. The outer rotor and flywheel store energy slowly with the connected
prime motor rotating at angular speed of ω1. When the outer rotor is accelerated to
normal angular velocity ω1, it could be separated from the prime motor and is ready
to work at any time. When the excitation is powered on, the inner rotor is driven by
Ampere force under eddy current effect to the velocity of υ2 (converted to trans-
lational motion). Meanwhile, the outer rotor decelerates with the resistance of
Ampere force. The energy transmission is described in Eq. (46.25) where the eddy
loss cannot be ignored for the eddy effect that has great impact on energy
transmission.

1
2
ðJ1 þ J2Þðx2

1 � x2
2Þ ¼

1
2
m1ðm22 � m21ÞþEloss ð46:25Þ

ω2 the final angular velocity of the outer rotor
ν1 the initial velocity of the inner rotor
ν2 the final velocity (ν2 = ω2 * R2 where R2 is the radium of the inner rotor)
m1 the mass of the inner rotor
Eloss the eddy loss
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Fig. 46.4 ECESM transient equivalent circuit
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46.3 Simulation Results and Analysis

The finite element software Ansoft Maxwell 2D is employed to calculate the
electromagnetic performance. Geometry model is set up following the design
parameters. The initial velocity of the outer rotor is 2000 rpm with its inertial
J1 = 25 kg m2 (with no fly wheel here). The rotor gets initial speed ν1 = 0 rpm with
inertial J2. Eddy effect is applied during the calculating process.

The magnetic field distribution of the motor at time t = 0.4 s is shown in
Fig. 46.5. The material is effectively utilized with the maximum magnetic density of
the outer rotor yoke reaches 1.6 T close to the full intensity of the steel.

The current of the excitation coil is shown in Fig. 46.6. The current rises up to
1200 Å after 300 ms and keeps constant until t = 500 ms when the two rotors
getting close in speed. The maximum power output by the excitation device is
P = 38 V * 1200 Å * 2 = 91.2 kW, only 9.12 % of the total power of the motor. In
that case the high-power motor could be excited by low-power excitation device.
The coil current I1 goes down during the period of t = 500 ms to t = 750 ms when
the induced magnetic field is totally set up and the inductance L gets larger; in
other words, impedance x2 in the circuit gets larger, resulting in the decrease of I1.

Fig. 46.5 Magnetic flux
density field (t = 0.4 s)

Fig. 46.6 Excitation coil
current of the motor
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After t = 750 ms when both the rotors get to the same speed and the induced field
could be ignored, I1 gets back to the value of 1200 Å.

The speed graphs of the outer rotor and inner rotor are shown in Fig. 46.7. The
outer rotor decelerates to 1500 rpm while the inner rotor is accelerated to normal
velocity 1500 rpm at t = 750 ms when the two parts get synchronized. The motor
starts well in 750 ms with good instant response. The speed reduction ratio of the
outer rotor is 25 %, equivalently the motor reasonably exports about 43.75 % of the
stored energy, making it ready to be recharged to work the second time. The
electromagnetic torque is shown in Fig. 46.8. The maximum torque reaches
11 kN m and meets well with the design target.

46.4 Conclusion

The new electromagnetic coupling energy-storage motor combines the double-rotor
clutch structure and the mechanical energy-storage device. It reaches the target of
transient high-power output with good quality of torque density and transient
response. The motor structure and the operation principle are analyzed to derive the
equivalent circuit. The software Ansoft Maxwell 2D is utilized to calculate the
electromagnetic performance and mechanical characteristics, validating the rea-
sonable design of the motor parameters. The following work will focus on the
thermal analysis, loss and efficiency evaluation, and simulation and experiments on
prototype machine under different operating condition.

Fig. 46.7 Speed of the
loaded motor

Fig. 46.8 Torque of the
loaded motor
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Chapter 47
Research on the Modularization
of the Auxiliary Power Supply System
of the High-Speed Train

Yifei Wang, Wenzheng Liu, Tianyu Wang, Xiankai Liu, Zheng Chen
and Zhongping Yang

Abstract The auxiliary power supply system is an important part of the high-speed
train, which provides a comfortable environment for passengers and ensures the
safe operation of trains. Based on the modularization technology in the design of
the auxiliary power supply system, we consider the product demand as input
condition, consider the key parameters of the auxiliary power supply system as an
output, and standardize the mapping rules and configuration rules of each module of
the auxiliary power supply. In the case of CRH2A, based on the modularization
technology, we design the key parameters such as the auxiliary power unit
(APU) capacity and the battery capacity, which indicate that the use of modular
technology can quickly design customized and personalized products to meet
customer demand.

Keywords High-speed train � The auxiliary power supply system �
Modularization � Method of design

47.1 Introduction

The auxiliary power supply system is a system that provides power for the auxiliary
equipment of the train such as cooling fan, air conditioning, lighting device, network
control system, braking system, passenger information device, and train radio [1].
The modularization design of the auxiliary power supply system considers the
customer demand which is divided into main demand, key demand, and passenger
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demand according to the property of customer demand as input firstly, and
decomposes the demand parameters which include specific technical indicators such
as capacity, power quality, voltage standard, environmental conditions, and power
supply conditions. By allocating the customer demand parameters and product key
parameters reasonably, we can quickly design customized products to meet customer
demand.

47.2 Structure of the Auxiliary Power Supply System
of Modularization Design

Module is the basic unit of modularization design. It is independent, but also has
input and output interfaces to be assembled with other modules into products to
meet customer demand [2]. The module of the auxiliary power supply system
includes the auxiliary converter module, the charging generator module, and the
battery module. The structure of the auxiliary power supply system of modular-
ization design is a model that is based on customer demand. It includes the demand
parameters, product parameters, configuration rules, and mapping rules, as shown
in Fig. 47.1. We consider the demand parameters as input and the product
parameters as output, and design the auxiliary power supply system to meet the
customer demand by the mapping rules and configuration rules between the
demand parameters and the product parameters.

Customer Demand 

Demand Parameters

Object

Auxiliary
Converter

Charging
Generator

Battery

The Auxiliary 
Power Supply 

System

Product Example

Product Parameters

Configuration
Rules

Mapping
Rules

Fig. 47.1 The modularization design of the auxiliary power supply system

462 Y. Wang et al.



47.2.1 Demand Parameters

The demand of the auxiliary power supply system of high-speed train is an input
condition of the auxiliary component design. It includes customer orders, product
feedback, train design standards, and the environmental restrictions of the train. The
demand of the auxiliary power supply system can be divided into main demand,
key demand, and passenger demand according to the property of demand itself
(Table 47.1).

The main demand is the one that needs to adjust to the environment while the
auxiliary power supply system is operating. It can be divided into the environmental
demand and the rail and contact line demand. The environmental demand is the one
that the auxiliary power supply system needs to adjust to the climate and geography
of the operation region. The rail and contact line demand is the one that the
auxiliary power supply system needs to adjust to the line conditions and power
supply system.

The key demand is the one that the auxiliary power supply system needs to meet.
It includes the form of organization, the topology of power supply bus, the designed
capacity, the quality of power, the power standard, tightness, reliability, comfort,
environmental protection, vibration and shock, and echoplex and rescue.

The passenger demand is the one that the train needs to satisfy about passengers.
It includes passengers power supply socket, lighting system, fire detection system,
broadcasting system, air-conditioning system, water supply and sanitation system,
and passenger information display system [3].

47.2.2 Product Parameters

The auxiliary power supply system of high-speed train mainly consists of the
auxiliary converter, the charging generator, and the battery. The product parameters
of the auxiliary power supply system of high-speed train are the output conditions
of the design of auxiliary power supply system. It can be divided into classes of
external interface, internal interface, structure parameters, performance parameters,
and relation parameters according to different functional properties. The classifi-
cation of the product parameters of the auxiliary power supply system is shown in
Table 47.2.

47.2.3 Configuration Rules

The configuration rules is a series of constraints and matching principle by which
we select and determine the items which need to be configured in the product model
during the process of design. The configuration rules restrain the relation between

47 Research on the Modularization of the Auxiliary Power … 463



modules of the product, and they ensure the accuracy of product configuration by
restraining the selection and combination of modules during the process of product
configuration. The configuration rules of the auxiliary power supply system include
environmental conditions, power supply conditions, auxiliary converter, charging
generator, and battery.

Table 47.1 The classification of the demand of auxiliary power supply system

The classification of the demand Name of demand

Main demand Environmental demand Ambient temperature

Relative humidity

Altitude

Salt fog intensity

Sand strength

Rail and contact line demand Voltage of power network

Clearance

Key demand Structure demand Form of organization

Bus topology

Performance demand AC load capacity

The air-conditioning power supply

DC load capacity

Redundant requirements

Emergency time

Emergency load capacity

Battery type

Power standard

Levels of protection

Insulation grade

Lifetime

EMC

Vibration shock

Reliability

Comfort

Environmental protection

Echoplex and rescue

Passenger demand Passenger demand Passengers power supply socket

Lighting system

Fire detection system

Broadcasting system

Air-conditioning system

Water supply and sanitation system

Passenger information display system
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(1) Environmental conditions

The environmental temperature adaptability demands that the auxiliary power
supply system and the components can work and play their respective performance
in such temperature conditions.

The relative humidity has great influence on the integrated circuits, LCD chips,
and electronic components. Some electronic components can only work in a narrow
range of environment humidity. There must be a design of dehumidification process
in the auxiliary power supply system to guarantee the stability of the components.

The rise of altitude reduces the air pressure, which influences the passengers in
the compartment and makes the air thinner, which has a bad impact on the venti-
lation cooling and insulation performance of the devices.

Rain, fog, and dust weathers have a certain effect on the safety of the auxiliary
power supply system of the train. The rain mainly causes bad influences on the
high-voltage system, such as bad quality of current collection and low insulation
grade, affects the input voltage of the auxiliary converter, and then makes the
auxiliary power supply system work abnormally. The dust mainly causes bad
influences on the ventilation cooling of the devices and the protection of the aux-
iliary power supply system. So, the influences above must be considered when the
auxiliary load is installed and protected [4].

The altitude, relative humidity, salt and spray strength, and insulation grade
should conform to GB21413.1-2008 standard “The application of railway loco-
motive electrical equipment Part 1: general conditions of use and general rules” and
TB3077.2-2006 standard “electric locomotive roof insulator part 2: composite
insulator,” and JB/T7573 standard “General technical conditions of electro tech-
nical products in highland environment.” The dust protection strength of the
equipment should conform to GB4208-2008 standard “Shell protection grade
(IP code).”

Table 47.2 The classification of the product parameters of the auxiliary power supply system

External interface Internal interface Structure
parameters

Performance parameters

Auxiliary Load Auxiliary converter-
Charging generator

The number of
devices

Auxiliary converter
capacity

Auxiliary-Traction Charging generator-
Battery

The AC power
bus topology

Charging generator
capacity

Auxiliary-Braking Null The DC power
bus topology

Battery capacity

Auxiliary-High
voltage

Null Cable
connection

Input and output voltage of
the auxiliary converter

Auxiliary-Air
conditioner

Null Weight Input and output voltage of
the charging generator

Null Null Shape and size Reliability etc.
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The earthquake will affect the mechanical stability of the auxiliary power supply
system of the train, so the internal structure and the installation of the auxiliary
power supply system should meet the requirement that the train is safe from the
earthquake in the operation area

(2) Power supply conditions

The pantograph collects the power through the contact line. The power standard is
single-phase AC 25 kV, 50 Hz, which meet the specifications that is GB1402
“Electric traction AC voltage standard of Rail lines.” The interfaces of the auxiliary
power supply system of the train are designed according to the rated 25 kV and
meet the requirements of power supply.

(3) Auxiliary converter

The input voltage of the auxiliary converter comes from the auxiliary winding of
the traction transformer or the middle AC part of the traction system depending on
the models of the train. The output voltage and frequency should be set to facilitate
matching auxiliary loads and make sure the auxiliary converter works normally.
The harmonics of the output voltage will drop the motor efficiency, increase the
noise, make the switch equipment act falsely, and cause interference to normal
communication equipment, so the harmonics of the output voltage should be
controlled in a certain range.

The capacity of the auxiliary converter is determined by the number of the
auxiliary converter, the total power of the auxiliary load, and the redundancy of the
system. The economy of the auxiliary power supply system is closely related to the
efficiency of the auxiliary converter. The economic efficiency of the auxiliary power
supply system could be improved with the efficiency management of the system
and the components and the interfaces between the transmission components. The
auxiliary converter will be momentarily overloaded when the auxiliary load is
broken. So, the auxiliary converter should have the overload capacity to deal with
this situation [5].

(4) Charging generator

The input voltage of the charging generator comes from the output voltage of the
auxiliary converter. The amplitude and frequency of the output voltage of the
auxiliary converter have certain fluctuations. The charging generator should work
when the input voltage is irregular, so the input parameters of the charging gen-
erator should stay the same as the output parameters of the auxiliary converter.

The accuracy of output voltage of the charging generator has a very large impact
on the battery and the DC auxiliary load. High or low output voltage will cause
over-current or insufficient power supply. The auxiliary load can work normally
when the precision of the output voltage of the battery is less than 1.5 % in the
actual test. The ripple of the output voltage will influence the working state of the
auxiliary load and also bring bad influence on the control of the switching devices.
So the ripple factor of the output voltage should be set within ±5 %.
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The main load of the charging generator is the battery. The control method of the
charging generator should adjust to the state of the battery, so the range of the
output voltage should fit the charging curve of the battery.

The rated output power of the charging generator and the charging power of the
battery are related to the total power of the load of the auxiliary power supply
system. One of the most important indicators that affect the economy of the aux-
iliary power supply system is the efficiency of the charging generator. By con-
trolling the efficiency of the charging generator in no less than 90 %, we can not
only take the specific work of the actual circuit into account, but also increase the
efficiency of the system maximally.

(5) Battery

The type of battery is determined in accordance with the tender contract to meet the
customer demand, and the temperature compensation coefficient, the aging coeffi-
cient, and the charging efficiency of the battery are determined according to the
local climate conditions and customer demand [6]. The capacity of the battery
should meet the customer demand standards such as emergency load and emer-
gency power supply time.

(6) The auxiliary power supply system

The output quality of the auxiliary power supply system is conformed to EN50155
standard. Each kind of power supply systems has their own independent and reli-
able safety grounding measures. The power supply facilities have the function of
self-diagnosis and fault protection measures. The phenomena of overload, short
circuit, instantaneous large current impact, overvoltage, under-voltage, and
grounding are all protected to ensure the safety of the passengers.

The auxiliary power supply system is designed with redundancy. When one or
two auxiliary converters are broken, the load can get the power without being
influenced, and the dynamic performance of the train will not be affected either,
which ensures the normal operation of the train.

47.2.4 Mapping Rules

The mapping rules of the auxiliary power supply system of the train mean that the
demand of the auxiliary power supply system can be mapped with the technical
indicators of products by certain relations of rules, and then the configuration and
design of the auxiliary power supply system can be completed by the technical
indicators. The general description of the demand mapping of the auxiliary power
supply system is shown in Table 47.3.
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47.3 The Modularization Design of the Auxiliary Power
Supply System Based on CRH2A

The design of the auxiliary power supply system of the train is a process to design
customized and personalized auxiliary power supply system reasonably according
to the configuration rules and the mapping rules between the demand and the
product modules based on customer demand. Taking CRH2A as an example, the
design method of the auxiliary power supply system of CRH2A based on the
modularization design method is discussed below.

Table 47.3 The mapping rules of the demand and product module of the auxiliary power supply
system

Object data Input data (the parameters of the
demand module)

Output data (the parameters of the
product module)

The auxiliary power
supply system

Ambient temperature Auxiliary converter capacity

Operating ambient temperature

Relative humidity Insulation grade

Protection grade

Altitude Insulation grade

Salt fog intensity Insulation grade

Sand strength Auxiliary converter capacity

Protection grade

Marshalling form Auxiliary converter capacity

AC load capacity

Redundant requirements

DC load capacity Charging generator capacity

Emergency power supply time

Emergency load capacity Battery capacity

Clearance

Battery type Shape and size

Standard of power Battery type

Protection grade Standard of power

Insulation grade Protection grade

Lifetime Insulation grade

EMC Lifetime

Vibration and shock EMC

Reliability Vibration and shock

Comfort Reliability

Environmental protection Comfort

Echoplex and rescue Environmental protection

Socket power supply Echoplex and rescue

The number of sockets and the power
supply standard
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According to the customer demand of CRH2A, the conditions of use for the
auxiliary power supply system are determined as follows:

1. Temperature: −25 – +40 °C;
2. Relative humidity: ≤95 %;
3. Altitude: ≤1500 m;
4. Maximum wind speed: General year 15 m/s, occasionally 30 m/s.

Relative humidity, altitude, and hydrochloric acid strength affect the insulation
grade and protection strength of the auxiliary power supply system of the train. So,
the insulation grade and protection strength should be set according to the envi-
ronment configuration rules.

The ambient temperature will influence the cooling of the equipment, thus
affecting the change of fan power and influencing the capacity of the auxiliary
power supply device. The ambient temperature will influence the comfort of the
passenger compartment, thus influencing the capacity of the air-conditioning sys-
tem; low-temperature environment will make the pipeline heat tracing and the
power of load such as electric heating device for passenger compartment increase,
resulting in increased capacity. The dust strength influences the cooling of equip-
ment, thus affecting the fan power changes and the design capacity of the system.
The marshalling form determines the number of the car and affects the capacity of
the system. According to the load capacity and the redundancy demand, the
capacity of the auxiliary power supply system is calculated to determine the
capacity of the auxiliary power supply device. According to the DC load and the
redundancy demand, the capacity of the auxiliary power supply system is calculated
to determine the capacity of the auxiliary rectifier.

CRH2A group consists of 8 cars among which 5 are driving and 3 are following.
There is an auxiliary power supply device in each of number 1 and number 8
compartments. The auxiliary power supply device consists of auxiliary power unit
(APU) and auxiliary rectifier facility (ARF). The auxiliary power supply device
outputs five kinds of voltage power which are non-stabilized single-phase AC100 V
system, stabilized single-phase AC100 V system, stabilized single-phase AC200 V
system, stabilized three-phase AC400 V system, and stabilized DC100 V system.
The non-stabilized single-phase AC100 V system mainly supplies power to load
that allows a large fluctuation range of voltage such as electric water heater. The
stabilized single-phase AC100 V system supplies power to load such as the control
circuit of air-conditioning device and braking device. The stabilized single-phase
AC200 V system supplies power to load such as socket, vending machine, canteen
equipment, and water supply control. The stabilized three-phase AC400 V system
supplies power to the auxiliary equipment that is related to the traction system such
as traction transformer, traction converter, and fan for traction motor. The stabilized
DC100 V system supplies power to the load such as power source for control, car
lighting, and battery of the train.

Under normal circumstances, the auxiliary power supply device in number 1
compartment supplies power to number 1 to 4 compartments and the auxiliary
power supply device in number 8 compartment supplies power to number 5 to 8
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compartments. However, if one of the auxiliary power supply devices is broken, the
other auxiliary power supply device can supply power to the whole train by the
change of the circuit without reducing the power of the load. The statistics of the
load power of the auxiliary power supply device are shown in Table 47.4[7].

According to the load capacity of the auxiliary power supply system of the train,
considering the redundant rules and capacity margin, the rated capacity of the
auxiliary power supply device can be determined as Table 47.5.

The battery on the train is mainly used for activating the control system before
the train is started and providing emergency power supply for emergency lighting,
emergency ventilation, and the control unit when the train is on the emergency fault
(for example, loss of pressure). The auxiliary power supply system should be able
to supply the power normally in the echoplex and rescue. The battery in CRH2A

must supply enough power for the auxiliary equipment for more than 30 min when
the electricity is out according to the customer demand.

According to the statistics, the emergency load capacity of the train when the
electricity is out or two APUs are both broken is 14.412 kW.

Table 47.4 The load capacity of the auxiliary power supply system of CRH2A

The auxiliary power supply The loads of
No. 1–4 vehicles
(kV A)

The loads of
No. 5–8 vehicles
(kV A)

The loads of the
whole train
(kV A)

Non-stabilized single-phase
AC100 V-summer

2.9 2.4 5.3

Non-stabilized single-phase
AC100 V-winter

12.2 11.7 23.9

Stabilized single-phase
AC100 V

3.4 3.5 6.9

The auxiliary power supply
of No. 1 vehicle stops

Stop 6.9 6.9

The auxiliary power supply
of No. 8 vehicle stops

6.9 Stop 6.9

Stabilized single-phase
AC200 V

1.9 6.3 8.2

The auxiliary power supply
of No. 1 vehicle stops

Stop 8.2 8.2

The auxiliary power supply
of No. 8 vehicle stops

8.2 Stop 8.2

Stabilized three-phase
AC400 V

57.8 65.2 123.0

The auxiliary power supply
of No. 1 vehicle stops

Stop 123.0 123.0

The auxiliary power supply
of No. 8 vehicle stops

123.0 Stop 123.0

DC100 V 23.5 22.3 45.8
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The discharge current of the battery is I = 14412 × 0.8 (the voltage drop when
discharging)/100 = 115.30 A [8].

The emergency load demands power for more than 30 min (0.5 h).The battery
capacity for the emergency load

C ¼ I � t ¼ 115:3� 0:5 ¼ 57:65Ah ð47:1Þ

The temperature compensation coefficient K1 = 0.6, charging efficiency K2 = 0.8,
aging coefficient K3 = 0.8 [9]. The actual capacity of the battery is Ce.

Ce ¼ C= K1 � K2 � K3ð Þ ¼ 57:65=ð0:4� 0:8� 0:8Þ ¼ 225Ah ð47:2Þ

The design capacity of the battery is 300 Ah considering the system redundancy
and the capacity margin, and 3 groups of battery each of which has capacity of
100 Ah are used.

The size of the auxiliary power supply device is affected by the clearance. The
CRH2A is in accordance with the GB146.1 Provisions that is “The Interim
Provisions of the car clearance of the passenger special line.” According to the
clearance of the train, the distribution of the auxiliary power supply system device
is considered rationally so the size of the APU is 2400 mm × 1800 mm × 650 mm,
the size of the ARF is 2400 mm × 600 mm × 650 mm.

Some numbers of sockets are set to satisfy the needs of passengers on the
sockets. The power of the sockets is supplied by one phase from the three-phase AC
bus or is supplied by the single-phase AC power that is inverted from the DC
power.

The parameters of power standard, levels of protection, insulation grade, life-
time, EMC, vibration shock, reliability, comfort, and environmental protection can
be determined directly according to the customer demand.

47.4 Conclusion

The modularization design method of the auxiliary power supply system of
high-speed train is sorting out the demand parameters of customers and the key
parameters of product, on the basis of which, configuring and mapping the demand
parameters and the key parameters of product. The key of the design of the aux-
iliary power supply system is to calculate the capacity of the auxiliary converter and

Table 47.5 The rated capacity of the auxiliary power supply device of CRH2A

Non-stabilized
single-phase
AC100 V

Stabilized
single-phase
AC100 V

Stabilized
single-phase
AC200 V

Stabilized
three-phase
AC400 V

Stabilized
DC100 V

22 kV A 12 kV A 12 kV A 123 kV A 58 kW
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the battery according to the load capacity and the redundant rules. The personalized
and customized products can be rapidly designed with the method of modulariza-
tion with the efficiency of product design increasing, which provides certain
technical basis for the localization, pedigree, and standardization of the high-speed
train.
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Chapter 48
Fault Prognosis of Track Circuit Based
on GWA Fuzzy Neural Network

Meng Wang, Hongyun Zheng and Zanwu Huang

Abstract Accurate fault prognosis of track circuit is important to maintain railway
signaling system. A method widely used is fuzzy neural network (FNN). However, a
typical problem with such method is the lack of flexibility of the fuzzy operators.
A practical solution is introducing the generalized weighted average (GWA) operator
to replace the transfer functions of neurons in rule and output layers. The strength of
logic operation would be adjusted by compensation parameters so as to simulate the
flexibility of human thinking. In this paper, we propose a fault prognosis model based
on GWA-FNN and deduce the iterative algorithm of training parameters. The sim-
ulation results show that the fault prognosis of track circuit based on GWA-FNN has
better accuracy and generalization ability compared to Sum–Prod model.

Keywords Track circuit � Fault prognosis � Fuzzy neural network � Generalized
weighted average

48.1 Introduction

Track circuit is one of the most important devices in railway signaling system, and
its failure would affect the transport efficiency and traffic safety. Currently, track
circuit is maintained by means of scheduled inspection, together with emergent
repair in failure case. Accurate fault prognosis of track circuit is necessary for the
maintenance.

One of the important methods for fault diagnosis and prognosis of track circuit is
FNN. FNN is the combination of fuzzy logic system and neural network. It inherits
the advantage of fuzzy logic system to understand the knowledge easily, as well as
accurate fitting and learning ability of nonlinear mapping from neural network.
FNN has become a new direction in the research field of fault diagnosis and
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prognosis. This method has been widely used [1–12], especially in system where
mathematical model is not available.

Among the applications of FNN, some use Max–Min operator, and some are
based on adaptive neural fuzzy inference system (ANFIS) [2, 4, 13]. Whichever
operators are used, different operators lead to different results. In ANFIS, the Min or
Prod (product) operator is used to calculate the applicable coefficient in ruler layer,
and the weighted average (WA) operator is used in output layer. Unlike the Min and
Prod operator, Max–Min is a strong logic ‘and’ and ‘or’ operation. However, using
this operation to composite fuzzy relationship would result in losing information of
how fuzzy subset membership grade would influence fuzzy inference, making
inference results deviate from human thinking.

To solve the above-mentioned problems, a GWA-FNN model is proposed in this
paper for fault prognosis of track circuit. As far as we know, this is the first time that
the GWA-FNN is applied to fault diagnosis of track circuit. The strength of ‘and’
and ‘or’ logic operation in fuzzy operator is adjusted by compensation parameters
so as to simulate the flexibility of human thinking. Moreover, we deduce the
iterative algorithm of training parameters. The simulation results show that this
method is valid for fault diagnosis and prognosis with great generalization ability.

48.2 Generalized Weighted Average Fuzzy Operator

In fuzzy inference structure, a fuzzy rule consists of multiple input fuzzy subsets.
To composite all the fuzzy subsets, there are two kinds of basic operations: inter-
section ‘⋂’ and union ‘⋃,’ corresponding to ‘and’ and ‘or’ in logic operation.
Typically, Min or Prod operator is used for ‘⋂’ operation, while maximum or
algebraic sum is used for ‘⋃’ operation.

Experiments show that compensation is needed between these two opposite
operations to match the collected data. Therefore, a GWA composition operator is
proposed [14].

gðA1; . . .;An; p; c1; . . .; cnÞ ¼
Xn
i¼1

ciA
p
i

 !1=p

ð48:1Þ

where p is the compensation parameter and ci are weights and meet
p 2 R; p 6¼ 0; ci � 0;

P
ci ¼ 1.

In order to better describe the role of compensation parameter p in Eq. (48.1), a
new parameter γ is defined and the range of p is mapped to [0, 1]. The parameter γ
is defined as follows [15]:

c ¼ 1þ p= 1þ pj jð Þð Þ
2

ð48:2Þ

474 M. Wang et al.



Parameter γ is used to adjust the strength of ‘⋂’ and ‘⋃’ operators. Compensation
of parameter p is shown in Table 48.1.

When γ = 0, it denotes that no compensation is needed, which equals to taking
the minimum value; when γ = 1, it denotes full compensation, which means taking
the maximum value.

48.3 Fault Diagnosis Model Based on GWA-FNN

48.3.1 Proposed Fault Diagnosis Model

Generally, FNN fault prognosis model uses fuzzy operator instead of the transfer
function of neurons in the neural network and uses fuzzy variables as input signal.
The proposed GWA-FNN fault prognosis system is based on Mamdani model, as
shown in Fig. 48.1.

Table 48.1 Correspondence
between p and γ

p γ Operator Definition

−∞ 0 Minimum Minimum value

−1 0.25 Harmonic mean Harmonic average

0 0.5 Geometric mean Geometric average

1 0.75 Arithmetic mean Arithmetic average

+∞ 1 Maximum Maximum value
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Fig. 48.1 Fault prognosis model based on GWA-FNN
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Input layer: Collected data are passed to the next layer.
Fuzzification layer: Each node represents a fuzzy set and is used to calculate

input component’s membership degree of fuzzy set.
Inference rule layer: Each neuron represents a fuzzy rule which is used to match

the antecedent of fuzzy rule and calculate the activation degree. Fuzzy operators
composite fault symptom and connection weights to get activation degree.
Connection weight represents ith input (fuzzy value)’s importance to kth inference
rule, and different operators indicate different fuzzy inference rules.

Normalization layer: Making the sum of all activation degrees of rules to be 1,
and simplifying the perspicuity calculation of output layer, that is:

�rk ¼ rk

,XR
i¼1

ri ðk ¼ 1; 2; . . .;RÞ ð48:3Þ

Output layer: Use perspicuity calculation to get the reliability of fault. Fault
reliability is composited by normalized rule activation degree �rk and its connection
weights ckj with outputs Fj through fuzzy operators. Choosing different operators
will lead to different fault prognosis.

48.3.2 Fuzzy Operator

Inference layer calculates rule activation degree by GWA fuzzy operator:

rk ¼
X3N
i¼1

wkix
p
i

" #1=p
ðk ¼ 1; 2; . . .;RÞ ð48:4Þ

xi ¼ lil ¼ e
�ðXl�diÞ2

r2
i i ¼ 1; . . .; 3N; l ¼ modði� 1Þþ 1 ð48:5Þ

where R is the number of fuzzy rules, N is the number of input parameters, and
wki 2 ½0; 1� represents each fault symptom xi’s importance to kth fuzzy inference
rule. p is the compensation degree for intersection operation.

Output layer also uses GWA fuzzy operator to help fuzzy inference rules
composite fault reliability.

Fj ¼
XR
k¼1

cjk�r
q
k

" #1=q
ðj ¼ 1; 2; . . .; LÞ ð48:6Þ

where L is the number of output faults. Compared to perspicuity calculation in
standard fuzzy model, cjk 2 ½0; 1� is equal to kth center linguistic value of mem-
bership function of Fj. q is the compensation degree for union operation.
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48.3.3 Learning Algorithm

Define optimized error cost function as mean square error:

E ¼ 1
2

XL
j¼1

ðTj � FjÞ2 ð48:7Þ

where L is the number of output parameters and Tj is the jth output. Fj is the jth
training network output, the actual output.

Learning steps are as follows:

1. Connection weight between inference layer and output layer:

@E
@cjk

¼ @E
@Fj

@Fj

@cjk
¼ �ðTj � FjÞ �

@
PR

k¼1 cjk�r
q
k

� �1=q
@cjk

¼ � 1
q
ðTj � FjÞ � Fq�1

j �rqk

ð48:8Þ

2. Parameters of membership function:

@E
@di

¼ @E
@Fj

� @Fj

@�rk
� @�rk
@rk

� @rk
@xi

� @xi
@di

¼ �ðTj � FjÞ � cjkFq�1
j �rq�1

k �

PR
i¼1
i 6¼k

ri

PR
i¼1 ri

� �2
�wkiðrkxiÞp�1 � e

�ðXl�diÞ2
r2
i

2ðXl � diÞ
r2i

ð48:9Þ

@E
@ri

¼ @E
@Fj

� @Fj

@�rk
� @�rk
@rk

� @rk
@xi

� @xi
@ri

¼ �ðTj � FjÞ � cjkFq�1
j �rq�1

k �

PR
i¼1
i 6¼k

ri

PR
i¼1 ri

� �2
� wkiðrkxiÞp�1 � e

�ðXl�diÞ2
r2
i

2ðXl � diÞ2
r3i

ð48:10Þ

3. Connection weight between input layer and rule layer:

@E
@wki

¼ @E
@Fj

� @Fj

@�rk
� @�rk
@rk

� @rk
@xi

¼ �ðTj � FjÞ � cjkFq�1
j �rq�1

k �

PR
i¼1
i 6¼k

ri

PR
i¼1 ri

� �2 �
1
p
rp�1
k xpi

ð48:11Þ
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Iterative algorithm of parameters:

cjkðnþ 1Þ ¼ cjkðnÞ � b1
@E
@cjk

ð48:12Þ

wkiðnþ 1Þ ¼ wkiðnÞ � b2
@E
@wki

ð48:13Þ

diðnþ 1Þ ¼ diðnÞ � b3
@E
@di

ð48:14Þ

riðnþ 1Þ ¼ riðnÞ � b4
@E
@ri

ð48:15Þ

48.4 Simulations and Analysis

48.4.1 Input and Output Parameters

25 Hz phase-detecting track circuit is the most common circuit pattern in the section
of electrified railway station. The proposed fault diagnosis system chooses the
sending-end output voltage, the receiving-end rail surface voltage and coil voltage
of the two-element two-position relay on the track as input parameters, as shown in
Table 48.2. Four common faults are set as the output of the system, as shown in
Table 48.3.

According to the relationship between common faults and circuit parameters in
phase-detecting track circuit, fault diagnosis principles are expressed as fuzzy rules.
The system input parameters are classified into three types as ‘normal,’ ‘high,’ and
‘low’ and represented as N, H, and L, respectively. And the membership function
used to fuzzify the input signal is type gaussian.

Table 48.2 Input of fault diagnosis system

Symbol Description

Ub The secondary-side voltage of the power supply transformer

Uz The rail surface voltage on the receiving end of the track circuit

Uj The coil voltage of the two-element two-position relay track

Table 48.3 Output of fault diagnosis system

Symbol Fault description Fault type

F1 Ballast resistance is too small Red light strip

F2 Power supply voltage is too high Bad shunting

F3 Power supply voltage is too low Red light strip

F4 Break line fault in protective box Red light strip
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48.4.2 Simulation Result and Analysis

The simulation system selects 1024 fault samples, of which half are used for
training and half for testing. The learning step is 0.2, and the training mean square
error is 0.0001.

First initialize the parameters.
P3N

i¼1 wki ¼ 1;wki 2 ½0; 1� andPR
k¼1 cjk ¼ 1; cjk 2

½0; 1�; and each row of the matrix is normalized. Then, use error backpropagation
algorithm to calculate the gradient of layers. To ensure the training error meets the
setting indicator, use first-order optimization algorithm to adjust the parameters
with minimum mean square error. The iterative algorithm used in the training
process refers to Sect. 48.3.3. At last, input the testing data to our well-trained
model and get results.

For comparison, a Sum–Prod model is also used to do the simulation. The
training and testing data in these two models are the same and so are the initial
parameters, training steps, and other conditions. The training error curves of these
two experiments are shown in Fig. 48.2. Later our model is simply called GWA
model.

The training and testing data are shown in Table 48.4.

Fig. 48.2 Training error
curves of two models

Table 48.4 Data comparison Parameters Sum–Prod GWA

Number of training parameters 36 126

Training number 59 198

Training time (s) 1.264 6.624

Mean square error (MSE) 0.8146 0.1217

Testing time (ms) 21.4 33.5
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As is shown in Fig. 48.2; Table 48.4, the Sum–Prod model spends less training
time because of simple algorithm and less parameters, while the GWA model is
more accurate on testing error while considering the connection weight and com-
pensation degree.

In order to better contrast test errors, an untrained fault sample is input into two
trained systems, and the test errors are shown in Table 48.5. The MSE error of
single testing sample in GWA model is one magnitude smaller than the error in
Sum–Prod model. Therefore, although GWA model has a slow training and
learning speed, its accuracy is high and its system generalization ability is greater
than that provided by the Sum–Prod model by five times.

48.5 Conclusion

FNN combines both the advantages of fuzzy logic system and neural network and is
widely used in the field of fault diagnosis and prognosis. However, selecting dif-
ferent fuzzy operators will greatly influence the system accuracy. To solve the
problem of lack of the ability to simulate the flexibility of human thinking, a fault
prognosis method based on GWA-FNN is proposed and applied to do fault prog-
nosis of track circuit. The simulation result shows that our model is valid and
accurate. It not only enhances the generalization ability of the system, but also
improves the generalization performance and, to a certain extent, solves the prob-
lem of weak generalization ability in fuzzy neural network. For those application
systems which are not strict with reaction time and do not require high prediction
accuracy, this model provides a feasible solution.

Fuzzy operator is, of course, not the only factor that can affect the system
performance. The numbers of neurons and membership functions also have influ-
ence. When these two numbers are specified, to better understand how the fuzzy
operator would affect the system performance, the system can be constructed with a
dynamic structure and the structure parameters can be included in the training
system, which would get more meaningful results.

Acknowledgments This work is supported by the Fundamental Research Funds of Beijing
Jiaotong University under the grant W11JB00630.

Table 48.5 Error of single testing data

Input Type Output fault (reliability)

Us Uz Uj F1 F2 F3 F4 MSE

Sample output 0.9 0.05 0.05 0.6 –

11.5 0.34 9 Sum–Prod 0.856 0.06 0.038 0.628 1.48e−03

GWA 0.912 0.059 0.039 0.608 2.05e−04
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Chapter 49
Electric Axis Synchronous Technology
Application in EMU Running
Simulation Test

Xingqiao Ai and Wanxiu Teng

Abstract When the traction braking characteristics of high-speed EMU vehicles
are tested on test bed, the wheel speed difference can cause the TCU alarm and the
test will not be carried out. In view of the practical engineering problems, the
electric axis synchronous system with auxiliary motor is developed and applied
to the high-speed EMU simulation test. Through the test, the control precision of
the electric axis synchronous system can be within 3 %, which can well solve the
problem of the speed alarm in the bench simulation test.

Keywords Electric axis synchronization � High-speed EMU � Simulated running �
Bench test

49.1 Introduction

The running simulation test bench is a large comprehensive performance equipment
of railway vehicles, which can undertake rail vehicle traction, electric braking
characteristics, and converter performance research test. Test rig is equipped with
vehicle traction power supply system, resistance load system, and rail track wheel
system, and on test bench, we can take traction brake test for one car of the EMU.
Bench running test compared with line has obvious advantages [1–4]. At first, test
on the bench do not need formal line, and the test is not restricted by external
conditions, saves the manpower, and has high efficiency. secondly, one car will be
selected for the test, and the train formation is not needed, even not train servicing,
saving resources of vehicles. Thirdly, matching performance of system can be
tested in the vehicle development process, to improve product performance from
the design sources.
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Becuase the four axes of simulation running test bed don’t connected, the speed
of four axes is inconsistent. When the speed difference is large, it will induce TCU
alarm, and this will make the test stop. In order to solve this engineering problem,
the running simulation test bed developed the electric axis synchronization system,
to achieve a four-axis speed synchronous [5–8]. The test bench is shown in
Fig. 49.1.

49.2 The Basic Principle of Electric Axis Synchronization

The schematic of electric axis system shown is in Fig. 49.2, T1 and T2 are output
torques of the two shafts,M1 andM2 are the main drive motors of the two axes, and
BM1 and BM2 are two auxiliary motors mechanical series with two electric shafts.
Under normal circumstances, BM1 and BM2 are two motors with the same models,
mechanical properties, power asynchronous, and the rotor of two motors should be
reversibly connected. When the main drive motor driving their rotation, if the
speeds of main drive motors are the same, the rotor circuits of auxiliary motors do
not produce current due to equal and opposite voltage. If the speeds are different,
there will be a current flowing into the slow one from the fast, the equivalent of an
electric motor in the power generation state and another in the electric state. At this
time, the two torques generated by the auxiliary motor are called the equilibrium
moments, which have a load on the fast motor and a driving power on the slow
motor.

When the load T1 is increasing and T1 is greater than the load T2, the rotor BM1
of auxiliary motor began to lag behind rotor BM2. Assumptions between the two
winding axes with a misalignment angle θ, the synthesis voltage within the rotor
circuit is

Fig. 49.1 CRH380BL
running simulation test
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D _E2 ¼ _E0
2 � _E00

2 6¼ 0 ð49:1Þ

In its role, in the auxiliary motor rotor circuit will generate balance current, and it
lags an angle behind the voltage E2.

The balance current is

_I2 ¼
_E0
2 � _E00

2

2Z2
¼ sE2N � sE2Ne�jh

2 R2 þ jX2sð Þ ð49:2Þ

After the conversion, we get the active component of current of lag axis motor

I2a1 ¼ sE2NR2

R2
2 þX2

2s
2

1� cos hþ X2s
R2

sin h

2
ð49:3Þ

The torque of assistant motor BM1 is

T1 ¼ T
1� cos hþ X2s

R2
sin h

2
ð49:4Þ

You can see, at a shift angle θ and slip s, the torques of two auxiliary motors are
not equal. When the auxiliary motor rotates along the magnetic field rotation, T1 is
always positive, and T2 may be negative. At this time, auxiliary BM1 works as an
electric motor which produces the same positive direction torque (T1 is positive)
with the rotating magnetic field of its stator, thereby reducing the load on the host
M1. Auxiliary BM2 works as a generator and it absorbs mechanical power and
electric power, respectively, by the shaft and the rotor circuit and output electrical
power by the stator to the grid. As we can see from the torque equation, at a certain
angle difference, the higher the slip, the greater the torque the auxiliary issued. Slip
under the same circumstances, the offset angle as the abscissa, T/T max as the
abscissa, we get the relationship between misalignment angle and balance torque.

Fig. 49.2 The basic principle of electric axis
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The balance torque for the system is

DT ¼ T1 � T2 ¼ T
X2s
R2

sin h ð49:5Þ

We can see from Fig. 49.3 that within a certain range, the higher the slip, the
greater the balance torque is. When the angle difference exceeds 90°, the torque will
decrease. If the load is increasing, the balance torque will not meet the increasing
external load, and the angle difference will be increased, when the balance torque is
increasing, which at last leads to the disintegration of the system. To ensure the
system working in a stable area, the actual angle difference should not be greater
than 30°, and slip preferably within 1 < s < 2.

49.3 Engineering Applications

When the train running on the rail line, the speed of every wheel set will be
monitored by speed sensor on the axle. When wheel slippage occurs, the wheel
speed sensor signals to TCU, and then, TCU will take anti-skid protection to avoid
wheel flat abrasion.

In order to simulate high-speed EMU operating environment on the test bed, the
speed of every axle needs to be strictly controlled. In particular, during acceleration
performance test, because of mechanical and electrical characteristic difference of
each axle, the wheel is prone to slip and then the electric axis synchronous system is
necessary.

The structural layout of single accompany test axle is shown in Fig. 49.4. Each
of the drive shaft has an 800-kW three-phase inverter-driven induction motor as a

Fig. 49.3 The relationship
between misalignment angle
and balance torque
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resistance load, and an 800-kW three-phase asynchronous motor is connected in
series as an auxiliary motor. The electric axis synchronization system consists of
four accompany test axles. Electrical schematic is shown in Fig. 49.5.

Coupling 1

Flywheel
Gear
box

Universal
coupling

Motor
Torque
sensor

Track
wheel

Fig. 49.4 The structures of drive axle

Fig. 49.5 Electrical schematic of electric axis system
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To ensure the stability of the axis system, step synchronizing is necessary before
the system starts up. During system synchronizing, current, and other parameters in
the axis system can be monitored on the electrical cabinet, and the cabinet is shown
in Fig. 49.6.

49.4 Test

The electric axis synchronization system is the most important part of the running
simulation test bench, which provides a basic guarantee of EMU traction braking
characteristic test. In order to test traction characteristics of a new type of
high-speed EMU’s converter, Changchun Railway Vehicles Co., Ltd., built a
traction performance test platform in National Engineering Laboratory, and the
platform is EMU running simulation test bench. The test platform consists of
converter, traction motor, bogie, cooling fan, and car body. The running simulation
test bed provides resistance load to the vehicle and distribute power for traction
converter. The test system is shown in Fig. 49.7.

Taking an 100 km/h–200 km/h acceleration test for the vehicle on test bench,
when axis synchronization system is not enabled, we can get the speed of every test
axle by sensor of shaft, and the velocity curve is shown in Fig. 49.8. As a com-
parison, the velocity in enable electric axis system is shown in Fig. 49.9.

As can be seen by comparing from the curve, when the electric axis is not
enabled, the velocity is different between axle 1 and axle 3, and the speed difference
can reach 10 km/h or more. When the electric axis is enabled, the speed difference
of every axle is not more than 2 km/h, and the speed synchronization error is less
than 2 %. The electric axis system achieves the wheel speed synchronization
function and meets the test requirements.

Fig. 49.6 The control cabinet
of electric axis system
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Fig. 49.7 EMU traction
braking test system

Fig. 49.8 Axle velocity with
disenable electric axis system

Fig. 49.9 Axle velocity with
enable electric axis system
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49.5 Conclusion

To meet the traction characteristic test needs of high-speed EMU on test bench, the
electric axis synchronous system was developed which was used in traction braking
characteristics test of a new EMU. Through comparison test, electric axis system
can achieve vehicle speed synchronization control well, and synchronization error
is less than 3 % and solves this engineering problem of EMU shaft velocity alarm in
traction characteristics test on test rig.
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Chapter 50
Novel Neutral Point Potential Balance
Control Scheme for NPC Three-Level
Inverter

Bo Gong and Shanmei Cheng

Abstract The neutral point (NP) voltage variation is studied; the relationship
between NP voltage variation and the overlap is analyzed, in this paper. And a new
SPWM control method for three-level (3L) inverter is proposed. A closed loop
system is built by altering the displacement of the carriers in the vertical direction in
the proposed method, and the control structure is simple. It is easy to make the NP
voltage balance by adjusting the overlap. Simulation results indicate that the pro-
posed method can get a good NP voltage control effect.

Keywords NP potential � 3L NPC inverter � Vertical direction � SPWM

50.1 Introduction

Nowadays, the NPC 3L inverters are the most widely topology used for 3L
inverters [1–3]. But NP potential imbalance is the innate problem of 3L inverters.
The shift of the NP voltage may destroy the power devices, and the system will be
damaged. Therefore, the research on 3L NP voltage balance attracts widespread
attention, and there are many control methods have been proposed to solve the
problem [4–8].

An overlapping control scheme based on carrier of SPWM is presented in this
paper. The scheme is used to balance the NP potential of 3L inverters by altering
the displacement of the carriers in the vertical direction. The relationship between
the shift of NP voltage and the overlap with different conditions is studied; the NP
voltage regulation speed is determined by the amplitude of the overlap. And a
simulation system is set up based on MATLAB; the results indicate that the pro-
posed method can get a good NP voltage control effect.
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50.2 NP Voltage Control Scheme

To maintain the NP voltage balance, a carrier overlap control method is proposed.
To achieve the overlap, one carrier’s displacement in the vertical direction is
altered, and the other carrier’s displacement in the vertical direction keeps
unchanged. As shown in Fig. 50.1, h is assumed to be the carrier overlap, and the
displacement of the carrier utri1 in the vertical direction is moved downward h.

When the upper carrier moves down, the “O” state time is as follows:

d
0
jo ¼

ð1� ujÞ=ð1þ hÞ (uj � 0)
ð1þ uj � hÞ=ð1þ hÞ (�h\uj\0)
1þ uj (uj ��h)

8<
: ð50:1Þ

The shift of the NP voltage dUc is as follows:

dUc ¼
Z2p
0

iad
0
a þ ibd

0
b þ icd

0
c

C
dðx tÞ

= � 3� Im � cosu
2� m� C � ð1þ hÞ 2� h�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 � h2

p
þ 2� m2 � arcsinðh=mÞ � p� h� m2

h i
ð50:2Þ

The relationship among dUc, m, and h is shown in Fig. 50.2.
As shown in Fig. 50.3, the displacement of the carrier utri2 in the vertical

direction is moved upward h.
When the lower carrier moves up, the “O” state time is as follows:

d
0
jo ¼

1� uj (uj � h)
ð1� uj � hÞ=ð1þ hÞ (0\uj\h)
ð1þ uj)/(1þ h) (uj � 0)

8<
: ð50:3Þ

The shift of the NP voltage dUc is as follows:

dUc ¼ 3� Im � cosu
2� m� C � ð1þ hÞ ½2� h�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 � h2

p
þ 2� m2 � arcsinðh=mÞ � p� h� m2� ð50:4Þ

0

1

-1

1

1

uj

uj

h utri1

utri2

Fig. 50.1 The “O” state time
when the upper carrier moves
down
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The relationship among dUc, m, and h is shown in Fig. 50.4. As shown in
Figs. 50.2 and 50.4, dUc is in directly proportional to hjj , when cosφ and m are
constant. Therefore, NP voltage balance can be achieved by adjusting the overlap h.

Fig. 50.2 The relationship
among dUc, m, and h

Fig. 50.3 The “O” state time
when the lower carrier moves
up

Fig. 50.4 The relationship
among dUc, m, and h

50 Novel Neutral Point Potential Balance Control Scheme … 493



50.3 Simulation Results

A mode of NPC inverter is set up using MATLAB tools to demonstrate the valid
new carrier overlapping control method.

In the simulation mode, the parameters are as follows: the amplitude of the
voltage, Udc, and switch frequency, fs, of IGBT are 540 V and 1 kHz, respectively.
The amplitude of the capacitors’ voltage is half of Udc at first. For the load, the
resistance is 60 Ω and the inductance is 33 mH. The NP voltage is unbalanced by
parallel 800-Ω resistor with the lower capacitor. The voltage control runs when the
time in the simulation is 0.6 s.

The control results are shown in Figs. 50.5 and 50.6, and the NP voltages is
controlled to be the expected value quickly when the NP voltage control method
works.

In Fig. 50.5, the resistance is 30 Ω and the inductance is 66 mH of the load.
Figure 50.5a, b shows the control results when modulation index m is 0.7, the
regulation time is 0.52 s in Fig. 50.5a, and the regulation time is 0.21 s in
Fig. 50.5b. Figure 50.5c, d shows the control results when m is set to be 0.4, the
regulation time is 1.81 s in Fig. 50.5c, and the regulation time is 0.7 s in Fig. 50.5d.
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Fig. 50.5 Control results using neutral point control strategy. a h = 0.15, b h = 0.2. c h = 0.15.
d h = 0.2
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It can be observed that the effect of the NP voltage regulation is proportional to
h, which is consistent with the analysis.

In Fig. 50.6, the modulation index is 0.4 and h = 0.2. And in Fig. 50.6a, the
resistance is 30 Ω, the inductance is 100 mH for load, and the NP voltage regulation
time is 1.85 s. In Fig. 50.6b, the resistance is 30 Ω, the inductance is 10 mH of
resistance–inductance load, and the NP voltage regulation time is 0.31 s. And in
Fig. 50.5b, the NP voltage regulation time is 0.7 s, when the resistance is 30 Ω and
the inductance is 66 mH of resistance–inductance load. The power factor will
become higher when the inductance decreases, and the resistance keeps invariant. It
can be seen that the bigger the cosφ is, the well the NP voltage regulating effect is
with the other parameters consistent, which is consistent with Eqs. (50.2) and (50.4).

50.4 Conclusions

This paper is concern with carrier overlapping NP voltage control method for 3L
inverters. The absolute of the NP voltage shift is proportional to the overlap h, when
the other parameters are kept invariant. The simulation results indicate that the
proposed method has excellent ability to maintain the NP voltage balance.
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Chapter 51
A Study on Acceleration Slip Regulation
of Electric Drive Vehicle Based on Road
Identification

Guibing Yang, Zili Liao, Chunguang Liu and Dingzhe Qin

Abstract In order to improve the dynamic performance of vehicle driven by
in-wheel motor, the acceleration slip regulation (ASR) is established based on the
road identification. The ASR control adopted a slip mode control method based on
the road’s optimal slip rate and designed an abnormal fault detector based on
CUSUM algorithm. The optimal estimation of slip rate can be realized based on the
figure and the filtering algorithm. This kind of control is proven by a real-time
simulation in the (HIL) Hardware In Loop in order to improve the vehicle’s per-
formance including the directly accelerating ability. It can also help the vehicle to
cross road obstacles better.

Keywords In-wheel motor � Acceleration slip regulation (ASR) � Road identifi-
cation � Sliding mode control

51.1 Introduction

The (traction control system) TCS is more widely used to improve the dynamic
performance and stable performance of the vehicle driven by in-wheel motor [1–4].
Its main means is the acceleration slip regulation (ASR). The estimation of optimal
slip rate is the key technology, there is no reliable method that adapt to variational
road.
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Against the above, the ASR control adopted a slip mode control method based
on the road’s optimal slip rate is established and designed an abnormal fault
detector based on CUSUM algorithm. The optimal estimation of slip rate can be
realized based on the figure and the algorithm. This kind of control is proven by a
real-time simulation in the (HIL) Hardware In Loop.

51.2 Structure and Principle of ASR

In Fig. 51.1, the structure and principle of the acceleration slip regulation is shown.
Here, this control structure mainly includes the optimal slip ratio estimate filter,

wheel slip rate estimation, the road jump tests and sliding mode control λ and λd,
respectively, tire slip rate, and the optimal ratio, and the output of the controller is
the torque optimal value of the 8 motors.

51.2.1 Estimate the Optimal Slip Ratio

A kind of method for estimating the optimal slip ratio based on Kalman filtering
and the cumulative sum (CUSUM) is put forward. Figure 51.2 shows the rela-
tionship between the skidding rate and the tire-road friction coefficient under three
types of road surface. The slip ratio corresponding to the max tire-road friction
coefficient is called optimal slip ratio. So we can use the method of differential,
observing the positive and negative changes of the values to determine the optimal
slip ratio.
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Fig. 51.1 The control
structure of ASR

498 G. Yang et al.



According to the following formula:

u ¼ Fxi
Fzi

Fxi ¼ mia
k ¼ xmr�V

xmr

8<
: ð51:1Þ

To deduce:

du
dk

¼ du=dt
dk=dt

¼ mia
0

Fzi
� ðxmrÞ2
rðamV � xmaÞ ð51:2Þ

On the type, Fxi,, Fzi are the driving force and load of the i shaft wheel; mi is the
component of the whole vehicle mass at i shaft; Vm is the wheel speed; am is wheel
acceleration; and r is the radius of the tire.

The change of the du/dλ value is related to a′ · (amV – ωma), the accuracy of the
sensor signals directly affects the calculation of the du/dλ value. So, the Kalman
filter is adopted.

The process equation and measurement equation of discrete Kalman filter can be
expressed as follows:

xk ¼ Axk�1 þwk�1

zk ¼ Cxk þ vk

�
ð51:3Þ

where xk and zk denote the system estimate and measurement, respectively; A, C is
the transfer matrix and measure matrix, respectively; wk�1, vk are the process noise
and measurement noise. The Kalman filtering process can be described by the
following five formulas:
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1.0Fig. 51.2 μ−λ curves of three
types of road surface
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x�k ¼ A x
^

k�1
þwk�1

P�
k ¼ A P

^
k�1

AT þQ

Kk ¼ P�
k H

TðHP�
k H

T þRÞ�1

x
^ ¼ x�k þKkðzk � Hx�k Þ
P
^
k
¼ ðI � KkHÞP�

k

8>>>>>>>>><
>>>>>>>>>:

ð51:4Þ

P is the error covariance matrix; K is the filter gain; Q is the variance of process
noise; R is the variance of measurement noise.

Once the road changes, the optimal slip ratio should be estimated again.
Therefore, we need to design a jump detector to monitor the road changes. In this
paper, a road jump detector based on cumulative sum (CUSUM) and statistical
control is adopted, and its principle is as follows:

gðkÞ ¼ kðkÞ � kdðkÞþ gðk � 1Þ ð51:5Þ

λk should be near the estimate optimal slip ratio; when the road has no change, the
cumulative sum of g(k) should be near zero. Otherwise, there will be two conditions
such as kλk > kdðkÞ or kλk < kdðkÞ; we can assume that the road changes by setting
the threshold H, and we can assume that the road changes when the g(k) is greater
than H.

51.2.2 Sliding Mode Controller

Here, we have the wheel model; when the vehicle is in a horizontal road, it is
expressed as

J x
� ¼ iTd � FðtÞ ð51:6Þ

The drive motor simplified model as first-order dynamic model:

Td
� ¼ ðTref � TdÞs ð51:7Þ

J is the moment of inertia of wheel; i is the transmission ratio; Td is the actual output
motor torque; F(t) is the sum of ground adhesion and rolling resistance to the tire;
Tref is the motor torque reference value; and τ is the motor corresponding time
constant.
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Assuming that x1 = ω, x2 = Td, μ = Tref, the system state equation is established:

_x1 ¼ ix2=J � FðtÞ=J
_x2 ¼ ðTref � x2Þs

�
ð51:8Þ

Select two linear sliding modes:

s1 ¼ x1 � x1d
s2 ¼ x2 � x2d

�
ð51:9Þ

x1d is the expectations of motor speed, x2d is the expectations of motor actual output
torque, respectively, the optimal slip ratio point.

Selection index near rate:

_s1 ¼ �k1sgnðs1Þ � q1s1
_s2 ¼ �k2sgnðs2Þ � q2s2

�
ð51:10Þ

k1 > 0, q1 > 0, k2 > 0, q2 > 0. k1, k2 determine the speed of approach, the faster its
value, the greater the approach speed, but it may lead to the bigger chattering after
reach the sliding mode surface. We can effectively guarantee the sliding mode
motion with good quality by adjusting q1 and q2.

Then Eq. (51.9) into Eq. (51.10) gives:

_s1 ¼ �k1sgnðx1 � x1dÞ � q1ðx1 � x1dÞ ¼ _x1 � _x1d
_s2 ¼ �k2sgnðx2 � x2dÞ � q2ðx2 � x2dÞ ¼ _x2 � _x2d

�
ð51:11Þ

Simultaneously Eq. (51.8):

�k1sgnðx1 � x1dÞ � q1ðx1 � x1dÞ ¼ ix2=J � FðtÞ=J � _x1d
_s2 ¼ �k2sgnðx2 � x2dÞ � q2ðx2 � x2dÞ ¼ ðTref � x2Þs� _x2d

�
ð51:12Þ

Simultaneously Eq. (51.6) and Eq. (51.7) eliminate x2:

Tref ¼ ðJsþ Jq2Þð�k1 � q1x1 � q1x1d þFðtÞ=Jþ _x1dÞ
si

þ �k2 þ q2x2d þ _x2d
si

ð51:13Þ

Tref is the given motor torque reference value.
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51.3 The Simulation and Analysis

51.3.1 Single Road Adherent Simulation

Speed up on the low adhesion road:
Tire-road friction coefficient is set to 0.3. The simulation results are as follows

(see Figs. 51.3, 51.4, 51.5, and 51.6).

Fig. 51.3 The vehicle speed
and the 4-wheel speed on the
left side without control

Fig. 51.4 The vehicle speed
and the 4-wheel speed on the
left side with control

Fig. 51.5 The wheel slip
ratio on the left side of the
first axis
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The optimal slip ratio is estimated 0.12, and the wheel slip rate is controlled near
the optimal slip ratio by the anti-skid controller through controlling the torque of the
drive motor. The simulation speed is 78 km/h in the end, but it is 60 km/h without
control. ASR improved the vehicle’s dynamic performance.

51.3.2 Variable Road Simulation

(a) Low adhesion and high adhesion connect road:

The road adhesion coefficient is set as 0.3 for low adhesion road, and high
adhesion road adhesion coefficient is set as 0.7. In the fourth second, the vehicle
leaves the low adhesion road into high adhesion surface road, and the simulation
results are as follows (see Figs. 51.7, 51.8).

Fig. 51.6 The motor torque
on the left side of the first axis

Fig. 51.7 The wheel slip
ratio
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51.4 Conclusion

This paper puts forward a kind of drive torque control structure based on pavement
recognition technology. The ASR control adopts a slip mode control method based
on the road’s optimal slip rate and designed an abnormal fault detector based on
CUSUM algorithm. The optimal estimation of slip rate can be realized based on the
figure and the filtering algorithm. This kind of control is proven by a real-time
simulation in the (HIL) Hardware In Loop to improve the vehicle’s dynamic
performance.
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Chapter 52
Online Detection System for Wheel Size
of Urban Rail Vehicle

Shuang Chen, Xiaoqing Cheng, Zongyi Xing, Yong Zhang
and Yong Qin

Abstract An online detection system based on 2D laser displacement sensors is
proposed to measure the parameters of wheel-set. Firstly, the structure of the system
is described, which is composed of the axial position sensor, the auto equipment
identification (AEI), 2D laser displacement sensors, and IPC (Industrial Personal
Computer). Secondly, the principle of the oblique incidence laser triangulation
method is proposed in this paper. Then, the working principle of measuring the
wheel size is introduced, including the flange height, the flange width, and wheel
diameter. Finally, a field experiment was conducted to validate the system. The
experimental results show that the measurement error of the profile parameters is
±0.2 mm, and the measurement error of the wheel diameter is ±0.5 mm. The system
is rapid, accurate, and reliable. Besides, the consistency of the system is better than
the manual measurement.

Keywords Urban rail vehicles � Wheel-set size � Laser displacement sensor �
Online detection

52.1 Introduction

Urban rail train wheels as the joint of the train and the track undertake the entire
static, dynamic load from the train, which are the very important parts in traveling
system. Poor track maintenance condition may cause wheel flange wear. Wheel
shape and unreasonable material matching in the actual operation of the train may
influence the wheel geometry size [1]. Monitoring the wheel tread shape change is
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important to eliminate safety hazards of train operation caused by wheel size change
timely [2]. Therefore, it is necessary to detect wheel size online to ensure train
operation safety.

Many research institutions abroad conducted researches on online detecting
wheel size technology and system in their early days [3]. Loram, an American
company, developed the wheel automatic detection system under both low and high
speed in the middle of 1990s. Japan developed automatic equipment for measuring
the wheel tread profile in the late 1990s, which could also detect wheel profile
parameters. The measurement error is less than ± 0.3 mm. Some domestic research
institutes have developed the online detection system for wheel size in recent years.
The LY Series dynamic inspection system for wheel profile developed by Chengdu
Lead Science & Technology Co…Ltd. [4, 5] and the online detection system for
wheel size AUT-3500 developed by Guangzhou Fdaut Co…Ltd. [2, 6] can both
realize the function to automatically inspect geometric parameters of wheel-set in
dynamic state. The systems above mainly employ the light-section method, an
image measurement technology [7]. When the wheels pass through the measure-
ment equipment, the laser is projected onto the wheel. Then, a photoelectric sensor
captures the shape of the passing wheel rim. At the same time, high-speed CCD
shoots and processes the image. The processing procedures include filtering the
image and extracting the centerline of a laser image. Then, the wheel-set size can be
calculated. The method has a complicated structure with low repeated measurement
precision and it is vulnerable to environmental disturbance.

This paper proposes an online detection system for wheel-set of urban rail train
based on 2D laser displacement sensors to automatically detect the flange height,
width, and wheel diameter. The system with simple construction has many
advantages, such as high accuracy and quickness. Besides, it is easy to be installed,
which makes the system meet wheel-set detection and maintenance operation
requirements.

52.2 System Structure

52.2.1 System Structure and Installation

The online detection system for wheel size proposed in the paper consists of an
axial position sensor, AEI, 2D laser displacement sensors, and IPC. The installation
layout is shown in Fig. 52.1. The axial position sensor, installed outside the rail, is
to detect the time the vehicle arrives, then it immediately triggers other hardware
devices to power on, including the train identification antenna. After that the system
starts to acquire data.

The relative position between 2D displacement sensors and the rail is shown in
Fig. 52.2. Laser displacement sensors next to two tracks are arranged with a mirror
symmetry. The sensor R4, on the right side, is installed outside the track, while the

506 S. Chen et al.



sensors R1, R2, R3 are installed inside the track. When the train passes by, the
sensors R3, R4 scan the tread to gather the complete tread size information,
respectively. The sensors installed inside R1, R2, R3 measure the wheel diameter.
The working principle of these 4 displacement sensors on the left is similar to that
of sensors on the right. The distance between backs of the wheel flanges can be
obtained by fusing data measured by sensor L2 and sensor R2.

52.2.2 The System Function and Technical Index

The system is installed in the vehicle operation depot. The train speed is under
3 km/h. When the train passes by the detection system at a low speed, the system
can accurately detect the flange height, width, wheel diameter, and other wheel size.
The detection accuracy of the flange height and width is ±0.2 mm, and the detection
accuracy of the wheel diameter is ±0.5 mm. The system also has the following
functions:

1. Identify the train and the wheel by the axial position sensor and AEI.
2. Remodel the wheel tread by the detected wheel data, accurately analyze and

compare coaxial wheel diameters, and calculate the coaxial wheel diameter
difference of the same bogie frame. Alarm when the measured parameters
exceed the limit.

Fig. 52.1 Equipment installation layout
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3. Store, statisticize, and inquire historical measured data. Provide report on
detecting data, then draw historical trend curve. The result can be real-time
displayed and printed.

52.3 Measuring Principles

52.3.1 The Laser Triangulation Measurement Principle

The online wheel size detection system measures the wheel-set size based on laser
triangulation. Laser displacement sensors are installed next to the track. When the
laser emits on the wheel tread, it forms a certain angle with the tread normal. That

Fig. 52.2 Schematic diagram of the position relationship between laser displacement sensors and
the wheel
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is, the method belongs to the oblique incidence laser triangulation method [8]. The
principle is shown in Fig. 52.3. The light emitted by the Laser1 is incident to the
measured object surface3 after focusing by convergent lens2. Then an angle is
formed between the light and the measured surface3. The moving object and
changing surface can cause the incident light to move along the incident optical
axis. The receiving lens4 receives scattered light from the incident light spot. Then
the lens images it on the sensitive surface of the light detector5 (CCD) [9]. θ1 and θ2
should satisfy the Scheimpflug condition [10]:

tg h1 þ h2ð Þ ¼ btgh3 ð52:1Þ

If the image of the light spot moves up x0 on the sensitive surface of the detector,
then the displacement distance along the normal direction of the surface can be
acquired based on the proportion of similar triangles:

x ¼ ax0 sin h3 cos h1
b sin h1 þ h2ð Þ � x0 sin h1 þ h2 þ h3ð Þ ð52:2Þ

where θ1 is the angle between an optical axis of a laser beam and the normal of the
detected tread. θ2 is the angle between a received lens axis and the normal of the
detected tread. θ3 is the angle between an optical axis of the detector and a received
lens axis.

52.3.2 The Measurement Principle of Wheel-Set Size

In the online detection system for wheel size, remodeling tread profile is accom-
plished by two displacement sensors. Two displacement sensors are installed as the
mirror symmetry with a certain angle and distance, as shown in Fig. 52.4. The laser
displacement sensors scan the wheel tread and collect data with a certain sampling
frequency when the wheels pass by the detection system. The installation position
and angle of laser displacement sensors with respect to the track are fixed.

Fig. 52.3 The principle diagram of the oblique triangle measurement
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Therefore, the tread profile can be remodeled by coordinate rotation and data
fusion.

The process of coordinate rotation and data fusion is shown in Fig. 52.5. Where
x(1)o(1)y(1), x(2)o(2)y(2) are the original coordinates of the two sensors. u(1)o(1)v(1),
u(2)o(2)v(2) are the coordinates after conversion. Fuse the converted data from two
coordinate systems into one coordinate system so that it can remodel the wheel
tread profile. Then the wheel-set size can be easily calculated according to the
definition of the flange height and width.

52.3.3 The Measurement Principle of Wheel Diameter

The wheel diameter is measured by 3 displacement sensors which are installed
inside the track in this system. The sensors are installed on a circle with radius R.
These three sensors collect data synchronously, as shown in Fig. 52.6.

In the wheel diameter calculation process, firstly convert rim vertex coordinates
detected by three sensors, and then convert them into one coordinate system.
Secondly, obtain wheel diameter by three non-collinear points computing the circle
principle. At last, the above diameter subtracts twice the flange height to obtain the
rolling circle diameter of the wheel.

Fig. 52.4 Schematic diagram
of the flange size
measurement

v(1) v(2)

u(2)

O(1)
u(1)

Fig. 52.5 Schematic diagram
of coordinate conversion
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52.4 Experiment

The field test was carried out in Guangzhou Metro Corporation, China, vehicle
depot from May 25, 2014, to July 24, 2014. Static wheel test was done on July 24,
2014. A single wheel on the same location was repeatedly measured 10 times. The
measuring errors of flange height, flange width, and wheel diameter are
within ±0.1 mm and the accuracy is 100 %, as shown in Fig. 52.7.

From June 30 to July 9, 2014, the online dynamic measurement test has been
carried out on eight trueing wheels of vehicle AB, which is at the end of vehicle
5566. During the period, artificial measurement has also been carried out.
Therefore, each wheel has 10 sets of wheel size data. Take the average of 10 sets of
artificial measurement value as the artificial standard and take the average of 10 sets

sensor 1

sensor 2

sensor 3

c

p

q

w

l2
c2

2 1

Fig. 52.6 Schematic diagram
of wheel diameter
measurement

Fig. 52.7 10 times static measured values of a wheel on July 24
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of systematic measurement value as the systematic standard. The conclusion can be
drawn by comparing the two averages as follows: as for flange width and flange
height, the deviation of the measurement value between manual measurement and
systematic detection are both within the range of 0.2 mm. In terms of wheel
diameter deviation, it is within 0.5 mm. It proves that the proposed online detection
system for wheel size has a high accuracy.

Take the flange width as an example to compare the consistency of system and
manual measurement. Maximum and minimum values of 8 wheel-set from manual
and system measurement are shown in Fig. 52.8. The results show that maximum
and minimum value ranges of manual measurements are greater than that of the
detection system. The result proves that the consistence of the detection system is
greater than the artificial measurement.

52.5 Conclusion

This paper proposes an online measurement system for wheel size of urban rail
vehicle based on 2D laser displacement sensors to measure the flange height, flange
width, wheel diameter, and other wheel-set dimensions online. The field test has
verified that the measurement precision of the system can completely meet the
measurement error requirements. Moreover, the consistence of the detection system
is greater than the artificial measurement. Consequently, the system proposed in the
paper can replace the existing manual detection method to reduce labor intensity
and maintenance costs as well as improve the running safety of vehicles, thereby it
has great market prospect.
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Chapter 53
The Analysis of Asynchronous Motor Loss
and the Optimal Selection of Flux Linkage

Yaoheng Li and Lijun Diao

Abstract With the wide applications of the asynchronous motor,the importance of
efficiency optimization of asynchronousmotor is increasingly apparent.What's more,
the efficiency of optimization is of great significance to Energy Conservation and
Emissions Reduction. To the problem of asynchronous motor efficiency optimiza-
tion, a detailed analysis of the asynchronous motor loss offlow is made in this paper.
Furthermore, this paper conducts a study based on motor loss model, figuring out the
optimal selection of flux value based on the loss minimum control(LMC). Finally,
usingMATLAB/Simulink to verify the accuracy and the reliability of the conclusion,
an effective way is provided for efficient operation of asynchronous motor.

Keywords Asynchronous � Motor � Efficiency � Optimization � Optimal � Flux

53.1 Introduction

With the advantage of strong and durable, high reliability, and low price, asyn-
chronous motor is widely used in various fields, and its total electricity consumption
accounted for more than 60 % of the world’s industrial electricity consumption. The
efficiency of asynchronous motor is up to 76–94 % in the vicinity of its rated power.
But when light load is applied, asynchronous motor’s efficiency and power factor
will be significantly lower. Consequently, if asynchronous motor does not work
under the rated conditions, a huge waste of energy will be produced [1]. In addition,
the research of the efficiency optimization of asynchronous motor has important
practical significance to save energy and the development of circular economy.

Based on the equivalent circuit of asynchronous motor, the analysis of motor
loss presents an efficiency optimization control strategy based on motor loss model.
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By the current motor torque and rotational speed of the current conditions,the
strategy calculates the optimal flux value to achieve the effect of energy saving.
Using MATLAB/Simulink to verify the exactness of the conclusion, an effective
way in order to further improve the efficiency of asynchronous motor is provided.

53.2 Motor Loss Analysis

The motor generates power including the active power and reactive power, whereby
reactive power which produces magnetic field and is stored in the energy storage
element does not produce motor loss. The active power is divided into the loss of
machine and the output power of the machine. The efficiency of the motor can be
defined as the total power output of the motor divided by the input active power.

g ¼ Pout

Pin
¼ Pout

Pout þPloss
ð53:1Þ

Therefore, there are two ways to enhance the efficiency of the motor:

• Reducing the total loss of the motor power with the constant of output power.
• Increasing the output power of the motor with the constant of input power. Ploss

includes the following sections:
• Stator and Rotor Copper Loss
• Stator and rotor iron loss
• Stray loss
• Machine loss.

Loss model is not complicated nonlinear. What's more, because of the influence
of factors such as temperature, the saturation of the motor stator resistance and
inductance parameters under different conditions change, the change of the motor
parameters has brought a lot of difficulties to efficiency optimization control. In
these losses, stray loss and general mechanical consumption account for 20 % of the
total loss which belong to the uncontrollable loss, and copper loss of the stator and
stator iron loss generally account for 80 % of the total loss, which belong to the
controllable loss. In asynchronous motor efficiency optimization, the controllable
loss is seen as main part to control the uncontrollable loss, as in Fig. 53.1 [2].

Loss of TractionMotor

Stator and Rotor

Copper Loss

Stator and Rotor

Iron Loss

Stray Loss

Machine Loss

Controllable

Loss

Uncontrolled

Loss

Fig. 53.1 Motor loss analysis
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By the introduction of above, the power flow diagram which we can control is
calculated as Fig. 53.2. What's more, combined with the equivalent circuit diagram,
the diagram of motor loss flow can be concluded as Fig. 53.3.

53.3 Equivalent Circuit of Asynchronous Motor
Considering Iron Loss

When setting up asynchronous motor dynamic mathematical model, due to the
limitation of analysis methods and tools, we will generally ignore the existence of
the iron loss and only consider the influence of the copper loss resistance. However
at the condition of actual running,iron loss does actually exist, making a larger
impact on the efficiency of the motor.

Based on the mechanism of production of motor iron loss, the iron loss will be
represented by equivalent resistance. Considering that the rotor winding iron loss
which is small can be ignored, the d–q axis motor model can be built with a branch
including iron-equivalent resistance [3] (Figs. 53.4 and 53.5).

For asynchronous motor vector control strategy, the stator and rotor leakage
inductance can be ignored. And furthermore, uds;udr;udm is equivalent to ur and
uqs;uqr;uqm is equivalent to 0. Using the above-mentioned analysis, we can
simplify the d–q axis equivalent circuit, as in Figs. 53.6 and 53.7.

Based on the two equivalent circuits, we can calculate the equation of iron loss
and copper loss as follows:

Fig. 53.2 Model available power flow diagram

Fig. 53.3 Loss of traction motor control diagram
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rqFig. 53.4 The d axis parallel
equivalent circuit considering
iron loss [6]

Fig. 53.5 The q axis parallel
equivalent circuit considering
iron loss

Fig.53.6 The d axis
steady-state equivalent circuit

Fig. 53.7 The q axis
steady-state equivalent circuit
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PFe ¼ x2
eur

RFe
ð53:2Þ

PCus ¼ Rsi
2
sd þRsi

2
sq ð53:3Þ

PCur ¼ Rri
2
rq ð53:4Þ

Meanwhile, according to Figs. 53.6 and 53.7, we can get the current equation as
follows:

irq ¼ �xslur

Rr
ð53:5Þ

isq ¼ 3
2

LrTe
Lmpur

ð53:6Þ

According to the torque equation, we can also get the slip frequency equation.

xsl ¼ 3
2
Rr

u2
r

Te
p

ð53:7Þ

Using the above formula, the motor loss can be calculated as follows:

Ploss ¼ PFe þPCu ¼ x2
ru

2
r

RFe
þ 4

9
R2
r T

2
e

p2u2
r RFe

þ 4
3
xeRrTe
pRFe

þ Rs

L2m
u2
r þ

4
9

T2
e

p2u2
r

ðRr þ L2r
L2m

RsÞ ¼ ðRs

L2m
þ x2

r

RFe
Þu2

r þ
4
9
T2
e

p2
ðRr þ L2r

L2m
Rs þ R2

r

RFe
Þu�2

r þ 4
3
xeRrTe
pRFe

ð53:8Þ

In order to the convenience of analysis, we analyze the motor loss in rated con-
ditions. Furthermore, the relation between motor loss and motor flux is present as in
Fig. 53.8 [3–5].

On the legend above, an optimal flux value within the whole scope of the flux
can be clearly discovered. Under the flux value near the rated flux, minimum total
loss of the motor can be obtained. What is more, copper loss decreases with the
increase of magnetic chain. Using the equation of PFe, it can be seen that when the
motor speed is increased, iron loss increases, and therefore, when the motor speed is
high, we should reduce motor flux level to reduce copper loss, in order to make the
motor work under the minimum loss.
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53.4 The Optimal Selection of Flux Values
of Asynchronous Motor

We can take the partial derivatives of ur in the equation of PFe:

@Ploss

@ur
¼ 2ðRs

L2m
þ x2

r

RFe
Þur �

8
9
T2
e

p2
ðRr þ L2r

L2m
Rs þ R2

r

RFe
Þu�3

r ð53:9Þ

Furthermore, we can make it to be zero, resulting in the optimal flux value:

ubest
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4T2

e ðRr þ L2r
L2m

Rs þ R2
r

RFe
Þ=9p2ðRs

L2m
þ x2

r

RFe
Þ4

s
ð53:10Þ

Similarly, we can calculate the motor efficiency formula when the motor is
working in the optimal flux:

g ¼ Texm

Texm þPloss
¼ 1

1þ 4
3xr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRr þ L2r

L2m
Rs þ R2

r
RFe
ÞðRs

L2m
þ x2

r
RFe
Þ

q
þ 4Rr

3RFe

ð53:11Þ

53.5 Experiment Result

As shown in Fig. 53.9, the optimized flux control is added in the motor load torque
of 200 and 400 Nm. Moreover, the definition of each curve is shown in the figure.
By Fluke 434 digital power analyzer and three crystal company JN338,we measure
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0

1

2

3

4

5

6 x 104

Flux/Wb

P
lo

ss
/W

Fe-Loss
Cu-Loss
Motor-Loss

Fig. 53.8 The change trend
between motor loss and motor
flux in rated conditions [6-8]

520 Y. Li and L. Diao



the input power of motor and output power of motor. As a result, the efficiency of
motor is 85.3 and with general control 89.2 %. However, when we add the opti-
mized flux control, the efficiency of motor is 90.5 and 92.3 %. The effect of the
optimization strategy is more apparent to improve efficiency of motor in light-load
conditions.

53.6 Conclusion

In this paper, by analyzing the asynchronous motor loss, the motor loss model is
established, as a benchmark to establish the mathematical model of induction motor
taking into consideration iron loss. The simplification of motor equivalent circuit is
calculated, resulting in obtaining the optimal flux value of motor in the whole speed
range of motor. Finally, using MATLAB/Simulink simulation test, we verify the
reliability of the conclusion. This paper provides a theoretical basis to further
improve the motor efficiency.
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Chapter 54
The Simulation of Static and Transient
Stability Enhancement of Power System
by Installing UPFC

Zhensheng Wu, Ronghuan Guo and Lu Yin

Abstract Unified power flow controller (UPFC) is a device which controls active
power and reactive power in order to enhance the static and stability of power
system. In power system analysis software (PSD-BPA), the model of UPFC is not
perfect and the simulation model of local grid in MATLAB/Simulink can be built
precisely. Thus, this paper introduces a simulation method of combining
MATLAB/Simulink and PSD-BPA to simulate the power flow of local grid. First,
extracting the parameters of the local power grid with UPFC accurately was
important. Second, the extracting parameters were imported to MATLAB/Simulink
to build the simulation model of local power system and then the process of
simulation was carried out. Last, the contrastive analysis of MATLAB/Simulink
simulation results and the power flow simulation of PSD-BPA verifies the cor-
rectness of this model. Then, the model of power system with UPFC worked well
during the abnormal operating conditions of power network, while an actual
example was introduced.

Keywords MATLAB/Simulink � PSD-BPA � Power flow � Unified power flow
controller (UPFC)

54.1 Introduction

Power flow calculation is one of the most basic operations of power system. Due to
the uneven flow distribution or unreasonable delivery process often cause over-
loading of individual transmission lines, sending in adverse direction and repeating
power shocks and other problems, which seriously affects power quality and power
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transmission efficiency [1]. It requires to control flexibly power flow of system and
maximizes the use of existing power transmission network structure to improve
efficiency and to provide users with a more stable and more economical electricity
environment.

For a long time, people have done a lot of research on power system optimal
control of power flow and fill effectively the technology gap of power system, and
one of the most widely affected areas is the development of power electronics
technology. Flexible AC transmission system (FACTS) technology used to promote
the rapid development of power system control technology is the sign of progress,
and UPFC is one of the devices that are most representative, comprehensive, and
powerful, which could control transmission line current and node voltage vector at
any time throughout active power and reactive power [2, 3]. Key technologies of
unified power flow controller (UPFC) will help solve the transmission bottleneck
problems caused by the uneven flow of distribution grid. It effectively improves
power transmission capacity and power grid asset utilization efficiency. And UPFC
reactive power provides the necessary support to improve the voltage level of the
grid control.

PSD-BPA trends and transient stability program (formerly the Chinese
Version BPA program) as “PSD System Software Tools,” an important part in the
actual application process has been continuously improved and increased to guide
the national network and the regional power grid planning, design, research and
production work. According to the related research projects of China Electric Power
Research Institute in recent years, the national network operation, planning, testing,
and debugging, a lot of improvements and developments of new features of
PSD-BPA trends and transient stability program have been accomplished. Among
power system analysis software, PSD-BPA is convenient for power flow calcula-
tion, but the simulation model of UPFC is not perfect and does not achieve active
power and reactive power decoupling control [4, 5]. Simulink can accurately
simulate the UPFC, but it is very complex to build the whole power network model.

In this paper, a joint simulation method of two kinds of simulation tools with
PSD-BPA and MATLAB/Simulink is introduced. First, select the required appli-
cation of the local power grid model which uses UPFC device. Besides the selected
local grid, power network model is equivalent to form an infinite power source of
internal resistance. Extract the parameters of the power supply, the load parameters,
equivalent circuit parameters, and trend data from the PSD-BPA. Then, it was
imported to MATLAB power system simulation model. Without UPFC, under
normal operating conditions or N-1 line of the operating conditions, each node
voltage and transmission line power flow determines the correctness of MATLAB
Model. The UPFC device was further added to MATLAB power system simulation
model and the model simulated according to the desired control effect. Finally, an
actual example was introduced in the Beijing area.
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54.2 UPFC Working Principle and Mathematical Model

UPFC is a series–parallel hybrid apparatus, which can control, respectively, active
power, reactive power, and voltage, for the optimal operation of the system, thus
improving the transient stability of the system, and it plays a significant role in
oscillation damping system [6]. Schematic diagram of UPSC is shown in Fig. 54.1,
which consists of two common DC capacitor voltage source converter. Converter I
is in parallel connection to system by transformer, and not only can it provide active
power for converter II, but also it can absorb or inject reactive power of power
system. It can be seen as a parallel controllable static VAR compensator
(STATCOM). Converter II is in series connection to system by transformer and
injects a series voltage amplitude and phase adjustable to control line power, which
can be seen as controllable static synchronous series compensator (SSSC) [7–9].

The mathematical model of UPFC is mainly based on steady-state mathematical
model, and topological structure and output model are mainly adopted [10]. The
former method is clear to analyze the internal structure of UPFC, and mathematical
model is more complex [11, 12]. From the perspective of the external character-
istics of the output model is simple, and the equivalent circuit of UPFC established
by this method is shown in Fig. 54.2. This paper mainly uses the output model

Fig. 54.1 UPFC schematic diagram

Fig. 54.2 UPFC equivalent circuit
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method. UPFC is equivalent to a parallel current source and voltage source in
series, parallel part to compensate the system reactive power function, which plays
a significant role in controlling the power flow in the transmission.

54.3 Extract Local Parameter from PSD-BPA and Process

54.3.1 Analysis of Parameters Needed by MATLAB
Simulation Model

In the ideal case, we looked from the local grid nodes toward the side of the whole
grid and the grid side can be equivalent to infinite power and internal resistance.
The power supply parameters include power supply voltage and internal impe-
dance. The power system model in MATLAB/Simulink needs the amplitude and
phase of the voltage and the internal impedance. With regard to the nodes which
indirectly contact with the power supply side of the large power network, it can be
considered as the load node and the load consumption power of the node was
needed. The equivalent network parameter was power system model of transmis-
sion line impedance. In the PSD-BPA, there were some transmission lines indi-
rectly connected between the nodes and the transmission line can be processed
equivalent in MATLAB/Simulink. The power internal impedance, the impedance
of the equivalent circuit, the node voltage, and the distribution of the power system
flow between the nodes were extracted directly from the PSD-BPA. The amplitude
and phase of power supply were accessed by the output power and node voltage
calculation.

54.3.2 Extract the Parameters from the Local Power Grid

First, data files were selected from PSD-SCCPC and needed to be calculated, which
was to read the network topology data. We chose “network equivalence” option,
opted for several nodes of the local power grid which put UPFC into use and did
equivalent calculation. The results were saved in the form of * .list, and the output
calculation result was power system established model in MATLAB/Simulink.
Secondly, in the PSD-BPA geographic wiring diagram, we found the relevant
nodes in the local power network with UPFC device and the power flow of cor-
responding line among the nodes and the voltage amplitude and phase of the nodes
were read.
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54.3.3 Calculate the Parameters from the Local
Power Grid

In the PSD-BPA geographic wiring diagram, amplitude and phase of node voltage
parameters and power flow are the actual value, which can be applied directly. The
unit of source impedance and line impedance obtained from PSD-SCCPC was pu;
however, the parameters for MATLAB/Simulink mod were actual values, so
obtained data from PSD-BPA were needed to process. In the BPA, the voltage
sources are represented by a generator having internal impedance. The impedance
of load is in per unit on the system-specified base. So, to find the impedance in ohm,
the per-unit value is multiplied by the base impedance of the circuit,

Z ¼ Z�
U2

B

SB
ð54:1Þ

L ¼ X
2pf

ð54:2Þ

The formula (54.2) represents the relationship between reactance and induc-
tance. At a known node voltage, you can get a power supply voltage with the
following formula,

_US ¼ _Um þ ZS � Sm
_Um

� ��
ð54:3Þ

Sj ¼ Sk þ _Uj � _Uk
� �� _Uj � _Uk

Zjk

� ��
ð54:4Þ

Where, represents the first node to the end of the line power output. It means the
line impedance transmission from the first to the end.

54.4 MATLAB/Simulink Modeling and Simulation

54.4.1 Establish Power System Model

Simulink is a software package of MATLAB that provides the dynamic system
model, simulation, and analysis. Here are the establishments of the local power grid
model in MATLAB/Simulink-specific process. Run Simulink, open the power sys-
tem module library SimPowerSystems Simulink to establish the experimental model,
select three-phase source module as power supply, and set the neutral point
grounding. Three-Phase VI Measurement is selected as bus because of having the
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voltage measurement module, and its initial parameter settings are the voltages of
phase to ground. Three-phase series RLC load is used as load module, whose initial
voltage is the node voltage of PSD-BPA, and the consumption of load power is
calculated according to Kirchhoff’s current law. Transmission line model selection is
three-phase PI section line, and its initial parameters depending on the line network
parameters are derived from PSD-BPA. Simulink has a packed UPFC module which
can be used according to the need. The amplitude and phase of the power supply
module and the impedance of the transmission line can be filled out directly after the
definition of the program initialization. The voltage amplitude and phase of each node
are displayed by Scope and display models. Powergui (Power Graphical User
Interface) module is for simulation of power system, which provides graphical user
interface analysis. As we only focus on steady-state power flow control effect, the
choice is phasor simulation pattern. The following example is double transmission
lines with UPFC between A Power Plant and D Power Plant to illustrate the modeling
process. In normal operating condition, the power flow of A to B is four times that of
A to D, and thus, the distribution of power flow is severely uneven. At the same time,
when the double transmission of A Power Plant to B Power Plant occurred N-1
abnormal operating condition, power flow of single transmission line would reach
478.4 MVA and transmission line would be overloaded. The main advantage is that
UPFC device can control the transmission line flow to relieve overloaded transmis-
sion line pressure, improve light-load power line transmission, mine delivery
potential of power flow section, and optimize network operation mode. Therefore, in
order to solve the overload problem of A Power Plant to B Power Plant under
double-circuit transmission line at N-1 abnormal operating condition, UPFC device
was installed between A Power Plant and B Power Plant to improve the current power
distribution on the sectional line. The structure of local power network is shown in
Fig. 54.3. In Fig. 54.3, the three nodes of A, D and E connected with large grid, and
the large grid that connected with these three nodes were equivalent to internal

Fig. 54.3 The schematic diagram of local power grid
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impedance of the infinite power supply. And three nodes B, C, and F connected to the
power grid were load nodes, so that it would be directly equivalent to load. In
addition, there was no existence of the line of E node to C node, but in fact there are
connections with other nodes and it will be equivalent to double-circuit line of E node
to C node. The same principle applies to E node to D node.

54.4.2 MATLAB/Simulink contrast with PSD-BPA in the
Modeling and Simulation

The extraction of node voltage, power supply internal impedance from PSD-BPA
are shown in Table 54.1. And the extraction of line impedance and power flow are
shown in Table 54.2.

Using formula (54.1) and (54.2), the power inside the power source within
Table 54.1 can be transformed into the actual value of line impedance in Table 54.2.

Table 54.1 Node voltage and the independence of source extracted by PSD-BPA

Node Voltage
(kV∠°)

Node
property

Positive-sequence
admittance (pu)

Negative-sequence
admittance (pu)

Zero-sequence
admittance (pu)

A 227.2∠−50.5 Power
supply

0.0155 − j2.9449 0.0155 − j2.9449 0.0154 − j2.2654

B 226.1∠−51.0 Load – – 0.0000 − j0.7616

C 225.3∠−51.4 Load – – 0.0298 − j2.4124

D 226.1∠−50.7 Power
supply

0.1335 − j3.4378 0.1335 − j3.4382 0.8552 − j7.9515

E 226.3∠−50.1 Power
supply

0.3082 − j11.6731 0.3084 − j11.6754 0.4419 − j10.410

F 226.2∠−50.2 Load – – 0.0000 − j0.8554

Table 54.2 The parameters of transmission line extracted by PSD-BPA

Transmission
line

Power flow
(MW + jMvar)

Positive-sequence
resistance (pu)

Negative-sequence
resistance (pu)

Zero-sequence
resistance (pu)

A–B 533.2 + j204.6 0.0025 + j0.0171 0.0025 + j0.0171 0.0183 + j0.0490

A–D 120.2 + j100.6 0.0075 + j0.0353 0.0075 + j0.0353 0.0243 + j0.1107

B–C 535.2 + j143.4 0.0025 + j0.0124 0.0025 + j0.0124 0.0167 + j0.0325

D–C 290.2 + j51.6 0.0044 + j0.0400 0.0044 + j0.0400 0.0335 + j0.1199

E–B 203.4 − j6.8 0.0080 + j0.0771 0.0080 + j0.0771 0.0614 + j0.2329

E–F 218.4 + j6.2 0.0012 + j0.0077 0.0012 + j0.0077 0.0088 + j0.0217

F–D – 0.0096 + j0.0819 0.0096 + j0.0819 0.0727 + j0.2435

E–C – 0.0258 + j0.2773 0.0258 + j0.2773 0.1297 + j1.0807

E–D 108.2 − j13.4 0.0216 + j0.1742 0.0216 + j0.1742 0.2700 + j0.6848
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At the same time, according to Table 54.1, it gives the node voltage amplitude and
phase, and by formula (54.3) and (54.4), we can obtain the amplitude and phase of
the power supply voltage and further calculate the load node power consumption.
Then, these results were imported to MATLAB/Simulink. The simulations run in
two cases: One is the model in normal operating condition and the other is the
double-circuit line n – 1 operation mode of A node to B node of model. The results
of the simulation were compared with the corresponding PSD-BPA simulation
result, as shown in Tables 54.3, 54.4, 54.5 and 54.6.

Table 54.3 The comparison between PSD-BPA and MATLAB/Simulink power flow simulation
under normal condition

Transmission
line

Power flow simulation of PSD-BPA
(MW + jMvar)

Power flow simulation of Simulink
(MW + jMvar)

A–B 533.2 + j204.6 534.2 + j203.7

A–D 120.2 + j100.6 119.8 + j101.4

B–C 535.2 + j143.4 534.9 + j141.2

D–C 290.2 + j51.6 291 + j54.1

E–B 203.4 − j6.8 202.1 − j7.7

E–F 218.4 + j6.2 216.9 + j10.6

F–D 108.2 − j13.4 106.7 − j9.0

Table 54.4 The comparison between PSD-BPA and MATLAB/Simulink node voltage simulation
under normal condition

Node Voltage simulation of PSD-BPA(kV∠°) Voltage simulation of Simulink (kV∠°)

A 227.2∠−50.5 227.2∠−50.5

B 226.1∠−51.0 226.1∠−51.0

C 225.3∠−51.4 225.4∠−51.4

D 226.1∠−50.7 226.2∠−50.7

E 226.3∠−50.1 226.3∠−50.1

F 226.2∠−50.2 226.2∠−50.2

Table 54.5 The comparison between PSD-BPA and MATLAB/Simulink power flow simulation
under the transmission line N − 1 condition

Transmission
line

Power flow simulation
of PSD-BPA
(MW + jMvar)

Power flow simulation of Simulink
(MW + jMvar)

A–B 446.4 + j172.1 442.6 + j171.4

A–D 207.2 + j130.2 202.2 + j131.6

B–C 471.2 + j119.6 468.7 + j117.3

D–C 350.6 + j74.8 350.9 + j76.8

E–B 226.6 + j5.0 227.3 + j3.6

E–F 203.2 + j1.8 203.0 + j5.9

F–D 93.0 − j17.8 93.0 − j13.6
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54.4.3 UPFC Simulation

From Table 54.3, and Table 54.4, it is evident that the system was in motion in the
normal condition, and active power flow of A node to B is more than four times that
of A node to D node, severely unbalanced distribution trend. At the same time, as is
shown in Table 54.5, when the double-circuit line N – 1 fault of A node to B node
occurred, power flow of a single line reached 478.4 MVA (line allows the trans-
mission capacity of 476 MVA). As a consequence of this, the circuit overloaded. In
order to solve the problem of the—double-circuit lines of A node to B node under
the abnormal conditions of n − 1, installed UPFC device between A node and B
node to improve the distribution of section flow. In order to avoid the situation of
transmission line overload and keep consistent system distribution of power flow
normal, we set active power 400 MW and reactive power 200 Mvar as the goal of
double-circuit line of A to B under n − 1 fault condition. In fact, the result of local
power grid model in MATLAB/Simulink which was added to UPFC was that active
and reactive power flow, respectively, reached the desired control objectives of
400.5 MW and 199.9 Mvar. Meanwhile, based on the voltage drop and current, one
can obtain the required series side capacity of UPFC 2.24 MVA. The parallel side
capacity of UPFC is needed according to the reactive capacity of the network.

54.5 Conclusion

In order to meet the simulation requirement of UPFC in power system, a joint
simulation method of two simulation software, MATLAB/Simulink and PSD-BPA
were presented in this paper. MATLAB/Simulink built application of UPFC device
in the local network model. Outside the grid model of power grid was equivalent to
infinite power and the form of resistance or load, thereby reduced the complexity of
the simulation. Extract every transmission line in the local power grid impedance,
power flow calculation, node voltage, power grid of the power supply voltage,
impedance and load power consumption from PSD-BPA. Then import them to

Table 54.6 The comparison between PSD-BPA and MATLAB/Simulink node voltage simulation
under the transmission line N − 1 condition

Node Voltage simulation of PSD-BPA (kV∠°) Voltage simulation of Simulink (kV∠°)

A 227.5∠−50.3 227.6∠−50.3

B 225.7∠−51.2 225.7∠−51.2

C 225.0∠−51.5 225.1∠−51.5

D 226.1∠−50.7 226.1∠−50.7

E 226.1∠−50.2 226.2∠−50.1

F 226.1∠−50.2 226.1∠−50.2
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MATLAB/Simulink to build the system model. In addition, the UPFC device
model is added to MATLAB/Simulink, and the simulation is carried out according
to the target. At the end, this paper presents double-circuit line with UPFC device in
Beijing Power Plant as an example for researching and practical application.
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Chapter 55
A Novel SVPWM Over-Modulation
Scheme for Three-Level Converter

Jing Shang, Xiaohong Nian, Kean Liu and Weiwei Gan

Abstract As for three-level voltage source converter (VSC), a SVPWM
over-modulation scheme is proposed in this article. The proposed scheme can
realize the volt-second balance between the output voltage and the reference
voltage and reduce fluctuation of the neutral-point voltage. The realization of the
proposed scheme also is simple. The control strategies successfully are applied in
the motor drive system of the large-power diode-clamped three-level converter
which is based on IGCT. The simulation and experiment results show that the
control strategies are valid.

Keywords Three-level VSC � SVPWM � Over-modulation � IGCT � Electric
traction

55.1 Introduction

The three-level VSI has advantages [1, 2] of small-level stress of voltage and little
output harmonic, so it is widely applied to fields, such as electric traction.
Modulation of three-level VSI mainly includes two types: carrier PWM modulation
and space vector PWM modulation (SVPWM) [3], the digital implementation of
space vector PWM modulation can be easily realized; at the same time, compared
with carrier PWM modulation, space vector PWM modulation has advantages of
higher DC voltage availability and smaller torque ripples, so it widely applied to
AC motor drive. Compared with the modulation ratio of space vector PWM in
linear area which is up to 90.7 %, to further improve the DC voltage availability and
meet the requirement of high-torque ripples of speed-regulating system, scholars
propose SVPWM over-modulation strategies. Through the SVPWM
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over-modulation strategies, the modulation range of SVPWM can be expanded to
nonlinear area, so as to expand the modulation range of the system to 0–100 % from
0 to 90.7 % [4].

At present, scholars propose a lot of over-modulation strategies, for example,
minimum phase error over-modulation [3, 5], minimum amplitude error
over-modulation [3, 5], SVPWM over-modulation [6] based on superposition
principle, and over-modulation [7] based on space vector classification technology;
typical over-modulation strategies include two classes [3]: one class is to divide the
over-modulation range into two ranges, and the two ranges adopt different control
strategies, namely double-model control [8]; the other class is to adopt the modu-
lation range as a whole and uniformly adopt one control strategy, namely
single-model control [9]. But these methods are complex to realize; this article
proposes a simple over-modulation control method and realizes over-modulation
linearization at the same time, so that the output voltage can be smoothly transited
to square-wave operation from linear modulation range, and the accuracy of
over-modulation strategies is verified using the simulation and experiment results.

55.2 Three-Level SVPWM Modulation

55.2.1 Main Circuit and Basic Vector

Diode-clamped three-level circuit is a mature three-level topology [10]. Therefore,
the discussion of this article is based on the diode-clamped three-level circuit, and
the main circuit of the diode-clamped three-level inverter is shown in Fig. 55.1.

The output voltage of every phase of the inverter has three statuses: positive
(+Vdc/2), zero (O), negative (−Vdc/2); therefore, the three-phase three-level

Vdc/2

Vdc/2

O

+

+

U

V
W

V1 V1V1

V2 V2V2

V3 V3 V3

V4 V4V4

P

N

C1

C2

Fig. 55.1 Main circuit of diode-clamped three-level inverter
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inverter can transmit 33 = 27 voltage status combinations. On α-β plane, the space
vector corresponded to 27 groups of voltage statuses of the three-level inverter is
shown in Fig. 55.2 [11]. The corresponding relationship between the different
switch status combinations and space vectors is shown in the figure, for example,
[PON] stands that the switch status corresponding to the output of three phases A,
B, and C is positive (P), zero (O), and negative (N), respectively.

55.2.2 Three-Level SVPWM Modulation

The basic idea of three-level SVPWM is to select three adjacent basic vectors
according to the sector of the voltage vectors and the small triangular area, then
calculate the action time of every basic vector according to volt-second balance
principle, and finally modulate the pulse-width modulation wave [12] according to
vector sequence arranged based on a certain principle. The algorithm of three-level
SVPWM modulation mainly includes three classes: one class is SVPWM algorithm
[13] based on orthogonal coordinate system, one class is SVPWM algorithm
[14–16] based on 60° coordinate system, and one class is SVPWM algorithm [17]
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Fig. 55.2 Basic space voltage vector diagram of three-level inverter
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based on vector decomposition. Whatever the method, three basic vectors and their
action time can be obtained, but the over-modulation method in this article is based
on the action time of the three basic vectors.

55.3 Three-Level SVPWM Over-Modulation Strategies

To accurately narrate, the modulation ratio M of SVPWM is firstly defined:

M ¼ Uref
2
p � Udc

ð55:1Þ

wherein Uref stands for the amplitude of the reference voltage vector, and Udc stands
for the DC-link voltage.

When the modulation ratio is less than 0.907, namely when the reference voltage
vector is located inside the hexagonal inscribed circle of the space vector (dash area
shown in Fig. 55.3), through the SVPWM modulation, the output voltage of the
inverter is equivalent to the reference voltage, the output voltage is increased when
the modulation ratio is increased, so this area is called linear modulation area. In the
linear modulation area, the trajectory of the output voltage is a circle. When the
modulation ratio is more than 0.907, the trajectory of the reference voltage is not
completely located in the space vector hexagon, and one part will be located outside
the space vector hexagon. For the part located in the space vector hexagon, the
output voltage is equivalent to the reference voltage, but for the part located outside
the space vector hexagon, the output voltage is not equivalent to the reference
voltage, so the trajectory of the output voltage is not a circle, and the output voltage
is not increased when the modulation ratio is increased; therefore, this area is called
the nonlinear modulation area or over-modulation area. When the modulation ratio
is equal to 1, namely equal to the limitation of the over-modulation area, the system
will enter the square-wave operation model.

Linear modulation area

Over-modulation area

Fig. 55.3 SVPWM
modulation sub-area sketch
map of three-level inverter
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55.3.1 Basic Principle of Over-Modulation Strategies

55.3.1.1 Over-Modulation Area I [16, 18]

When the modulation ratio is more than 0.907, the trajectory of the reference
voltage is shown as Fig. 55.4: One part of the reference voltage is located outside
the space vector hexagon (namely the area M shown in the figure), and one part is
located inside the space vector hexagon (namely the area N shown in the figure). In
the area N, the trajectory of the output voltage is an arc, and the output voltage can
follow up the reference voltage; but in the area M, the trajectory of the output
voltage is a chord, and the output voltage is smaller than the reference voltage.

Because in the area M, the output voltage is smaller than the reference voltage,
the output voltage and the reference voltage cannot meet the volt-second balance
requirements in one fundamental period, and a deviation will be produced between
the output voltage and the reference voltage. To ensure that the output voltage and
the reference voltage meet the volt-second balance requirements, the amplitude loss
in the area M can be compensated with the amplitude allowance of the output
voltage in the area N (namely the dash area of the area M is compensated with
the dash area of the area N as shown in Fig. 55.4), so that the output voltage and
the reference voltage can meet the volt-second balance requirements in 1/6
fundamental period.

But this compensation is limited, the limitation is that all allowances in the area N
can just compensate the amplitude loss in the area M, (namely the area which is
enclosed by the trajectory of the reference voltage and the space vector hexagon in
the area N is equal to the area of the dash area in the area M); at the moment, the area
of the triangle in the Fig. 55.4 is equal to the area of the 1/6 sector by the trajectory of
the reference voltage. It is supposed that if the reference voltage is Uref, the DC-link
voltage is Udc, and the modulation ratio is M, the modulation ratio M = 0.952 at the
moment can be obtained according to the formulae (55.2) and (55.3).

Long vector

Short vector

Middle vector

Short vector Long vector

N

M

Uref
Fig. 55.4 Reference vector
trajectory diagram in
over-modulation area I
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1
2
� 2
3
� Udc � 23 � Udc � sinp3 ¼ 1

6
� p � U2

ref ð55:2Þ

M ¼ Uref
2
p � Udc

ð55:3Þ

That is when the modulation ratio is within the range of 0.907–0.952, the output
voltage can be equivalent to the reference voltage through the above compensation
strategy, and this area is called over-modulation area I. When the modulation ratio
is 0.952, namely the limitation of the over-modulation area I, the trajectory of the
output voltage is the six sides of the space vector hexagon.

55.3.1.2 Over-Modulation Area II

The maximum output of the system is square-wave output; at the moment, the
modulation ratio is 1. The area of which modulation ratio is 0.952–1 is called
over-modulation area II. When the modulation ratio is more than 0.952, the com-
pensation strategies of the over-modulation area I cannot meet the requirements, the
output voltage and the reference voltage cannot meet the volt-second balance
requirements, so other compensation strategies must be used.

Figure 55.5 is a vector trajectory diagram of reference voltage of over-
modulation area II; it is supposed that U1 and U2 are the vectors of the two output
voltages, their corresponding action time is, respectively, t1 and t2, and the vectors
of corresponding reference voltages are, respectively, Uref1 and Uref2; according to
the strategies of the over-modulation area I, the sum of the volt-second product of
the output voltages will be smaller than the sum of the volt-second product of the
reference voltages, namely:

Long vector

Short vector Middle vector

Short vector Long vector

Uref

U1

U2

Fig. 55.5 Reference vector
trajectory diagram in
over-modulation area II
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U1 � t1 þU2 � t2\Uref 1 � t1 þUref 2 � t2 ð55:4Þ

Because the output voltage is only located in the space vector hexagon; however,
at this moment, the output voltage vector is located on the sides of the space vector
hexagon, and the amplitude of the output voltage has reached limitation and cannot
be increased. To meet the volt-second balance requirements of the output voltage
and the reference voltage, the action time of the output voltage vector can be
regulated. In the example above, because U1 > U2, the action time of U1 can be
prolonged to t01; at the same time, the action time of U2 can be reduced to t02, and the
total time is not changed, and that is to say it complies with the formula (55.5):

t01 þ t02 ¼ t1 þ t2 ð55:5Þ

At the same time, t01 and t01 shall comply with the formula (55.6):

U1 � t01 þU2 � t02 ¼ Uref 1 � t1 þUref 2 � t2 ð55:6Þ

Therefore, the output voltage and the reference voltage within this duration can
meet the volt-second balance requirements. If expanding the law to the whole
triangle in Fig. 55.5, namely to increase the action time of output voltage vector
which is close to the long vector and reduce the action time of the output voltage
vector which is close to the middle vector, but the total action time of the output
voltage vector is not changed, so the output voltage and the reference voltage within
in 1/6 fundamental period meet the volt-second balance requirements; similarly, the
output voltage and the reference voltage within the fundamental period meet the
volt-second balance requirements.

55.3.2 Basic Principle of Over-Modulation Strategies

55.3.2.1 Over-Modulation Area I

As shown from the above, the compensation strategies of the over-modulation area
I are to compensate the amplitude loss of the area M with the amplitude allowance
of the area N in Fig. 55.5. Specifically, the output voltage shall be maintained on the
sides of the space vector hexagon in the area M, so the amplitude of the output
voltage is smaller than the reference voltage; in the area N, the amplitude of the
output voltage is increased, so that the output voltage is larger than the reference
voltage.

In this area, the output voltage vector is synthesized with the long vector, the
middle vector, and the short vector. It is supposed that T4, T5, and T6 are,
respectively, the long vector U4, the middle vector U5, and the short vector U6
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which are calculated by using the method of linear modulation area according to the
reference voltage vector, the reference voltage vector is Uref and the total action
time is Ts. If the reference voltage is located in area M, T6 < 0, and the output
voltage is maintained on the sides of the space vector hexagon; if the reference
voltage is located in the area N, T6 > 0, and the action time [16] of the long vector
and the middle vector can be increased by reducing the action time of the short
vector, but the total action time is not changed, so that the amplitude of the output
voltage can be increased so as to maintain the volt-second balance between the
output voltage and the reference voltage. It is supposed that the time for synthe-
sizing the long vector, the middle vector, and the short vector of the output voltage
vector are, respectively, T 0

4, T
0
5, and T 0

6.
In the over-modulation area I, the phase of the output voltage shall be the same

as the phase of the reference voltage, the specific realization method of the control
strategies of the over-modulation area I is shown as follows, and the specific
derivation is shown in appendix A (Fig. 55.6):

When T6 < 0, the action time of every basic voltage vector is modified according
to formula (55.7):

T 0
4 ¼ Ts � T4 þ 0:5T6

T5 þ T4 þ 0:5T6

T 0
5 ¼ Ts

T5
T5 þ T4 þ 0:5T6

T 0
6 ¼ 0:

8>>>>>>><
>>>>>>>:

ð55:7Þ

When T6 ≥ 0, the action time of every basic voltage vector is modified according
to formula (55.8):

Long vector
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Uref
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Fig. 55.6 Reference output
voltage vector and reference
voltage vector sketch map in
over-modulation area I
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T 0
4 ¼ T4 þ k1ðT4 þ TsÞT6

2Ts � T6

T 0
5 ¼ T5 þ k1T5T6

2Ts � T6

T 0
6 ¼ T6 � k1 � T6

8>>>>>><
>>>>>>:

ð55:8Þ

wherein k1 is the compensation factor of the over-modulation area I, determined by
modulation ratio M.

Because the relationship between the compensation factor k1 and the modulation
ratio M is a nonlinear relationship, in order to realize simply, the relationship is
linearized, namely:

k1 ¼ M � A� B ð55:9Þ

When M = 0.907, the trajectory of the reference voltage is the inscribed circle of
the space vector hexagon and the critical point of the linear modulation area and the
over-modulation area I, so it does not need to be compensated; therefore, k1 = 0;
when M = 0.952, the trajectory of the output voltage is the sides of the space vector
hexagon and the critical point of the over-modulation area I and the over-modulation
area II, so the action time of the short vector in the whole area is zero; therefore,
k1 = 1. After putting the two conditions into the formula (55.9), the linear rela-
tionship between the compensation factor k1 and the modulation ratio M is

k1 ¼ M � 22:222� 20:155 ð55:10Þ

Figure 55.7 is the trajectory diagram of the output voltage vector after using the
method above. When M = 0.907, the critical statuses of the linear modulation area
and the over-modulation area I as well as the trajectory of the output voltage vector
are shown in Fig. 55.7a, and those are the inscribed circles of the space vector
hexagon; at the moment, compensation factor k1 = 0; when 0.907 < M < 0.952, it is
located in the over-modulation area I, the trajectory of the output voltage vector is
shown in Fig. 55.7b, one part of the trajectory of the output voltage vector is located
on the sides of the space vector hexagon, one part is located inside the space vector
hexagon, and the part inside the space vector hexagon is gradually reduced when
the modulation ratio is increased; in this stage, the compensation factor 0 < k1 < 1;

(a) (b) (c)

Fig. 55.7 Output voltage vector trajectory diagram in over-modulation area I
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when M = 0.952, it is in the critical status of the over-modulation area I and
over-modulation area II, the trajectory of the output voltage vector is shown in
Fig. 55.7c and the six sides of the space vector hexagon; at the moment, the
compensation factor k1 = 1.

Through the method above, the modulation strategies of the over-modulation
area I can be realized, so as to realize the volt-second balance between the output
voltage and the reference voltage and ensure that the phase of the output voltage is
the same as the phase of the reference voltage.

55.3.2.2 Over-Modulation Area II

The basic principle of the over-modulation area II is to increase the action time of
the output voltage vector which is close to the long vector and reduce the action
time of the output voltage vector which is close to the middle vector. In the
over-modulation area II, the trajectory of the output voltage is completely located
on the sides of the space vector hexagon, so the output voltage vector is only
synthesized with the long vector and the middle vector. If the action time of the
long vector is increased within each switch period and the action time of the middle
vector is correspondingly reduced, the control strategies of the over-modulation
area II are equivalently realized. The specific realization method is as follows:

It is supposed that T7, T8, and T9 are, respectively, the action time of the long
vector U7, the middle vector U8, and the short vector U9, which are calculated by
using the linear modulation method; the reference voltage vector is Uref, and the
total action time is Ts. In the whole area, the time of every basic voltage vector is
modified according to the formula (55.11):

T 0
7 ¼ T7 þðTs � T7Þ � k2

T 0
8 ¼ ðTs � T7Þ � ð1� k2Þ

T 0
9 ¼ 0

8<
: ð55:11Þ

wherein k2 is the compensation factor of the over-modulation area II, determined by
modulation ratio M.

Because the relationship between the compensation factor k2 and the modulation
ratio M is a nonlinear relationship, in order to realize it simply, the relationship is
linearized, namely:

k2 ¼ M � C � D ð55:12Þ

When M = 0.952, the trajectory of the output voltage is the six sides of the space
vector hexagon and the critical point of the over-modulation area I and the
over-modulation area II, and the compensation of the over-modulation area II is not
needed, so k2 = 0; when M = 1, the system enters the square-wave operation status,
and the trajectory of the output voltage vector is only located on the six top points
of the space vector hexagon; at the moment, only six long vectors act within the
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whole period, and the action time of the middle vector is zero, so k2 = 1. After
putting the two conditions into the formula (55.12), the linear relationship between
the compensation factor k2 and the modulation ratio M is

k2 ¼ M � 20:833� 19:833 ð55:13Þ

Figure 55.8 is the trajectory diagram of output voltage vector in over-modulation
area II after using the above method. When M = 0.952, the critical statuses of the
over-modulation areas I, II as well as the trajectory of the output voltage vector are
shown in Fig. 55.8a, they are the six sides of the space vector hexagon; at the
moment, compensation factor k2 = 0; when 0.952 < M <1, they are located in the
over-modulation area II, the trajectory of the output voltage vector is shown in
Fig. 55.8b, the trajectory of the output voltage vector is located on the sides of the
space vector hexagon, but the sides are not six complete sides, and the length of the
trajectory of the output voltage vector is shorter and shorter when the modulation
ratio is increased, and in this stage, the compensation factor 0 < k2 < 1; when M = 1,
they are in the limitation status of the over-modulation area II, the trajectory of the
output voltage vector is shown in Fig. 55.8c and the six top points of the space
vector hexagon; at the moment, the compensation factor k2 = 1.

In the over-modulation area II, the output voltage vector is only synthesized with
the long vector and the middle vector, the long vector does not influence the
neutral-point potential, but the middle vector will influence the neutral-point
potential; in a fundamental period, the overall effect of the middle vector on the
neutral-point potential is zero, but fluctuations [19] of the neutral-point potential
will be produced; at the same time, the fluctuation amplitude is in proportion to the
action time of the middle vector. The traditional control method does not change the
action time of the middle vector in the over-modulation area II; for example, when
the phase of the output voltage vector is at 30°, the action time of the middle vector
is the whole switch period, so the fluctuation of the neutral-point potential will be
greatly influenced. After using the control strategies in this article, in the
over-modulation area II, the action time of the middle vector is reduced; for
example, when the phase of the output voltage vector is at 30°, the action time of
the middle vector is less than the switch period and gets shorter and shorter when
the modulation depth is increased. Therefore, the influence on the neutral-point
potential can be reduced if using the control strategies in this article.

(a) (b) (c)

Fig. 55.8 Output voltage vector trajectory diagram in over-modulation area II
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In the over-modulation area II, the traditional over-modulation method is usually
realized [5, 18, 20] by maintaining the long vector for a certain time, it is greatly
different from the realization method of the over-modulation area I, and the whole is
complex to realize. As shown from the analysis of the realization method above, in
this article, the realization method of the over-modulation method in the
over-modulation area I is to adjust the action time of the long vector, the middle
vector, and the short vector; the realization method in the over-modulation area II is
to adjust the action time of the long vector and the middle vector; actually, the
realization methods in the two areas are the same; therefore, the whole is simply to
realize. At the same time, this over-modulation method is not only applied to
asynchronous modulation, but also applied to synchronous modulation [21, 22].

55.4 Simulation Verification

A SVPWM simulation model of the three-level inverter is built on a MATLAB
simulation platform according to the above-mentioned over-modulation method,
the DC voltage of the model is 2000 V, the output frequency is 50 Hz, the load is
three-phase resistance–inductance load, the resistance is 2.2 Ω, and the inductance
is 1 mH. Simulation waveform is shown in Figs. 55.9, 55.10, 55.11, and 55.12:

Fig. 55.9 M = 0.8901(linear modulation area) line voltage, line current waveform. a Line voltage
(effective value of fundamental wave 1130.5 V). b Line current (effective value of fundamental
wave 293.1 A)

Fig. 55.10 M = 0.932 (over-modulation area I) line voltage, line current waveform. a Line voltage
(effective value of fundamental wave 1179.6 V). b Line current (effective value of fundamental
wave 306 A)
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As shown from the figures, we can see when the modulation ratio is increased, the
effective value of the foundational wave of wire voltage is correspondingly
increased; at the same time, the effective value of the foundational wave of wire
current is correspondingly increased, so the accuracy of the over-modulation
strategies is verified. But when the modulation ratio is increased, the pulse count is
reduced, and the harmonic wave content of wire voltage and wire current is increased.

55.5 Experimental Verification

Based on the theoretical analysis and simulation study results of this algorithm, the
motor drive system of the large-power diode-clamped three-level converter, which
is self-researched, developed, and based on IGCT, is specifically tested and
researched. Figure 55.13 is a block diagram of an experiment system, the input is
the three-phase AC voltage and changed into DC voltage through a PWM rectifier;
the two inverters are parallel connected on a same DC bus bar to form a multi-drive
system and, respectively, control a large-power asynchronous motor (twice over-
load capacity) of which rated power is 3 MW and a large-power electrically excited
synchronous motor (twice overload capacity) of which rated power is 3 MW, and

Fig. 55.11 M = 0.969 (over-modulation area II) line voltage, line current waveform. a Line
voltage (effective value of fundamental wave 1227 V). b Line current (effective value of
fundamental wave 318.4 A)

Fig. 55.12 M = 1 (square-wave mode) output line voltage, line current waveform. a Line voltage
(effective value of fundamental wave 1272.1 V). b Line current (effective value of fundamental
wave 330.1 A)
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the two motors are coaxially connected to form a twin-trawling system.
Figure 55.14 is a physical diagram of the experiment system. The rectifier and the
two inverters use the diode-clamped three-level converter based on IGCT. When
the system operates, the PWM rectifier keeps the DC-link voltage in constant and
the neutral-point potential balance, the inverters keep one motor in traction con-
dition and keep the other motor in brake condition, the energy is exchanged through
the DC-link capacitor, and the input at the AC side only provides the energy
consumed by the system.

The inverters control the two motors through the vector control strategies, use
SVPWM modulation method to produce PWM waveform, and test according to the
over-modulation strategies in this article; the DC-link voltage is 4840 V, and the
experiment waveform is shown in Figs. 55.15 and 55.16:

As shown in the figures, after the linear modulation area is transited to the
over-modulation area, the closed-loop speed-regulating control system of the motor
can operate steadily, but the pulse count within one period is reduced; therefore,
compared with the linear modulation area, the THD of the motor current is
increased to some extent. The experiment result verifies the effectiveness of the

Three-phase AC 
power supply

Four-quardant 
rectifier

Capacitor at 
DC side

Three-level 
inverter M

SMThree-level 
inverter

Fig. 55.13 Block diagram of experiment system

Fig. 55.14 Physical map of experiment system. a Three-level IGCT converter. b Motor unit
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over-modulation control strategies and verifies that the over-modulation control
strategies can be applied to motor drive. Because the high level of the IGCT
diode-clamped three-level converter cannot be directly switched into low level
during the actual process, the square-wave model is not allowed in the actual
system.

55.6 Conclusion

This article proposes a SVPWM over-modulation strategy based on double-model
control. In this article, the basic principle of the over-modulation strategies in the
two over-modulation areas is firstly analyzed, and then, the realization method is
proposed: In the over-modulation area I, the compensation factor k1 is introduced;
through the method for, respectively, compensating the long vector and the middle
vector with the partial action time (k1 time of the action time of the short vector) of
the short vector, not only the volt-second balance between the output voltage and
the reference voltage is realized, but also the phase of the output voltage is the same
as the phase of the reference voltage; in the over-modulation area II, the traditional
method for maintaining angle is given up, and compensation factor k2 is introduced;
through the method for compensating the long vector with the partial action time
(k2 time of the action time of the middle vector) of the middle vector, not only the
volt-second balance between the output voltage and the reference voltage is real-
ized, but also the fluctuation of the neutral-point potential can be effectively

Fig. 55.15 Line-voltage uab, phase current ia, and phase current ib waveform. a Linear
modulation area. b Over-modulation area I

Fig. 55.16 Phase voltage ua, phase current ia, and phase current ib waveform. a Linear
modulation area. b Over-modulation area II
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reduced. This over-modulation method has advantages of intuitive principle and
easy to understand; after the compensation factor and the modulation ratio are
linearized, this method has advantages of small computational amount, simple
realization, and engineering application. The simulation results verify the effec-
tiveness of the control strategies; at the same time, the control strategies have been
successfully applied to the motor drive system of the diode-clamped three-level
converter based on IGCT, and the experiment results verify the effectiveness of the
over-modulation strategies.
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Chapter 56
Robust Coordination Control of Multiple
Three-Level Electrical Excited
Synchronous Motor System

Jing Shang, Xiaohong Nian, Yonghui Nan, Weiwei Gan
and Zhenhua Deng

Abstract In this paper, multiple three-level electrical excited synchronous motor
system based on IGCT is researched. Based on cross-coupling idea and interval
matrix, a coordination control is designed. The proposed control strategy can handle
with load uncertainty and has robustness to the environment’s disturbance and the
parameter’s perturbation. In order to verify the effectiveness of the proposed control
strategy, a three-level physical experiments which used for metal-rolling application
are carried out. The simulation and experimental results demonstrate that the pro-
posed control strategy has good dynamical and static performance and good
robustness and has better coordination performance than traditional PI controller.

Keywords Electrical excited synchronous motor � Coordination control �
Three-level inverter

56.1 Introduction

Compared with an asynchronous induction motor, the electrical excited syn-
chronous motor (EESM) has the feature of high efficiency, high-power density, and
so on. Conventional EESM stator has three-phase symmetric winding, and the rotor
has exciting winding and damping winding. IGCT based on diode clamp three-level
inverter as a typical multi-level structure stands out in the high-performance
high-voltage power converter [1]. Therefore, the application of EESM based on
IGCT diode-clamped three-level inverter becomes the mainstream in the field of
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high-power industrial drive and thus is widely applied in many fields such as mine
hoisting, metallurgy and metal-rolling, and marine propulsion.

In the metal-rolling application, accomplishing a task needs cooperation of at
least two systems or subsystems, and coordination is the basic and the most
important requirement. Up to now, a variety of coordination control strategies have
been proposed, such as adaptive control [2], master–slave control [1], slide mode
control [3, 4], optimal control [5], fuzzy control [6], electronic line-shafting control
[7], robust control [8], neural network control [9], and other control strategy [10,
11]. In coordination control system, coordination usually means the synchroniza-
tion. However, in many occasions, subsystems not only need to be synchronized,
but also sometimes need other forms of operation. Besides, driving machine’s
dynamical mathematical model is seldom to be considered in controller design.
Therefore, in this paper, multiple EESM systems are chosen as research object, and
in controller design, the dynamical model of EESM is considered.

When parameter is uncertain or changes with time, interval matrix usually is
introduced [12, 13]. Confined by supply voltage and protection equipment, the
current and the speed of EESM are in a certain range like rated range. Moreover,
although many coordination control strategies have been developed, cross-coupling
idea is necessary in controller design [14, 15]. Therefore, interval matrix and
cross-coupling idea are introduced to design the controller of multiple EESM
system.

This paper is organized as follows: In Sect. 56.2, the multiple mathematical
models of EESM system are presented. The coordination control is designed in
Sect. 56.3. Three-level inverter designed for utility application is described in
Sect. 56.4. Simulation and experiments are carried out in Sect. 56.5. Conclusions
are given in Sect. 56.6.

56.2 Mathematical Model of System

The following notations will be used throughout the paper. I is identity matrix with
appropriate dimension, and eiðejÞ is the ith (jth) column of unit diagonal matrix with
appropriate dimension. The notation X < Y, where X and Y are symmetric matrices,
which means that the matrix Y − X is positive definite.

If matrices Am ¼ amij
h i

n�n
and AM ¼ aMij

h i
n�n

, it satisfies amij � aMij for all

i� i; j� n. We can define ½Am AM � ¼ f½aij� : amij � aij � aMij ; i� i; j� ng. Assume
A 2 Rn�n and A 2 ½Am AM �, then A is called interval matrix.

Next, some lemmas are introduced.

Lemma 1 [12] For any given interval matrix A 2 ½Am AM � and A 2 Rn�n, it can
be described as follows:
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A ¼ A0 þEDG;D 2 D�;

where

A0 ¼ 1
2
ðAM þAmÞ; H ¼ 1

2
ðAM � AmÞ ¼ ½hij�n�n:

The elements in matrices Am;AM are the low bound and the upper bound of the
elements in matrix A, respectively. Obviously, each element in matrix H is
nonnegative.

D� ¼ fD 2 Rn2�n2 jD
¼ diagf v11 � � � v1n � � � vn1 � � � vnn g;

vij
�� ��� 1; i; j ¼ 1; . . .; ng;

E ¼ ffiffiffiffiffiffi
h11

p
e1 � � � ffiffiffiffiffiffi

h1n
p

e1 � � � ffiffiffiffiffiffi
hn1

p
en � � � ffiffiffiffiffiffi

hnn
p

en
� �

n�n2 ;

G ¼ ffiffiffiffiffiffi
h11

p
e1 � � � ffiffiffiffiffiffi

h1n
p

en � � � ffiffiffiffiffiffi
hn1

p
e1 � � � ffiffiffiffiffiffi

hnn
p

en
� �T

n2�n:

Lemma 2 [13] For any given interval matrix A 2 ½Am AM � and matrices A0 ¼
1
2 ðAM þAmÞ and H ¼ ½hij�n�n ¼ 1

2 ðAM � AmÞ, A can be written as follows:

A ¼ A0 þ
Xn
i;j¼1

eifijeTj ; fij
�� ��� hij:

Lemma 3 [16] For any scalar e[ 0 and real matrices X and Y with appropriate
dimensions, the following inequality can be established.

XTY þ YTX� XTX
e

þ eYTY :

According to literatures [17, 18], the mathematical model of EESMs (damper
winding is neglected) can be described as follows:

dIf
dt ¼

LmdRs
rLsdLf

isd � LmdLsq
rLsdLf

xisq � Rf

rLf
If � Lmd

rLsdLf
usd þ Lmd

rLsdLf
Uf ;

disd
dt ¼ � Rs

rLsd
isd þ Lsq

rLsd
xisq þ LmdRs

rLsdLf
If þ 1

rLsd
usd � Lmd

rLsdLf
Uf ;

disq
dt ¼ � Lsdi

Lsqi
xisd � Rs

Lsq
isq � Lmd

Lsq
xIf þ 1

Lsq
usq;

dx
dt ¼

n2p
J ðLmdIf isq � ðLmd � LmqÞisdisqÞ � np

J Tl � npB
J x;

8>>>>>><
>>>>>>:

ð56:1Þ

where Lsd and Lsq are d axis and q axis self-inductions; Lmd and Lmq are d axis and

q axis inductances; Lf is exciting winding self-induction; r ¼ 1� L2md
LsdLf

is leakage
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coefficient; Rf is exciting winding resistance; Rs is stator resistance; np is the number
of pole pair; B is the frictional coefficient; J is moment inertia; If is exciting current;
isd and isq are d axis and q axis currents, respectively; ω is rotor angular speed; Uf is
exciting voltage; Usd and Usq are d axis and q axis input voltages, respectively; and
Tl is load torque.

If model error and disturbance are considered, the ith subsystem is expressed as
follows:

dIfi
dt ¼

LmdiRsi
riLsdiLfi

isdi � LmdiLsqi
riLsdiLfi

xiisqi � Rfi

riLfi
Ifi � Lmdi

riLsdiLfi
usdi þ Lmdi

riLsdiLfi
Ufi þ dfi;

disdi
dt ¼ � Rsi

riLsdi
isdi þ Lsqi

riLsdi
xiisqi þ LmdiRsi

riLsdiLfi
Ifi þ 1

riLsdi
usdi � Lmdi

riLsdiLfi
Ufi þ ddi;

disqi
dt ¼ � Lsdi

Lsqi
xiisdi � Rsi

Lsqi
isqi � Lmdi

Lsqi
xiIfi þ 1

Lsqi
usqi þ dqi;

dxi

dt ¼ n2pi
Ji
ðLmdiIfiisqi � ðLmdi � LmqiÞisdiisqiÞ � npi

Ji
Tli � npiBi

Ji
xi þ dxi;

8>>>>>><
>>>>>>:

ð56:2Þ

where Lsdi and Lsqi are d axis and q axis self-inductions of motor i; Lmd and Lmq are
d axis and q axis inductances of motor i; Lfi is exciting winding self-induction of

motor i; ri ¼ 1� L2mdi
LsdiLfi

is leakage coefficient of motor i; Rfi is exciting winding

resistance of motor i; Rst is stator resistance of motor i; npi is the number of pole pair
of motor i; Bi is the frictional coefficient of motor i; Ji is moment inertia of motor i;
Ifi is exciting current of motor i; isdi and isqi are d axis and q axis currents of motor i;
xi is rotor angular speed of motor i; Ufi is exciting voltage of motor i; usdi and usqi
are d axis and q axis input voltages of motor i; and Tli is load torque of motor i; dfi,
ddi, dqi, and dxi present the model error and/or disturbance; and subscript
i ¼ 1; . . .; n.

Thanks to the slow change of disturbance and load, the following equations are
obtained as follows:

ddfi
dt

� 0;
dddi
dt

� 0;
ddqi
dt

� 0;
ddxi
dt

� 0;
dTli
dt

� 0 ð56:3Þ

Constrained by the supply power, rated parameter, protection equipment, and so
on, the current and the speed of each EESM are in a certain range like rated range;
that is, the following assumptions are reasonable.

Imfi � Ifi � IMfi ; imsdi � isdi � iMsdi; imsqi � isqi � iMsqi; xm
i �xi �xM

i ð56:4Þ

The state variables and the control inputs of ith subsystem are chosen as follows:

Xi ¼ xij
h i

5�1
¼ Ifi isdi

Rt
0
isdids isqi xi � x�

i

Rt
0
ðxi � x�

i Þds
� �T

Ui ¼ uij
h i

2�1
¼ Ufi udi uqi½ �T;

ð56:5Þ
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where x�
i is the desired speed of ith subsystem, which is a constant.

Tracking error is defined as follows:

Dxi ¼ x�
i � xi ð56:6Þ

In coordination control, the desired speed of each motor may be different; that is,
x�

i may be not equal to x�
j . Hence, scalars x�

i and x�
j should be introduced to

describe the relationship between the ith motor and jth motor, and the coordination
error between the ith motor and jth motor can be defined as follows:

Dxij ¼ x�
j xi � x�

ixj ð56:7Þ

The mathematical model of ith subsystem is described as follows according to
(56.2) and (56.5).

Xi ¼ AiXi þBiUi þ fiðxijÞ ð56:8Þ

where

Ai ¼

� Rfi

riLfi
LmdiLsqiRsi

riLsdiLfi
0 0 0 0

LmdiRsi
riLsdiLfi

� Rsi
riLsdi

0 0 0 0
0 1 0 0 0 0
0 0 0 � Rsi

Lsqi
0 0

0 0 0 0 � npiBi

Ji
0

0 0 0 0 1 0

2
66666664

3
77777775

Bi ¼
1

riLfi
� Lmdi

riLsdiLfi
0 0 0 0

� Lmdi
riLsdiLfi

1
riLsdi

0 0 0 0

0 0 0 1
Lsdi

0 0

2
64

3
75
T

;

fi xij
� 	

¼

� LmdiLsqi
riLsdiLsi

xi4ðxi5 þx�Þþ dfi
Lsqi
riLsdi

xi4ðxi5 þx�Þþ ddi
0

�ðLmdiLsqi
xi1 þ Lsdi

Lsqi
xi2Þðxi5 þx�Þþ dqi

n2pi
Ji
ðLmdixi1xi4 þðLmdi � LmqiÞxi2xi4 � npi

Ji
Tli � Bi

Ji
x�

i þ dxi
0

2
666666664

3
777777775
:

Based on (56.8), the model of the system is expressed as follows:

X ¼ AXþBUþF xij
� 	

ð56:9Þ
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where

X ¼ X1 � � � Xi � � � Xn½ �T; U ¼ U1 � � � Ui � � � Un½ �T;
A ¼ diagfA1 � � � Ai � � � An g;
B ¼ diagfB1 � � � Bi � � � Bn g;
U ¼ diagfU1 � � � Ui � � � Un g;

F xij
� 	

¼ diag f1 x1j
� 	

� � � fiðxijÞ � � � fn xnj
� 	n o

g;

In the following sections, various PET designs for traction applications are
comprehensively reviewed.

56.3 Coordination Control Design

In order to ensure the coordination performance between motors and keep each
motor tracking its desired speed no matter what happens, a coordination control
should be designed, and the foremost control object is ensuring the coordination of
the system. The control structure of the system can be described as shown in
Fig. 56.1.

The following theorems can be obtained.

Theorem 1 For system (56.9), each EESM can track its desired speed and the
coordination performance between motors can be well kept if there exist a sym-
metric and positive definite matrix P1 2 R6n�6n, matrix K ¼ kij

� �
3 n�6 n , and positive

scalar λ such that the following BMI holds:

Fig. 56.1 The control
structure of the system
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ATP1 þP1AþKTBTP1 þP1BKþQT
0P1 þP1Q0 þ kGT

1G1 P1E1

ET
1P1 �kI

� �
\0;

ð56:10Þ

where

Q0 ¼ diag Q0
1 � � � Q0

i � � � Q0
n


 �
;

DQ ¼ ½Dqij�5n�5n ¼ diagfDQ1 � � � DQi � � � DQn g;

Q0
i

¼

0 0 0 � LmdiLsqi
2riLsdiLsi

xM
i þxm

i

�  � LmdiLsqi
2riLsdiLsi

iMsqi þ imsqi
� 	

0

0 0 0 � Lsqi
2riLsdi

xM
i þxm

i

�  � Lsqi
2riLsdi

iMsqiþ imsqi
� 	

0

0 0 0 0 0 0

� Lmdi
2Lsqi

xM
i þxm

i

�  � Lsdi
2Lsqi

xM
i þxm

i

� 
0 0 � 1

2
Lmdi
Lsdi

IMfi þ Imfi
� 	

þ Lsdi
Lsqi

iMdi þ imdi
� � �

0

n2pi
2Ji

Lmi iMsqi þ imsqi
� 	 n2pi

2Ji
ðLmdi � LmqiÞ iMsqiþ imsqi

� 	
0

n2pi
2Ji

Lmi IMfi þ Imfi
� 	

þ ðLmdi � LmqiÞ IMsdiþ Imsdi
� � 	

0 0

0 0 0 0 0 0

2
66666666666666664

3
77777777777777775

;

DQi ¼ Dqiij
h i

5�5

¼

0 0 0
LmdiLsqi
2riLsdiLsi

xM
i � xm

i

�  LmdiLsqi
2riLsdiLsi

iMsqi � imsqi
� 	

0

0 0 0
Lsqi

2riLsdi
xM

i � xm
i

�  Lsqi
2riLsdi

iMsqi � imsqi
� 	

0

0 0 0 0 0 0
Lmdi
2Lsqi

xM
i � xm

i

�  Lsdi
2Lsqi

xM
i � xm

i

� 
0 0

1
2

Lmdi
Lsdi

IMfi � Imfi
� 	

þ Lsdi
Lsqi

iMdi � imdi
� � �

0

n2pi
2Ji

Lmi iMsqi � imsqi
� 	 n2pi

2Ji
jLmdi � Lmqij iMsqi � imsqi

� 	
0

n2pi
2Ji

Lmi IMfi � Imfi
� 	

þ jLmdi � Lmqij IMsdi � Imsdi
� � 	

0 0

0 0 0 0 0 0

2
66666666666666664

3
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;

E1 ¼
ffiffiffiffiffiffiffiffiffiffi
Dq11

p
e1 � � � ffiffiffiffiffiffiffiffiffiffiffi

Dq16n
p

e1 � � � ffiffiffiffiffiffiffiffiffiffiffi
Dq6n1

p
e5n � � � ffiffiffiffiffiffiffiffiffiffiffiffiffi

Dq6n6n
p

e6n
� �

6n�ð6nÞ2 ;

G1 ¼
ffiffiffiffiffiffiffiffiffiffi
Dq11

p
e1 � � � ffiffiffiffiffiffiffiffiffiffiffi

Dq16n
p

e6n � � � ffiffiffiffiffiffiffiffiffiffiffi
Dq6n1

p
e1 � � � ffiffiffiffiffiffiffiffiffiffiffiffiffi

Dq6n6n
p

e6n
� �T

ð6nÞ2�6n
:

And the control law is U = KX.
There are ten elements changeable in Qi. According to Lemma 2, Qi can be

expressed as follows:

Qi ¼ Q0
i þMi ð56:11Þ

where

Mi ¼ e6i�5f
i
14e

T
6i�2 þ e6i�5f

i
15e

T
6i�1 þ e6i�4f

i
24e

T
6i�2 þ e6i�4f

i
25e

T
6i�1 þ e6i�2

� f i41e
T
6i�5 þ e6i�2f

i
42e

T
6i�4 þ e6i�2f

i
45e

T
6i�1 þ e6i�1f

i
51e

T
6i�5 þ e6i�1f

i
52e

T
6i�4 þ e6i�1f

i
54e

T
6i�2;

f i14
�� ���Dqi14; f i15

�� ���Dqi15; f i24
�� ���Dqi24; f i25

�� ���Dqi25; f i41
�� ���Dqi41; f i42

�� ���Dqi42;

f i45
�� ���Dqi45; f i51

�� ���Dqi51; f i52
�� ���Dqi52 and f i54

�� ���Dqi54:
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Equation (56.12) is obtained by combining Q xij
� 	

and (56.11).

Q xij
� 	

¼ Q0 þM1 þ � � � þMi þ � � � þMn ð56:12Þ

Theorem 2 For system (56.9), each EESM can track desired speed and the
coordination performance between motors can be well kept if there exist a sym-
metric and positive definite matrix P2 2 R5n�5n, matrix K ¼ kij

� �
2n�5n , and real

scalar ki14 [ 0, ki15 [ 0, ki24 [ 0, ki25 [ 0, ki41 [ 0, ki42 [ 0, ki45 [ 0, ki51 [ 0,
ki52 [ 0, and ki54 [ 0ði ¼ 1; . . .; nÞ such that the following BMI holds

ATP2 þP2AþKTBTP2 þP2BK þQT
0P2 þP2Q0 þ!1 !2

!T
2 �!3

" #
\0 ð56:13Þ

where

� 1 ¼ k141 Dq141
� 2 þ k151 Dq151

� 2n o
e1eT1 þ k112 Dq112

� 2 þ k152 Dq152
� 2n o

e2eT2

þ k114 Dq114
� 2 þ k124 Dq124

� þ k154 Dq154
� 2n o

e4eT4

þ k115 Dq115
� 2 þ k125 Dq125

� þ k145 Dq145
� 2n o

e5e
T
5 þ � � � þ ki41 Dqi41

� 2 þ ki51 Dqi51
� 2n o

e6i�5e
T
6i�5

þ ki12 Dqi12
� 2 þ ki52 Dqi52

� 2n o
e6i�4e

T
6i�4 þ ki14 Dqi14

� 2 þ ki24 Dqi24
� þ ki54 Dqi54

� 2n o
e6i�2e

T
6i�2

þ ki15 Dqi15
� 2 þ ki25 Dqi25

� þ ki45 Dqi45
� 2n o

e6i�1e
T
6i�1 þ � � � þ kn41 Dqn41

� 2 þ kn51 Dqn51
� 2n o

e6n�5e
T
6n�5

þ kn12 Dqn12
� 2 þ kn52 Dqn52

� 2n o
e6n�4eT6n�4 þ kn14 Dqn14

� 2 þ kn24 Dqn24
� þ kn54 Dqn54

� 2n o
e6n�2eT6n�2

þ kn15 Dqn15
� 2 þ kn25 Dqn25

� þ kn45 Dqn45
� 2n o

e6n�1e
T
6n�1:

� 2 ¼ P2e1 P2e1 P2e2 P2e2 P2e4 P2e4 P2e4 P2e5 P2e5 P2e5½

� � � P2e6i�5 P2e6i�5 P2e6i�4 P2e6i�4 P2e6i�2 P2e6i�2 P2e6i�2 P2e6i�1 P2e6i�1 P2e6i�1

� � � P2e6n�5 P2e6n�5 P2e6n�4 P2e6n�4 P2e6n�2 P2e6n�2 P2e6n�2 P2e6n�1 P2e6n�1 P2e6n�1 �;

� 3 ¼ diag k114 k115 k124 k125 k141 k142 k145 k151 k154



� � � ki14 ki15 ki24 ki25 ki41 ki42 ki45 ki51 ki54

� � � kn14 kn15 kn24 kn25 kn41 kn42 kn45 kn51 kn52 kn54g:

And the control law is U = KX.

Remark 1 Because the dynamical model of drive motor is used in the model of
system and the current signal is used to cross feedback, the dynamical performance
of the system will be improved. If the cross-feedback signals are enhanced in the
proposed controller, a better coordination performance will be obtained.
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Remark 2 The model error and disturbance are considered in the model of system,
and therefore, the proposed control strategy has robustness to the environment
disturbance and the parameter perturbation.

56.4 Three-Level Inverter Designed for Utility Application

56.4.1 System Design

A converter used for metal-rolling is designed. The schematic diagram of the
experiment system is shown in Fig. 56.2. The inverter and rectifier are typical
three-level NPC topology. The transformer changes the 10 kV AC voltage to 3 kV
AC voltage, and then, DC voltage got via PWM rectifier, and the two inverters are
arranged in parallel, respectively, controlling a 5 MW EESM (which can achieve to
10 MW in a short time). Main parameters of EESMs are shown in Table 56.1.

EESM1 drives the up roller and EESM2 drives the down roller to roll the metal.
In the working process, the loads of EESMs will change very fast when the metal
contacts with the roller. And the loads of the two EESMs will be different for some
reasons such as the shape of metal. Also output torque of the two motors will be
different for real parameter difference. In order to realize high-precision
metal-rolling, the speed of the two EESMs should be nearly the same, and the
speed drop should be very small, so the coordination control proposed above is
used to meet the application needs.

Three-level
Rectifier1

Three-level

rectifier2

Three-level
Inverter 1

Three-level
Inverter 2

EESM1

Inveter_controlRectifier_control

10KV/3KV

Metal

Up
 roller

Down
 roller

EESM2

Fig. 56.2 Schematic diagram of experimental system

Table 56.1 Main parameters of EESM

Base power 5000 kw Base voltage 3050 V

Base current 982 Å Speed 30 r/min

Number of poles 20p Excitation current 440 Å

Stator resistance 0.0583 Ω Stator leakage inductance 0.008 H

Direct axis magnetizing
inductance

0.0457 H Quadrature axis magnetizing
inductance

0.0285 H
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56.4.2 Modulation Technique

The circuit of three-level diode-clamped inverter based on IGCT is shown in
Fig. 56.3.

The switching frequency of the inverter is limited to 500 Hz. SVPWM is used

for pulse generation [19–21], and the reference vector Vref
�!

is sampled at regular

interval Ts and is approximated by time averaging of the nearest three vectors Vx
�!

,

Vy
�!

, and Vz
!

Vref
�!� Ts ¼ Vx

�!� Tx þ Vy
�!� Ty þ Vz

!� Tz
Ts ¼ Tx þ Ty þ Tz

ð56:14Þ

where, Tx, Ty, and Tz are the time of Vx
�!

, Vy
�!

, and Vz
!
, respectively.

The space vector plane is divided into six sectors, each of 60° intervals. All the
six sectors exhibit symmetry and the other sectors can be mapped to sector 1 to
reduce computation complexity. Sector 1 is divided into 4 subsectors as shown in
Fig. 56.4.

Taking the zone 1 as an example, the V0
�!

(NNN,OOO,PPP), V1
�!

(POO,ONN),

and V3
�!

(PPO,OON) are used to approximate the reference vector in this zone and

the duration time T0, T1, T3 which corresponding to V0
�!

, V1
�!

, and V3
�!

can be
obtained according to (56.14), the output sequence is NNN-ONN-
OON-OOO-POO-PPO-PPP in half of a period.

C1

C2

P+

N-

O

Qa1

Qa2

Qa3

Qa4

Qb1

Qb2

Qb3

Qb4

Qc1

Qc2

Qc3

Qc4

U
V
W

Fig. 56.3 Main circuit
topology for three-level
diode-clamped inverter
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56.5 Simulation and Experiment Results

56.5.1 Simulation

The simulation is done with MATLAB. Parameters of motor are shown in
Table 56.1. In order to compare the control performance of the proposed method
with the traditional PI controller, loads(Tl) and parameters(Lmd) of two motors are
set different.

Tl;1 ¼ Trated; Tl;2 ¼ 1:2� Trated; Lmd;1 ¼ Lmd; Lmd;2 ¼ 1:2� Lmd

Reference speed of two motors is 27 r/min at the time 2.5 s, the load is put on at the
time 4 s, and the load is put off. The control performance of traditional PI controller
is shown in Fig. 56.5, the speed error is maximal at the time when the load is put
on/off, and its value is 0.36 r/min. Fig. 56.6 shows the result of coordination control
proposed, and the maximal speed error is 0.11 r/min. The simulation results show
that the proposed controller has better performance than traditional PI controller.

56.5.2 Experiment

The system designed is used for metal-rolling in a factory hot rolling line. The
experimental waveforms are recorded by the software CSR_DRIVE which sample
the digital data at a very high frequency.

Figure 56.7 shows the results in the no-load condition by the coordination
control proposed above. The results show that the speed error between two motors
is nearly zero no matter in steady state or dynamic state.

Fig. 56.4 Space vectors in
sector 1
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Figure 56.8 shows the results in the rolling condition. It can be seen that, in the
time when the roller contacts with the metal, the maximum speed error between the
two motors is less than 0.7 r/min (multiply by 100 for seeing clearly), and the error
decreases to nearly zero in a short time. From the estimated torque, we can see that
output torques of two motors are different, but the speed error is very small, and the
coordination control shows good performance.

Figure 56.9 shows the line voltage of inverter which is a typical wave for
three-level inverter.

Fig. 56.5 Performance of traditional PI controller

Fig. 56.6 Performance of coordination control proposed
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Fig. 56.7 Start process in no-load condition

Fig. 56.8 Process in the rolling condition
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56.6 Conclusions

A robust coordination control strategy of multiple EESMs used for metal-rolling is
proposed and analyzed deeply inthis paper. A three-level inverter based on IGCT is
developed and successfully used in a hot aluminum rolling line. The simulation and
experimental results have verified that the proposed control strategy has good
dynamical and static performance and good robustness and has better coordination
performance than traditional PI controller.
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Chapter 57
Review of Power Electronic Transformer
in Railway Traction Applications

Jianghua Feng, Jing Shang, Zihao Huang, Zhixue Zhang
and Dinghua Zhang

Abstract Being one of merging technologies, power electronic transformer
(PET) is attracting more and more attentions. In this review, all the existing PET
technologies for railway traction applications are comprehensively reviewed in
order to provide a solid background of PET designs. Also, the basic of
high-frequency transformer which is the key technology of PET is reviewed. The
trend of PET is summarized as the guidelines for future researches.

Keywords Power electronic transformer � Traction transformer � High-frequency
transformer

57.1 Introduction of PET

57.1.1 Principle of PET

The original purpose of PET is to replace the conventional line frequency trans-
former (LFT) while reducing the volume and weight of the transformer. PET is not
just a simple transformer but an energy conversion system based on the combi-
nation of power electronic converters and medium-/high-frequency transformers.

The term of PET is not universal. Alternative terms can be found as medium-
frequency transformer, high-frequency transformer, e-transformer, solid-state
transformer, or intelligent universal transformer for various applications. The
basic principle of PET is expressed in Fig. 57.1. The line frequency or DC input
voltage is transfer into a high-frequency voltage by the front end converter.
Through the HFT, this voltage is transferred to the secondary side with the
amplitude being stepped up/down. The high-frequency voltage is shaped again by
the output converter to obtain the required voltage.
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The operating frequency of the power electronic devices is decided by both
technically and economically. The higher the frequency to operate, the smaller the
size can achieve. However, with higher frequency, extra losses will lead to a lower
efficiency.

57.1.2 Applications of PET

The first concept of PET was introduced in 1970. However, at that time, PET was
limited by voltage and power rating of the power switches and available circuit
topologies, and hence not penetrated into various applications.

With the development of power switches, circuit topologies, and new
high-frequency ferrimagnet materials, PET has become one of the major emerging
technologies. Various companies and universities, such as ABB and Alstom,
University of Minnesota, University of Missouri, and Texas A&M University, have
been doing research on PET.

Based on the previous analysis, PET is promising for following applications:
The weight and volume of the transformer system are critical to whole system

performance, such as on-board electric tractions, battery charger, off-shore wind
farm, and tidal power;

The system has high requirements on the power quality, such as smart grid and
renewable energy;

The system requires additional functions besides of isolation and voltage regu-
lation, such as smart grid.

57.2 Railway Traction Applications

It is possible that PET replaces the conventional line frequency transformer
(LFT) in railway traction applications for several reasons:

Fig. 57.1 Basic system configuration of PET
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Compared with massive and bulky LFT, PET reduces the transformer system
size and weight. With higher power density, the train performance will improve.

The current LFT is optimized for maximum power per weight. However, the
typical efficiency is about 92 % due to other key parameters. The PET can improve
the efficiency of transformer system [1–3].

PET can improve the power quality and provide more functions, such as power
factor, current harmonics, voltage sag/swells/flicker compensation, and fault current
limitation.

For traction applications, the PET requires special design [4, 5]:
Be compact both in size and weight;
High tolerance with vibrations and shocks;
Multiple windings (output windings contain auxiliary windings);
Relatively high short-circuit impedances and high reliability levels;
Deal with multiple voltages and frequencies if cross the different electrification.

All the railway tractions use single-phase system; however, the rated voltage and
frequency vary in different areas. The PET must be able to deal with multiple
voltages and frequencies due to the different electrification systems used across
Europe, sometimes even within one country. The catenary standard in European
market [6] is listed in Table 57.1. Furthermore, it should be always considered the
proportion of the 2nd harmonic ripple in the THD of DC voltage in traction
applications because of the single-phase configuration [4].

In the following sections, various PET designs for traction applications are
comprehensively reviewed.

57.2.1 ABB

ABB is one of the first companies starts the high-power medium-voltage MFT for
railway tractions and has the world’s first-ever 1.2-MVA PET tested in a locomotive.
According to the report of PET application of ABB company, there are mainly three
prototypes: A laboratory-scale prototype [2, 7, 8], 1.2 MVA PET developed later

Table 57.1 List of the voltage and frequency standard in European market [6]

System type Lowest
non-permanent
voltage

Lowest
permanent
voltage

Nominal
voltage

Highest
permanent
voltage

Highest
non-permanent
voltage

600 V DC 400 V 400 V 600 V 720 V 800 V

750 V DC 500 V 500 V 750 V 900 V 1 kV

1.5 kV DC 1 kV 1 kV 1.5 kV 1.8 kV 1.95 kV

3 kV DC 2 kV 2 kV 3 kV 3.6 kV 3.9 kV

15 kV AC, 16.7 Hz 11 kV 12 kV 15 kV 17.25 kV 18 kV

25 kV ac, 50 Hz 17.5 kV 19 kV 25 kV 27.5 kV 29 kV
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with all the IGBTs being 3.3 kV [5], and another 1.2-MVA PET with 6.5-kV IGBTs
on the high-voltage side and 3.3-kV IGBTs on the other side [2, 7–11] which makes
it the world’s first-ever full-scaled MFT tested in a locomotive.

57.2.1.1 Laboratory-Scale Prototype [2, 7, 8]

The laboratory-scale PET prototype is the fundamental research for the full-scale
PET. The full-scale PET developed few years later use the same control hardware
and strategies.

The main parameters of the transformer are listed in Table 57.2.
The cell is modularized as power electronic building blocks (PEBBs) because

there is no much need for insulation. The PEBB is applied in AFE and DC/DC
stages for simplicity. The PEBB is composed of water-cooling heat sink, 4
half-bridge IGBT modules of 600 V/150 A with accompany drivers, capacitors, and
supervisory circuits. Due to the low voltage and current ratings, the short-circuiting
device is a simple relay in each cell. The resonant tank adopted an off-the-shelf
transformer with an series-connected inductor to get Lr needed at the bottom of the
cabinet. The auxiliary power for cabinet is supplied with off-the-shelf switch-mode
power supplies (SMPS).

An 30-mH line inductor is used to connect the 700-Vrms AC source at 50 Hz in
laboratory which is provided by an three-phase generator. The input voltage source
is the line voltage of the generator. So the input harmonic performance is unable to
analyze.

Table 57.2 Main parameters
of laboratory-scale
prototype [7]

Overall rating

Rated power kW 54

Line current A 36

Line frequency Hz 50

Line inductor mH 30

Per AFE converter

Rated power kW 6

DC link voltage V 360

Switching frequency Hz 350

Per DC/DC converter

Rated power kW 6

DC link voltage V 360

Switching frequency Hz 1500

Transformer turn ratio – 1

Resonant inductor Lr mH 0.135

Resonant inductor Lm mH 13

Resonant capacitor Cr μF 60

Rated power kW 6

570 J. Feng et al.



The output is variable: A 10-kW resistive load and a DC machine are connected
by a 2-phase braking chopper. The machine can controlled the input power by
adjusting the excitation current which can take 130-kW power. Thus, the machine is
able to perform continuous load experiments. The chopper can generate the situ-
ation when load disturbances appear. The parameters of this prototype are shown in
Table 57.2.

1.2-MVA PET with All the IGBTs Being 3.3 KV [5]

This PET demonstrator is developed for EMU railway specification of the
15 kV/16.7 Hz. The output of the PET rated at 1.2 MVA is 1.8 kV DC link voltage.
The PET is capable of bidirectional power flow. It is expected that the power
density could achieve 1 kg/kVA.

The system topology is shown in Fig. 57.2. It has 16 cells, each having a
cycloconverter, MFT, and rectifier. All the 16 cycloconverters on the grid side are
series connected, and all the 16 rectifiers on the secondary side are parallel con-
nected. All the cycloconverters and rectifiers are designed using 3.3 kV/2 × 400A
IGBTs.

The catenary voltage is 18 kV. There are several challenges for system design,
such as medium-frequency transformers, cooling, and insulation.

Fig. 57.2 Topology of 1.2-MVA PET demonstrator using 3.3 kV IGBTs
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The same cooling oil is adopted for the converters and transformers to reduce the
size and costs. A HV-insulated source is used to supply the gate drivers. With
specific design rules, the short-circuit impedance could be very low. Moreover, the
core weight is optimized too.

Compared to the conventional line frequency traction transformer, this MFT has
50 % less weight and 20 % less volume. What’s more, the efficiency at nominal
power is improved by 3 % which reduces the cost.

It is also pointed out that with new high-power SiC semiconductor which has
higher operating frequency and blocking capability further works and optimization
could be achieved [5]. Once the SiC semiconductor is available on the market, an
new solution with an increased operating frequency and a reduced number of
cascaded modules is expected.

1.2-MVA PET with 6.5-KV IGBTs and 3.3-KV IGBTs

This is the first-ever PET tested on a shunting locomotive in the area of Geneva,
Switzerland, since February 2012. With growing need for EMU traction drives, the
PET demonstrator has 1.2 MVA rated power with 1.8 MVA peak capability. The
shutting locomotive is provided by Swiss Federal Railways (SBB). The detailed test
results will be shown later.

Instead of using single PET, modularization is the trend for the simplicity of
maintenance. As shown in Fig. 57.3, the cascaded topology of identical cells can
support higher grid such as 15-kV railway grid working at 16.7 Hz. Due to the
parallel connection on the output side, the full power is the sum of the power each
cell provides. For this medium-voltage (MV) PET, each module on the AC side
contains a startup circuit which enables the power to flow from the grid. In other
situation, it could be bypassed.

Fig. 57.3 Topology of 1.2-MVA PET demonstrator with 6.5- and 3.3-kV IGBTs
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To achieve the minimum number of cells on the AC side, the 6.5-kV IGBT
modules are used, and the number of cell rating 150 kVA is nine for the 15-kV
railway grid.

The cell can be distinguished as follows: the HV PEBBs, the LV PEBBs, and the
MFT. Based on the functionalities, the PEBBs also can be classified into active
front end (AFE) converter on the AC side and DC–DC converter [2].

The HV PEBB converts the high-voltage AC source to several 3.6-kV DC.
The LLC resonant converter is adopted in DC–DC converter.

The MFT provides the galvanic isolation between the HV and LV sides. The
leakage and magnetizing inductances should be carefully designed to satisfy the
need of proper working zone of LLC resonance converter. The LV PEBB adopts
3.3-kV IGBT of 800 A, and the LV DC link is 1.5 kV.

As shown in Fig. 57.3, the topology is capable of bidirectional power flow.
When the vehicle works at regenerative braking, the power could be fed back from
the LV side, which enhances the efficiency of the converter.

57.2.2 Alstom

The PET application for railway traction by Alstom is shown in Fig. 57.4 [12]. It is
based on the phase-controlled multilevel converter. It contains a current source
inverter, a MFT and a voltage source inverter. The current source inverters are
series connected to the grid, and the voltage source inverter are parallel connected
to the LV DC bus. Also instead of high-voltage IGBTs, high-voltage silicon carbide
devices are employed aiming for a 2 MVA 12-stage PET for a 25-kV 50-Hz
network.

Fig. 57.4 The multilevel converter with phase-controlled method [12]
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The investigation is focused on the converter losses, switching frequencies, and
limitations under soft switching mode, which is carried out on a test bench.
Theoretical analysis of conduction and switching losses also are calculated [12, 13].
According to the experiment, the switching frequency is limited by the snubberless
operation at 2 kHz. Experimental results presented in papers [14] show a switching
frequency up to 5 kHz and is realized with huge losses and limited output voltage
range. The influence of losses on the thermomechanical stresses on Si and SiC
power switches is further investigated [15].

57.2.3 Bombardier

The first PET prototyped developed by Bombardier is shown in Fig. 57.5 [16]. At
least, 8 subsystems are series connected to the grid to achieve 15-kV line voltage
with the consideration of redundancy.

In the DC/DC converter, the leakage inductance of transformer is low. The
converter works in series resonant mode. The transformer ratio is 1:1, which
enables the use of the same IGBT for both bridges. Once the voltage of the primary
differs from the secondary, the series resonance excites which leads to self-balance.

Fig. 57.5 Medium-frequency topology of bombardier
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For the MFT, 8-kHz switching frequency is a compromise between losses, costs,
and sizes, as well as acoustic noise. The windings are directly cooled by deionised
water through rectangular aluminum profiled tubes. The transformer is made of
nanocrystalline metal having 1T maximum flux density to reduce the losses. The
flat water coolers are adopted to cool the cut cores from both sides.

With encapsulated winding arrange design, a low leakage inductance of the
transformer is realized, which enables the zero-voltage switching for the converter
and a homogenous electrical field distribution between windings.

An prototype transformer has passed the insulation, partial discharge, and
500 kW test with 8-kHz frequency. The weight is only 18 kg, and the leakage
inductance is measured to be 2.3 μH.

On the other hand, the soft switching strategies of full bridge series, parallel, and
series–parallel resonant converters are investigated [17, 18]. For transportation
application, an LCC inverter is reported as well [19, 20]. In urban transit, the linear
induction motor is powered by the inverter.

57.2.4 Siemens

Siemens and University of München investigate the PET based on the concept of
modular multilevel converter (M2LC). As shown in Fig. 57.6, the single-phase
M2LC contains four identical arms. Each arm contains same amount of identical
submodules. It also needs one concentrated MF transformer with multiwindings.

The system is chosen considering the cost, system efficiency, power-to-weight
ratio, maintenance, and redundancy. It is predicted that at nominal power, an effi-
ciency of nearly 98 % is possible. [21, 22]. About M2LC configuration, Siemens

Fig. 57.6 Traction converter concept for the operation on the 15-kV/16.7-Hz power line by
Siemens
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did research on 5 MW applications [21, 22] and 2 MW 17-level applications [23]
using the same topology.

Siemens also works with University of Erlangen on another PET of the
series-input and parallel-output configuration [3, 24–26] as shown in Fig. 57.7.
Also, multitransformers are used instead of single transformer.

57.2.5 Summary

In previous parts, all the PET prototypes developed by leading companies are
thoroughly reviewed in group of companies. In this part, several trends and com-
mon features can be highlighted as follows.

For the system level:

1. Series connection adopted to achieve high voltage for the LV side and parallel
connection for the output is common configuration;

2. Modular and redundancy features are desirable;
3. The system switching frequency is not the higher the better. It is due to that

when the switching frequency increases, both the transformer volume and loss
will be stabilized. But the converter loss may be increased. It is a compromise
between volume, cost, and efficiency, also between converter and transformer;

4. To increase the efficiency and achieve high switching frequency (few thousand
Hz), soft switching methods such as ZVS and ZCS are necessary.

Fig. 57.7 Topology of a railway power supply with stacked single-phase 4-quadrant converters
(4QC) using MF dc/dc converters
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For the converters:

1. Two-stage configuration is preferred than the three-stage configuration.
Half-bridge is preferred than the full bridge. The main reason of this is to reduce
the cost and complicity;

2. High-voltage switches are also essential to reduce the power switching number
and modular number and thus improve the reliability. Therefore, SiC switches
are desirable.

For the MFT:

1. Instead of single transformer having multiwindings, multi- and identical trans-
former having single input and single output is preferred;

2. Oil is a good option to achieve cooling and insulation at the same time and thus
save cost;

3. For the core material, nanocrystalline is preferred. For the windings, Litz or
hollow wires are preferred.

57.3 High-Frequency Transformer

In PET system, the major functions of HFT are galvanic isolation between the
source and load and fixed voltage amplitude adaptation. Since the design of HFTs
varies significantly with the power rating, the review is focused on the high-power
medium-voltage HFTs.

57.3.1 Topologies

The transformer topology is an important design issues. According to the core
geometry and winding type, various transformers can be classified as four cate-
gories [27–31] as shown in Fig. 57.8. The core- and shell-type transformers are
conventional topologies widely used in distribution and power transformers. The
matrix and co-axial transformers are relevantly new. The matrix transformer is
proposed [32] in order to integrate several transformers and use for low-profile
applications. The co-axial transformers are commonly used in low leakage induc-
tance and radio frequency applications [33, 34].

All the basic features, pros and cons for these four transformer topologies, are
summarized in Table 57.3 [27–41]. It can be seen that for the high-power and
medium-voltage applications, the conventional core- and shell-type transformers
are the main choice.
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57.3.2 Thermal and Cooling

One of the major challenges in HFTs especially the high-power applications is the
thermal issues. It is mainly due to two simultaneous effects of high-frequency
operation. The total cooling surface is greatly reduced due to the extensive
reduction of the transformer’s volume. The loss density is significantly increased. In
actual HFTs, their power capability is determined by its maximum allowed oper-
ating temperature. So it is requisite and vital to run a simulation on the temperature
distribution with a proper accuracy.

In general, there are two ways of thermal investigations. One is based on FE
analyses [42–44], and the other one is based on equivalent thermal circuits [45, 46].
Their pros and cons are briefly summarized in Table 57.4.

The cooling method is another important thermal issue. The cooling system has
three main purposes: to effectively remove the heat, improve the power density, and
easy the thermal managing system. Therefore, when comparing various cooling
systems, following criterions should be considered: cooling capability, weight,
volume, complexity, reliability, and cost. All the cooling systems can be divided
into two groups: passive and active. For the active cooling system, the cooling
medium can be air or liquid, such as water, de-iron water, coolant, and oil.
Compared with the passive cooling systems, the active systems, especially the
water or oil, are able to carry large amount of heat over long distance. For example,
55 percent reduction could be achieved with oil for the maximum temperature.
However, the active cooling systems also have various drawbacks, such as extra
cost, weight, volume due to the pump and other components, higher system
complexity, lower reliability, risk of leakage, and regular maintenances. From this

Fig. 57.8 Topologies of HFT
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Table 57.3 Comparison of different transformer topologies [30, 31, 34–37]

Topology Basic features Pros Cons Applications

Core Single magnetic core
Windings on both legs

Easiest
manufacturing
Better insulation
capability

Higher
leakage
inductance

High voltage

Shell Two magnetic cores encircle the
single winding

Lower leakage
inductance than
core type
Better
mechanical
protection
Better thermal
performance

Better
thermal
performance
Low
insulation
capability

Relative low
voltage

Matrix Several parallel magnetic cores
LV windings on the outer legs
One HV winding on middle legs

Split current in
secondary
windings
Improve
thermal
performance
Better MMF
distribution

Higher
volume and
weight
Higher total
loss and
cost
Higher
leakage
inductance

High
frequency
and low
profile

Co-axial Co-axial winding with an outer
conducting tube and an inner
tube/Litz wire
Toroid magnetic cores

Low leakage
inductance
Low copper and
core loss

Limited
current
capability
Limited turn
ratio
Difficult to
make
Expensive

Radio
frequency

Table 57.4 Comparison of thermal analyses based on FE and equivalent thermal circuit

Pros Cons

Equivalent
circuit

Link the results to detailed design parameters
Good for design optimization at the preliminary
stage
It is much faster to obtain the results
The conclusions can be more general

The results is approximated
Only the temperatures at nodes
are available
Accuracy of the model is
largely determined by the
researcher

FE It is able to consider every details of the design
It is able to obtain the whole picture of
temperature distribution even inside of each
component
Can be very accurate

Very complicated to build the
FE model
It is timeconsuming
It is case based and good for
the final check for the design
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point of view, forced air cooling systems are better than the liquid cooling systems.
However, in the large power transformers, de-iron water or oil cooling systems are
more popular. It is partly due that de-iron water and oil also are used as insulation.

57.3.3 Summary

Furthermore, in order to achieve better system performance, additional features for
HFT include the following:

High power with low weight and volume;
High efficiency and low loss at high power and frequency;
Controllable inductance and capacitor, and resonant switching.
Due to this features and the nature of high-frequency operation, it is much more
complicated to design and optimize the HFTs. The main challenges are as follows:
High power and voltage while low volume, which makes the insulation and cooling
very difficult to design;
Highly coupled multiphysic system including electromagnetic, thermal, and
mechanical, which makes the modeling very challenging;
Complicated multiparameter system, such as switching frequency, number of turns
and dimensions of wires, core material and shape, and current density and maxi-
mum flux density, which makes the optimization very challenging;
Parasitic effects due to high frequency and nonlinearity, such as magnetic satura-
tion, non-sinusoidal waveforms, skin- and proximity-effect, leakage inductance, and
stray capacitor, which make the design very complicated.
Thus, the design consideration of HFT is different from the one of LFT;
More likely, new core materials are preferred to maintain low core loss at high
frequency. However, less data for these materials are available. Even for the
existing materials for insulation and cooling, their properties under high-frequency
operation are still not comprehensive;
The requirement of designable leakage inductance and stray capacitance for the
resonant switching makes the design of HFT more different form LFT;
In order to compete with LFT, it is better to have low cost as much as possible.

57.4 Trends

For the future railway tractions, the trends can be summarized as follows [4, 16, 29,
35, 41]:

1. High-power conversion system with reduced weight and volume due to several
reasons. To increase passenger comfort is a strong trend, and it needs more
space for passenger, more effective load, low floor accessing, and increased
levels of auxiliary power on trains;
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2. Higher efficiency, which is a global trend. The current LFT is optimized for
maximum power per weight. However, with the consideration of cost, com-
promise on key parameters is made such as the efficiency is only about 92 % for
the LFT [1–3];

3. Better reliability and easier maintenance. For the power module, A 150-k-hour
mean time between failure(MTBF) is a must. Depending on the project, the
product lifetime is expected to be 15 to 30 years. There is also a concern about
life cycle cost, which aims to minimize the maintenance cost.
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Chapter 58
Analysis on the Harmonic Coupling
Relationship Between AC Drive Trains
and Traction Nets

Jianying Liang, Zhilin Rong, Zhixue Zhang and Wenguang Luo

Abstract A series of train net matching problems arising from the high-order
harmonics of AC drive trains have severely affected the safe operation of the
railway system. For the sake of analyzing and solving the problems in a systematic
way, some basic conclusions and laws are obtained on the basis of making theo-
retical analysis for the traction current control model and harmonic characteristic of
AC drive trains, and through considering the impedance model of traction nets and
making the detailed simulation analysis for the voltage harmonic of traction nets,
the harmonic relationship between current and voltage, as well as the train net
system harmonic coupling relationships such as the mutual effect of harmonics
when multiple locomotives are running, which provide guidance and reference for
analyzing the practical problems and studying the subsequent suppression tech-
niques in engineering application.

Keywords Train net coupling � Current harmonic � Grid-side converter �
Simulation analysis

58.1 Introduction

AC drive electric locomotives and EMUs are widely used because of their strengths
in high power factor, dual energy flow, big traction and power, and economic
benefit among others. At present, HXD AC electric locomotives, SS DC electric

J. Liang (&)
CSR Qingdao Sifang Locomotive and Rolling Stock Co., Ltd.,
Qingdao, Shandong, China
e-mail: sf-liangjianying@cqsf.com

Z. Rong (&) � Z. Zhang � W. Luo
CSR Zhuzhou Institute Co., Ltd., Times Road, Zhuzhou, Hunan, China
e-mail: rongzl@csrzic.com

W. Luo
e-mail: luowg@teg.cn

© Springer-Verlag Berlin Heidelberg 2016
L. Jia et al. (eds.), Proceedings of the 2015 International Conference
on Electrical and Information Technologies for Rail Transportation,
Lecture Notes in Electrical Engineering 377, DOI 10.1007/978-3-662-49367-0_58

585



locomotives, and CRH AC EMUs are simultaneously running in Chinese railway
lines, forming the mixed running of multiple model trains. The grid-side total
harmonic content of DC trains is high, and its components mainly concentrate on
the low-order harmonics such as the 3rd, 5th, and 7th harmonics, while the
high-order harmonics above the 15th harmonic are tiny; by contrast, the grid-side
total harmonic content of AC drive trains is low, and its low-frequency harmonics
are significantly improved, but the harmonic spectrum is wide and there are certain
high-order harmonics from the 3rd to 200th harmonics.

As a movable time-varying nonlinear load, AC drive trains form a nonlinear
strong coupling relationship with traction nets, resulting in a series of train net
matching problems, especially when the high-order harmonics generated from AC
drive trains transmit in traction nets. Such problems, which mainly include burning
of filter capacitors, DC screens and arresters of substations, burning of the RC
branch resistance of DC locomotives and DC600 V train power supplies, abnormal
phenomena such as high-frequency resonance, low-frequency oscillation, and
overvoltage in traction nets, and interference to the telecommunication lines along
railways, pose serious threats to the safe operation of the railway system [1–3].
Currently, China still lack systematic evaluation and complete set of control sys-
tems for harmonics. Hence, it is of great importance to study the high-order har-
monic transmission and coupling relationship between AC drive trains and traction
nets and to master the corresponding laws, which is the precondition and key for
realizing sound train net matching.

Domestic and foreign scholars have made a lot of research and analysis for the
harmonic coupling relationship of train nets which mainly focus on two aspects:
(1) harmonic characteristic for trains to inject traction net current and (2) harmonic
transmission characteristic of traction nets. At present, the research focuses on
analyzing the harmonic transmission and characteristic of traction nets under train
net coupling by adopting various methods, such as input impedance analysis
method, modal analysis method, and Norton harmonic load model analysis method,
and comprehensive and in-depth research results have been achieved [4–7].
However, there is less study on the mutual effect of the harmonics between multiple
trains differing in position and distribution and on the harmonic relationship
between trains and traction net voltage, even though such study plays a guiding role
for explaining and solving the train net matching problems in a systematic way.
This paper theoretically analyzes the traction current and harmonic characteristic of
AC drive trains, as well as analyzes and simulates the mutual effects of traction net
voltage harmonic and multiple locomotive harmonic on the basis of considering
system impedance, which provides the basis for solving the problem of mixed
running of AC and DC locomotives and bad train net matching of AC drive trains,
hence proposing effective control measures for improving the running safety.
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58.2 Traction Current Harmonic Analysis for AC Drive
Trains

58.2.1 Structure and Control Model of Grid-Side Converter

The traction current and harmonic of AC drive electric locomotives and EMUs are
mainly controlled by grid-side converters which are single-phase voltage-source
PWM converters. Such converters mainly adopt a two-level main circuit topology
and generally feature a multiple structure, as shown in Fig. 58.1. Each grid-side
converter is independently connected to a traction winding at the secondary side of
the traction transformer. The multiple numbers of grid-side converters for a whole
train are generally 4–16.

Grid-side converters usually adopt a transient current control strategy to improve
the dynamic response performance. Meanwhile, a multiple carrier-shifting SPWM
modulation strategy is adopted to improve the overall current harmonic perfor-
mance. The control model is as follows:

I�p ¼ Ip þðKup þKui
�
sÞðU�

d � UdÞ
umðtÞ ¼ usðtÞ � I�pxL cosxt � Ki I�p sinxt � ikðtÞ

h i(
ð58:1Þ

Wherein U�
d and Ud are respectively the set value and actual value of DC

voltage, I�p and Ip are respectively the reference value of active current and the
feed-forward value of motor control calculation, Kup and Kui are respectively the
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Fig. 58.1 Basic structure of
onboard grid-side converter
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proportion and integral coefficient of DC voltage PI regulator, usðtÞ and umðtÞ are
respectively the input voltage and modulation voltage, ikðtÞ is AC instantaneous
value, and Ki is the proportion coefficient of instantaneous current loop.

58.2.2 Analysis on Traction Current Harmonics

Grid-side converters generally adopt a single-polar PWM modulation mode. To
simplify analysis, the distribution law of traction current harmonics is considered
under the following ideal conditions: (1) DC voltage is of a steady-state value;
(2) both input voltage Us and modulation wave Um are ideal sine waves; and
(3) same fundamental component of current for each grid-side converter.

Suppose the input voltage Us and the modulation wave Um in Formula (58.1) are
respectively expressed as follows:

us ¼ Usm sinðxstÞ
um ¼ UABm sinðxst � /Þ

�
ð58:2Þ

Suppose n is the harmonic order with respect to the modulation wave and 2 m is
the harmonic order with respect to the carrier, double Fourier series transform is
applicable and the single-polar modulation PWM voltage UAB can be expressed as
[8, 9]:

uAB ¼ MUd sinðxst � /Þþ 2Ud

d

�
X1

m¼1;2;3...

X�1

n¼�1;3;5...

JnðmMdÞ
m

� cosðmdÞ

� sin½ð2mN þ nÞxst � n/�

ð58:3Þ

In the above formula, M ¼ UABm
Uc

� 1 is the amplitude modulation ratio, N ¼ xc
xs

is
the frequency modulation ratio (Uc and xc are respectively carrier magnitude and
angular frequency), d ¼ p is half of the carrier cycle in the carrier coordinate
system, and JnðxÞ is Bessel function.

In Fig. 58.1, if the resistance of the AC circuit of grid-side converters is omitted,
the voltage balance equation can be expressed as follows:

us � uAB ¼ L
dik
dt

ð58:4Þ

According to (58.2), (58.3), and (58.4), the input current ik for a single grid-side
converter can be expressed as follows:
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ik ¼ MUd sin/
xsL

sinðxstÞþ 2Ud

dxsL

�
X1

m¼1;2;3...

X�1

n¼�1;3;5...

JnðmMdÞ
m

� cosðmdÞ
2mNþ n

� sin ð2mN þ nÞxst � n/þ d
2

� �
ð58:5Þ

By comparison with Formulas (58.3) and (58.5), we can find that the harmonic
distribution of the single grid-side converter AC and that of PWM voltage uAB are
consistent, but the amplitude of the single grid-side converter is reduced rapidly
with the increase of harmonic order, and the main harmonic order is 2N ± 1 and
2N ± 3.

Suppose the multiple numbers of grid-side converters are k and the transfor-
mation ratio of the traction transformer is kT, where each single grid-side converter
maintains the same modulation wave and carriers successively stagger the phase of
b ¼ d

k each other, the traction current can be expressed as follows:

i ¼ kMUd sin/
kTxsL

sinðxstÞþ 2kUd

dkTxsL

�
X1

m0¼1;2;3...

X�1

n¼�1;3;5...

ð�1Þkm0
Jn km0Mdð Þ
km0

� sin 2km0N þ nð Þxst � n/þ d
2

� �
2km0Nþ n

ð58:6Þ

According to the above formula, the main harmonic order of the train traction
current synthesized by k (k > 1) grid-side converters via carrier phase shifting is
2kN ± 1 and 2kN ± 3, which is equivalent to increase the switching frequency of the
single grid-side converter by k times, so that the harmonic content of the grid-side
current is rapidly reduced.

In fact, due to the transient current control strategy introduces the proportion ring
taking actual current as feedback, in combination with Formulas (58.1) and (58.5),
we can get to know that there are such main harmonic components as 2N ± 1 and
2N ± 3 in the modulation wave Um, so that it is impossible to be an ideal sine wave.
The existence of harmonic components in the modulation wave, on the one hand, is
introduced to the single current ik through the PWM modulation and makes the
harmonic distribution in Formula (58.5) have changes; on the other hand, it makes
each modulation wave have great difference and fail of completely offsetting har-
monics one another via multiple phase shifting, leading to harmonic increase of the
whole train and wider spectral distribution, unlike the spectral distribution that
concentrates on the sideband of the 2kN harmonic as expressed in Formula (58.6).
In addition, the inherent characteristic of single-phase grid-side converters
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determines that DC voltage inevitably contains second harmonics, leading to the
low-order harmonics such as the 3rd, 5th, and 7th harmonics in grid-side current
along with the nonlinear factors such as dead zone.

58.3 Analysis on the Voltage Harmonic of Traction Nets

The train net harmonic coupling of AC drive trains can be considered as the
high-order harmonic current generated during train running flows into traction nets,
forming harmonic voltage on the impedance of traction nets and traction substations
to make the voltage at traction substations or trains deform in different degree and
make the fundamental amplitude of the voltage have changes.

58.3.1 Harmonic Model of Train Net System

The single-line model of traction nets can be adopted to analyze the train net
harmonic coupling relationship. Such a modeling method is more suitable for a
direct feeding system. If we consider that substations are equivalent to resistance–
inductance loads, traction nets are equivalent to a transmission line with uniform
distribution of RLC, serial resistance–inductance is equivalent to parallel capaci-
tance in the circuit, and trains are equivalent to a harmonic current source, we will
get the relationship between the resistance value at both ends of trains and the
positions of trains; hence, it is convenient for us to analyze the harmonic trans-
mission laws of the train net system [10].

The simplified model for harmonic transmission of the train net system is shown
in Fig. 58.2. IT is the harmonic current for trains to inject traction nets, L1 and L2 are
respectively the distances between trains and substations and section posts, ZT1 and
YT1 are respectively the impedance and admittance value in the equivalent circuit of
traction nets between trains and substations, and ZT2 and YT2 are respectively the
impedance and admittance value in the equivalent circuit of traction nets between
trains and section posts. ZSS is the equivalent impedance of traction substations,

Train

Section
Post

Zss

Traction
Substation

ZT1 ZT1 ZT2 ZT2

YT1 YT2IT

L1 L2

Fig. 58.2 Simplified model of train net system
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including the external power supply harmonic impedance Zkn and the traction
transformer harmonic impedance ZTn. The computational formula is as follows:

Zkn ¼ nU2
T

Sk

ZTn ¼ nU2
T

ST
� uT%

(
ð58:7Þ

Wherein UT is the output nominal voltage of the traction transformer, Sk and ST
are respectively the short circuit capacity of the external power supply system and
the rated capacity of the traction transformer, UT% is the short circuit voltage of the
transformer, and N is the harmonic order.

58.3.2 Simulation Analysis on Voltage Harmonics

Simulation analysis is made for the voltage harmonic of traction nets on the basis of
the above analysis for the harmonic characteristic of traction current and the har-
monic simplified model of the train net system. The relevant parameters of the AC
locomotive selected for simulation are as follows: grid-side rated power 6000 kW,
switching frequency 350 Hz, quadruple grid-side converters, equivalent input
inductance 3 mH, and rated input/output voltage AC1900 V/DC3500 V. The rel-
evant parameters of the traction substation are as follows: system short circuit
capacity 750MVA, traction transformer—wye-prolonged delta-connected
three-phase to two-phase balance transformer, rated capacity 32MVA, rated volt-
age 110 kV/27.5 kV, and short circuit impedance 10.5 %. The parameters of the
contact line impedance are as follows: inductance 2.32 mH/km, resistance 0.171 Ω/
km, capacitance 0.01 uF/km.

The simulation waveforms when a single locomotive exerts the rated power for
traction load but the distances to the traction substation are different are shown in
Fig. 58.3. Figure 58.3a suggests that the locomotive is 1 km away from the sub-
station, the waveforms from top to bottom are respectively the voltage (THD
1.99 %) and current (THD 1.76 %) at the locomotive end, the line impedance is
very small due to short distance, and the voltage harmonic is smaller when the
current harmonic undergoes traction net impedance coupling. Figure 58.3b suggests
that the locomotive is 20 km way from the substation, and the waveforms from top
to bottom are respectively the voltage (8.35 %) and current (THD 3.85 %) at the
substation end and the voltage (THD 8.34 %) and current (THD 1.8 %) at the
locomotive end. It can be seen that, when the locomotive current harmonic is almost
unchanged, the voltage harmonic will rapidly increase along with the distance
increase; by means of the transmission function of the traction net, the current
harmonic at the locomotive end to the substation end is obviously amplified, the
voltage harmonic to the substation end is also slightly amplified, and the funda-
mental amplitude and phase of the voltage have changes.
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Fig. 58.3 Current and voltage harmonic relationship simulation of the traction net. a Voltage and
current simulation waveforms of the locomotive 1 km away from the substation. b Voltage and
current simulation waveforms of the locomotive 20 km away from the substation
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Based on the simulation analysis, when a single locomotive runs, the further the
distance to the traction substation is, the bigger the amplification of harmonic
current and voltage is. Apart from the precondition that the locomotive injects
harmonic current to become the excitation source, the voltage harmonic of the
traction net is mainly influenced by locomotive position, traction net distribution
parameters, and traction substation impedance. When the current harmonic fre-
quency generated by the locomotive is close to the resonant frequency of the
traction net, severe harmonic amplification and even resonance will be caused, and
the voltage will severely distort, in turn making the harmonic current of the loco-
motive increase and forming a process of positive feedback (mutual excitation),
which leads to burning loss of equipment.

58.4 Mutual Effect Analysis on Multiple Locomotive
Harmonic

In actual railway operation, one supply district usually has multiple locomotives
running at the same time, which lead to a more complex harmonic coupling rela-
tionship of the train net system. The difference in the high-order harmonic of
multiple model trains, the difference in phase and spectral distributions, the dif-
ference in train quantity, and the difference in train position will present different
harmonic transmission characteristics and lead to different train net harmonic
coupling effects. For simplification of analysis, two trains of the same model are
considered to run in the same supply district, and simulation analysis is made for
the mutual effect of multiple locomotive harmonic. The simulation parameters are
same with that specified in Sect. 58.3.2.

When the two trains exert the rated power and have the same distance (1 km) to
the traction substation, the voltage and current simulation waveforms and frequency
spectrums at the substation end are as shown in Fig. 58.4. The THDs of voltage and
current are respectively 4.6 and 2.17 %, which shows that the current harmonic
distribution is in full accord with the theoretical analysis and the high-order har-
monic distribution trends of voltage and current are also consistent. By comparison
with Fig. 58.3a, when the distance to the substation is the same but the voltage
harmonic is increased by more than one time, the current harmonic has little
changes, which suggests that the harmonics of the two trains are mutually super-
imposed when their positions are the same.

Figure 58.5 shows the simulation waveforms when one train is 10 km away from
the substation and the other one is 30 km away from the same. From the top to
bottom are respectively the voltage (THD 4.43 %) and current (THD 1.99 %) at the
substation end and the voltage (THD 6.66 %) and current (THD 2.07 %) of the
locomotive end which is farther to the substation. It can be seen that the voltage
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harmonic at the substation end is obviously lower than that at the locomotive end,
and the current harmonic at the substation end is also slightly lower than that at the
locomotive end, which shows that the harmonics of the two trains at different
distances are mutually offset.

According to the simulation analysis, when multiple locomotives run in the same
supply district, due to the distribution impedance parameter characteristic of the
traction net, phase difference in input voltage at the locomotive end will be caused
due to the different positions of locomotives, hence influencing the high-order
current harmonic phases under the control of each grid-side converter and leading
to the mutually superimposed or offset train net harmonic coupling effects as well.

Fig. 58.4 Harmonic effect simulation when the two trains have the same distance. a Voltage and
current simulation waveforms at the substation end. b Voltage and current spectral distributions at
the substation end
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58.5 Conclusion

This paper studies the harmonic coupling relationship of the train net system,
particularly analyzing the mutual effects of the traction current harmonic charac-
teristic of AC drive trains, the voltage harmonic of traction nets, and multiple
locomotive harmonic. A universal train net co-simulation model is setup. The
following conclusions are made via simulation analysis:

1. The existence of the voltage harmonic of traction nets and the modulation wave
harmonic of grid-side converters makes the traction current harmonics of AC
drive trains present non-ideal features, usually distributed in a wider range
centered on the characteristic frequency.

2. The harmonic current injected by trains to traction nets is just an excitation
source, while the voltage harmonic of traction nets is mainly influenced by
factors such as locomotive position, traction net distribution parameters, and
traction substation impedance.

3. When a single locomotive runs, the further the distance to the traction substation
is, the bigger the amplification of harmonic current and voltage is. When the

Fig. 58.5 Harmonic effect simulation when the two trains have different distances
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current harmonic frequency is close to the resonant frequency of traction nets,
severe harmonic amplification and even resonance will be caused.

4. When multiple locomotives run at the same time, their different positions will
lead to phase difference in input voltage and current harmonics and lead to the
mutually superimposed or offset train net harmonic coupling effects as well.

Based on the train net harmonic coupling relationship obtained from the current
analysis, subsequent in-depth research will be made for the suppression techniques
of train net harmonic transmission and for enhancement of the train net matching
performance as well. For example, optimal control strategy of current harmonic for
onboard line-side converter would be proposed, and solution for suppressing har-
monic based on hybrid filters would be applied.
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Chapter 59
The Cause Analysis for Low-Frequency
Oscillation of AC Electric Locomotive
and Traction Power Supply Network

Jianghua Feng, Wei Xu, Zhibo Chen, Zhixue Zhang, Wenguang Luo
and Liangliang Su

Abstract As HXD high-power AC electric locomotives and CRH (China Railways
High-speed) electrical multiple units (EMUs) are put into operation in large scale in
China, coupled oscillation between locomotives and traction power supply network
is increasingly prominent and unfavorable for normal operations of railways and
safety of equipment. Nowadays, oscillation between locomotives and traction power
supply network is urgently needed to be solved. High-frequency resonance is almost
solved; therefore, low-frequency oscillation becomes the focus and difficulty. In this
article, the state equations of the AC electric locomotives and the traction power
supply network system are converted to transfer functions, and then input admittance
transfer functions of the AC electric locomotives and the traction power supply
network system are obtained according to the relationship between each other.
Through analysis and simulation tools, in frequency domain, qualitative analysis is
carried out for four low-frequency oscillation factors including control parameters,
line impedance, load, and the number of the locomotives, and frequency-domain
analysis results are effectively verified through time-domain simulation. The cause
that influences the low-frequency oscillation is found in the relationship among the
four factors, and then, the principle of low-frequency oscillation between the AC
electric locomotives and the traction power supply network is obtained.

Keywords Traction power supply network � AC electric locomotives �
Low-frequency oscillation � Admittance � Damping

59.1 Preface

HXD high-power AC electric locomotives and CRH (China Railways High-speed)
Electrical Multiple Units (EMUs) have been gradually assembled to various railway
administrations since 2006. HXD locomotives include three series, classified into 10
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categories, which are mainly applied to heavy freight and ordinary-speed passenger
transport; CRH EMUs include 5 series and are mainly used for 200–350 km/h
high-speed passenger transport. These locomotives play an important role in eco-
nomic development. The accumulated number of operating locomotives is more than
4000, and coupled oscillation between the locomotives and the traction power
supply network is increasingly prominent.

In China, line voltage oscillation of HXD1 locomotives was produced in
Hudong locomotive depot in 2007, line voltage oscillation of CRH5 EMUs was
produced on line Beijing–Harbin in 2008 [1], line voltage was oscillated for many
times by HXD1B and HXD2B locomotives in Xuzhou between May 2011 and
March 2012, and coupled oscillation of system was produced by carrying out
traction characteristic test of CRH380AL and CRH380BL within the range of East
Xuzhou–South Bangbu in 2011 [2]. At abroad, 5 Hz low-frequency oscillation of
15 kV, 16.7 Hz traction network of Zurich in Switzerland occurred on June 3–4,
2004 [3], and oscillation of one or two locomotives occurred in Norway [4]. When
oscillation occurs between locomotives and traction power supply network, the line
voltage fluctuates severely, which destroys the high-voltage equipment of the
locomotives and burns the traction power supply equipment, and the locomotives
cannot operate normally. In even more severe cases, traffic schedule and completion
of transport task is influenced.

Oscillation between locomotives and traction power supply network includes
two classes: One class is high-frequency resonance which is caused by the
switching frequency of line-side converters. The integral multiple of the switching
frequency fall together with traction power supply resonance frequency and excite a
strong oscillation on this frequency with relatively poor damping. This problem has
been basically solved by installing damped filters on the traction power supply
network or reducing the sensitive harmonics in the section.

The other class is low-frequency oscillation, which is researched deeply by the
scholars now. Swiss scholars, Menth S. and Meyer M., believe that in the
single-phase power supply systems, power is the product of voltage and current, so
the system is nonlinear, and the unreasonable control parameters of line-side
converter may cause oscillation which are lower than line frequency [3], so they
believed the low-frequency oscillation can be relieved by improving the control
parameters. Norwegian scholar Danielsen. S analyzes the causes for the oscillation
which are produced by low-power supply network damping in the condition of
weak power network supplied by a synchronous generator [4, 5]. German scholar
Heising divided the low-frequency oscillation into two classes [6]: One class is that
in the condition of strong power network, low-frequency oscillation is caused by
several locomotives in the traction power supply network, and the other class is that
in the condition of weak power network, low-frequency oscillation is caused by one
or two locomotives. The low-frequency oscillation can be eliminated through
multivariable control, but this method is not tested and verified [7]. German scholar
Holtz analyzed the propagation of harmonic current in the traction power supply
network which has some influence on low-frequency oscillation [8–10]. In China,
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Beijing Jiaotong University and Southwest Jiaotong University researched the
low-frequency oscillation [1, 2, 11] and analyzed the phenomena of the
low-frequency oscillation, but they did not find out the reason for low-frequency
oscillation. In addition, low-frequency oscillation is described in EN 50388-2012
[12] Technical Criteria for The Coordination between Power Supply and Rolling
Stock to Achieve Interoperability and IEC 62313-2009 [13] Rail Transit—
Coordination between Power Supply and Rolling Stock. “AC line voltage and
current show an amplitude and phase modulation. The typical modulation fre-
quency is 10–30 % of the fundamental frequency. It is caused by interaction
between four-quadrant converter vehicles and supply systems.” Because the
oscillation frequency is lower than the rated frequency, oscillation is caused by
nonlinear characteristic of the system, but more specific reasons are not presented.

In this article, a systemmodel is created based on state equation; later it is converted
to transfer function, and then, the input admittances of theACelectric locomotives and
the traction power supply system are obtained according to relation between each
other. In various conditions, frequency-domain analysis is carried out for system
admittances to obtain the causes for the low-frequency oscillation, and then, the results
of frequency-domain analysis are verified through time-domain simulation.

59.2 System Constitutions and Modeling

The model structure of the model is shown in Fig. 59.1, including three parts: an
ideal voltage source, line impedance, and AC locomotives, wherein the ideal
voltage source uses a sine signal model, and us stands for the voltage of the traction
power network as shown in the formula below:

us ¼
ffiffiffi
2

p
Us sinxt ð59:1Þ

Rg and Lg, respectively, stand for the resistance and inductance of the line, ig
stands for the current of the traction power supply network, and the impedance
network simulated by Rg and Lg includes the impedance of overhead contact line,

us

Ideal voltage 
source

Line 
impedance

AC 
locomotives

Rg Lg

ig
ug

Transformer

ug2

Rin Lin

uconv
~
=

il
Line-side converter

Line-side controller

ud ig2

CtrlPWM

Fig. 59.1 Structure of AC electric locomotive and traction power supply network
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return circuit, and the short-circuit impedance of the traction transformer in sub-
station. The state equation of the line impedance is shown as the formula below; in
the formula, ug stands for the primary-side voltage of the transformer.

dig
dt

¼ 1
Lg

us � ug � Rgig
� � ð59:2Þ

The transformer is an ideal transformer, and the leakage reactance of the
transformer is equivalent to the input resistance Rin and inductance Lin of the
network-side converter as shown in the formula below; in the formula below, ug2
and ig2 stand for the voltage and the current of the secondary side of the trans-
former, respectively; N1 and N2 stand for the number of turns of the original side
and the secondary side of the transformer, respectively.

ug
N1

¼ ug2
N2

;
ig
N2

¼ ig2
N1

ð59:3Þ

The model of the electric locomotives must accurately reflect the dynamic
characteristics of the line-side converters, which plays an important impact on the
interaction of the AC locomotives and the traction power supply network. The
controller must be accurately modeled and the main task is to keep the DC-link
voltage at its nominal in all power range and control the power factor of locomotive
at 1 (in traction working condition) or −1 (in breaking condition).

The state equation of the line-side converter is shown as the formula below:

dx=dt ¼ AxþBu ð59:4Þ

wherein x ¼ ½ ud uc ic ig2 �T, u ¼ ½ uconv ug2 il �T:

A ¼

� 1
CdRd

0 � 1
Cd

q 1
Cd

0 0 1
C2

0

1
L2

� 1
L2

� R2
L2

0

0 0 0 � Rin
Lin

2
6666664

3
7777775
; B ¼

0 0 � 1
Cd

0 0 0
0 0 0

� 1
Lin

1
Lin

0

2
66664

3
77775

In the formula, ud, uc, and ic stand for DC capacitance and voltage, capacitance
and voltage of the resonant circuit, and capacitance and current of the resonant
circuit, respectively; Cd and Rd stand for DC capacitance and resistance, respec-
tively; R2, C2, and L2 stand for the resistance, capacitance, and inductance of the
resonant circuit, respectively; il stands for the load current of the converter; uconv
stands for the modulation voltage of the line-side converter; and ρ stands for
conversion rate of the line-side converter, namely the relationship between the
DC-side current idc and the AC-side ig2 current, for example idc = ρ × ig2.
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The voltage controller of the line-side controller is a proportional–integral regu-
lator, and the current controller is a proportional regulator as shown in the formula
below; in the formula, ud_ref and ig_ref stand for the given values of voltage and current,
respectively, and Ti stands for the integral time constant of the voltage controller.

ig ref ¼ Kp u ud ref � udð Þþ 1
Tis

ud ref � udð Þ
� �

ð59:5Þ

uconv ¼ ug2 � Rinig ref sinxtþxLinig ref cosxt
� �

� Kp i ig ref sinxt � ig2
� � ð59:6Þ

According to the description above, the relationship among the systems is con-
verted to the structure diagram of the transfer function as shown in Fig. 59.2; in the
figure, Gud stands for the transfer function of the voltage controller,Gig stands for the
transfer function of the current controller, G1 stands for the transfer function of the
modulation voltage on the input current, G2 stands for transfer function of the input
current on the DC-link voltage, G3 stands for the transfer function of the input line
voltage of the locomotives on the DC-link voltage, and G4 stands for the transfer
function of the substation line voltage on the input line voltage of the locomotives.

The closed-loop transfer function of the input admittance of the AC locomotive
is inferred according to the figure below, and we firstly obtain

Gig CLðsÞ ¼ ig
ig ref

¼ GigG1

1þGigG1
ð59:7Þ

according to

ugG3 þðud ref � udÞGOL ¼ ud ð59:8Þ

ugG3 þ igG2 ¼ ud ð59:9Þ

In the formula, GOLðsÞ ¼ GudGig CLG2, we can obtain

YgðsÞ ¼ ig
ug

¼ � GOLG3

ð1þGOLÞG2
ð59:10Þ

Gud
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-
+
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ig_ref udud_ref

us

uconv
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+ Gig G1 G2
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Fig. 59.2 Structure block diagram of system transfer function
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And the input admittance function of the traction power supply network

YsðsÞ ¼ ig
us

¼ YgðsÞ
G4

¼ � GOLG3

ð1þGOLÞG2G4
ð59:11Þ

59.3 Frequency-Domain Analysis

The input admittance function of the system is analyzed through MATLAB. When
single locomotive operates in the traction power supply network, the closed-loop
transfer function Yg(s) is emphatically analyzed under different loads and control
parameters. According to different control parameters, in working conditions of light
load and heavy load, the Bode diagram and the zero-pole distribution diagram of the
single locomotive are calculated. The train power supply network system parameters
relative to the HXD1C high-power AC locomotives are shown in Table 59.1.

The influence of the control parameters is firstly analyzed; from Fig. 59.3, we
can see in the working condition of heavy load, the top shape of the amplitude–
frequency response curve of the input admittance becomes gentle when the integral
time constant of the voltage controller is increased, and this trend is more obvious
in the working condition of light load (Fig. 59.4); the gentler the top shape is, the
harder oscillation occurs. Meanwhile, the pole distribution of the system also
explains this phenomenon; while the integral time constant is increased, the system
poles are far away from the imaginary axis, the system damping is larger, and
system oscillation hardly occurs. Comparing the two working conditions of light
load and heavy load, we can see that the system damping in heavy load is larger
than that in light load, so oscillation hardly occurs. In the working condition of light
load, the input current is almost zero; nonlinear factors, such as the dead and
minimum pulse width of the line-side converter and switching characteristics of
devices, play an important role in the system; therefore, possibility of system
oscillation is increased. The specific analysis results are seen in Table 59.2.

When several locomotives operate in the traction power supply network,
the input admittance function Ys(s) is emphatically analyzed in the condition of

Table 59.1 Train power supply network parameter relative to HXD1C high-power AC
locomotives

Name Value Name Value Name Value

Rg (25 km) 25 × 0.16 Ω Lg (25 km) 25 × 2.07 mH Us 25 kV

Rg (50 km) 50 × 0.16 Ω Lg (50 km) 50 × 2.07 mH N1/N2 25,000/970

Rin 1 mΩ Lin 0.74 mH Rd 12 kΩ

L2 0.27 mH C2 9.39 mF Cd 34.4 mF
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different lines impedance. In the working condition of light load, we take the
calculation of 25 and 50 km Bode diagrams and zero-pole distribution diagrams of
50 locomotives as example. The influence of the control parameters is firstly
analyzed; from Figs. 59.7 and 59.8, the influence of the integral time constant of the

-100

0

100

M
ag

ni
tu

de
 

(d
B

)

10
0

10
2

0

90

180

P
ha

se
 

(d
eg

)

M
ag

ni
tu

de
 

(d
B

)
P

ha
se

 
(d

eg
)

M
ag

ni
tu

de
 

(d
B

)
P

ha
se

 
(d

eg
)

Bode Diagram

Frequency  (Hz)

-1000 -500 0
-40

-20

0

20

40
Pole-Zero Map

Real Axis (seconds-1)

Im
ag

in
ar

y 
A

xi
s 

(s
ec

on
ds

-1
)

-50

0

50

10
0

10
2

0

90

180

Bode Diagram

Frequency  (Hz)

-150 -100 -50 0
-40

-20

0

20

40
Pole-Zero Map

Real Axis (seconds-1)

Im
ag

in
ar

y 
A

xi
s 

(s
ec

on
ds

-1
)

-50

0

50

10
0

10
2

90

180

Bode Diagram

Frequency  (Hz)

-60 -40 -20 0
-1

-0.5

0

0.5

1
Pole-Zero Map

Real Axis (seconds-1)

Im
ag

in
ar

y 
A

xi
s 

(s
ec

on
ds

-1
)

Fig. 59.3 Single locomotive, 80 % rated load, integral time constant of voltage controller
Ti = {0.001, 0.01, 0.1} (from left to right)
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Fig. 59.4 Single locomotive, 1 % rated load, integral time constant of voltage controller
Ti = {0.001, 0.01, 0.1} (from left to right)
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voltage controller on stabilization is still importance in the condition of several
locomotives. Comparing single locomotive (Fig. 59.4) with several locomotives
(Fig. 59.5), while the number of the locomotive is increased, the damping of the
traction power supply system is reduced; therefore, oscillation easily occurs.
Comparing the several locomotive situations at 25 km (Fig. 59.5) and 50 km
(Fig. 59.6), while the line impedance is increased, the damping of the traction
power supply system is reduced; therefore, oscillation easily occurs. The specific
analysis results are shown in Table 59.2.

Table 59.2 Frequency-domain analysis results of single and several locomotives: oscillation
frequency and pole damping

Working condition Ti = 0.001 Ti = 0.01 Ti = 0.1

Single locomotive
80 % rated load, at 0 km

Frequency: 3.61 Hz
Damping: 0.188

Frequency: 3.43 Hz
Damping: 0.298

No oscillation
Damping: 1

Single locomotive
1 % rated load, at 0 km

Frequency: 3.74 Hz
Damping: 0.014

Frequency: 3.69 Hz
Damping: 0.120

No oscillation
Damping: 1

50 locomotives
1 % rated load, at 25 km

Frequency: 3.64 Hz
Damping: 0.01

frequency: 3.59 Hz
Damping: 0.113

No oscillation
Damping: 1

50 locomotives
1 % rated load, at 50 km

Frequency: 3.48 Hz
Damping: 0.00585

Frequency: 3.45 Hz
Damping: 0.104

No oscillation
Damping: 1
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Fig. 59.5 50 locomotives, 1 % rated load, at 25 km, integral time constant of voltage controller
Ti = {0.001, 0.01, 0.1} (from left to right)
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59.4 Time-Domain Verification

The working conditions of light load are, respectively, simulated through the
MATLAB software for single locomotive and several locomotives. As shown in
Figs. 59.7 and 59.8, the waveforms on the figures from upside to downside are as
follows: secondary-side voltage, secondary-side current, and DC-link voltage of the
transformer. From the figures, in the condition of single locomotive, the
secondary-side voltage of the transformer is not oscillated; secondary-side current
and DC-link voltage are oscillated, and the frequency is 3.35 Hz and gradually
attenuated and stabilized over time. In the condition of several locomotives, the
secondary-side voltage, the secondary-side current, and the DC-link voltage of the
transformer are oscillated, and the frequency is 3.27 Hz and gradually enhanced and
diffused. It means that the time-domain simulated oscillation frequency points are
basically the same as the frequency-analyzed oscillation frequency points, and the
accuracy of frequency analysis is proved to some extent.

Description: in frequency-domain analysis, 50 locomotives are not oscillated at
50 km, but in the time-domain simulation, 50 locomotives are oscillated at 50 km,
because the frequency-domain analysis is completed in ideal condition, and the
time-domain simulation includes some nonideal factors, such as system sampling,
control, and output delay, and system instability is increased; therefore, the system
is oscillated and diffused at low frequency.
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Fig. 59.6 50 locomotives, 1 % rated load at 50 km, integral time constant of voltage controller
Ti = {0.001,0.01,0.1} (from left to right)
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59.5 Conclusions

In the single-phase power supply network of railway, power is the product of voltage
and current, which play an important role on the nonlinear of the system.When output
power of the locomotives is changed, the voltage controller changes the given value of
input current which is followed by the current controller to change the output power of
line-side converter. The input power and the output power are balanced and the
DC-link voltage is kept in its nominal value. So the voltage controller substantially
controls the power. If the response speed of the voltage controller is slow, regulation is
finished after several cycles, so the power control frequency of the voltage controller is
slower than the line frequency. When the control parameters are irrational,
low-frequency oscillation will occur. Essentially, low-frequency oscillation is
low-frequency power oscillation.

By the frequency-domain method, qualitative analysis is carried out for four
factors which influence the low-frequency oscillation including control parameters,
line impedance, load, and the number of locomotives. The frequency-domain
analysis results are effectively verified through time-domain simulation, and we
draw the following conclusions:

1. The smaller the integral time constant of the voltage controller is, the smaller the
system damping is, and the easier the oscillation occurs.

2. The smaller the load is, the smaller the system damping is, and the easier the
oscillation occurs.

3. The more the locomotives are, the smaller the system damping is, and the easier
the oscillation occurs.

4. The larger the line impedance is, the smaller the system damping is, and the
easier the oscillation occurs.

Therefore, the working condition that oscillation is the easiest to occur is the
working condition of light load of several locomotives in weak power supply
network, whereas oscillation is most difficult to occur.

As shown from the conclusions above, the external conditions of points (2) to
(4) are difficult to change; therefore, the most economical method for eliminating
the low-frequency oscillation is to select the reasonable controller parameters or to
research new control algorithms of the line-side converters [14–16], which can
improve the input admittance characteristics of the line-side converters and the
system damping. It is the next research problem.

In addition, there are a lot of nonideal factors, such as dead and minimum pulse
width of the line-side converter, switching characteristics of devices, controller
delay, and system parameters influenced by temperature and frequency; therefore,
accurate analysis of the nonlinear factors of the system through nonlinear control
methods is a problem to be further researched.
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Chapter 60
A Field-Circuit Collaborative Simulation
Design Method of Hall Current Sensor
Based on Magnetic Flux

Deyong Yang, Hao Ren, Jianjun Min and Hao Chen

Abstract The simulation design of sensor will efficiently promote R&D efficiency
of products, shorten design cycle, and reduce R&D costs. The article takes
open-loop Hall current sensor as an example, introduces magnetic circuit simulation
design method of sensor, conducts test validation, proposes one collaborative
simulation method for magnetic circuit and circuit of Hall current sensor based on
magnetic flux according to magnetic simulation conclusion, and finally implements
analysis on field-circuit collaborative simulation and relevant characteristics for
sensor and system.

Keywords Hall current sensor � Magnetic circuit model � 3D electromagnetic
simulation � Circuit model � Field-circuit collaborative simulation

60.1 Preface

Hall current sensor, as a common device for current inspection, is featured by short
response time, high sensitivity, good stability, non-contact measurement, etc.,
which is widely used in rail transit, industrial frequency conversion, power sectors,
and other fields [1]. Hall current sensor is mainly composed of magnetic circuit and
detection circuit. The traditional design process of sensor is shown as follows:
product design, sample testing, product optimization, and test validation, which
means numerous tests are required before product approval, with a lot of human and
material resources and increased product R&D cycle. The simulation technique, if
adopted in sensor design, will shorten R&D cycle, efficiently reduce relevant costs

D. Yang (&) � J. Min
CSR Electric Technology and Material Engineering Research Institute,
Shi Dai Road, Shi Feng, Zhuzhou, Hunan, China
e-mail: yangdy@csrzic.com

H. Ren � H. Chen
Ningbo CSR Times Transducer Technique Co., Ltd., Ningbo, Zhejiang, China

© Springer-Verlag Berlin Heidelberg 2016
L. Jia et al. (eds.), Proceedings of the 2015 International Conference
on Electrical and Information Technologies for Rail Transportation,
Lecture Notes in Electrical Engineering 377, DOI 10.1007/978-3-662-49367-0_60

609



and technological innovation risks, improve product performance, and finally bring
remarkable economic benefits for the company.

In recent years, some scholars have conducted researches on sensor simulation
design [2, 3], which simply are based on magnetic circuit or circuit simulation,
resulting in neglecting mutual coupling influence between magnetic circuit and
circuit, failing to conduct relatively accurate error analysis, with lack of guidance to
collaborative design of magnetic and circuits. Based on the information mentioned
above, this article takes typical open-loop current sensor as an example, combines
3D magnetic circuit simulation and relevant conclusions, and proposes one
field-circuit collaborative simulation method based on magnetic flux, which can
implement collaborative design and performance evaluation on sensor magnetic
circuit and circuit.

60.2 Analysis on Principle of Hall Current Sensor

Open-loop Hall current sensor refers to one device or module, which establishes
channel of low magnetic reluctance with high magnetic conductive materials, and
measures the magnetic field intensity by the use of Hall elements to proportionally
describe the current to be measured [4].

Open-loop current sensor is featured by simple structure, low cost and the like,
which can measure DC, AC, and complex current waveforms on the premise of
ensuring electric isolation, showing obvious advantages in the applications of heavy
current measurement [5]. Figure 60.1 shows the sketch map of working principle of
open-loop current sensor. When certain current, Ip, flows through the conductor,
magnetic field will be generated around the conductor, whose intensity is in direct
proportion to the current flowing through the conductor; the magnetic field gen-
erated gathers in magnetic core. The Hall elements in air gap of magnetic core are
used to measure the current and the output is amplified; the output voltage, Vout,
accurately reflects the conductor current, Ip, whose transfer function is shown in
Fig. 60.2.

The measurement range and error of open-loop current sensor are jointly affected
and determined by magnetic circuit, Hall elements and circuit. Wherein linearity is
mainly determined by magnetic circuit and Hall elements and circuit, frequency
bandwidth is determined by circuit bandwidth and magnetic core loss, and gain

Fig. 60.1 Diagram for
working principle of
open-loop current sensor
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error and measurement range are mainly determined by Hall elements and magnetic
circuit. Therefore, current sensor must be subjected to systematic collaborative
design.

60.3 Theoretical Analysis on Magnetic Circuit

Magnetic circuit is deemed as a key to electromagnetic transduction of current
sensor, whose design directly affects measurement range, sensitivity, and linearity
of current sensor. The following can be concluded according to Ohm’s law on
magnetomechanics:

mmf ¼ NI ð60:1Þ

Rm ¼ Lc
lcAc

þ Lg
lgAg

ð60:2Þ

/ ¼ mmf
Rm

¼ NI
Lc
lcAc

þ Lg
lgAg

� � ð60:3Þ

where /, mmf, N, I, and Rm refer to magnetic flux, magnetomotive force, the
number of turns, current, and magnetic reluctance, respectively; Lc, Ac, and lc refer
to the length of core magnetic path, cross section of magnetic core, and magnetic
core permeability, respectively; Ag and lg refer to air-gap separation and equivalent
area of air gap and air permeability, respectively.

Average magnetic induction intensity of magnetic core is as follows:

Bc ¼ /
Ac

¼ NI
Lc
lcAc

þ Lg
lgAg

� �
� Ac

¼ NI
Lc
lc
þ LgAc

lgAg

� � ð60:4Þ

Since in cgs system, air permeability lg equals to 1 Gs/Oe, magnetic core
permeability lc is quite large, i.e., Lc=lc � 0;

Therefore, average magnetic flux density in the core is as follows:

Fig. 60.2 Transfer function diagram

60 A Field-Circuit Collaborative Simulation … 611



Bc ¼ NI
LgAc

lgAg

¼ NIAg

LgAc
¼ NIðCþ k1LgÞðCþ k2LgÞ

LgCD
ð60:5Þ

where N is the number of turns and I is the exciting current.
In case of ring magnetic core, its cross section is expressed as Ac = CD, where

C and D refer to core coil thickness (i.e., difference of outside and inside diameters)
and magnetic core bandwidth, respectively.

Equivalent area of air gap is expressed as Ag ¼ ðCþ k1LgÞðCþ k2LgÞ, where k1
and k2 are magnetic leakage coefficients and Lg is air-gap separation.

Magnetic flux density in the air gap of magnetic core is as follows:

Bg ¼ /
Ag

¼ NI
Lc
lcAc

þ Lg
lgAg

� �
� Ac

¼ NI
LcAg

lcAc
þ Lg

lg

� � ¼ NI
LcAg

lcAc
þ Lg

� � ð60:6Þ

As seen in Eq. (60.6), for simple ring magnetic core, the magnetic flux density in
Hall elements is related to ampere-turns (NI) with current flowing, magnetic core
structure (Lc, Lg), air-gap sizes (Ag, Ac), and magnetic core permeability lc.

60.4 Simulation Design of Magnetic Circuit

Simulation analysis can be conducted to sensor magnetic circuit through Maxwell
3D magnetic field solver. This article takes ring magnetic core as an example,
whose dimension is shown in Fig. 60.3, and core material is made of 1J85
permalloy, with stacking factor 0.95 and air-gap width 6 mm. The energized busbar
is placed in the center of ring magnetic core, with the length of 500 mm. Based on
working principle of Hall current sensor, simulation model of magnetic circuit is

Fig. 60.3 Model dimension
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built as shown in Fig. 60.5. And then, analysis is conducted to the relationship
between magnetic induction intensity B in the center of air gap (in Hall elements)
and busbar current Ip (Fig. 60.4).

The simulation busbar current ranges from 100 to 1000 A, with increment of
100 A, and B-I curve of magnetic induction intensity in the center of air gap of ring
magnetic core versus current is mapped as shown in Fig. 60.6. The simulation
results are verified through tests, as shown in Table 60.1.

As shown in Fig. 60.6 and Table 60.1, when the current Ip is lower than 400 A,
magnetic induction intensity in the center of air gap increases linearly with the
current; when it is higher than 400 A, the intensity increases nonlinearly with the
current. Therefore, the maximum linear (core saturation) current of the magnetic
core is 400 A. Relative error is controlled within 5 % through comparison between
simulation and test, and simulation data are true and reliable, which can be used to
give guidance to the design.

Figure 60.7 shows the cloud maps of magnetic field distribution of magnetic
core with different current, from which we can see that magnetic induction intensity

Fig. 60.4 B-H curve of 1J85 permalloy

Busbar
Ip

AirFig. 60.5 Simulation model
of magnetic circuit
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inside the core is non-uniformly distributed and becomes weak in the place close to
air gap; magnetic core gradually gets saturated with the increase of current.

Detailed analysis is conducted to magnetic field distribution inside the air gap, as
shown in Figs. 60.8 and 60.9.

Uniform magnetic field is found in the center of air gap (in Hall elements)
through simulation, and magnetic line of force vertically passes through center
section of air gap. Magnetic circuit simulation can be applied to rapidly analyze any
magnetic core structure, material properties, air-gap design, busbar and influence of
places of Hall elements, remarkably improving design efficiency of magnetic
circuit.

Fig. 60.6 B-I curve

Table 60.1 Comparison between simulation and actual measurement

Current Ip (A) 100 200 300 400 500 600 700 800 900 1000

Simulation
value (mT)

20.76 41.51 61.06 81.24 93.23 100.39 105.94 111.60 115.59 120.38

Measured
value (mT)

19.79 39.65 59.43 78.96 92.85 99.52 105.50 110.85 115.70 120.10

Relative error
(%)

4.9 4.7 2.7 2.9 0.4 0.9 0.4 0.7 0.1 0.2
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60.5 Researches on Collaborative Simulation of Magnetic
Circuit and Circuit

Field-circuit collaborative simulation is performed with the above magnetic circuit
simulation method, in combination with circuit, so as to rapidly implement output
characteristics and error analysis of sensor. Hall elements generate Hall voltage
through Hall effect to achieve conversion between magnetic field and induced
voltage with equal proportion, and detection voltage corresponding to current is
output via amplifying circuit [6, 7]. Since magnetic field simulation software known
is still not available for Hall effect simulation, equivalent modeling for Hall ele-
ments is key to realizing collaborative simulation of magnetic circuit and circuit.

Based on Maxwell simulation software and in combination with Hall induction
principle, equivalent model for Hall elements can be built with magnetic flux as an
interface variable to realize collaborative simulation of magnetic circuit and circuit.
In magnetic circuit simulation model, Hall elements are replaced by closed-loop

200A                  400A

600A                                800A

Fig. 60.7 Cloud map of magnetic field distribution of magnetic core with different current
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hollow coil of equivalent area, which are located in uniform magnetic field as seen
from the forgoing conclusions of magnetic simulation, and field direction is per-
pendicular to the elements, according to calculation formula of Hall induction and
magnetic flux

EH ¼ KHICB cos h ð60:7Þ

/ ¼ BS cos h ð60:8Þ

It is concluded as follows:

EH ¼ KHIC/=S ð60:9Þ

where EH is Hall potential, KH is Hall induced voltage coefficient, IC is Hall exciting
current, B is magnetic induction intensity of Hall elements, h is included angle
between Hall element and perpendicular magnetic line of force, / is magnetic flux
through Hall equivalent coil, and S is the area of Hall equivalent coil, wherein KH,
IC, and S can be obtained from data on Hall elements. Given equivalent gain
coefficient is k ¼ KHIC=S, EH ¼ k/ is obtained.

b Fig. 60.8 Magnetic field distribution curve for cross section in the center of air gap (Ip = 400 A).
a Diagram for center line of horizontal cross section in the center of air gap. b Distribution curve of
magnetic induction intensity for A–B straight line in horizontal cross section in the center of air
gap. c Distribution curve of magnetic induction intensity for E–F straight line in horizontal cross
section in the center of air gap

Fig. 60.9 Magnetic field vector distribution in the air gap (Ip = 400 A)
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Figure 60.10 shows transfer function of field-circuit collaborative simulation.
Magnetic flux / can be obtained for Hall equivalent coils with different current
through magnetic circuit simulation. The magnetic flux can be imported into circuit
simulation software as equivalent variable, amplified with equal proportion (am-
plification factor is equivalent gain coefficient k), and then equally converted into
equivalent Hall induced voltage EH by the use of FLUX tool. And output voltage
Vout corresponding to detection current Ip is generated after voltage regulation and
power amplification.

Figure 60.11 shows collaborative simulation model for magnetic circuit and
circuit of open-loop current sensor, which can realize collaborative analysis on
magnetic circuit and circuit. Wherein the magnetic circuit refers to the ring mag-
netic core mentioned above (as shown in Fig. 60.5), equivalent gain coefficient k is
1.052 × 104 from the data on Hall elements, circuit amplification factor is 43.5, and
busbar current is controlled by current source in circuit simulation. After analysis,
busbar current amplitude is 300 A, and frequency is the output response of sensor
with 50 Hz, 1 kHz, and 5 kHz AC.

We can conclude in collaborative simulation the output voltage of sensor is in
direct proportion to measured current versus time, which is consistent with the
principle of open-loop Hall current sensor; within the range of magnetic core
linearity, under power frequency, the ratio of sensor output voltage Vout and

Primary input
Ip

Magnetic induction 
intensity B

Magnetic flux A Output voltage 
Vout

Hall potentialφ
φkEH =

Magnetic Circuit 
Simulation

Circuit simulation
Hall Equivalent 

model 

Fig. 60.10 Diagram for transfer function of field-circuit collaborative simulation

Fig. 60.11 Sensor collaborative simulation model
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Fig. 60.12 Sensor simulation output waveform (f = 50 Hz). a Busbar current Ip. b Sensor output
voltage Vout. c Magnetic induction intensity B in Hall elements
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measured current Ip is 7.5 mV/A; after comparison and analysis of Fig. 60.12a and
c, B-I curve obtained from field-circuit collaborative simulation is consistent with
that obtained from separate magnetic circuit simulation (Table 60.1); response time
of sensor is about 15 μs, which is slow; with increase of frequency, output voltage
amplitude may experience slight reduce, and simulation conclusion is consistent
with theoretical analysis [8]; when f is less than 5 kHz, range of error caused by
frequency is controlled within 5 %; the sensor is applicable to the measurement of
low and medium frequency bandwidth (Fig. 60.13).

Fig. 60.13 Comparison between sensor output voltage and input current waveforms (f = 1 kHz)

Fig. 60.14 Sensor output voltage (f = 5 kHz)
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Fig. 60.15 Field-circuit collaborative simulation model of system

Fig. 60.16 Sensor response analysis. a Busbar current of converter Ip. b Sensor output voltage Vout
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The measured model can be imported through the above-mentioned method to
realize field-circuit collaborative simulation design of sensor based on measured
system. Figure 60.17 shows the system-level simulation model for inverter–sensor
magnetic circuit–sensor circuit; output voltage of inverter is DC 400 V, controlled
by SPWM, with fundamental frequency 50 Hz, carrier frequency 1500 Hz, mod-
ulation depth 0.8, and resistance–inductance 1 Ω + 2 mH, refer to Fig. 60.14 for
basic parameters of sensor (Figs. 60.15 and 60.16).

Through simulation, it is concluded that, under system conditions, this sensor
can basically accurately reflect transient changes of measured current, response time

Fig. 60.17 Sensor performance analysis. a Sensor error analysis (Vout/Ip). b Sensor linearity curve
(Ip − Vout)
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of sensor is about 15 μs in actual system, and steady-state error of sensor is 5 %
through comparison between sensor output voltage and measured current, with
stable linearity slope and minor detection error.

It can be seen that collaborative simulation can rapidly implement analysis on
the effect of different magnetic circuit designs, circuit designs of sensor, and
characteristics of Hall elements on output voltage amplitude, response time,
amplitude–frequency characteristics, linearity error, and other relevant technical
indicators of sensor, so as to provide guidance for collaborative design of sensor
system. The method is also available for design of magnetic balance Hall current
sensor.

60.6 Conclusions

This article takes open-loop Hall current sensor as an example, introduces magnetic
circuit simulation method of sensor, conducts test validation, proposes one col-
laborative simulation method for magnetic circuit and circuit of Hall current sensor
based on magnetic flux according to magnetic simulation conclusion, and finally
implements analysis on field-circuit collaborative simulation modeling and relevant
characteristics for actual sensor and system to verify the feasibility of the method.

Simulation is applied to sensor design, which will efficiently improve product
R&D efficiency, shorten design cycle, and reduce R&D costs. Currently, sensor
simulation has been gradually used in actual product design. And follow-up work
will focus on further improving simulation accuracy, widening simulation analysis
range, and finally setting up a platform for simulation design of sensor magnetic
circuit and circuit.
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Chapter 61
Study on the DC-Side Oscillation
Mechanism Analysis and Suppression
Strategy for Metro Traction Drive System

Kean Liu, Hongqi Tian, Jie Zhang and Yu Zhang

Abstract To solve the engineering application problem of DC-side oscillation in a
metro traction drive system, it is necessary to analyze the oscillation mechanism,
and measures for suppressing oscillations are proposed on this basis. In this article,
based on the typical metro traction drive system structure, a small-signal analysis
model is created and linearized on a stable point; finally, the mechanism for pro-
ducing DC-side oscillation of the metro traction drive system is analyzed and
inferred. Based on the oscillation mechanism, when the motor torque is given, a
method for suppressing the DC-side oscillation by properly modifying the torque of
the motor is proposed. The studies of both simulation and test show the correctness
of the DC-side oscillation mechanism and corresponding oscillation suppression
strategy of the metro traction drive system inferred in this article.

Keywords Metro � Traction drive � DC-side oscillation � Oscillation suppression

61.1 Introduction

Traction converter–motor systems are the power sources of metro vehicles, com-
prising a DC contact network, a DC-side filter (filter inductance and support
capacitance), a traction converter, and a traction motor [1, 2]. The DC-side filter
inductance and support capacitance are limited by various factors of the onboard
converter, such as space, weight, and harmonic suppression requirements; param-
eters are usually the parameters of large inductance and small capacitance; to avoid
excessive energy loss, the sum of line resistance and inner resistance of inductance
shall not be designed too large; therefore, the damping coefficient of the system is
small [3]; because the traction converter is characterized of negative impedance in
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the vector control strategy [4], the damping coefficient of the system is reduced
again; thus, DC-side voltage and current of the traction drive system are continu-
ously oscillated, and the output torque of the motor is rippled; severely,
over-voltage and over-current protection will be produced, the traction converter
inhibits the pulse, and then, the system loses the traction force.

To guarantee the safe and stable operation of the metro vehicles, stability study
on the whole system of input filter–traction converter–traction motor has gradually
become one of important directions of the industry studies; aiming at the problems
above, foreign manufacturers, such as SIEMENS, Bombardier, and ALSTOM,
have meticulously analyzed and proposed some solving measures [5–7]; these
measures are based on the premise of prefect torque control, and the traction
converter is equivalent to a constant impedance by using the small-signal analysis
method nearby some working point of system operation, but in the actual operation
process of the traction drive system, because of the influence by magnetic chain
observation error, A-D sampling error, harmonic interference, and system delay,
prefect torque control cannot be realized actually; therefore, constant impedance
cannot be used for accurately and completely analyzing the system stability [8].

In China, research papers or monographs on DC-side oscillation suppression of
metro traction converters are few. In reference [9], optimization of DC-side filter
inductance/capacitance parameters has positive effects for improving the stability,
but only simple quantitative analysis is carried out; in reference [10–12], in con-
ditions of flow frequency, no-load and light load, continuous oscillations of V/F
control system of the induction machine driven by general-purpose transducers are
researched, and oscillation suppression measures are, respectively, proposed for
fluctuations of reactive current and current vectors, but on the loading and testing
sites of domestic traction systems, system oscillations are usually produced at
middle/high speed and under load; therefore, the system stability in this special
application of the metro traction shall be researched; in reference [13], the input
admittance linear model of traction converter is obtained by building the lin-
earization structure diagram of the traction drive system, equivalent circuit model of
asynchronous machine, and approximate linearization model of rotor field-oriented
vector control; on this basis, the stability of the whole system is analyzed, oscil-
lation mechanism of the system is elucidated, and a new stability controller is
proposed to obtain the ideal input admittance of the traction converter, so as to
suppress system oscillations; in reference [14], harmonic components of DC-side
voltage are extracted through high- or low-pass filters, and DC-side oscillation
suppression strategy is proposed based on that the given traction/brake torque is
modified according to DC-side voltage oscillation ratio, and influences of the
oscillation suppression strategy on the improvement of system stability and influ-
ences of parameter selection on control performances are discussed by using a
phase plane method and a root locus method; in reference [15], a small-signal
equivalent circuit model of the metro traction system at the rated working point is
created, the relationship between the main circuit parameters and the system sta-
bility is reached, and a series of control links for improving the system stability,
such as oscillation suppression and delay compensation, are added based on the
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traditional field-oriented vector control, and stability is, respectively, analyzed; and
in reference [16], by comparing the waveform and frequency characteristics of fault
current and oscillation current, a transient physical model of system oscillation
considering vehicle influences is created, a nonlinear second-order dynamic system
equation is established according to feeder current and capacitor voltage which are
adopted as state variables, then linear treatment is carried out at the unique balance
point of the nonlinear second-order dynamic system equation, later the stability of
the system structure is analyzed by using the Lyapunov indirect method, and then
the structure factors causing system oscillations are determined.

In this article, the DC-side oscillation mechanism of the metro traction drive
system is deeply analyzed and researched; based on this mechanism, suppression
strategy improved on torque control algorithm is proposed; finally, simulation
research and experimental verification are carried out; the verification results show
the correctness and rationality of the DC-side oscillation mechanism and suppres-
sion strategy of the metro traction drive system proposed and analyzed in this
article.

61.2 Analysis for DC-Side Oscillation Mechanism
of Metro Traction Drive System

61.2.1 Equivalent Circuit Model for Analyzing DC-Side
Oscillation of Metro Traction Drive System

Figure 61.1 shows the structure diagram of the typical traction drive system.
Electricity is obtained from the DC contact network through pantographs and then
supplied to the traction converter through a front-level LC filter; the torque control
system collects the motor voltage u, the motor current i, and the mechanical angular
velocity of the motor xm; according to the field-oriented control (FOC) or direct
torque control (DTC) strategy, the traction converter is controlled to transmit the
three-phase variable voltage variable frequency alternating current to drive the
linear motor.

Fig. 61.1 Structure diagram of typical metro traction drive system
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In Fig. 61.1, R refers to the sum of line resistance and inner resistance of
inductance, L refers to the filter inductance, and C refers to the support capacitance,
and the DC-side voltage of the system influences the DC-side current through the
traction converter.

The operating conditions of the metro traction drive system are complex; to
simplify the analysis, it is supposed that the output power of the converter is
constant and the losses of the motor and the converter are ignored; at the moment,
the DC-side input power P is approximately equal to the mechanical power of the
traction motor, namely

p ¼ ud � id ¼ Texm ð61:1Þ

In the equation, Te refers to the electromagnetic torque of the motor; if only
concerning the DC side, the converter side and the liner motor side are equivalent to
a current source id ¼ p=ud ; therefore, to effectively analyze the DC-side oscillation
of the metro traction drive system, the traction drive system shown in Fig. 61.1 can
be simplified into the equivalent circuit model shown in Fig. 61.2, wherein R refers
to the sum of line resistance and inner resistance of reactance L and us and is,
respectively, refer to the DC network side voltage and network side current.

61.2.2 DC-Side Oscillation Mechanism Analysis of Metro
Traction Drive System

According to Fig. 61.2, we can obtain the electrical relational expression below:

us ¼ Ris þ L dis
dt þ ud

C dud
dt ¼ is � id ¼ is � P

ud

8<
: ð61:2Þ

Fig. 61.2 Equivalent circuit model for analyzing DC-side oscillation in metro traction drive
system
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Linearize at some stable points through the small-signal analysis model

us ¼ u�s þDus
ud ¼ U�

d þDud
is ¼ i�s þDis

8<
: ð61:3Þ

Wherein, variable with “*” is a stable value; after putting the value to the
equation above, we can obtain

u�s þDus ¼ Rði�s þDisÞþ L
dði�s þDisÞ

dt
þU�

d þDud ð61:4Þ

C
dðU�

d þDudÞ
dt

¼ i�s þDis � P
U�

d þDud
ð61:5Þ

In stable condition,

u�s ¼ Ri�s þU�
d

P ¼ i�sU
�
d

8<
: ð61:6Þ

Ignore the second-order term and settle the equation above, then we can obtain:

Dus ¼ RDis þ L
dDis
dt

þDud ð61:7Þ

CU�2
d
dDud
dt

¼ U�2
d Dis þPDud ð61:8Þ

In Eqs. (61.7) and (61.8), by carrying out Laplace transformation, then we can
obtain:

Dus ¼ RDis þ LDissþDud ð61:9Þ

CU�2
d Duds ¼ U�2

d Dis þPDud ð61:10Þ

According to Eq. (61.9), we can obtain:

Dis ¼ Dus � Dud
Rþ Ls

ð61:11Þ

Put the Eq. (61.11) to (61.10), we can obtain:

CU�2
d DudðRþ LsÞs ¼ U�2

d ðDus � DudÞ þPDudðRþ LsÞ ð61:12Þ
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Then, we can obtain:

Dud
Dus

¼ U�
d

LCU�2
d s2 þðRCU�2

d � PLÞsþU�2
d � PR

ð61:13Þ

The characteristic equation of the system is as follows:

LCU�2
d s2 þðRCU�2

d � PLÞsþU�2
d � PR ¼ 0 ð61:14Þ

According to the Louts criterion, the stability condition of the system is as
follows:

RCU�2
d � PL[ 0;U�2

d � PR[ 0 ð61:15Þ

Then, we can obtain

U�2
d

P
[R[

PL
CU�2

d

ð61:16Þ

From the Eq. (61.16), the necessary condition of system stability is that R is
within the specified range. The smaller the L, the larger the C, the smaller the P, and
the smaller the R required by system stability. However, to reduce loss, the resis-
tance component existing at the DC-side is dozens of milliohms; thus, it is difficult
to meet Eq. (61.16), and the DC-side LC filter of the traction converter will
oscillate, but the additional resistance will cause the enlargement of the device and
increase in loss; therefore, the suppression method for DC-side oscillations is
needed to be researched based on control.

61.3 Research on DC-Side Oscillation Suppression
Strategy of Metro Traction Drive System

After observing the conditional formula of system stability shown in Eq. (61.16),
the reason of the system oscillation is that R value must be within the limited range;
if the control strategy can be optimized and the limiting range of R value can be
concealed, the system is always stable. Based on this ideal, in this article, a method
for properly modifying the torque of the motor is proposed; thus, the maximum
value and the minimum value of R value are not limited, so that the DC-side
oscillation problem of the metro traction drive system is effectively solved, and the
system can be stably operated in engineering applications. The inferring and ana-
lyzing process of the control strategy for suppressing the DC-side oscillation is as
follows:

Compensate power when controlling, namely to modify when giving the motor
torque, so that the actual torque is given, namely:
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T�0 ¼ ð1þ k
Dud
U�

d
ÞT� ð61:17Þ

Then, the DC-side input power of the inverter is approximately expressed as
follows:

P0 ¼ ð1þ k
Dud
U�

d
ÞP ð61:18Þ

Putting Eq. (61.18) into (61.5) and replace the primary power option p, we can
obtain:

C
dðU�

d þDudÞ
dt

¼ i�s þDis �
ð1þ k Dud

U�
d
ÞP

U�
d þDud

ð61:19Þ

Settle to obtain:

CU�2
d
dDud
dt

¼ Pð1� kÞDud þU�2
d Dis ð61:20Þ

Putting Eq. (61.11) into (61.20), we can obtain:

Dud
Dus

¼ U�
d

LCU�2
d s2 þ ½RCU�2

d � Pð1� kÞL�sþU�2
d � Pð1� kÞR ð61:21Þ

According to the Louts criterion, the stability condition of the system is as
follows:

RCU�2
d � Pð1� kÞL[ 0; U�2

d � Pð1� kÞR[ 0 ð61:22Þ

After inferring, we can obtain the Eqs. (61.23) and (61.24):

R[
Pð1� kÞL
CU�2

d

ð61:23Þ

R\
U�2

d

Pð1� kÞ ð61:24Þ

From the Eq. (61.23), the larger the k, the smaller the limit value of the minimum
value of R; particularly, when k ≥ 1, the minimum value of R is not limited.

From the Eq. (61.24), when k ≤ 1, the larger the k, the larger the limit value of
the minimum value of R; when k = 1, the maximum value of R is not limited.

The analysis shows that when k is equal to 1, the system is stable, where DC-side
oscillation is not produced. Therefore, according to Eq. (61.17), the actual torque is
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modified by adding proper modifying coefficient k to achieve the purpose of sup-
pressing the DC-side oscillation of the metro traction drive system.

61.4 Research of Simulation and Experimental

To verify the correctness of the DC-side oscillation mechanism of metro traction
drive system and the control strategy for suppressing the DC-side oscillation
deducted and analyzed from the paper, comparative simulation research and
experimental research are carried out for the systems in which the DC-side oscil-
lation control strategy shall be used or not.

61.4.1 Simulation Research

The metro traction drive system shown in Fig. 61.1 is established through simu-
lation software MATLAB; the main parameters are as follows: traction network
voltage DC1500 V, twelve-pulse rectification, and traction network inductance and
resistance which are, respectively, 1mH and 0.05 Ω; the parameters of the filter
reactor and the filter capacitor are, respectively, 5 mH and 5.4 mF; the rated power
of the converter is 1 MW; the rated power of the motor is 190 Kw; the rated voltage
is 1112 V; the rated frequency is 62 Hz; the stator resistance is 0.14718 Ω; the stator
leakage inductance is 0.95386 mH; the mutual inductance is 0.030622 mH; the
rotor resistance is 0.072986 Ω; and the rotor leakage inductance is 1.126885 mH.
A fixed-step long-discrete algorithm is used when simulating, and the sampling
time is 10 μs.

According to the conditional formula of the system stability shown in
Eq. (61.16) and the simulation parameters above, the necessary condition of the
system stability is R > 412 mΩ, and the value is much larger than the resistance
value 0.05 Ω, which is preset when simulating; therefore, oscillations will be
produced at the DC side of the traction drive system.

When the control strategy for suppressing the DC-side oscillations is not added,
the simulation waveforms of the main electrical variables of the system are shown
in the figure below: intermediate voltage, DC current, and rotating speed of motor
and torque of motor from upside to downside.

From Fig. 61.3, when the rotating speed of the motor is within some range,
oscillation is produced indeed at the DC side of the traction drive and brake system,
so that the correctness of the DC-side oscillation mechanism of the traction drive
system inferred in Sect. 61.2.2 of this article is verified.

After adding the DC-side oscillation control strategy proposed in this article, if
the modifying coefficient k in Eq. (61.17) is 1, the simulation waveforms of the
main electrical variables of the system are shown in the figure below: intermediate
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voltage, DC current, and rotating speed of motor and torque of motor from upside
to downside.

Comparing Figs. 61.3 with 61.4, the oscillation suppression strategy proposed in
this article can effectively suppress the DC-side oscillations and stabilize the
changes of DC-side voltage, network side current, and motor torque.

Fig. 61.3 Simulation waveforms of electrical variables of metro traction drive system without
oscillation suppression control strategy

Fig. 61.4 Simulation waveforms of electrical variables of metro traction drive system with
oscillation suppression control strategy
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61.4.2 Experimental Research

The main circuit structure of the traction drive system equipped on the additional
train of the completely self-developed domestic Guangzhou Metro Line 5 is shown
in Fig. 61.5. In the main circuit of the traction control system of Guangzhou Metro
Line 5, inductance L1 = 10 mH, and capacitance C1 = 4.3 mF. The inverter is a
self-developed TGA17 traction converter of which DC-side line voltage is 1500 V,
rated current is 334 A, and rated frequency is 50 Hz.

In on-site debugging process, when the DC-side oscillation suppression strategy
is not added and the speed of the motor reaches a certain value, DC-side oscillations
are produced as shown in Fig. 61.6. According to the calculating equation of the
resonant frequency of the LC resonant circuit fc ¼ 1

�ð2p ffiffiffiffiffiffi
LC

p Þ, after calculating,
the resonant frequency is 24 Hz; according to the waveform observed on
Guangzhou Metro Line 5 site when the intermediate voltage oscillates, the voltage
oscillation appears some regularity, and oscillation is produced nearby the same
speed point; combining the current running speed of the motor, the frequency of the
intermediate voltage oscillation is about 23.7 Hz and is close to the resonant fre-
quency calculated according to theory; therefore, DC-side oscillation in Fig. 61.6 is
caused by LC resonance of the main circuit of the traction drive system.

After using the oscillation suppression strategy proposed in this article, the
traction drive system of Guangzhou Metro Line 5 is tested and tracked, the running
condition of the train is the same as that when oscillation is produced, and the
experimental waveform monitored on-site is shown in Fig. 61.7.

From the on-site experimental waveforms, the oscillation suppression strategy
proposed in this article can effectively suppress the oscillations caused by DC-side
LC resonance of the main circuit, so that the stability of the traction drive system is
greatly improved.

Fig. 61.5 Main circuit structure diagram of traction system of Guangzhou Metro Line 5
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Fig. 61.6 Experimental waveforms of electrical variables of metro traction drive system without
oscillation suppression control strategy

Intermediate voltage

DC-side network voltrage

Motor current

Motor speed*10

Fig. 61.7 Experimental waveforms of electrical variables of metro traction drive system with
oscillation suppression control strategy
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61.5 Conclusion

Based on the structure diagram of the metro traction drive system, the equivalent
system model for analyzing the DC-side oscillation of the system is created; on this
basis, the small-signal analysis model is created through the small-signal analysis
method and linearized at some stable point; finally, the scope formulae of the
conditions for producing DC-side oscillations are analyzed and inferred. Based on
the oscillation mechanism analyzed and inferred, the method for suppressing the
oscillations by using the improved control strategy is proposed, namely when the
motor torque is given, the motor torque is properly modified, so that the conditions
for producing the DC-side oscillations are effectively destroyed; thus, the whole
system of input filter–traction converter–motor can run stably.
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Chapter 62
Simulation Analysis
on the Electromagnetic Transients
of Closing Circuit Breaker for an Electric
Multiple Units Train

Jianying Liang, Jing Li, Donghua Wu, Zhiming Liu
and Mingli Wu

Abstract As an electric multiple units (EMU) train closes its main circuit breaker, an
overvoltage may occur in the traction windings and the magnetizing inrush current
may emerge in the primary winding of the traction transformer. This electromagnetic
transients can disturb the electric equipment onboard, as well as emit high-frequency
electromagnetic interference, which can hazard the normal operation of EMU. Taking
the CRH2 EMU as an example, the mechanism of electromagnetic transients when
closing the main circuit breaker is investigated theoretically based on the simple
equivalent circuit. Then, using EMTDC/PSCAD, a simulation model of the
high-voltage electrical system is established. The simulated results, which analyze
factors that influence the overvoltage in traction windings and the magnetizing inrush
current in primarywinding, are given. To validate the simulationmodel, the simulated
results are compared with the measured data. In the end, a solution is put forward to
improve CRH2 transient performance.

Keywords EMU � Electromagnetic transients � Overvoltage � Magnetizing inrush
current

62.1 Introduction

In recent years, high-speed railways have been developed rapidly in China. The
high-voltage electrical equipment, including the pantograph, main circuit breaker,
disconnector, voltage transformer, arrester, high-voltage cable, and traction trans-

J. Liang � J. Li � Z. Liu � M. Wu (&)
School of Electrical Engineering, Beijing Jiaotong University,
No. 3, Shang Yuan Cun, Hai Dian, Beijing, China
e-mail: mlwu@bjtu.edu.cn

J. Liang � D. Wu
CRRC Qingdao Sifang Co. Ltd, Qingdao, China

© Springer-Verlag Berlin Heidelberg 2016
L. Jia et al. (eds.), Proceedings of the 2015 International Conference
on Electrical and Information Technologies for Rail Transportation,
Lecture Notes in Electrical Engineering 377, DOI 10.1007/978-3-662-49367-0_62

637



formers, constitutes high-voltage electrical system of EMUs. Various kinds of
overvoltage, such as resonance overvoltage, pantograph-catenary offline overvolt-
age, and switching overvoltage, may occur in the roof high-voltage system, which
may be harmful to the electrical and electronic equipment and disturb the normal
operation of EMUs.

It is worth mentioning that the switching overvoltage is a dominated factor
because EMUs might produce overvoltage during opening/closing the main circuit
breaker and lifting/dropping the pantograph, which can occur several times each
day. It also can stimulate the electromagnetic oscillation and even damage the
insulation of high-voltage equipment. Thus, it is imperative to deeply investigate
the generation mechanism and characteristics of this switching overvoltage in the
high-voltage system of EMUs. To make sure that electrical railway can run nor-
mally and safely, some effective preventive measures should be put forward to
suppress the overvoltage amplitude.

This paper mainly investigates the electromagnetic transients of closing circuit
breaker for CRH2 EMU. Firstly, by establishing a simple equivalent circuit, this
paper analyzes theoretically the electromagnetic transient process. Secondly, a
simulation model of the high-voltage electrical system of CRH2 EMU is estab-
lished. The simulation results show how the initial closing angle affects the traction
windings overvoltage and how the initial angle and the remanence of the trans-
former affect the magnetizing inrush current. At last, some suppression methods for
overvoltage and magnetizing inrush current are proposed.

62.2 Simple Circuit Analysis on the Electromagnetic
Transients During Closing Circuit Breaker

When an EMU is closing its circuit breaker, there is no transient process related to
the offline arc because the pantograph and the wire keep stable contact all the time.
Besides, during the whole process, the traction transformers are unloaded so that the
electromagnetic transient process may produce in both the high-voltage and the
low-voltage windings [1–4]. As a result, the high-voltage circuit of the EMU can be
equivalent to a simple RLC circuit as Fig. 62.1. Ls represents the total inductance of
the outer source, contact wire, and cable in front of the circuit breaker. us is the
source voltage. The capacitor Cs denotes the equivalent capacitance of wires in
front of the circuit breaker. The switch D describes the circuit breaker [5, 6]. R, Lm,
and Cm are the equivalent parameters of the traction transformer. Lm and Cm,
respectively, denote the excitation inductance and the entrance capacitance which is
needed to be considered under high-frequency voltage oscillation. R denotes the
iron loss of the transformer.

Assume that the source voltage is us = Umcos(ωt + α) and the initial phase angle
is zero when EMU is closing the circuit breaker. In order to facilitate the analysis,
the resistance in the circuit can be ignored. Assuming that the initial energy stored
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in the capacitor and the inductor is zero when the breaker closes, considering that
Lm is actually much larger than Ls; then, the zero-state response of the primary
winding voltage is

uT ¼ Um
n

n2 � 1
sinxt � 1

n
sinx0t

� �
ð62:1Þ

where n = ωo/ω, ωo=[Ls(Cs + Cm)]
−1/2. Obviously, the closing angle affects the

winding voltage.
The magnetizing inrush current is influenced by the remanence of the trans-

former and the initial closing angle of the circuit breaker [7, 8]. Assume that source
voltage is us = Umsin(ωt + α). To simplify the analysis, some components, such as
the leakage inductance, the equivalent inductance, and the wire capacitors to earth,
are ignored. If there is only one turn for primary winding, the differential equation
of magnetic flux ϕ in transformer core is

d/
dt

¼ Umsinðxtþ aÞ ð62:2Þ

Then, the magnetic flux can be concluded as:

/ ¼ �/m cosðxtþ aÞþC ð62:3Þ

Setting the precondition that the remanence of the transformer before the circuit
breaker closes is ϕsy, the constant C in Eq. (62.3) can be obtained: C = ϕcosα + ϕsy,
ϕm = Um/ω. Finally, Eq. (62.3) can be concluded to

/ ¼ �/m cosðxtþ aÞþ/m cos aþ/sy ð62:4Þ

From Eq. (62.4), when the initial angle α equals to π/2, the instantaneous value
of flux is ϕsy if the circuit breaker is closing at the moment t = 0. That is to say, the
magnetic flux in the transformer core is continuous so that transformer will not
produce magnetizing inrush current. However, it is different if the initial angle α
equals to zero. After half a cycle, the total magnetic flux approximately reaches to
2ϕm + ϕsy. In that case, transformer core is supersaturated, so there may produce a
large magnetizing inrush current in transformer. To conclude, the magnetizing

R+

-

+

-us

+

-

Lm

Ls

Cs

D

Cm uT iL

iC

Fig. 62.1 Equivalent circuit
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inrush current will reach the largest value if the circuit breaker is closing at the
moment when the source voltage is crossing zero. The largest current may be 8–10
times as large as the rated current.

62.3 Closing Circuit Breaker Simulation

The elements of the high-voltage electrical system for CRH2 EMU, such as the
power supply, the pantographs, the circuit breakers, the voltage transformers, the
arresters, the high-voltage cable and the traction transformers, can be found in the
master library of EMTDC/PSCAD, which makes establishing model more easily. In
addition, the simulated results are more accurate, because the differential equations
are solved by the method of time-domain analysis.

62.3.1 Simulation Model

As is shown in Fig. 62.2, the CRH2 EMU has four motor cars and four trailer cars.
There is one main circuit breaker for one power unit, which is installed in the
high-voltage equipment box under car body. The CRH2 EMU also has a relatively
long section of high-voltage coaxial cable in front of the circuit breaker. Then, the
PSCAD model can be established, as is shown in Fig. 62.3.

In this model, the equivalent inductance and resistance of the power supply are
set as 0.2 mH and 0.4 Ω, respectively. The pantograph and circuit breaker are
expressed by logic-timed breakers. The high-voltage cable is expressed by cable
model in PSCAD, which has a four-layer structure including a conductor, an
insulating layer, a metal shield layer, and an insulating sheath. The arrester is
expressed by the model whose volt–ampere curve is an exponential function
obtained by experiments. The voltage transformer is expressed by UMEC model
(unified magnetic equivalent circuit transformer model). The traction transformer is
expressed by a classical three-winding remanence transformer. What is more
important, to simulate the value of the remanence, a current source is paralleled
with the high-voltage winding of the transformer. Because of the high-frequency
voltage wave in the circuit, the entrance capacitance is set as 0.5 μF.

contact wire

40m

VCB VCB

5m 25m 5m 25m 5m 25m 5m 5m

20m

T1(1 car) M1(2 car) M2(3 car) T2(4 car) T3(5 car) M3(6 car) M4(7 car) T4(8 car)

Fig. 62.2 Arrangement diagram of CRH2 EMU
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62.3.2 Simulation Analysis

Here is the simulation process. The two breakers in the second and seventh car
close at different phases of power supply, while the pantograph on the sixth car
steadily connects to contact wire. Among all the simulation results, we find that the
overvoltage becomes the largest value when the breaker closes at the moment when
the power supply reaches the peak value. The voltage waveform of the traction
winding is shown in Fig. 62.4, in situation that the breaker in the second or seventh
car closes at the moment when the power supply arrives at the peak value. As is
shown in Fig. 62.4, the traction winding really produces electromagnetic oscillation
and overvoltage. It is clear that the overvoltage values of the second and seventh car
are approximately 4.4 and 3.3 kV, respectively.

In addition, the primary winding may produce a magnetizing inrush current
when the circuit breaker is closing. By method of simulation, we find that the initial
closing angle of the circuit breaker and the remanence of the transformer both have
effect on the magnetizing inrush current. The simulation results are shown in
Fig. 62.5. In Fig. 62.5 (left), the magnetizing inrush current waveform in the

Fig. 62.3 Closing breaker simulation model of CRH2 EMU

Fig. 62.4 Traction winding voltage when closing the circuit breaker: (left) voltage waveform of
2nd car, (right) voltage waveform of 7th car
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primary winding of the second car’s transformer is displayed when the initial
closing angle is set as 0°, 30°, and 60° in condition that the remanence is ignored. In
Fig. 62.5 (right), the magnetizing inrush current waveform is displayed when the
additional current power supply is set as 0.1, 0.2, and 0.6 A to simulate different
remanence in condition that the initial closing angle is 0°. These results indicate that
the magnetizing inrush current reaches to the largest value when the initial closing
angle is 0° and to the smallest value when the initial angle is 90°. We can also get a
conclusion that the more the remanence, the larger the magnetizing inrush current
is.

62.3.3 Measurement Verification

In September 2011 and April 2013, some measurements of the magnetizing tran-
sients when CRH2 EMU was closing breaker were conducted in CRRC Qingdao
Sifang Co., Ltd. During the measurement, the pantograph on the sixth car steadily
connected to contact line. We did opening/closing breaker measurements 15 times.
The current signals were measured by current clamps and the voltage signals were
measured by voltage transformer. Two electrical quantities were measured in the

Fig. 62.5 The relationship between magnetizing inrush current and closing angle, remanence:
(left) different closing angles, (right) different remanence (namely different current sources)

0.06 0.08 0.10 0.12 0.14 0.16
-6

-3

0

3

6

t/s

V
2t

/k
V

Fig. 62.6 Measurement results when closing breaker: (left) overvoltage of secondary winding,
(right) magnetizing inrush current of primary wingding
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test: Vt is the secondary winding voltage, and Ip is the primary current. One of the
test results has been shown in Fig. 62.6. It is clear that the overvoltage of secondary
winding is nearly 4 kV and the magnetizing inrush current is nearly as large as the
rated current (122.4 A).

As is displayed in Table 62.1, the range of tested results is close to the range of
simulation results. However, due to being lack of the exact entrance capacitor and
the excitation characteristic data, there is a little difference between the measured
results and simulated results in terms of the specific values.

In Fig. 62.7, in terms of the overvoltage of the traction winding in the second car,
simulation results are compared with test results as the closing angle varies. The
measurement results are expressed by red dots, while the simulation results are
expressed by black curve. It is obvious that the trends of measurements and simu-
lations are consistent when the closing angle is ranging from−30° to−150°, and from
30° to 150°. To conclude, the simulation model established in this paper is valid.

62.4 Solution to Suppress the Transient Process

In order to suppress the overvoltage and magnetizing inrush current, the circuit
breaker of EMU cannot be closed until the phase angle of voltage reach to a proper
value, which can be obtained by experiment and simulation [9].

To suppress the transient overvoltage, an RC filter can be paralleled with pri-
mary winding of the traction transformer [10]. The RC filter is able to increase the

Table 62.1 Comparison between simulation and measurement results when the circuit breaker is
closing

Item Simulation result Test result

Overvoltage (kV) 0–4.4 2.9–6.12

Magnetizing inrush current (kA) 0.1–0.35 0.2–0.28

-180 -120 -60 0 60 120 180
-8

-4

0

4

8

V
2t

/k
V

angle/°

Simulation results
Measurement results

Fig. 62.7 Comparison between simulation results and test results
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system damping and then absorb transient overvoltage. The suppression effect of
different RC filters is shown in Fig. 62.8. To avoid overlarge charging current, the
parameters of the RC filter are set as R = 200 Ω, C = 0.1 μF.

An inrush restrainable device can be applied to suppress the magnetizing inrush
current. It utilizes exact phase control technology to ensure that the circuit breaker
closes when the closing angle equals to the opening angle of last time. As a result,
bias magnet at the moment of closing circuit breaker is contrary to remanence on
polarity. Therefore, the synthetic flux will not exceed the saturation flux in spite of
adding steady-state flux so that the magnetizing inrush current is suppressed.

62.5 Conclusion

In this paper, by establishing a PSCAD simulation model for CRH2 EMU when the
circuit breaker is closing, the overvoltage and the magnetizing inrush current in
traction transformer windings are analyzed. This simulation model is validated by
field measurement. A solution to suppress the overvoltage and the magnetizing
inrush current has been proposed.
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Chapter 63
Detailed Optimization for Different
Switching Angle Curves of SHEPWM
Adopted by Induction Machine
Control System

Wei Cong, Feng Zhao, Yongxing Wang and Xuhui Wen

Abstract Up to now, multiple switching angle curves (SAs) of selective harmonic
elimination PWM (SHEPWM) have been obtained and provide control system of
induction machines (IM) more SHEPWM strategies in railway driving. This paper
mainly analyzes harmonic of different SAs and proposes key criterions, such as
WTHD, for their optimization. Contrast experiments based on IM control system
are carried out to verify their difference and optimization criterions. And the results
agree with the theoretical analysis well.

Keywords SHEPWM � IM control system � SAs � WTHD

Nomenclature

N SAs’ number during a SHEPWM quarter cycle
M A parameter which is directly proportion to the modulation depth

63.1 Introduction

This paper mainly introduces SHEPWM strategy applied in IM vector control
system. In 1990s, GEC ALSTHOM traction develops Eurostar power cars, which
adopted bipolar SHEPWM strategies [1]. This was a successful example of case
which applied SHEPWM to IM’s field-oriented control. H.S. Patel and R.G. Hoft
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first proposed SHEPWM in 1970s [2], which is now known to eliminate certain
low-frequency voltage harmonics under the maximum of switching frequency.
With computer science developed, different arithmetical solutions are obtained from
nonlinear transcendental SHEPWM equations, which were naturally found multiple
results. The SHEPWM strategies, which were mentioned in [3], are applied in the
field-oriented vector control system of IM in this paper.

This paper analyzes harmonic characteristics of multiple SAs and proposes key
criterions, such as WTHD, for their optimization.

63.2 Solutions of N = 1–5 SAs

Under the condition of high power and voltage, N is usually below 6 for the upper
limit of high-power electronic modules’ frequency. SHEPWM equations for each
N are solved as far as possible. Up until now, many methods, all of which were
introduced simply in [4, 5], have been carried out, and different results of
SHEPWM equations have been obtained. And all these sets of SAs combine var-
ious options for SHEPWM strategies.

Figure 63.1a–e shows SAs for N = 1–5. Each group of SAs is assigned with a
number such as 5_1. SAs of N = 2 and 3 actually do not exist in the second
quadrant where M is negative. So different combinations can be carried out when
SHEPWM shifts from 5 to 4. The SAs have differences, which are to be illustrated
in the following:

M ¼ �1ð ÞN 1þ 2
XN
k¼1

�1ð Þkcos akð Þ
" #

ð63:1Þ

Equation (63.1) gives the definition of M, which is the x-axis of Fig. 63.1. With
different SAs, the value of M could be negative, which means that the PWM pulses
need to be reverse to guarantee the desired fundamental harmonic.

63.3 SHEPWM Adopted in IM Control System

Four strategies of PWM, asynchronous SPWM, synchronous SPWM, SHEPWM,
and square wave, are modulated to cover the whole frequency range of IM [6],
which is shown in Fig. 63.2. In low-frequency area, asynchronous SPWM is
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Fig. 63.1 Typical SAs: a SAs for N = 1. b SAs for N = 2. c SAs for N = 3. d SAs for N = 4. e SAs
for N = 5. N_1 (blue —). N_2 (green–). N_3 (red – –). N_4 (black -.) (Color figure online)
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adopted for the reason that carrier frequency ratio is higher than 15. With the IM
frequency rising, asynchronous SPWM switches to synchronous PWM whose
carrier frequency ratio is 15. SHEPWM takes the place before reaching maximum
switching frequency of power electronic modules. The most high-frequency range
of IM is covered by SHEPWM whose N = 5, 4, 3, 2, 1. The feasibility of proposed
multimode modulation strategies was proved in [6].

Control system that is demonstrated in Fig. 63.3 is established [7], and all SAs
are adopted in contrast experiments to check the harmonic elimination and com-
pared. It was found out harmonic characteristics of SAs while N is small are various
significantly. So criterions which to choose better SAs should be proposed.

63.4 Key Criterions for Optimization of SAs

63.4.1 WTHD

Harmonic current is directly related to core loss, copper loss, and torque ripple in
motors, and so harmonic current characteristics play a more significant role in the
analysis of SHEPWM than harmonic voltage characteristics under the condition of
the induction motor control [8]. WTHD is defined as in Eq. (63.2)
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Fig. 63.3 Control block diagram of IM including multiple PWM strategies
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WTHD ¼ 1
V1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX1
n¼2

Vn

n

� �2
vuut ð63:2Þ

With higher-order harmonic, the induction motor is equivalent to the pure
induction load and the total harmonic current is expressed as in Eq. (63.3)

ih ¼
ffiffiffiffiffiffiffiffiffiffiffiX1
n¼2

i2n

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX1
n¼2

Vn

nX1

� �2
vuut ð63:3Þ

Equation (63.4) equals Eq. (63.2)/(63.3)

ih ¼ V1 �WTHD
X1

ð63:4Þ

Without taking into consideration of third harmonic components, Equation (63.5)
shows that THDi is proportional to WTHD, and so WTHD truly reflects harmonic
current characteristics of SHEPWM applied in induction motor control system. All
SAs’WTHD curves of the whole M range are calculated and compared. As shown in
Fig. 63.4, optimal results are listed in Table 63.1 and verification results are listed in
the following:

THDi ¼ 1
i1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX1
n¼6k�1

i2n

s
¼ ih

i1

¼ V1 �WTHD
i1 � X1

¼ 1
i1X1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX1
k¼1

V6k�1

6k � 1

� �2

þ V6kþ 1

6kþ 1

� �2
" #vuut ð63:5Þ
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63.4.2 M Range

Different switching angle curves have different Mmax, the key parameter which
stands for the maximum output voltage of the inverter. In order to fully take
advantage of the DC voltage, Mmax is required to be high.

Mmax of all SAs can be obtained from the calculation results in Fig. 63.1 and
given in Table 63.2. Apparently, Mmax of 4_3 and 2_2 are less than the others.
So SHEPWM should avoid using these two SAs as much as possible.
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Table 63.1 Optimal results according to WTHD

N Optimal results according to WTHD

5 5_4 > 5_3 > 5_2 > 5_1

4 4_3 > 4_2 > 4_4 > 4_1

3 3_2 > 3_1

2 2_2 > 2_1

1 1_2 > 1_1

652 W. Cong et al.



T
ab

le
63

.2
M

m
ax

of
al
l
SA

s

N
5

4
3

2
1

SA
s

5_
1

5_
2

5_
3

5_
4

4_
1

4_
2

4_
3

4_
4

3_
1

3_
2

2_
1

2_
2

1_
1

1_
2

M
m
ax

j
j

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
81

0.
81

0.
91

0.
91

0.
93

0.
79

1
1

M
od

ul
at
io
n
de
pt
h

1.
16

1.
16

1.
16

1.
16

1.
16

1.
16

1.
03

1.
03

1.
16

1.
16

1.
18

1.
01

1.
27

1.
27

63 Detailed Optimization for Different Switching Angle Curves … 653



63.5 Verification and Analysis in Contrast Experiments

Contrast experiments are carried out. On the basis of PWM strategies in Fig. 63.1,
the same operation points are set for each N’s SAs, as shown in Fig. 63.5, so
variations of SAs will be the unique difference for each N in contrast experiments.
Table 63.3 lists the detailed data of each operation point.

0 10 20 30 40 50 60 70 80 90 100
0

200

400

600

800

Stator Frequence (Hz)

Sw
itc

hi
ng

 F
re

qu
en

ce
 (

H
z)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

M

Contrast Points
Curve M

PWM Modulation

Fig. 63.5 Operation points of SHEPWM in contrast experiments

Table 63.3 Detailed data of contrast experiments for each N

Curves Command Stator freq
(Hz)

M Udc
(V)

T
(N m)

Amplitude
(V)

RPM
(r/min)

1_1 id = 40 A
iq = 200 A

81.37 0.85 430 253 280.5 2400

1_2 81.67 0.84 441 263 282.7 2400

2_1 id = 40 A
iq = 200 A

75.00 0.80 430 267 273.0 2200

2_2 75.00 0.74 448 228 251.0 2200

3_1 id = 40 A
iq = 200 A

68.78 0.72 433 273 233.8 2000

3_2 68.30 0.68 447 228 235.3 2000

4_1 id = 40 A
iq = 200 A

61.77 0.63 436 278 209.8 1800

4_2 61.45 0.60 450 223 203.0 1800

4_3 61.93 0.64 443 234 222.6 1800

4_4 60.97 0.62 449 268 217.0 1800

5_1 id = 40 A
iq = 200 A

54.60 0.56 436 287 180.7 1600

5_2 54.75 0.53 450 222 183.2 1600

5_3 55.23 0.58 444 307 191.6 1600

5_4 54.27 0.56 449 268 197.4 1600
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Due to lack of space, only analytical results of N = 3, 1 are shown and contrasted
in this paper, while others are not. As shown in Fig. 63.6, 3_1 and 3_2 both
eliminate the 5th and 7th harmonic, while the two SAs’ harmonic current charac-
teristics are different because of the difference in their harmonic voltage charac-
teristics. In the same way, harmonic current characteristics of 1_1 and 1_2 are also
different in (Fig. 63.7). So WTHD is more appropriate to be the optimization
criterion. From all SAs’ FFT results, THDi can be obtained and listed in Table 63.4.
According to Table 63.4, experimental results are verified with the theoretical
analysis.

63.6 Summary and Conclusions

SAs of small N possess various harmonic characteristics and they influence
importantly on vector control of IM. Performances in contrast experiments, which
are verified and contrasted in the above parts, can provide effective criterions to
choose better SAs.

After N of SHEPWM is determined, max range ofM value of different SAs should
also be taken into consideration based on possible maxmodulation depth of inverters.
Then, proper SAs can be selected in accordance with the specific range of M.
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Fig. 63.6 a Voltage and current for N = 3_1. b FFT analysis for N = 3_1 current. c Voltage and
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Chapter 64
Measurement and Analysis
on Low-Frequency Oscillation in
Xuzhou Electrical Railway Hub

Jing Li and Mingli Wu

Abstract The low-frequency oscillation in the traction network is a new phe-
nomenon as with AC-DC-AC locomotives utilized in electric railways. However
there are few researches focused on it. It has been noted that the low-frequency
oscillation in Xuzhou North Railway Hub is particularly extraordinary because it
caused abnormal voltage fluctuation. Therefore, it is necessary to investigate this
low-frequency oscillation phenomena in detail. By designing test plan, we do some
measurements in Xuzhou North Traction Substation and Sub-feeder Switching Post
(SFSP). Besides, the voltage and current of primary winding of traction transformer
in HXD2B locomotive are also measured to fully analyze whether low-frequency
oscillation is caused by traction network or locomotive. And then through the
analysis on data and waveform, the cause of low-frequency oscillation of electric
railway is concluded. Finally, some measures to suppress low-frequency oscillation
are put forward.

Keywords Traction power supply system � Locomotive � Low-frequency oscil-
lation � Suppression solutions

64.1 Introduction

The low-frequency oscillation phenomena have occurred in a variety of AC loco-
motives and the electric multiple units train (EMU) at different times, different
locations, and different traction power supply conditions [1]. However, the
low-frequency oscillation, which occurred in north Xuzhou, is particularly extraor-
dinary in that it caused abnormal voltage fluctuations. As a result, it affects the
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stability of traction power supply system, as well as the safe operation of electric
locomotives to some extent.

Not only are tractive force and running speed of electric locomotives influenced
by voltage level of traction power feeding system, but also are carrying capacity and
traffic volume of section [2]. In addition, Xuzhou North Railway Hub is an inter-
section between Beijing–Shanghai railway and Lanzhou–Lianyungang railway. So
the voltage level of traction power supply system is particularly important.

In this paper, the cause of this phenomenon is fully analyzed, based on the
measurement of electric quantities in Xuzhou North Traction Substation,
Sub-feeder Switching Post (SFSP), and HXD2B locomotive. After that, solutions to
this problem are proposed.

64.2 Field Measurement

To do further research, some electrical quantities are measured in Xuzhou North
Traction Substation, SFSP, and HXD2B locomotive. A waveform-recorder, the
EMAP system, is adopted in this test. The sampling frequency is 10 kHz.

The power supply schematic diagram of Xuzhou North Traction Substation and
SFSP is shown in Fig. 64.1. Here are the measured electrical quantities: (1) Xuzhou
North Traction Substation: voltage of phase a, current of phase a, voltage of phase
b, current of phase b (all of 27.5 kV side), and current of feeder 211 (for Xuzhou
North Sub-feeder Switching Post); (2) Xuzhou North Sub-feeder Switching Post:

Feeder
222

North Xuzhou 

Incoming
line(110kV)

a

b

Feeder
219

Feeder
220

reservedFeeder
218

Traction Substation
North Xuzhou Sub-

feeder Switching Post

25kV

Incoming
line 291

27.5kV

Incoming
line(110kV)

Incoming
line 292

Feeder
211

reserved reserved reservedFeeder
297

Feeder
296

Feeder
295

Feeder
294

Feeder
293

Fig. 64.1 The schematic diagram of the power supply
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27.5 kV bus voltage, current of incoming line 291, current of feeder 293 (for uplink
arrival field), current of feeder 294 (for downlink freight yard), current of feeder 295
(for downlink starting filed), current of feeder 296 (for locomotive depot), and
current of feeder 297 (for uplink freight yard).

Apart from the ground test, an HXD2B electrical locomotive is also measured.
The electrical quantities of HXD2B are the current and voltage of primary winding
of traction transformer.

64.3 Measured Results

From January 7 to 10 in 2014, some measurements on low-frequency oscillation
phenomenon were taken in Xuzhou North Railway Hub. The current signals were
measured by current clamps, and the voltage signals were measured by voltage
transducers. They were all obtained from the control panels in substations or onboard.

64.3.1 Substation Measurement Results

After analyzing the testing data, it is found that when the low-frequency oscillation
occurred, the traction power supply voltage may reach to an excessively large or
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small value which is not allowed by AC voltage of electric traction standard for the
railway main lines [3]. We have captured many moments when the low-frequency
oscillation phenomena occurred. Some typical waveforms of related electrical
quantities are shown in Figs. 64.2 and 64.3.

As shown in Fig. 64.2, the root mean square (RMS) value of voltage of phase b
in substation reaches to the smallest value 8.94 kV during the whole measurement.
In addition, the current signals begin to oscillate at the same time when the voltage
signals begin to oscillate. Furthermore, current signals of a few feeders come into
synchronous fluctuation once the fluctuation occurs in one feeder, which shows that
a certain type of locomotive even in different areas of the same power supply
section also can come into a synchronous state of unstable oscillations through the
network voltage coupling. The range of total current fluctuation is from 0 to
2500 A. The current signals fluctuate like a calabash during the period of 0.6–1.0 s
and then reach to a small value. However, after about 1.3–1.4 s, they begin to
fluctuate again. The oscillation frequency ranges from 0.6 to 2 Hz. Therefore, the
case in north Xuzhou is the low-frequency oscillation of voltage and current. It
must be pointed out that we also captured the stable low-frequency oscillation
phenomenon, which is similar to the cases occurring in other places.
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64.3.2 HXD2B Electrical Locomotive Measurement Results

During the test, most locomotives running in the related sections were HXD2B.
Therefore, HXD2B electrical locomotive may contribute to this phenomenon. We
tested the current and voltage of primary winding of traction transformer onboard
HXD2B. The measurement results are displayed in Fig. 64.4. It is clear that when
the current oscillated, the voltage is abnormal.

The oscillation of HXD2B is intermittent. In the end of the oscillation, the
current value is very small, near to the magnetizing current of traction transformer.

64.3.3 Measurement Analysis

In a word, the low-frequency oscillation causes the abnormal fluctuation of catenary
voltage in this case. The voltage fluctuation in SFSP is more intense than that in
substation. The minimum value of bus voltage in substation is 8.94 kV, and the
maximum value is 36.1 kV. The minimum value of bus voltage in SFSP is 5.29 kV,
and the maximum value is 37.8 kV.

Voltage fluctuation is synchronous with current fluctuation. That is to say, the
traction power supply voltage is steady when the current is normal. During the
low-frequency oscillation, the phase difference between the current and voltage is
always changing, as shown in Fig. 64.5. In Fig. 64.5, when the phase of current
leads, the voltage value increases and vice versa. The phase difference between
voltage and current reflects the exchange of reactive power. In fact, the
low-frequency oscillation of electric railway is not caused by power supply but the
phase difference, namely the reactive power exchange. Furthermore, it is just to
mean that the current collection of load causes low-frequency oscillation.

By analyzing the measurement results of ground test and locomotive test and
investigating relevant locomotive circumstances in the power supply area during the
test, we may draw a conclusion that it is the low-frequency oscillation of current of
HXD2B electric locomotives that causes the abnormal fluctuation in Xuzhou North

Fig. 64.4 The waveforms of current and voltage of HXD2B: (left) voltage waveform, (right)
current waveform
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Railway Hub. The locomotive current is determined by the control strategy of its
line-side converters [4–6].

In order to guarantee the locomotive power balance, the current of locomotive
tracks the voltage change of network. But when the current cannot follow the voltage
changes, the running state of a locomotive transforms between traction and brake
frequently. Due to unsuccessful control, the power factor of locomotive is not 1 or
−1. As a result, the traction current contains reactive component, and the inductive
and capacitive current come into oscillation state, eventually lead to oscillation [7].

64.4 Solutions to Suppress the Low-Frequency Oscillation

When the low-frequency oscillation occurs in electrical railway, the voltage value
of power supply system may reach to an excessively large or a small value which is
not permitted by the electrical railway. What is worse, the operation system of
locomotive may be blocked so that the normal transportation has to stop. Moreover,
some equipment in locomotive may be destroyed. For traction power supply sys-
tem, the catenary voltage level is affected, which is not safe for railway system.

For Xuzhou North Railway Hub, load balance between phase a and phase b of
transformer is not good. The average load of phase b is about three times as large as
that of phase a, which is disadvantageous for controlling the number of locomotives
in the same supply arm and restraining voltage fluctuation. Therefore, some isolated
feeders can be supplied by phase a to modify load balance so that voltage fluctu-
ation can be suppressed. This method is only a short-term control measure. In the
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long run, some solutions can be put forward in respect of both locomotive and
power supply system.

In terms of power supply system, we can improve the transformer capacity in
substation to enhance the source. Assuming that the power supply capacity is infi-
nite, regardless of current change in the circuit, the voltage of power supply will be
unchangeable. Therefore, to some extent, improving transformer capacity is effective
to suppress the abnormal voltage fluctuation caused by low-frequency oscillation.

In terms of locomotive, we can obtain the critical number of locomotives which
may cause the low-frequency oscillation so that we can avoid that number of
running locomotives. What is most effective is to modify the control strategy of the
line-side converter. The failing control when the load is very light seems to make
contribution to the current fluctuation, eventually leads to the low-frequency
oscillation. We can change the PI parameters of the controller of line-side con-
verters [8, 9]. Also, we can add a power oscillation damping (POD) controller into
line-side converter control to change the reference value of current loop as the
voltage amplitude changes [10].

64.5 Conclusion

In this paper, the low-frequency oscillation phenomenon occurred in Xuzhou North
Railway Hub is displayed by substation and SFSP measurement results and loco-
motive measurement results. It is concluded that the low-frequency oscillation is
caused by the current collection of HXD2B electrical locomotive. Some solutions to
suppress the low-frequency oscillation are put forward in respect of both locomo-
tive and power supply system.
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Chapter 65
Development and Demonstration
of Third-Generation Metro

Jie Zhang, Gaohua Chen and Yu Zhang

Abstract This article introduces the technology evolution and generation division
of the subway, analyzes the current situation and the urgent needs of metro tech-
nology, and proposes the technology features of the third-generation
(next-generation) metros and its key technology, seamless system, technical spec-
ification, and demonstration project elements. From the perspective of investment
and operations, this article proposes the demands on the product life-cycle costs and
the realizing ways of large-scale system energy management and discusses the
feasibility of the global advanced technology under continual market promotion.

Keywords Third-generation metro � Seamless system � PLM � Safe and reliable �
Shock absorbing and noise damping � Energy saving and consumption reducing �
System energy management

65.1 Technology Evolution and Generation Division
of Metros

After decades of development, metro technology has experienced the changes of
several generations. The metros of the first generation are mainly DC drive trains. In
the first-generation metros, due to the inherent limitations of large volume of DC
traction motors, heavy weight, and less overload ability, the pure electric brake
force often cannot meet the requirements of the train braking. When the electric
braking is applied fully at AW2 load, the metro needs generally air braking force to
meet the demand of train braking force [1–4]. In the late 1990s, the
second-generation metro began gradually to replace DC drive technology with AC
drive technology. In order to upgrade the DC drive train into the AC drive train,
first of all, the traction chopper and DC traction motors will be replaced by variable
voltage variable frequency (VVVF) traction inverter and AC traction motors [5].
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The advanced non-insulated track circuit technology and wireless
communication-based train control (CBTC) moving-block system [6] are used on
the subway signal equipment in the developed countries. On the basis of these
information transmission media, the advanced metro signaling systems also include
train overspeed protection ATP, automatic train operation ATO, automatic train
supervision ATS, and computer interlock equipment SSI [7].

As the city scale varies, even if the overall people density at various regions of
the same city is different, the traffic volume in one city is not the same. Generally,
the traffic volume can be divided into high-, medium-, and low-density levels. In
order to save project investment funds, a reasonable signal technology system can
be applied in the premise to ensure the normal operation at various density areas.

The development of metro is sorted out in view of technical points as follows.

65.1.1 Drive System

Electric traction drive can be divided into two categories: DC drive and AC drive.
The weaknesses and shortcomings of DC drive have been exposed already in metro
operation for a long time. AC drive modes are divided into two modes: One is
synchronous and the other asynchronous. The second-generation metro adopts
generally asynchronous AC drive, whereas its essential character is that the traction
motor adopts AC asynchronous motor. The advantages of AC asynchronous motor
are as follows: simple system structure, good adhesion properties, large power,
large traction, high reliability, easy maintenance, high efficiency and utilization,
highly flexible and good dynamic performance and braking performance.

65.1.2 Traction Motor Control

In traction motor control technology, the early steady-state scalar-based slip current
control is developed into modern transient vector-based field-oriented control
(FOC), direct torque control (DTC), and indirect stator quantity control (ISC) [8].
Currently, the traction motor control of the metro vehicle traction drive system in
foreign enterprises adopts the rotor field-oriented vector control program in two
typical categories. SIEMENS and ALSTOM used the direct FOC, and Mitsubishi,
Hitachi, and Toshiba used the indirect FOC [9]. In comparison, currently, the direct
FOC of metro traction motor torque control is applied and studied in most cases
[10].
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65.1.3 Power Supply Mode

In general, the urban mass transit power supply system adopts main substation
(distributed power supply mode as power switching station), step-down substation
and traction and step-down mixed substation. The power supply system can be
divided into centralized power supply, distributed power supply, and mixed power
supply according to the actual situation [11]. Specific power supply units include
12-pulse, 24-pulse diode rectifier (see Fig. 65.1) and PWM energy feedback rec-
tifier (see Fig. 65.2). The latter can feedback the train braking energy to the power
grid for energy saving, environmental protection, and saving also the power con-
sumption of air-conditioning in the lines greatly.

65.1.4 Braking Modes

The traditional air brake in the first-generation metro is difficult to meet the brake
requirement due to low control precision, large longitudinal braking impulses
between the vehicles, etc. Currently, the second-generation metro uses mostly
microcomputer-controlled analog direct electropneumatic braking system (ECP),
which can be divided into two types: wired type and wireless type [12]. The electric
brake is applied first in braking, and the air friction braking is applied then.

Fig. 65.1 Diode rectification

65 Development and Demonstration of Third-Generation Metro 669



65.1.5 Metro Dispatching

The dispatching system shall not only realize technically all kinds of traffic
scheduling and reliable processing of signals in whole railway network, but also
ensure that the dispatchers can complete the scheduling tasks in operation safely
and efficiently, and ensure the human interactive quality between the dispatchers
and systems, and the coordination quality based on the system equipment between
dispatchers and other operators. Each line of the metro system has its own network
and the central computer in the control center for unified command and hierarchical
control [13]. See Fig. 65.3.

65.1.6 Communication Mode

Metro wireless communication system consists of operating line wireless dis-
patching communication subsystem, depot train checkup wireless communication
subsystem (these two parts are collectively referred to as private networks), and
public mobile service wireless distribution system (referred to as the public net-
work). The wireless dispatching communication system for metro operating line
adopts TETRA 800 MHz digital trunking communication system [14].
Development of metro wireless communication system in China is divided into
three stages: exclusive channel, analog trunking, and digital trunking.

Fig. 65.2 Power feedback PWM rectification
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65.1.7 Signal

In the first-generation metro, the signal control usually adopts the track circuit
signal in general. Currently, the CBTC system has become an inevitable trend of
rail traffic signal system [15]. The key technology of CBTC application is two-way
wireless communication system, train positioning technology, train integrity test-
ing, etc. At present, the domestic manufacturers cannot provide an integrated
solution and cannot combine organically the various systems.

65.1.8 Metro Coaches

Localization of the metro coaches can reduce significantly the cost of metro con-
struction and operating expenses. After years of development and accumulation,
although the domestic coach manufacturers have certain production capacity and
technical foundation in metro coach production, the localization rate of electric
traction drive system is not up to 40 %, and the core metro traction system and its
control technology are basically provided by well-known foreign companies from
Europe or Japan or the joint ventures in China [16].

Fig. 65.3 Metro scheduling hierarchical control network
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65.1.9 Safety Assessment

The foreign institutions mainly study the laws and regulations, standards and
component systems and others relevant to metro operation safety assessment, while
the domestic institutions conduct safety risk assessment mainly on urban rail transit
lines, local systems, and subsystems, but relatively less on the safety assessment on
entire urban rail transit operation, and no referable results obtained. Operational
safety assessment method is relatively simple, with lack of practical and compre-
hensive evaluation method. Reference [17] tries to study the operation safety
evaluation theory and method on the urban rail transit system.

65.2 Status Quo and the Urgent Needs of Metro
Technology

The priority of China’s urban transportation is to build comprehensive transporta-
tion system of city, and choosing a reasonable dominant means of transport is
especially important. The traffic vehicles shall meet the requirement of the tech-
nical development level, and consider the following factors, such as urban
development, travel needs of residents, urban scale, morphology, and spatial
structure and population distribution [18].

The corresponding and targeted technology shall be improved to overcome the
shortcoming of the metro signal technology used currently used. The continuous
increasing demand of modern metro traffic requires our current metro signal system
to be updated and improved continually. Currently, the metro train signaling system
is mainly used in automatic control system, automatic protection system, automatic
operation system, automatic information processing system, metro automatic train
operation system, etc. Currently, the new metro train control system has begun to use
automatic train control technology, and the traditional fixed-block signaling tech-
nology is replaced gradually by the existing digital track circuit quasi-moving-block
system. The advanced digital track circuit can overcome the shortcomings of tra-
ditional signal systems and improve the driving stability of metro train [19–21].

Signaling system and signaling system, signaling system and communication
system, and information systems are regrouped and integrated rapidly. Digitized,
networked, intelligentized, and integrated systems become the developing trend of
whole railway communication signal system. Network technology, especially
signal-dedicated fiber-optic network and mobile wireless communications, plays
the prominent roles. With the development of modern railway, railway signal and
communication technology has undergone major changes. The integrated station,
wayside and train controls, merged communication signal technologies, and the
dispatching automation technology break through the traditional technology con-
cepts, which have single function, decentralized control, and relatively independent
communication signals. The integrated systems promote the railway
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communication signal technology to be developed in the direction of digitization,
intellectualization, networking, and integration, as well as the direction of business
integrated service management. Communication signal integration is an important
development trend of modern railway signal systems. The overall system config-
uration of integrated signal communication system plays fully the role of the overall
efficiency of integrated communication signal system, becoming the comprehensive
automation system composed of travel control, dispatch control, information
management, and equipment monitoring. The overall technical level should reach
the world advanced level.

Therefore, the first-generation and second-generation metro technology cannot
meet the demands of the metros at the present stage. The metro technology needs a
breakthrough in intellectualization, informatization, efficiency, comfortability, and
energy saving.

The current urban metro and rail transit system has the following problems:
gradually expanded city scale, overburden transport facilities existing for decades of
years; accelerated growth of motor vehicles resulting in insufficient road capacity;
unreasonable traffic network leading to low traffic management level; public
transportation shrinking and irrational trip structure; generally late start of rail
transit in China; imperfection of urban rail transit overall system functions; lack of
coordination between construction scheduling of some lines and urban develop-
ment; and lack of innovative mechanisms on the investment and financing of rail
transit.

65.3 Technical Characteristics of the Third-Generation
Metro

1. Vehicle: The traction system uses IGBT variable voltage variable frequency
(VVVF). Auxiliary power system uses the static inverter with IGBT power
switching element. Braking system adopts analog brake unit. The vehicle
running gear adopts bolster-free bogie, welded steel understructure, and two
suspension systems, i.e., the first integrated rubber-metal spring and secondary
air spring. The stainless steel body is free of painting. The vehicle style and
interior trim are designed jointly by Chinese and foreign companies. The
vehicle is equipped with complete service facilities.

2. Power supply: 10-kV system still uses dual power supplies, and the power
liaison nodes are added between the stations. 750-kV system uses the equiv-
alent 24-pulse low maintenance traction transformer, which can realize the
large bilateral power supply in fault conditions. Power monitoring system uses
CCTV video and disk array database technology, Gigabit Ethernet and station
LAN reliable network technology, UNIX system, and multimedia technology,
so that the whole power supply system realizes automation, intellectualization,
and informatization.
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3. Communication: Including transportation, public telephone, dedicated tele-
phone, wireless communication, CCTV, and broadcast and power systems, the
advanced and reliable technology and equipment are used in the system. The
entire system has multiple functions and realizes the integration of subsystem
equipment, to meet the integrated voice, text, data, and video requirement. The
system has self-diagnostic function and high-degree automation. Commercial
comprehensive information platform covers also mobile communications and
television signals.

4. Signal: Signal facilities are improved locally, and signaling system is updated
as a whole. Complete urban mass intelligent transportation system (UMITS)
will include intelligentized transport management systems, intelligentized
passenger service systems, intelligentized vehicles, intelligentized fixed facili-
ties, and intelligentized security systems. Two aspects urgently explored at
present are intelligentized traffic control and scheduling system and intelli-
gentized integrated monitoring and control system.

5. Risk prevention and environmental control: The stations are fitted with exhaust
duct and smoke screen. Station buildings are fitted with exhaust fan and exhaust
duct. The appropriate exhaust smoke control modes are developed according to
different smoke exhaust areas and sections within stations and in wayside. The
smoke controls are included in the disaster prevention alarm system, realizing
automatic linkage control mode after alarm. The stations are added with
automatic fire alarm system, gas fire extinguishing system and active evacua-
tion lights, air-conditioning, and cold air circulation system. Newly added
monitoring system realizes the automatic centralized monitoring and manage-
ment on whole system equipment.

6. Track line: Seamless rails are used. The average length of the rail is up to
1200 m. The vibration is reduced, and track structure is more stable. The rail
fasteners are DTV elastic separate fasteners, featured with good elasticity, big,
and uniform pressure, improving the strength and stability of the track structure
with easy installation and maintenance performance, thus reducing the main-
tenance work. In order to ensure safe and reliable line, and improve service
quality and efficiency, large truck maintenance vehicles and track inspection
vehicles and crack detection vehicles are introduced.

7. Automatic ticketing and fare collection system: The whole line is equipped with
automatic ticketing system and fare collection system, which realizes automatic
fare collection, automatic ticketing, and semiautomatic ticketing. Metered fare
system is used. One-ticket-for-all metro networks and one-IC-card-for-all
municipal transport networks are adopted for the convenience of passengers. In
order to solve the problem of insufficient station hall area, we adopt the fol-
lowing methods: dismantling some administration buildings, moving stairs and
adding boards, adding newly the ground or underground hall, etc., to recon-
struct the station buildings.

8. Passenger information system (PIS) can display the specified information to the
designated groups at a specified time. In PIS system, the text, audio, and video
and other multimedia forms are displayed on the screen, touch kiosk, Web site,
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mobile terminals and other platforms in the train, station hall, platform, exit and
entrance, station square, and other locations, to realize the safety of passengers
and easy ride mass transit for passengers and staff [22–26].

9. Comprehensive station renovation: According to the principle of “original
structure is restored as it was,” the station ground, walls, columns, and ceilings
are completely renovated. The station toilets and disabled facilities are updated
and improved. A disabled vertical transportation facility—lifting car—is
installed. The guide designation system and advertising are updated as well.
The automatic ticket machines, self-service banking, slot machines, information
desk, etc., will be installed and are integrated into the station service center.

10. Command center: The train operation monitoring, power monitoring, envi-
ronmental and equipment monitoring, fire alarm monitoring system, and CCTV
images of each line are concentrated in the same command office, to realize
centralized comprehensive dispatching and control for the networked transport
and improvement of efficiency [27].

The innovation of the third-generation urban rail transit at the technical level
should be reflected mainly in the following points [28]:

1. Technology of platform shield door. The platform shield door system can reduce
the load of the station cooling system. The air-conditioning energy consumption
of the environmental control system can be greatly reduced. The air quality in
the station and the comfort level of passenger waiting at the station are improved
greatly. The tunnels at wayside and stations are separated in two forms: The first
is the jet stream wind or wind screen, and the other is the solid barrier. The solid
barrier is developed into platform screen door system (PSDS) [29], divided
mainly into open and fully enclosed types, which shall be selected according to
the local climatic condition and the functions needed.

2. Rigid catenary power supply. This rigid catenary power supply is featured with
simple structure, reliable and secured, less space occupied, and good stress
condition. Compared to conventional flexible catenary, the cost of rigid one is
15 % lower. The actual cost of localized parts, compared with the similar rigid
catenary imported, is another 60 % lower. Equipment cost and numbers of
maintenance personnel for annual maintenance are significantly reduced.

3. New technology of central cooling system. The successful application of cen-
tralized cooling technology can effectively solve the problems that the cooling
facility layout is difficult at station and the impact on the area surrounding the
metro station is profound, as well as the technical problems on long-distance and
high-efficiency transportation of chilled water, etc. The area of the station
environment control room, the size of the station, the costs of civil construction,
and energy consumption are reduced.

4. Modular production of vehicles. The vehicle is featured with modular body,
optimized structure, attractive appearance, and easy maintenance, fully con-
sidering the noise and noise isolation measures of each part. New bogies used in
the vehicle can improve stressing condition, strength, and safety. The vehicle
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control and monitoring adopt bus bar mode, featured with large capacity and
convenient transmission and control.

5. New tunnel shield construction technology in complex strata. Shield technology
has been successfully applied. The tunnel joint waterproofing structure adopts
imported EPDM elastomeric water seal with superior performance. New shield
tail grout mixture ratio is developed. The successful application of shield tail
bonding material synchronous grouting technology can improve the quality of
the metro tunnel constructed with the shield technology in complex strata.

6. Non-contact full-IC card technology. Non-contact full-IC card technology has
been successfully applied in the automatic ticketing system and automatic fare
collection system. The passengers can board different metro lines without
checking the tickets, realizing the purpose of fast passenger transport and
evacuation. The operational costs are significantly reduced.

7. Magnetic suspension control core technology. The localization of key equip-
ment, good application of suspension control technology, large power linear
traction technology, operation control technology, vehicle integration technol-
ogy, F rail rolling technology and bridge deformation control technology and
other core technologies contribute to the engineering and industrial development
of our medium- and low-speed maglev transportation.

8. Technology innovation in the underground construction in soft soil layer. 65-m
super-deep diaphragm wall and freezing method and super rotary jet pile
technology can enhance the super-deep pit excavation construction technology
and resolve well the close-range propulsion problem of the shield of the side
station, conductive to speeding up the construction schedule and saving
underground space.

9. CBTC signal control system. Quasi-moving-block and fixed-block signal con-
trol system can meet the requirement of urban rail train control signal system at
present. We can grasp fully the core technology only through the independent
innovation of rail transit system.

65.4 Conclusion

This article introduces third-generation metro technology. The first-generation and
second-generation metro technology cannot meet the demands of the metros at the
present stage. The metro technology needs a breakthrough in intellectualization,
informatization, efficiency, comfortability, and energy saving, so the third-generation
metro will be developed in the future under continual market promotion. At last, this
article introduces the characteristics of the third-generation metro.
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Chapter 66
Research on a Synchronous
Optimal PWM Control of Induction
Motor for High-Speed Train

Jianghua Feng, Jing Shang, Yong Liu and Wenqing Mei

Abstract The power of inverter used for high-speed train traction is very high, so
its switching frequency must be reduced to decrease the power loss, but the har-
monic of pulse width modulation (PWM) will be large because of the low switching
frequency. In order to resolve this problem, a synchronous optimal PWM tech-
nology based on flux tracking control is presented in this paper. The switching
angles of three phases are got off-line according to the principle that the total current
harmonic of motor is minimum. The trajectory of stator flux is regular polygon. As
the system is in working state, the flux threshold of special position is calculated in
real time, and the output of inverter is got by comparing the stator flux estimated
with the flux threshold, so the synchronous optimal modulation based on flux
tracking control is realized. The simulation and experiment show that the method
presented is feasible and right.

Keywords High-speed train � Induction motor � Low switching frequency �
Synchronous optimal PWM

66.1 Introduction

The higher requirements on running speed in high-speed train poses greater chal-
lenges for the output power of the traction system. By adopting power semicon-
ductor device with higher capacity, however, greater loss may result consequently.
In order to improve the efficiency of traction system, the switching frequency of
inverter must be lower. Therefore, the switching frequency of inverter used in
high-speed train is pretty low, usually less than 500 Hz [1–4]. Asynchronous
modulation may be adopted when the output frequency is low. However, with the
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increase of output frequency of inverter, carrier ratio will decrease drastically,
leading to severe asymmetry of output waveform, increase of current harmonics,
torque ripple of motor output, and temperature rise. As a result, synchronous
modulation must be adopted in high speed [5, 6]. Nowadays, synchronous modu-
lation based on SVPWM is generally used, but the problem of high-current har-
monics still not be well resolved in the condition that the switching frequency is too
low [7–12]. Therefore, a synchronous optimal pulse width modulation
(PWM) technology is proposed in this paper to improve the control performance of
high-power electric drive system.

In this paper, a two-level inverter and induction motor for high-speed train are
studied and a novel synchronous optimal modulation control strategy is proposed.
The switching angles of three phases are got off-line according to the principle that
the total current harmonic of motor is minimum. The trajectory of stator flux is
regular polygon. While the system is in working state, the flux threshold of some
special position is calculated and the output of inverter is got by comparing the
stator flux estimated with the flux threshold. The simulation and experiment show
that the method presented works well.

66.2 Equivalent Circuit of Induction Motor

Nowadays, the AC–DC–AC inverter and induction motor are widely used in rail-
way transportation. Indirect stator-quantities control (ISC) is used for low-speed
region and direct self control (DSC) for high-speed region. Γ-type equivalent circuit
diagram for induction motor is shown in Fig. 66.1 and its basic mathematic mode is
expressed as Eqs. (66.1)–(66.4):

us ¼ Rsis þ dwl=dt ð66:1Þ

0 ¼ Rrir � dwr=dtþ jxwr ð66:2Þ

Fig. 66.1 Γ-type equivalent
circuit diagram for induction
motor
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wr ¼ wl � Lrir ð66:3Þ

T ¼ 3p
2
ðwlaisb � wlbisaÞ ð66:4Þ

where Rs;Rr;wl;wr; is; ir are stator and rotor resistance, flux, current, respectively.
In the low-speed region, ISC is adopted with SVPWM for pulse modulation. The

switching period is defined as TP, and the trajectory of stator flux wlðkÞ in the “kth”
switching period is shown in Fig. 66.2. u1 and u2 are the two nonzero effective
voltage vectors of SVPWM in this sector. Flux changes from wlðk�1Þ to wlðkÞ, and
the difference of angle between them is DhðkÞ, the difference of amplitude is kwðkÞ.
So wlðkÞ can be expressed as follows:

wlðkÞ ¼ ð1þ kwðkÞÞwlðk�1Þe
jDhðkÞ ð66:5Þ

Therefore, the change of stator flux during a switching period is

DwlðkÞ ¼ wlðkÞ � wlðk�1Þ ¼ 1þ kwðkÞ
� �

e jDhðkÞ � 1
� �

wlðk�1Þ ð66:6Þ

So the output stator voltage of the inverter can be got by

usðkÞ ¼
DwlðkÞ
Tp

þ isðkÞ � Rs ð66:7Þ

Flow of ISC is shown in Fig. 66.3. The slip-reference xr ref and slip-feedback
xr can be obtained by calculating the torque reference and feedback, respectively.
DhðkÞ consists of two parts: static DhsðkÞ and dynamic component DhDðkÞ, among
which DhsðkÞ can be predicted through the stator frequency of the prior switching
period, that is, DhsðkÞ ¼ xsðkÞ � Tp;DhDðkÞ can be obtained through the slip regu-
lated by a PI regulator. Stator flux amplitude variable can be obtained through the

Fig. 66.2 Trajectory of stator
flux in one switching period

66 Research on a Synchronous Optimal PWM … 681



amplitude of given flux and real flux after being regulated by a P regulator. Finally,
the required stator voltage can be calculated according to the Eqs. (66.6) and (66.7).

66.3 Research on Synchronous PWM

66.3.1 Synchronous PWM Based on SVPWM

Synchronous modulation based on SVPWM is used widely in industrial field
currently. Different number of pulse modulation may be obtained through different
sampling position and switching sequence. For example, to realize 9-pulse syn-
chronous modulation, select three positions (10°, 30°, and 50°) at the first sector as
the sampling point of reference vector, and the pulse transition sequence at each
point in one period is as follows [13, 14]:

10
�
: U0ð000Þ ! U1ð100Þ ! U2ð110Þ ! U7ð111Þ

30
�
: U7ð111Þ ! U2ð110Þ ! U1ð100Þ ! U0ð000Þ

50
�
: U0ð000Þ ! U1ð100Þ ! U2ð110Þ ! U7ð111Þ

Due to the requirements of high power and low switching frequency (usually
less than 500 Hz, or even lower than 200 Hz with GTO) in railway traction,
SVPWM-based synchronous modulation will still lead to high-current harmonic
and torque ripple while the switching frequency dropping drastically. Meanwhile,
the traction motors need to operate in one-pulse mode, but the maximum linear
modulation index of SVPWM is 0.907. Consequently, over-modulation will be
unavoidably adopted, and the nonlinearity of which will result in increase of
low-order harmonic content. Then, it will adversely affect the control performance
and may cause shock while entering one-pulse modulation condition.
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66.3.2 Synchronous Optimal PWM Based on Total Current
Harmonic Minimum

To overcome the shortages of SVPWM-based synchronous modulation, a syn-
chronous optimal PWM by making total current harmonic of motor minimum is
used in this paper. Basic structure for two-level inverter is shown in Fig. 66.4, in
which, induction motor is equivalent to R-L load.

Output of PWM for A-phase is shown in Fig. 66.5. Turn-on/turnoff the inverter
at a1; a2; . . .; am (which is defined as switching angle) in section 0� p=2; and the
“m” switching angle should meet the following requirement in Eq. (66.8).

0� a1 � a2 � a3 � � � � � am � p=2 ð66:8Þ

The output waveform of three-phase voltage PWM should maintain three-phase
symmetry, half-wave symmetry, and quarter-wave symmetry in application. So, the
switching angles that corresponding to A-phase in sector p=2� p are
p� am; . . .; p� a2; p� a1, and so on. Thus, switching angle of B-phase is 120°
clockwise moving of that of A-phase and C-phase is 240°. Through analysis, we

N ′

1V

2V

5V

4V

2
du

3V

6V
2
du

1VD

2VD

3VD 5VD

4VD 6VD

R L

L

L

R

RA B C

Fig. 66.4 Basic structure for two-level inverter
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know that if there are “m” switching angles in sector 0� p=2, the pulse number will
be 2mþ 1. Therefore, 3 switching angles are needed in 0� p=2 for 7-pulse syn-
chronous modulation.

The voltage can be expressed by its Fourier Series as follows:

f ðxtÞ ¼
X1
n¼1

an sinðnxtÞþ bn cosðnxtÞ½ � ð66:9Þ

Because the output voltage maintains half-wave and quarter-wave symmetry, so
the cosine-component, DC component, and even-order sinusoid-component in
Fourier series are zero. The voltage is normalized by 4Ud=p, so the voltage can be
expressed as follows:

uk ¼ 1
k
1� 2 cosðk � a1Þþ 2 cosðk � a2Þ � � � � þ ð�1Þm2 cosðk � amÞ½ � ð66:10Þ

The orders of harmonic in motor are mainly k ¼ 6q	 1. Three-phase motor can
be simplified as R-L load for calculation and total harmonic loss of motor P can be
expressed as follows:

P ¼
X

k¼5;7;11;...

u2k
1þðkWÞ2 ð66:11Þ

where W ¼ x1L=R.
So the switching angles can be got according to the principle that the total

harmonic loss of motor is minimum. And the switching angles a1; a2; . . .; am are
stored in MCU as a table. In the working state, the switching angles are got by
looking up table according to the modulation index. Through analysis, we know
that for any type of pulse number NðN 6¼ 1Þ, there will be several types of
switching angle. Phase voltage 0–90° for all types of 9-pulse synchronous optimal
modulation is shown in Fig. 66.6.

66.3.3 Synchronous Optimal Modulation Based on Flux
Tracking Control

The optimal switching angles are calculated under off-line in the steady-state
condition. The modulation mode is decided according to the amplitude of voltage
reference, the output of inverter (high/low) is decided by comparing the angle of
voltage with the switching angles, and it is suitable for open-loop control mode.
While in closed-loop control, variation of system working condition and noise will
lead to variation of modulation index; thus, instantaneous variation of pulse
modulation may occur, resulting in dynamic modulation error, or even over-current.
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If the pulse modulation mode is fixed, reference voltage vector will move along
circular trajectory. The inverter will output optimized voltage pulse and generate
optimized current waveform in motor winding. Stator current is in one period can be
expressed as the sum of fundamental current ib and harmonic current ih, that is:

is ¼ ib þ ih ð66:12Þ

Fundamental current of motor basically keeps constant under quasi-steady state.
Through analysis, we know that harmonic current ih will change according to
modulation index a and pulse number N. In the working condition, with the change
of a or N, the inverter will change to a new optimized pulse mode. Presume that
system output pulse mode is Pða1;N1Þ at t1, the trajectory of stator current in one
period is is1 and the output pulse mode changes to Pða2;N2Þ at t2 due to operation
condition variation, the corresponding stator current trajectory will be is2 � ih1 and
ih2 under two pulse modulation modes are different, and correspondingly,
steady-state currents is1 and is2 should be different. But in real operation condition,
the change of stator current will not occur suddenly, so the dynamic modulation
error De is as follows:

De ¼ is2ðtþ2 Þ � is1ðt�2 Þ ¼ ih2ðtþ2 Þ � ih1ðt�2 Þ ð66:13Þ

Dynamic modulation error De will lead to a sudden change of motor current,
especially when the reference voltage vector changes constantly, causing increase
of current impulse and even over-current of motor.

The relationship between harmonic current and harmonic voltage can be
obtained through equivalent circuit of induction motor as follows:

(a) (b) (c)

(d) (e)

Fig. 66.6 Phase voltage for all type of 9-pulse synchronous modulation
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ih ¼ 1
Lr

Z
uhdt ð66:14Þ

Thus, the dynamic modulation error can be expressed as follows:

De ¼ 1
Lr

Z
ðuh2 � uh1Þdt ð66:15Þ

And harmonic flux wh can be expressed as follows:

wh ¼
Z

uhdt ¼ Lr � ih ð66:16Þ

By analyzing Eqs. (66.14) and (66.16), we know that the trajectory of harmonic
flux wh is the same as harmonic current ih, so the dynamic modulation error De can
also be expressed as follows:

De ¼ wh2 � wh1 ¼ ðwb þwh2Þ � ðwb þwh1Þ ¼ ws2 � ws1 ð66:17Þ

So the dynamic modulation error De can be expressed as the error between
optimized stator flux trajectory and real feedback stator flux trajectory. The system
stability can be ensured by eliminating De quickly. Based on the above analysis, a
novel synchronous optimal modulation based on flux trajectory tracking control is
proposed in this paper. The 5 types of stator flux trajectory of 9-pulse synchronous
optimal modulation are shown in Fig. 66.7.

) ) )6(

)( )(

cornerA − cornerB −(18

cornerD −42 cornerE −54

cornerC −30(

Fig. 66.7 Stator flux of 9-pulse synchronous modulation
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66.4 Controller Design Based on Synchronous Optimal
PWM

Synchronous modulation is based on the stator flux tracking control, so the flux
trajectory should be determined and the threshold value of special position should
be calculated. Taking the 18-corner stator flux in 9-pulse synchronous modulation
as an example (shown in Fig. 66.8), how to calculate the flux threshold value is
illustrated in detail (the same for the other pulse modes). The red dot on each long
line (S2) represents the flux stopped here; that is, output vector of inverter at this
position is “zero.” Coordinate system ba, bb and bc in DSC is used for closed-loop
control. Stator flux trajectory in 0–90° is projected to ba-axis as shown in Fig. 66.9.

Set wb1 �wb5 to be the projection value of the flux of the 5 special positions
(Fig. 66.8) on wba. According to trigonometric function, the equation for each
threshold value can be deducted:

wb5 ¼ c� pffiffiffi
3

p ��p=3þ a2 � a3 þ a4
a

ð66:18Þ

wb1 ¼ wb5 �
�p=3þ a2

�2p=3þ 2a2 � 2a3 þ 2a4
ð66:19Þ

wb2 ¼ wb5 �
1
2

ð66:20Þ

aβψ

bβψ cβψ

5βψ

1βψ
2βψ
3βψ
4βψ

1t

2t

3t

Fig. 66.8 Trajectory of stator
flux for one type of 9-pulse
synchronous modulation
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wb3 ¼ wb5 1� �p=3þ a2
�2p=3þ 2a2 � 2a3 þ 2a4

� �
ð66:21Þ

wb4 ¼ wb5 1� a1
�2p=3þ 2a2 � 2a3 þ 2a4

� �
ð66:22Þ

The duration time for zero on each long line is as follows:

t1 ¼ t3 ¼ a3 � a2
xs

ð66:23Þ

t2 ¼ p� 2a4
xs

ð66:24Þ

Control diagram for synchronous modulation based on the stator flux trajectory
tracking control is shown in Fig. 66.10. Command slip xr ref can be obtained
according to command torque T
. Theoretically, stator frequency xs is the sum of
xr ref and the rotor speed of motor (multiplying the pole pairs) feedback by
encoder. Meanwhile, torque command T
 and the feedback Tf observed by motor
model will be regulated by PI regulator and the dynamic frequency xd can be
obtained. And the required modulation index a can be obtained according to xs and
motor characteristics. xd will also be regulated by a PI controller at the same time,
then flux command regulating coefficient Kr can be obtained. By multiplying Kr

and c (given value of flux) can obtain a new given value of flux w, which can
improve the fast response of system to torque.

The switching angles can be got according to modulation index a, then flux
threshold value and “zero” vector duration time can be calculated according to
Eqs. (66.18)–(66.24). The wba;wbb;wbc (select different project value as the

5β

1βψ

2βψ

3βψ

4βψ

ψ

6/π 3/π 2/π
Phase-A

Phase-B

Phase-C

1
0
1
0

0
1

Fig. 66.9 Projection of stator
flux in ba-axis
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feedback of flux tracking control on each line of stator flux trajectory) can be
obtained by projecting the feedback value of stator flux to ba, bb, and bc. As shown
in Fig. 66.8, wba is used as the flux feedback value in S2-section, and while it
reaches threshold value wb1, “zero” (“000”) vector starts to output. At the same
time, the timer starts timing until the duration time of “zero” vector equals to t1 and
the inverter restart to output effective vector “010” and so on. After the wba reaches
the threshold value wb4, the inverter starts to output effective vector “011” and
stator flux trajectory moves along S3 (S3 section takes wbb as flux feedback value.)

66.5 Simulation Results

The simulation is done with MATLAB2009. The switching frequency is set to be
350 Hz, DC-link voltage is 3000 V, and parameters of induction motor are P = 2,
Pn = 246 kW, fn = 82 Hz, Rs ¼ 0:362 X, Rr ¼ 0:181 X, L1r = 2.4 mH,
L2r = 3.2 mH, and Lm = 94.7 mH. The control system runs in ISC mode in low
speed, then in DSC mode, and in synchronous modulation mode. During the
operation, the maximum output power of motor will be limited according to
envelop curve of motor characteristic. The trajectory of stator flux in the full speed
is shown in Fig. 66.11. Simulation result for torque and current is shown in
Fig. 66.12.

Figure 66.12 shows from 1.5 to 6 s, during which, motor speed rises from 1500
to 3300 r/min and output frequency is from 51 to 111 Hz. Due to the maximum
power limit, output torque will drop in hyperbolic curve with speed rise. The result
shows that the system works well, there is no sudden current change when the
system works from one mode to another.
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Fig. 66.10 Flow of synchronous modulation control
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66.6 Experiment Results

The experiment is carried out on a type of EMUs. The switching frequency of
inverter is 350 Hz and parameters of main circuit are as follows: 6500 V IGBT is
used, DC-link voltage is 3000 V, DC-link capacitor is 3 mF and line reactor is
17 mH, the parameter of induction motor is the same as that used in simulation, and
four motors are driven by an inverter.

Figure 66.13 shows the phase current when the system operates from ISC to
DSC. Figure 66.14 shows the phase current when the system operates from DSC
mode to 5-pulse synchronous mode. Figure 66.15 shows that from 5-pulse to
3-pulse synchronous mode and Fig. 66.16 shows that from 3-pulse synchronous
mode to 1-pulse mode. Experiment result shows that no sudden change of current
occurred and the system operates well in mode transition and steady-state operation.

Fig. 66.12 Simulation result for torque and current

5-SynchronousDSCISC 3-Synchronous 1-pulse

Fig. 66.11 The transition of stator flux
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Fig. 66.13 Current of motor during the transition from ISC to DSC

Fig. 66.14 Current of motor during the transition from DSC to 5-pulse synchronous control mode
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Fig. 66.15 Current of motor during the transition from 5-pulse to 3-pulse synchronous control
mode

Fig. 66.16 Current of motor during the transition from 3-pulse to 1-pulse synchronous control
mode
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66.7 Conclusions

A synchronous optimal PWM technology is used because of the low switching
frequency of inverter used in high-speed train, and flux tracking control is presented
in this paper to ensure stability in closed-loop control. Also, how to design the
controller is researched detailed. The method was tested by simulation and then on
a type of EMUs which switching frequency is 350 Hz. All of the simulation and
experiment results show that the system works well. Also, this control method is
used in one type of train whose maximal speed can achieve to 500 km/h and widely
used in metro traction motors, such as Shanghai Metro Line-1, Guangzhou Metro
Line-1, 2, and 8.
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Chapter 67
Estimation of Electric Drive Vehicle
Sideslip Angle Based on EKF

Guibing Yang, Chunguang Liu and Dingzhe Qin

Abstract The sideslip angle is the most crucial state variable in the stability control
system for vehicles, particularly in the electric drive vehicle field. But recently,
there is no other way that could obtain the sideslip angle directly with low cost. Due
to the characteristic of strongly nonlinear vehicle system, this paper discusses how
to evaluate the sideslip angle with the extended Kalman filter (EKF) algorithm and
build both double-track kinematics model and tire model, and then, we proposed
the conception of nonlinear state space description and analyzed the result with a
simulation method ultimately.

Keywords Electric drive � EKF � Sideslip angle � Vehicle dynamics

67.1 Introduction

Recently, most of researchers focus on the study of vehicle state and parameter
estimation, and clearly, the accuracy of state and parameter estimation affects the
control performance of vehicle control system.

The sideslip angle is the most crucial state variable in the stability control system
for vehicles. At present, there are two kinds of method for achieving the sideslip
angle [1–4]: The first one depends on the GPS sensor signal for detection, and the
other one employs estimated method which adopts the principle of kinematics and
the kinetic. The former is not suitable for general usage because of high cost;
therefore, the latter becomes the majority of the recent studies.
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Taking eight-wheel independent drive vehicle as research object, this paper
develops a double-track kinematics model, makes real-time estimation for sideslip
angle by using EKF algorithm, and then verifies the estimated result with real-time
simulation method.

67.2 Modeling of Dynamics

67.2.1 Vehicle Dynamics Model

Assuming that the longitudinal speed makes no changes on the moment of vehicle
turning, without taking into consideration longitudinal acceleration and decelera-
tion, we can develop a double-track kinematics model, which contains transverse
movement and yawing motion, as shown in Fig. 67.1.

Double-track kinematics model of vehicle with 2 DOF is expressed as follows:

ay ¼ 1
m
ðFy11 cos d11 þFx11 sin d11 þFy12 cos d12 þFx12 sin d12 þFy21 cos d21

þFx21 sin d21 þFy22 cos d22 þFx22 sin d22 þFy31 þFy32 þFy41 þFy42Þ
ð67:1Þ

ax ¼ 1
m
ð�Fy11 sin d11 þFx11 cos d11 � Fy12 sin d2 þFx12 cos d12 � Fy21 sin d21

þFx21 cos d21 � Fy22 sin d22 þFx22 sin d22 þFx31 þFx32 þFx41 þFx42Þ
ð67:2Þ

Fig. 67.1 Double-track
kinematics model of vehicle
with 2 DOF
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_c ¼ 1
Iz
½aðFy11 cos d11 þFx11 sin d11 þFy12 cos d12 þFx12 sin d12Þþ bðFy21 cos d21

þFx21 sin d21 þFy22 cos d22 þFx22 sin d22Þ � cðFy31 þFy32Þ � dðFy41 þFy42Þ
þ l

2
ðFx12 cos d12 þFx22 cos d22 þFx32 þFx42 � Fx11 cos d11 � Fx21 cos d21

� Fx31 � Fx41Þ�
ð67:3Þ

_b ¼ 1
mV

½Fy11 cosðb� d11ÞþFy12 cosðb� d12ÞþFy21 cosðb� d21Þ
þFy22 cosðb� d22Þ � Fx11 sinðb� d11Þ � Fx12 sinðb� d12Þ
� Fx21 sinðb� d21Þ � Fx22 sinðb� d22Þþ ðFy31 þFy32 þFy41 þFy42Þ
cos b� ðFx31 þFx32 þFx41 þFx42Þ sin b� � c

ð67:4Þ

_V ¼ 1
m
½Fy11 sinðb� d11ÞþFy12 sinðb� d12ÞþFy21 sinðb� d21Þ

þFy22 sinðb� d22ÞþFx11 cosðb� d11ÞþFx12 cosðb� d12Þ
þFx21 cosðb� d21ÞþFx22 cosðb� d22Þþ ðFy31 þFy32 þFy41 þFy42Þ sin b
þðFx31 þFx32 þFx41 þFx42Þ cos b�

ð67:5Þ

where Fxij is the tire longitudinal forces, Fyij is the lateral tire forces, m is the vehicle
mass, and Iz is the yaw moment of inertia. The forward velocity V, steering angle
dij, yaw rate γ, and the vehicle slip angle β are then used to calculate the tire slip
angles aij, where

a1 ¼ d1 � ðbþ ac=VxÞ
a2 ¼ d2 � ðbþ ac=VxÞ
a3 ¼ d3 � ðbþ bc=VxÞ
a4 ¼ d4 � ðbþ bc=VxÞ
a5 ¼ a6 ¼ �bþ cc=Vx

a7 ¼ a8 ¼ �bþ dc=Vx

8>>>>>><
>>>>>>:

ð67:6Þ

67.2.2 Tire Model

The Dugoff tire model is chosen for our study. It is expressed as follows:
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Fyij ¼ �Caij tan aijf ðkÞ

f ðkÞ ¼ ð2� kÞk; if k\1
1; if k� 1

�

k ¼ lmaxFzij

2Caij tan aijj j

8>>>>><
>>>>>:

ð67:7Þ

The model describes a tire model with the characteristic of nonlinear lateral force
[5] and applies less parameter, where Caij is the lateral stiffness and Fzij is the
normal load on the tire.

When the vehicle sideslip angle changes, a lateral tire force is created with a time
lag. This transient behavior of tires can be formulated using a relaxation length δ
[6], and the dynamic lateral forces can be written as follows:

_Fyij ¼ V
dij

ð�Fyij þ �FyijÞ ð67:8Þ

where �Fyij is calculated from the quasi-static Dugoff tire model.

67.3 Stochastic State Space Representation

The nonlinear stochastic state space representation of the system described in the
previous section is given as follows:

_XðtÞ ¼ f ðXðtÞ;UðtÞÞþwðtÞ
YðtÞ ¼ hðXðtÞ;UðtÞÞþ vðtÞ

�
ð67:9Þ

The input vector U comprises the steering angle and the normal forces

U ¼ ½d11; d12; d21; d22;Fz11;Fz12; . . .;Fz42�T
¼ ½u1; u2; u3; u4; u5; u6; . . .; u12�T

ð67:10Þ

The measure vector Y comprises yaw rate, vehicle velocity, and longitudinal and
lateral accelerations

Y ¼ ½c;V ; ax; ay�T ¼ ½y1; y2; y3; y4�T ð67:11Þ

The state vector X comprises yaw rate, vehicle velocity, sideslip angle at the
COG, lateral forces, and longitudinal tire forces.
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X ¼ ½c;V ; b;Fy11;Fy12; . . .;Fy42;Fx11;Fx12; . . .;Fx42�T

¼ ½x1; x2; x3; x4; x5; . . .; x12; x13; . . .; x19�T
ð67:12Þ

The process and measurement noise vectors ω and v, respectively, are assumed
to be white, zero mean, and uncorrelated.

The particular nonlinear function f ð:Þ of the state equations is given by

f1 ¼ 1
Iz
½aðx4 cos l1 þ x12 sin l1 þ x5 cos d12l2 þ x13 sin l2Þ
þ bðx6 cos l3 þ x14 sin l3 þ x7 cos l4 þ x15 sin l4Þ
� cðx8 þ x9Þ � dðx10 þ x11Þþ l

2 ðx13 cos l2 þ x15 cos l4
þ x17 þ x19 � x12 cos l1 � x14 cos l3 � x16 � x18Þ�;

f2 ¼ 1
m ½x4 sinðx3 � l1Þþ x5 sinðx3 � l2Þþ x6 sinðx3 � l3Þ
þ x7 sinðx3 � l4Þþ x12 cosðx3 � l1Þþ x13 cosðx3 � l2Þ
þ x14 cosðx3 � l3Þþ x15 cosðx3 � l4Þþ ðx8 þ x9 þ x10 þ x11Þ
sin x3 þðx16 þ x17 þ x18 þ x19Þ cos x3�;

f3 ¼ 1
mx2

½x4 cosðx3 � l1Þþ x5 cosðx3 � l2Þþ x6 cosðx3 � l3Þ
þ x7 cosðx3 � l4Þþ x12 sinðx3 � l1Þþ x13 sinðx3 � l2Þ
þ x14 sinðx3 � l3Þþ x15 sinðx3 � l4Þþ ðx8 þ x9 þ x10 þ x11Þ
cos x3 þðx16 þ x17 þ x18 þ x19Þ sin x3� � x1;

f4 ¼ x2
r11

ð�x4 þ �Fy11ða11; l5ÞÞ;
f5 ¼ x2

r12
ð�x5 þ �Fy12ða12; l6ÞÞ;

. . .
f11 ¼ x2

r42
ð�x11 þ �Fy42ða42; l12ÞÞ;

f12 ¼ 0;
. . .

f19 ¼ 0

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð67:13Þ

The observation function hð:Þ is given by

h1 ¼ x1;
h2 ¼ x2;
h3 ¼ 1

m ð� x4 sin u1 þ x12 cos u1 � x5 sin u2 þ x13 cos u2
� x6 sin u3 þ x14 cos u3 � x7 sin u4 þ x15 sin u4
þ x16 þ x17 þ x18 þ x19Þ

h4 ¼ 1
m ðx4 cos u1 þ x12 sin u1 þ x5 cos u2 þ x13 sin u2
þ x6 cos u3 þ x14 sin u3 þ x7 cos u4 þ x15 sin u4
þ x8 þ x9 þ x10 þ x11Þ

8>>>>>>>>>><
>>>>>>>>>>:

ð67:14Þ
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67.4 EKF Algorithm

The first-order EKF is presented as follows.

(a) Initialization:
The initial state and the initial covariance are determined by

�X0 ¼ E½X0�;
p0 ¼ E½ðX0 � �X0ÞðX0 � �X0ÞT �

ð67:15Þ

(b) Time Update:
The prediction of the state is given by

�Xk k�1j ¼ f ð�Xk�1 k�1j ;UkÞ ð67:16Þ

The predicted covariance is computed as

Pk k�1j ¼ APk�1 k�1j AT þQ ð67:17Þ

(c) Measurement Update:
The filter gain is calculated by

Kk ¼ Pk k�1j HT ½HPk k�1j HT þR��1 ð67:18Þ

The state estimation is determined by

�Xk kj ¼ �Xk k�1j þKk½Yk � hð�Xk k�1j Þ� ð67:19Þ

The estimated covariance is

Pk kj ¼ ½I � KkH�Pk k�1j ð67:20Þ

Ak and Hk are the process and measurement Jacobians at step k of the non-
linear equations around the estimated states.

Ak ¼ @f ð�Xk�1 k�1j ;Uk ;0Þ
@X

Hk ¼ @hð�Xk k�1j ;0Þ
@X

(
ð67:21Þ
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67.5 Simulation

(a) High-speed hunting driving in good road condition
(b) Low-speed hunting driving in good road condition
(c) Hunting driving in low-friction road condition

In Figs. 67.2, 67.3 and 67.4, they show that the estimated value of sideslip angle
is basically in accordance with that of simulation under the three typical motions.
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67.6 Conclusion

This paper applies EKF filter algorithm for evaluating the sideslip angle of vehicles,
chooses Dugoff tire model which is based on the double-track kinematics model,
and then extends a nonlinear state space for the filter estimation. The simulation
result shows that the filter method using EFK would have better performance for
vehicle sideslip angle.
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Chapter 68
Analysis and Parameter Design of Passive
Damping LCLLC Filter

Lin Li, Yuanbo Guo and Xiaohua Zhang

Abstract The traditional LCL filter and its improvement topologies do not have an
acceptable harmonic attenuation characteristic in the different frequency bands of
active power filter output waveform. The paper presents a novel passive damping
output filter named LCLLC filter which combines the advantages of both LCL and
LLCL filter. The LCLLC filter inserts a small inductor and capacitor branch can
strongly eliminate the harmonic currents around switching frequency and at the same
time it improves the deficiency of LLCL filter in the high-frequency range. To
demonstrate the performance of the LCLLC filter, we also provided the comparative
analysis of the LCL and LLCL filter. Simulation in MATLAB/Simulink is presented
to verify the theoretical analysis.

Keywords Active power filter � LCL filter � Harmonic attenuation � LLCL filter �
LCLLC filter

68.1 Introduction

In the last decade, due to the growing development of modern industrial technology
a large number of nonlinear loads and power electronics devices have been
increasingly used to play different roles in the grid system. The active power filter is
an effective power quality compensation device to solve the grid harmonic pollution
problems. The main circuit of the APF is usually a voltage source converter
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(VSC) and the main modulation technology is pulse-width modulation (PWM), so
it is unavoidable that the output current of APF contains the switching-frequency
harmonic components. Therefore, a low-pass passive power filter is often inserted
between an APF and the grid to limit the excessive current harmonics [1–3].

The first-order L filter is often used as the grid interface filter to control
switching-frequency harmonic not to spread to the grid side. But it is bulky and
inefficient and also affect the dynamic characteristic. Currently, the most commonly
interface filter is the LCL filter [4]. Compared with L filter, the LCL filter is
significantly smaller and has lower cost. But the LCL filter exists a resonance peak
which will cause the closed-loop system to be unstable.

The LLCL filter is a new topology of high-order output filter which uses an
additional inductor in series with the capacitor of LCL filter, and it improves
harmonic attenuation at switching frequency [5, 6]. At the same time, the LLCL
filter will reduce the total inductance of the system. However, the attenuation rate of
the LLCL filter is −20 dB/decade at the high-frequency range; compared with the
LCL filter, it is not acceptable. Just like the LCL filter, the LLCL filter also has
stability problems by undesired resonance effects. Passive or active damping
method should be adopted for both of them. Compared with the active damping
method, the passive damping method is simple and reliable.

In this paper, on the basis of analysis of the LCL and LLCL filter, a passive
damping LCLLC filter for APF is presented. The LCLLC filter shows a
low-impedance characteristic at the switching frequency, and it improves the har-
monic attenuation rate in the high-frequency range. In the second section, the model
and principle of the LCL and LLCL filter is introduced. The third section of the
paper proposes the LCLLC filter and gives the passive damping method and its
parameter design. Finally, the APF model with the LCLLC filter is built and test in
MATLAB to verify the theoretical analysis.

68.2 The Characteristics of the LLCL Filter

Reference [5] presents a new type of high-order output filter named “LLCL filter”
with a LC series resonance branch. The topology of the LCL and LLCL filter is
shown in Fig. 68.1.

1L 2L

fC
fL

iu gu

1i 2i
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1L 2L

fC
iu gu

1i 2i

ci

Fig. 68.1 Single-phase schematic diagrams of the LCL filter and LLCL filter
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As shown in Fig. 68.1, ui is the output voltage of APF, and ug is the grid-side
voltage. The LC branch of LLCL filter provides a bypass channel for the
switching-frequency harmonic, so that the switching-frequency harmonic will not
be injected into the grid and reduced the harmonic current components of the output
compensation current. Assuming initially that the grid is an ideal voltage source, the
transfer function of the LLCL filter can be derived as

GðsÞjLLCL ¼ i2ðsÞ
uiðsÞ

����
ugðsÞ¼0

¼ Lf Cf s2 þ 1
Cf ðL1L2 þðL1 þ L2ÞLf Þsðs2 þx2

r Þ

ð68:1Þ

xr ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1L2

L1 þ L2
þ Lf

� �
Cf

r ð68:2Þ

ωr is the characteristic resonance frequency. The transfer function of the LCL
filter can be obtained if setting Lf to zero.

Within the frequency range which is lower than the characteristic resonance
frequency, the LLCL filter is equivalent to a L filter. Figure 68.2 shows the Bode
plots of transfer functions i1 sð Þ=ui sð Þ and i2 sð Þ=ui sð Þ in the case of LCL and LLCL
filter. It can be seen that:

1. When the total capacitance of the LCL and LLCL filter is equivalent, the
magnitude response and phase response characteristics are almost the same for
LCL and LLCL filter within half of the switching-frequency range.

2. Just like the LCL filter, the LLCL filter may trigger the resonance between the
inverter and the grid within a certain frequency range. So some active or passive
damping methods are necessary.

3. Compared with the LCL filter, the LLCL filter can strongly eliminate the har-
monic current around switching frequency because of the existence of LC
branch.
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4. Within the frequency range which is higher than the series resonance frequency,
the LLCL filter has a weaker harmonic attenuation which is −20 dB/decade
comparing with −60 dB/decade of the LCL filter.

68.3 The LCLLC Filter and Parameter Design

Within the different frequency range, the LCL and LLCL filters have their own
advantage and weakness. Referencing the capacitance division damping method of
the LCL filter, the capacitor of LLCL filter is divided into two parts to form a LCL
filter. Then, the paper presents a LCLLC filter which combines the advantage of
LCL filter with LLCL filter. The single-phase schematic diagram of the LCLLC
filter is shown in Fig. 68.3.

As shown in Fig. 68.3, the LCLLC filter consists of the LCL filter which in the
dashed box and the LC series resonance branch. The transfer function of the
grid-injected current versus the output voltage of the inverter can be derived as

GðsÞjLCLLC¼
i2ðsÞ
uiðsÞ

����
ugðsÞ¼0

¼ as2 þ 1
as5 þ bs3 þ cs

ð68:3Þ

where a ¼ L1L2Lf Cf Cd; b ¼ L1L2 Cd þCf
� �þCf Lf L1 þ L2ð Þ; c ¼ L1 þ L2;

a ¼ Cf Lf :
From Fig. 68.4, it is easy to know that the LCLLC filter maintains the excellent

harmonic attenuation at switching frequency of the LLCL filter, and at the same
time within the high-frequency range which higher than the switching frequency the
LCLLC filter shows a better performance than the LLCL filter. But the LCLLC
filter exists an extra resonant peak. Referencing the passive damping method of the
LCL filter, insert a series resistor in the C branch to attenuate the possible resonant
peak. Then, the transfer function of the LCLLC filter can be derived as

fL

1L 2L

fC

iu gu

1i 2i

dC

Fig. 68.3 Single-phase schematic diagram of the LCLLC filter
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GðsÞjLCLLC0 ¼ i2ðsÞ
uiðsÞ

����
ugðsÞ¼0

¼ as3 þ bs2 þ csþ 1
as5 þ bs4 þ cs3 þ ds2 þ es

ð68:4Þ

where a ¼ L1L2Lf Cf Cd; b ¼ L1L2 þ L1 þ L2ð ÞLf
� �

RdCdCf ; c ¼ L1L2 Cd þCf
� ��

þ Lf Cf L1 þ L2ð ÞÞ; d ¼ RdCd L1 þ L2ð Þ; e ¼ L1 þ L2ð Þ; a ¼ Lf Cf CdRd; b ¼ Lf Cf ;

and c ¼ RdCd :
From Fig. 68.5, it can be seen that inserting a series resistor in the C branch can

effectively attenuate the resonant peak of LCLLC filter. The Rd − Cd LCLLC filter
has low impedance around the switching frequency, and the harmonic attenuate rate
is improved within the high-frequency range.

The LCLLC filter and the LCL filter have the similar frequency characteristics
within the low-frequency range. The parameter design method of the LCL filter is
also available for the LCLLC filter. The parameter design should meet the
requirement of IEEE 519-2014 for harmonic suppression [7–9].
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1. According to the system requirement, the inverter-side current ripple should be
limited to 15–40 %.

15 %� DI1
Iref

¼ Udc

8L1fsIref
� 40 % ð68:5Þ

2. The total capacitor value C should be limited to the decrease of the capacitive
reactive power at rated load to less than 5 %.

C ¼ 5 %Prated

U2
gx0

¼ 5 %Prated

100pU2
l

ð68:6Þ
3. The characteristic resonance frequency of the LCLLC filter and the LCL filter is

approximately equal. Then, we can obtain the grid-side L2.

xr�LCLLC � xr�LCL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1 þ L2
L1L2C

r
ð68:7Þ

4. Cf = xC, and x is lower than 1. The Lf − Cf branch is a series LC circuit that
resonant at the switching frequency, and the inductance value Lf can be taken as

xf ¼ 1ffiffiffiffiffiffiffiffiffiffi
Lf Cf

p ð68:8Þ
5. According to reference [6], the characteristic resonance frequency of the

LCLLC filter is changeable with different Rd and Cd. The selection of Rd in the
paralleled circuit is

ffiffiffiffiffiffiffiffiffiffiffi
aþ 1

p

a

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Lþ Lf
Cf

s
�Rd � aþ 1

a

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Lþ Lf
Cf

s
ð68:9Þ

where L ¼ L1L2= L1 þ L2ð Þ; a ¼ Cd=Cf :

Based on the aforementioned parameter design method, the parameters of
LCLLC filter are listed in Table 68.1.

Table 68.1 Parameters of the
LCLLC filter

Parameters Value Comment

L1 (mH) 1.05 Converter-side inductor

L2 (mH) 0.18 Grid-side inductor

Lf (uH) 51.2 Resonance inductor

Cf (uF) 2.1 Resonance capacitor

Rd (X) 16 Damping resistor

Cd (uF) 2.1 Division capacitor
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68.4 Simulation Results

The configuration of the three-phase three-wire shunt active power filter with the
passive damping LCLLC filter is shown in Fig. 68.6. The whole system is com-
posed by three parts: shunt active power filter, the output filter LCLLC, and the AC
grid and nonlinear loads. The control system is composed by the voltage control
loop and the current control loop. The control strategy of the system is PI control
and repetitive control to obtain a fast dynamic response speed and high-precision
output waveform.

The simulation results are under the given conditions of ug = 220 V/50 Hz,
switching frequency fs = 10 kHz, the parameters of the three-phase uncontrolled

dcC
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iu gu
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Fig. 68.6 Configuration diagram of SAPF with the passive damping LCLLC filter
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Fig. 68.7 Dynamic simulation results of SAPF with the LCLLC filter

68 Analysis and Parameter Design … 709



rectifier circuit R = 5 X and L = 0.5 mH. The parameters of filter are listed in
Table 68.1. Fig. 68.7 is the dynamic simulation results of SAPF with the LCLLC
filter.

It can be seen that the passive damping LCLLC filter can eliminate the harmonic
current around switching frequency more strongly while drastically reduce the total
inductance (Fig. 68.8).

68.5 Conclusion

Referencing the capacitance division damping method of the LCL filter, this paper
presents a novel passive damping LCLLC filter. The LCLLC filter combines the
advantages of the LCL and the LLCL filter. It can strongly eliminate the harmonic
currents around switching frequency and at the same time improve the harmonic
attenuation at the high-frequency range. The simulation results verify the theoretical
analysis.
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Chapter 69
IGBT Open-Circuit Fault Diagnosis
for Closed-Loop System of Three-Level
NPC Inverters

Ming Zhang, Yuanbo Guo, Kai Huang, Lin Li and Xiaohua Zhang

Abstract Three-level inverters are increasingly used in high-voltage and
high-power applications. The fault diagnosis problem of the IGBTs gets highly
attention considering to the safety and reliability of the system. Therefore, the IGBT
open-circuit fault diagnosis of the three-level neutral point clamped (NPC) inverter
is discussed in this paper. The output voltage of the inverter is analyzed when
open-circuit fault occurs under open-loop condition. An improved algorithm is
proposed based on the former results, which can be applied in the fault diagnosis of
the open-circuit IGBTs in the closed-loop control system. The experimental results
show that the proposed method can locate the fault IGBTs accurately and quickly
with one open-circuit IGBTs.

Keywords Three-level inverter � Open-circuit fault � Fault diagnosis �
Closed-loop control system

69.1 Introduction

As the power electronic technology developed toward high-voltage and high-power
applications, the technology of three-level topology is widely used in motor drive,
power quality control, new energy, and high-speed railway, with advantages of
low-voltage stress and voltage harmonic [1–3]. The open-circuit and short-circuit
faults of semiconductors are inevitable after long time operation. Compared to the
traditional two-level topology, the reliability and stability of three-level topology is

M. Zhang (&) � L. Li � X. Zhang
School of Electrical Engineering and Automation, Harbin Institute of Technology,
92 West Dazhi Street, Nangang District, Harbin, China
e-mail: zmstc19719@126.com

Y. Guo � K. Huang � X. Zhang
School of Electrical Engineering, Dalian University of Technology,
No. 2 Lingong Road, Ganjingzi District, Dalian, China
e-mail: Guoyuanbo@163.com

© Springer-Verlag Berlin Heidelberg 2016
L. Jia et al. (eds.), Proceedings of the 2015 International Conference
on Electrical and Information Technologies for Rail Transportation,
Lecture Notes in Electrical Engineering 377, DOI 10.1007/978-3-662-49367-0_69

713



reduced due to the use of more semiconductors. Besides, the faults of semicon-
ductors should be detected and resolved immediately, or it will cause a secondary
failure, which will lead to a high economic loss, even threaten to the life safety.

Three different topologies of three-level inverters are neutral point clamped
(NPC), flying capacitor (FC), and cascaded multicell (MC). The NPC inverters are
more widely used in industry. Figure 69.1 shows the main circuit of CRH2
high-speed railway using three-level NPC topology.

As the three-level topology is more complicated, the faults of IGBTs are more
difficult to detected and located. Thus, the machine learning algorithms are mostly
used in the fault diagnosis of NPC inverters at present, like the artificial neural
network (ANN) and the supported vector machine (SVM) [4–7]. Other fault
diagnosis methods are also proposed considering to the computation and engi-
neering implementation and can be divided into two types: the current-based
method and the voltage-based method. The method of average current Park’ vector
is first applied in the fault diagnosis of three-level inverters in [8], but it can only
locate the faults to the upper (lower) arm of the faulted phase. The specific fault
IGBT can be detected in [9, 10] after improving the method using in [8]. The
currents of the clamped diodes are used to diagnose the fault of IGBTs with the
extra use of current sensors in [11]. The voltage-based method is directly related to
the voltage source converter and can reflect the changes of the system immediately
after faults happened. The output voltage analysis-based method is proposed in [12,
13], it is simple and fast, but may cause a diagnostic error sometimes. The fault
characteristics of the output voltage are firstly analyzed in [14], then a digital circuit
is designed to extract the fault characteristics and locate the fault IGBT, and the
fault of one open-circuit IGBT can be detected successfully.

The current research is mostly focused on the open-loop control systems, but the
closed-loop control systems are more common used in engineering applications.
Therefore, an IGBT open-circuit fault diagnosis algorithm is proposed in this paper
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for closed-loop system of three-level NPC inverters, and the fault diagnosis of one
open-circuit IGBT can be achieved.

69.2 Fault Diagnosis Criteria Under the Condition
of Open Loop

The open-circuit fault of Sa1, Sa2 and the clamped diode Da1 is discussed in [14],
based on the real-time waveform analysis of the bridge voltage, which is shown in
Fig. 69.2. Here, ua is the modulating voltage, ia is the output current of phase a, and
Vao is the bridge voltage of phase a.

Three criteria are obtained to diagnose the open-circuit fault of Sa1, Sa2, and Da1,
in [14]. According to the symmetry of the circuit, it can be seen that the fault
characteristics of Vao when Sa3 is open circuit are similar to that when Sa2 is open
circuit. Also, the situation of Sa4 is similar to Sa1. The only difference is that the
fault characteristics of Sa1 and Sa2 occur in the positive half cycle of the modulating
voltage and that of Sa3 and Sa4 just happen in the other half cycle. Only the IGBT
open-circuit fault is discussed in this paper, so the fault diagnosis criteria of all
IGBTs on open-loop condition are summarized as follows:

1. If the time when Vxo = 0 is longer than To in half cycle, then Sx1 or Sx4 turns out
to be open circuit;

2. If the time when Vxo ≠ 0 and Vxo ≠ ±1/2Udc is longer than Ti in half cycle, then
Sx2 or Sx3 turns out to be open circuit;

3. If the fault is happened in the positive half cycle of the modulating voltage, Sx1
or Sx2 turns out to be open circuit; or Sx3 or Sx4 turns out to be open circuit.

au

ai

aoV

au

ai

aoV

0.100 0.105 0.110 0.115 0.120
-150

-75

0

75

150

t/s

 ia  Vao  uaref 

0.000 0.005 0.010 0.015 0.020
-150

-75

0

75

150

t/s

 ia  Vao  uaref 

(a)

(b)

Fig. 69.2 The waveform of
Vao. a Sa1 is open circuit;
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Here, x = a, b, c, To and Ti is the threshold to diagnosis the fault and can be
regulated through the experiments, making sure that the algorithm is accurate and
reliable.

69.3 The Proposed Improved Fault Diagnosis Algorithm
for Closed-Loop System

The fault diagnosis criteria obtained previously are based on that the modulating
voltage is symmetry and sinusoidal. When the three-level NPC inverter is applied in
the closed-loop system; take motor control system as an example, the modulating
voltage is approximately symmetry and sinusoidal at steady state. If an open-circuit
fault happens, the modulating voltage is influenced by the controller of system and
turns out to be distorted. Thus, the criteria obtained previously are not applicable
any more.

The proposed fault diagnosis algorithm is shown in Fig. 69.3. The technology of
induction motor control has been quite mature and will not be discussed here. The
proposed diagnosis algorithm includes three parts: fault judgement, reference
voltage switch, and fault location.

69.3.1 Fault Judgement

At steady state, three-phase currents are similar to sine under normal condition. The
average of the current in one modulating period approximately equals to zero.

Fig. 69.3 Fault diagnosis algorithm for closed-loop system of three-level NPC inverters
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When the open-circuit fault comes, current distortion is generated, and the
average of the current is no longer zero.

Therefore, the average of three-phase currents can be used to judge the fault of
open circuit. If the average of three-phase currents are all zero, system has no fault,
and the fault signal flag = 0; if each of the average currents turns out to be not zero,
a fault is existed in the system, the fault signal flag = 1.

69.3.2 Reference Voltage Switch

When flag = 0, there is no fault in the system, the reference voltage of the inverter is
given by the closed-loop controllers. When flag = 1, a fault occurs, and the ref-
erence voltage switches to a set of symmetry and sinusoidal signals. Then, we can
use the obtained criteria to locate the fault.

To make sure that the system performance will not reduce too much after the
fault happens, the reference voltage after switched should have the same amplitude
and frequency to the normal situation. Hence, the amplitude and frequency of the
reference voltage should be real-time detected. Something should be noted that the
detected reference voltage is distorted before switching to the given ideal signals, so
the amplitude and frequency of the given signals is decided by the tested value last
modulating period. Thus, the speed of motor will be maintained to some extent, but
a large ripple will appear in the torque due to the distortion of the motor currents.

69.3.3 Fault Location

The previously obtained fault diagnosis criteria can be used to locate the fault
IGBT, after switching the reference voltage to the given ideal signals.

1. If the time when Vxo = 0 is longer than To in half cycle? The digital signal A is
obtained after comparing |Vxo| and V0; here, V0 is a small reference voltage
approximately to zero and is equal to 5 V in this paper. If |Vxo| < V0, then
consider that Vxo = 0, and set A = 0; or A = 1. The high-level time t1 of signal
A can be computed by the timers in the microcontrollers. If t1 > To, then set the
fault signal B; or reset it, shown in Fig. 69.4.

2. If the time when Vxo ≠ 0 and Vxo ≠ ±1/2Udc is longer than Ti in half cycle?
Compare |Vxo| to V1 and V2, if V1 < |Vxo| < V2, then set the digital signal C;
otherwise, reset it, here V1 = 0.1Udc, V2 = 0.4Udc. Due to the uncertainty of Vxo,
digital signal C may change frequently, so a pulse counter is used here to
calculate the duration of fault characteristics (Fig. 69.5). If the count value is
larger than the threshold value Ki, set the fault signal D to 1, or reset it.

3. Locate the specific fault IGBT. Based on the fault signals we just got, B and D,
the location of the open-circuit fault can be calculated by the fault criterion 3,
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implemented by the following equations: Fx1 ¼ B � clock;Fx2 ¼ D � clock;
Fx3 ¼ D � clock;Fx4 ¼ B � clock. When Fxy = 1 (x = a, b, c; y = 1, 2, 3, 4) means
that the IGBT Sxy is open circuit. We can also define a variable Fx, that if
Fxy = 1, Fx = y. Then, the fault location can be observed through Fx clearly.

69.4 Experiments

To verify the proposed algorithm, some simulation experiments are accomplished
based on the closed-loop control of electrical traction system. The simulation
parameters are shown in Table 69.1. In the experiments, the motor speed is set to
1300 r/min, and the load is 7000 N m.

Figure 69.6 displays the diagnostic process for an open-circuit fault occurring in
IGBT Sa1 (at t = 0.7 s). The circuit worked normally at steady state when t < 0.7 s.
Then, the distortion of voltage and current is appeared as a result of open-circuit
fault. But the algorithm detects the fault immediately at t = 0.705 s (the moment
②). After switching the reference voltage to the given ideal signals, the fault is
successfully located in Sa1 through the fault variable Fx (Fa = 1, Fb = 0, Fc = 0) at
t = 0.721 s.
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t
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Fig. 69.4 The implementation of fault criterion 1
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Fig. 69.5 The implementation of fault criterion 2
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The diagnostic process is shown in Fig. 69.7 when the open-circuit fault happens
in IGBT Sa2 (at t = 0.7 s). After the occurrence of the fault, only 0.003 s is used to
detect the fault (at t = 0.7 s, the moment ②). At t = 0.723 s (the moment ③), the
fault variable Fx turns out to be Fa = 2, Fb = 0, and Fc = 0, so we can know that the
open-circuit IGBT is Sa2.

It can be concluded from the above experiments that the proposed method can
achieve the fault diagnosis with one IGBT open circuit in closed-loop system of
three-level inverters. The time to diagnose the open-circuit fault is related to the
occurrence of the fault and the initial phase of the given ideal reference voltage. The
average diagnostic time is about one modulating period calculated from the
experiments.

Table 69.1 The simulation
parameters

Parameter Value Parameter Value

Udc 1820 V Rr 18.817 mΩ

P 1224 kW Lr 19.095mH

VLL 1375 V Lm 18.51mH

Rs 23.209 mΩ J 20 kg m2

Ls 18.804 mH p 2
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Fig. 69.6 Sa1 is open circuit.
a Three-phase currents;
b reference voltages; c Vao;
d fault variable Fx
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69.5 Conclusion

The fault diagnosis criteria are summarized firstly in the open-loop system of
three-level NPC inverters. Then, an improved fault diagnosis algorithm is proposed
for the closed-loop system. Some experiments are designed to verify the effec-
tiveness of the method. The conclusions are shown as follows:

1. The proposed method can quickly detect and locate the fault under the condition
of one IGBT open circuit;

2. The method is suitable for both open-loop system and closed-loop system. The
average diagnostic time is approximately one modulating period.

Acknowledgements This research is supported by National Nature Science Foundation of China
(51377013, 51407023), and the Fundamental Research Funds for the Central Universities
(DUT15RC(4)04).
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Chapter 70
The Calculation Method of Lightning
Protection Design of Overhead Line
in Urban Rail Transit

Litian Wang

Abstract According to the lightning research results, which is based on the
overhead line on viaduct in Tianjin Jinbin Light Rail Project, this paper summarizes
the calculation method of lightning protection design which could be used for
engineering design of ground and viaduct overhead line. Mathematics mode
lightning striking on overhead line of viaduct and ground and calculation method
sequence is proposed. In addition, the cases of overhead line suffered lightning in
different thunderstorm days, different line height to the ground, and the overhead
line out rate can be analyzed.

Keywords Urban rail transit � Overhead line � Lightning protection � Lightning
protectionmeasures �Aerial earthwire �Metal oxide lightning arresterwith series gap

70.1 Foreword

At present, GB 50157-2003 and IEC60913, the domestic and foreign standards, are
both relatively simple in stipulating lightning protection design standard for OHL.
The requirements of these standards can be summarized as follows:

– Surge arrester without gap shall be installed on the isolator of OHL on the
ground and on the position of OHL at both ends of the tunnel.

– Surge arrester without gap shall be installed for OHL on open ground line and
viaduct at interval of 500 m.

– Spark gap connection AEW (or metal mast) and bridge pillar reinforcement
earthing bar shall be set on viaduct section at interval of 200 m.

– The power frequency earthing resistance of surge arrester and spark gap will not
be more than 10 ohm.
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Over the past 18 years since 1997, the practical operational experiences of
overhead line (OHL) on the ground and viaduct line, such as Guangzhou metro
No. 1 line, Shanghai metro No. 3 line [1], Tianjin-Binhai light rail, and Nanjing
metro No. 1 line, show that there are still large amount of accidents due to lightning
strikes such as traction substation trip, insulator damage, transformer breakdown, or
damage in substation after adopting the above protective measures [2]. These
accidents impact the operation safety and reliability of urban mass transit rail
system [3].

Since 2004, based on the lightning accidents occurred in Tianjin-Binhai light rail
[4], China Railway Electrification Survey, Design and Research Institute Co. Ltd.
cooperated with China Electric Power Research Institute, carried the research for
traction supply system lightning protection, experiencing several stages such as
simulation, protection scheme review, product trial operation on site, product
appraisal, and research project accreditation. Through site operation, a set of OHL
lightning protection design methods and guidelines for ground and viaduct line
have been summarized over 11 years, which may be a reference for urban rail.

This research based on setting up electrical geometry model (EGM) to resolve
lightning shield issue, firstly by using EMTP as principal software and CDEGS as
assistant one, established a mathematical model to simulate and calculate OHL
lightning withstand level, then by using MATLAB or FORTRAN calculated OHL
lightning flashover rate [5].

70.2 Electrical Geometry Model of OHL Lightning Shield

70.2.1 Basic Parameters

70.2.1.1 Ground Flash Density

The most direct parameter concerning lightning activity related to OHL lightning
flashover probability is ground flash density, which can be purchased in the initial
design from China’s state grid electric power research institute, who has set up a
lightning orientation observation system distributed nationwide, or obtain from
meteorological department. But in now design stage, most investigated meteoro-
logical information is the thunderstorm days for the local area. It is generally
acknowledged that the relationship between thunderstorm day and ground flash
density is as below:

Ng ¼ a � Tb
d ð70:1Þ

where

Ng: ground flash density, the unit is times/km2 a
Td: thunderstorm days, the unit is days, a = 0.023, b = 1.3.
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70.2.1.2 Amplitude and Distribution of Lightning Current

The probability of OHL insulator flashover caused by lightning is highly dependent
on the amplitude of the lightning current. It is generally acknowledged that the
amplitude of lightning current obeys logarithmic normal distribution. The following
equation is adopted, which is recommended by standard of Overvoltage Protection
and Insulation Coordination of AC Electrical Installation, DL/T620-1997 [6].

logP i[ Ið Þ ¼ � I
88

ð70:2Þ

where

I: the amplitude of lightning current, the unit is kA
P(i > I): the probability of occurrence of lightning current with an amplitude larger
than I.

70.2.1.3 Lightning Polarity

Because most of the cloud-to-ground lightning flash are negative polarity lightning
and accounts for over 90 %, calculation for direct lightning overvoltage of insulator
will be based on negative polarity lightning and induced lightning overvoltage
based on the positive polarity.

70.2.2 OHL Parameters

70.2.2.1 OHL Geometry

OHL geometry includes space coordinate of aerial earth wire (AEW) and mes-
senger wire position.

70.2.2.2 Insulator Lightning Impulse Withstand Voltage

The insulator’s lightning impulse withstand voltage −U50 (kV) and +U50 (kV) can
be obtained directly from the test.

Standard value of insulator with creepage distance 250 mm: U50 ≥ 125 kV.
Test value of the insulator is: −U50 ≥ 150 kV, +U50 ≥ 136 kV.
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70.2.2.3 Lightning Withstand Level

Insulator lightning withstand level can be obtained from EMTP simulation.
Ijmin means the minimum amplitude of lightning current direct strike OHL

causing insulator flashover.
IGmin means the minimum amplitude of lightning current causing insulator back

flashover due to the rising potential of OHL mast when lightning strikes AEW or
shield wire.

70.2.3 Type of OHL Lightning Flashover

When there is no shield wire, insulator flashover caused by lightning direct strike on
OHL conductors is called direct flashover, and insulator flashover caused by
overvoltage due to electromagnetic induction when lightning strikes ground or
buildings near the track is called lightning-induced flashover.

When OHL equips with shield wire, the insulator flashover caused by back strike
via shield wire or mast which suffers directly lightning is called direct flashover,
and insulator flashover caused by lightning which does not strike the shield wire but
OHL conductor is called shield failure flashover [7].

70.2.4 Calculation Method of Direct Lightning Flashover
Probability

The core principle of Electrical Geometry Model is boundary breakdown distance.
Before the guided head of discharge path developed from lightning cloud to ground
reach the struck object, the strike point is not assured. The object, to which the
lightning path head reach the breakdown distance earlier, will suffer lightning
current discharge. Based on Electrical Geometry Model, the breakdown distance is
related to the potential of the guided head, and further more related to the lightning
current amplitude. For example, the single line is shown in Fig. 70.1, the lightning
current I1, I2, I3 corresponds to the conductor breakdown distance RC1, RC2, RC3,
and the ground breakdown distances are Re1, Re2, Re3. Setting MW, AEW as center
of circle and the breakdown distance as radius, draw a circular arc and a horizontal
line with the height of ground breakdown distance, the circular arc and the hori-
zontal line will intersect forming three line segments such as A1N1M1O1B1,
A2N2M2O2B2, and A3N3M3O3B3. Those three line segments determine the selective
features of the lightning strike point corresponding to the lightning current I1, I2,
and I3; for example, the lightning current I2 falls alight vertically. Until it reaches
the segment A2N2M2O2B2, the lightning strike point is not assured. After it reaches
segment A2N2M2O2B2, if it falls in the segment of A2N2 or O2B2, the lightning will
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strike ground and for OHL the induced overvoltage will occur. If it falls in the
segment of M2O2, the lightning will strike MW. If it falls in the segment of N2M2,
the lightning will strike AEW. The selectivity of strike point for lightning current I1
and I3 will also be determined by segments of A1N1M1O1B1 and A3N3M3O3B3. The
selectivity of strike point for double line is shown as in Fig. 70.2 [8].

The following breakdown distance formula, recommended by IEEE, will be
adopted as:

Rc ¼ 10I0:65 ð70:3Þ

Re ¼ 3:6þ 1:7In ð43� hÞ½ �I0:65 h\40
5:5I0:65 h� 40

�
ð70:4Þ

Fig. 70.1 Schematic diagram of electrical geometry model of single line OHL on the ground

Fig. 70.2 Schematic diagram of electrical geometry model of double line OHL on viaduct
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In electrical geometry model, the conductor wire exposed width D, which is
defined as the horizontal shadow width of exposed section related to amplitude of
lightning current. The lightning current’s amplitude distribution obeys statistic
characteristics. Therefore, the total exposed width leading to OHL flashover can be
obtained by separately weighted aucumulation of the lightning current’s amplitude
probability distribution function.

ZS ¼ ZJ þ ZG

ZJ ¼
XImax

IJmin

PðIþDIÞ � PðIÞð ÞDJðIÞ ð70:5Þ

ZG ¼
XImax

IGmin

P IþDIð Þ � P Ið Þð ÞDG Ið Þ ð70:6Þ

ZS: The total exposed width of OHL
ZJ: Exposed width of contact wire or messenger wire due to direct lightning
insulator flashover
ZG: Exposed width of AEW due to insulator flashover suffering back strike when
direct lightning strikes AEW.

Annual flashover times of up line and down line in the length of 100 km:

Pflashover ¼ ZS � 0:2 � Ng ð70:7Þ

where Imax is 300 kA which means the possible maximum lightning current. IJmin is
the direct lightning withstand level of OHL insulator, IGmin is the back-strike
lightning withstand level of OHL insulator. IJmin and IGmin can be obtained from
EMTP simulation. P(I) is the probability of occurrence of lightning current with an
amplitude larger than I (see Eq. 70.2). DJ(I) and DG(I) are the exposed width of
MW and AEW, respectively, which can be calculated by electrical geometry model.

70.2.5 Calculation Method of Induced Lightning
Flashover Probability

The insulator flashover is not only caused by directly lightning strike on OHL
conductor, but by induced overvoltage while lightning strikes on ground or object
near the track. The following equation is adopted, which is recommended by China
standard of Overvoltage Protection and Insulation Coordination of AC Electrical
Installation, DL/T620-1997 [6].
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Ui ¼ 25
Ih
S

ð70:8Þ

where Ui is the lightning-induced overvoltage (kV) and I (kA) is the lightning
current, h (m) is the height of conductor to ground surface. S (m) means the vertical
distance from lightning strike point to conductor.

Therefore, for definite lightning current amplitude and OHL height, only the
vertical distance from the lightning strike point to the rail track is smaller than
25 Ih

þU50
, the lightning-induced overvoltage on OHL may lead to insulator flashover.

Because the OHL within the scope of exposed width will attract direct lightning, the
striking point of the induced lightning cannot approach the track boundlessly. It is
known from electrical geometry model that direct lightning will occur while
lighting strike point is within the OHL breakdown distance. The induced lightning
strike width causing OHL flashover is as follows:

L Ið Þ ¼ 25
Ih

þU50
� D Ið Þ ð70:9Þ

The total weighted width of induced lightning strike is given as:

Zm ¼
XImax

Imin

P IþDIð Þ � P Ið Þð ÞL Ið Þ ð70:10Þ

Annual flashover time formula of up and down line for 100 km section is given
below:

Pm ¼ Zm � 0:2 � NJ ð70:11Þ

If the shield wire is available, calculation of OHL lightning flashover should
consider the shield wire’s coupling coefficient. According to the standard
DL/T620-1997, the formula of induced overvoltage on OHL conductor is given
below:

U0
i ¼ Ui 1� k0

hb
hd

� �
ð70:12Þ

where Ui (kV) is the induced overvoltage of conductor when shield wire is not
available, hb (m) is the shield wire’s average height to ground, hd (m) is the OHL
conductor’s average height to ground, and k0 is the coupling coefficient between
shield wire and OHL conductors. The formula is given as:

k0 ¼ Ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hb þ hdð Þ2 þ d2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hb � hdð Þ2 þ d2

q =Ln 2hb
cb

� �
ð70:13Þ
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where d (m) is the horizontal distance between shield wire and conductors, rb (m) is
the radius of shield wire. The formulas (70.8) and (70.9) can be changed into
formulas (70.14) and (70.15):

Ui ¼ 25
Ih
S
k0 ð70:14Þ

L Ið Þ ¼ 25
Ihk0
þU50

� D Ið Þ ð70:15Þ

In Fig. 70.3, perpendicular line OO′ is not only the middle line of OHL up line
and down line, but also the cross point of Jup (MW of up line as center of circle)
circle and Jdown (MW of down line) circle, and the cross point of Gup (AEW of up
line) circle and Gdown (AEW of down line) circle when Rc is long enough. GJ is the
line from AEW to MW with the midpoint of N. Make a perpendicular line of GJ
from N, the line will extend to the cross point O, connect OJ and OG,
OJ = OG = Rcmax, which is the longest distance of direct lightning striking on MW.
This means when the lightning current is bigger enough and its corresponding

Fig. 70.3 Geometry diagram of conductor-exposed width in electrical geometry model

730 L. Wang



breakdown distance will be longer than OG = Rcmax, the AEWs will completely
shield MW. The higher lightning current cannot directly strike on MW, but on the
AEW or ground probably. The point O is the boundary point for AEW fully
shielding the MW.

The MJ is vertical to the ground and parallel to OO′, and point M is the dividing
point that Rc exposed width (Xd) locate on left or right side of OHL.

When Rc > MJ, as point 1 in Fig. 70.3, the exposed width of messenger wire is
given as below:

Xd ¼ 1
2

�dþ h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R2

c

h2 þ d2

r
� 1

 !
ð70:16Þ

When Rc < MJ, as point 2 in Fig. 70.3, the exposed width of the messenger wire
is given as below:

Xd ¼ 1
2

d � h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R2

c

h2 þ d2
� 1

r !
ð70:17Þ

ON is the cross point line of the messenger wire J circle and AEW G circle.

70.3 Parameter Calculation

70.3.1 Calculation of AEW-Exposed Width

– ZG: Total lightning striking weighted exposed width of AEW
– RCG: Breakdown distance of AEW
– Re: Breakdown distance of the ground
– hg: Height of AEW to the ground
– hb: Height of messenger wire
– h: Height difference between AEW and messenger wire
– DGR: Lightning striking exposed width of AEW on OHL external side
– DGL: Lightning striking exposed width of AEW on OHL internal side
– PG: OHL insulator back-strike flashover times when lightning directly strike

AEW
– PJ: OHL insulator flashover times when lightning directly strike MW
– Pm: OHL insulator-induced flashover times (Fig. 70.4).
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Fig. 70.4 Calculation of AEW-exposed width
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Fig. 70.5 Calculation of MW-exposed width
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70.3.2 Calculation of MW-Exposed Width

– IJmin: the minimum amplitude of lightning current direct strike OHL causing
insulator flashover, OHL lightning withstand level

– ZJ: The total weighted exposed width of OHL suffering lightning
– RCJ: The breakdown distance of OHL conductor (Fig. 70.5).

70.3.3 Calculation of Induced Lightning Width

It does not matter which the start point of lightning current I is. It is critical to find
the value of lightning current when Lmin > DGR. As long as the start point of the

Fig. 70.6 Calculation of
induced lightning width
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Fig. 70.7 Calculation of model combination
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lightning current in calculation covers the IGmin, it will be satisfied. If not sure, it
can be start from zero (Fig. 70.6).

70.3.4 Calculation of Model Combination

See Fig. 70.7.
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Chapter 71
The Method and Recommended
Guidelines of Lightning Protection Design
for Urban Rail Overhead Line

Litian Wang

Abstract According to the lightning research results, which are based on overhead
line (OHL) on the viaduct of Tianjin-Binhai Light Rail Project, this paper sum-
marizes the calculation method of lightning protection design which could be used
for OHL engineering design on the ground and viaduct line. In addition, the cases
of OHL suffered lightning in different thunderstorm days, different OHL height to
the ground, and different protection measures are analyzed. Finally, engineering
design guidelines of lightning protection for overhead line are presented by dif-
ferentiated protection principles, which can be applied in the future in metro’s OHL
on the ground and viaduct.

Keywords Urban mass rail transit � Overhead line (OHL) � Lightning protection �
Lightning protection measures � Aerial earth wire (AEW) � Metal oxide lightning
arrester with series gap

71.1 Protection Measures and Effect Analysis

The lightning overvoltage on traction power supply system leads to overhead line
(OHL) short-circuit trip. When OHL insulators suffer overvoltage flashover, DC
short current will follow OHL insulator surface, and subsequently, the traction
substation’s DC feeder circuit breaker will trip due to the plasma layer produced by
lighting current which ionizes air around insulator. Therefore, the insulator may
suffer permanent or non-permanent damage due to burn.

There are mainly two kinds of consequences. One is that if the insulator suffers
non-permanent damage, the traction substation can resume power supply by
reclosing and the power outage will only last for 1 to 3 min, which has little influence
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on power supply system. The other is that if the insulator suffers permanent damage
leading to power reclosing failure, the section with the damaged insulator will be
failed to power and consequently the train transportation will be suspended [1].

Although the lightning current is huge, its duration is very short in some hundred
microseconds, and the energy is not enough to burn out an insulator. The current
through insulators being broken down by lightning is DC short current, with the
amplitude between 10,000 and 100,000 A during the period from 20 to 100 ms. The
short current energy is so large that the insulator can be burned out, resulting in
permanent short circuit. According to the statistics, about 70 % can be reclosed and
30 % will suffer permanent short-circuit failure among all traction substation’s DC
circuit breaker trips due to lightning overvoltage.

Lightning protection measures include shield wire, surge arrester, and dis-
charging gap. The protection measures shall be comprehensively evaluated and
selected according to the investment amount and protective effect. It is not neces-
sary to completely realize OHL no tripping and insulator not being burned, so
thunder damage levels corresponding to each OHL protection measure shall be
analyzed. The principle of the lightning protection shall be that OHL trip times can
achieve a level acceptable by metro company under acceptable investment amount.

Firstly, the OHL flashover times corresponding to different thunderstorm days
will be analyzed, assuming that there is no surge arrester on OHL and no shield
wire or aerial earth wire (AEW). And then, based on the above description, analyze
the OHL flashover times corresponding to different thunderstorm days, assuming
that there exists surge arrester or shield wire. Finally, analyze the flashover times of
each kind of lightning protection devices being used before and after and determine
their protection effects.

71.1.1 OHL Without Any Protection Measures

Calculation condition 1
Note: This is direct lightning and induced lightning calculation results in different
thunderstorm days on the ground line without shield wire or surge arrester.

– Messenger wire height: 7 m
– Distance between up line and down line: 5 m (Figs. 71.1 and 71.2)

Calculation condition 2
Note: This is direct lightning and induced lightning calculation results on the
viaduct in different thunderstorm days without shield wire.

– Messenger wire height: 15 m
– Distance between up line and down line: 5 m (Figs. 71.3 and 71.4)
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71.1.2 OHL with Shield Wire

The messenger wire (MW) at higher position plays a completely shielding wire for
contact wires. Therefore, the calculation of direct lightning strike times on OHL can
only be based on direct lightning strike times on messenger wire. The shield wire
can use the existing AEW, and to save cost, it is not necessary to set separately
ground wire as shield wire [2]. The shield wire shall be on top of OHL mast and
shall be higher than messenger wire, and the distance between them shall meet the
electrical safety requirements. The shield wire can be set in two schemes as below:

Scheme I
The shield wire is set vertically on top of OHL mast. For cost saving, the height of
shield wire shall not only realize the function of shielding the messenger wire, but
be as low as possible. Figure 71.5 shows the geometrical schematic diagram
showing the shield wire vertically on top of OHL mast.

Fig. 71.1 The geometry section of OHL on the ground

Fig. 71.2 Lightning
flashover times of OHL on the
ground without any protective
measures
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Scheme II
The shield wire is set inward to the track and on top of OHL mast so as to form a
smaller protective angle to messenger wire. Figure 71.6 shows the geometrical
schematic diagram showing the inward shield wire.

It shall be noted that both up and down OHL exit shield wire, and both of up and
down MW and CW are in between the position of the two shield wires. The angle
between MW and shield wire is a negative value, and the requirement that shield

Fig. 71.3 The geometry section of OHL on viaduct

Fig. 71.4 Lightning
flashover times of OHL on
viaduct without any protective
measures
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wire protective angle shall be less than 25° is naturally satisfied according to the
current regulations. Therefore, whether the shield wire is installed vertically on top
of mast or installed inward to the track shall be determined according to the
engineering cost and the convenience of engineering implementation. Emphasizing
that shield wire should install inward to meet less than 25° angle between AEW and
MW is not fully understand what is the real meaning of positive and negative
angles. It is certainly that the induction shielding coefficient will be smaller for
shield wire inward with definite height. However, whether the AEW is vertically on
top of mast or inward to the track shall be determined by OHL flashover times the
calculation of these two schemes.

Fig. 71.5 Geometrical
schematic diagram showing
the shield wire vertically on
top of OHL mast

Fig. 71.6 The shield wire on
top of OHL mast inward to
the track
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71.1.2.1 The Shield Wire Vertically on Top of the OHL Mast

In the case that the shield wire is vertically on top of mast, 0.1 m higher than
messenger and 3 m away from the messenger wire horizontally, OHL trip times in
different thunderstorm days can be referred to Figs. 71.7 and 71.8.

On the ground

Calculation condition
Note: This is direct lightning and induced lightning calculation results for OHL on
the ground in different thunderstorm days when the shield wire is vertically on top
of OHL mast.

– Height of messenger wire: 7 m
– Distance between up line and down line: 5 m
– Height of shield wire: 7.1 m
– Horizontal distance between shield wire and OHL conductors: 3 m
– Shield wire shielding coefficient: 0.794
– Insulator breakdown current when suffering back-strike by lightning strike on

OHL mast: 8 kA
– Insulator U50 = 136 kV

Fig. 71.7 Flashover times for OHL on the ground when the shield wire is vertically on top of mast
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On the viaduct

Calculation condition
Note: This is direct lightning and induced lightning calculation results for OHL on
the viaduct in different thunderstorm days when the shield wire is vertically on top
of OHL mast.

– Height of messenger wire: 15 m
– Distance between up line and down line: 5 m
– Height of shield wire: 15.1 m
– Horizontal distance between shield wire and OHL conductors: 3 m
– Shield wire coefficient factor: 0.726
– Insulator breakdown current when suffering back-strike by lightning strike on

OHL mast: 8 kA
– Insulator U50 = 136 kV

71.1.2.2 The Shield Wire Is Above the Mast and Inward to the Track

In the case that the shield wire is above the mast and inward to the track, OHL trip
times in different thunderstorm days can be referred to Figs. 71.9 and 71.10.

Fig. 71.8 Flashover times for OHL on the viaduct when the shield wire is vertically on top of
mast
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On the ground

Calculation conditions
Note: This is direct lightning and induced lightning calculation results for OHL on
the ground in different thunderstorm days when the shield wire is above the mast
and inward to the track.

Fig. 71.9 Flashover times for OHL on the ground when the shield wire is inward to the track

Fig. 71.10 Flashover times
for OHL on viaduct when the
shield wire is inward to the
track
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– Height of messenger wire: 7 m
– Distance between up line and down line: 5 m
– Height of shield wire: 9 m
– Horizontal distance between shield wire and OHL conductors: 1 m
– Shield wire shielding coefficient: 0.682
– Insulator breakdown current when suffering back-strike by lightning attack on

OHL mast: 8 kA
– Insulator U50 = 136 kV

On the viaduct

Calculation conditions Note: This is direct lightning and induced lightning cal-
culation results for OHL on the viaduct in different thunderstorm days when the
shield wire is above the mast and inward to the track.

– Height of messenger: 15 m
– Distance between up line and down line: 5 m
– Height of shield wire: 17 m
– Horizontal distance between shield wire and OHL conductors: 1 m
– Shield wire shielding coefficient: 0.65
– Insulator breakdown current when suffering back-strike by lightning attack on

OHL mast: 8 kA
– Insulator U50 = 136 kV

71.1.2.3 Effect Comparison for Shield Wire on Top of Mast
and Inward to the Track

Compared with the shield wire located in different places as shown in Figs. 71.7
and 71.9 when OHL is on the ground and as shown in Figs. 71.8 and 71.10 when
OHL is on the viaduct, the protection effect of the shield wire installed vertically on
top of OHL mast and installed inward to the track is nearly the same. In fact,
Figs. 71.7 and 71.8 show a worst protection effect because the shield wire is
assumed at the lowest height, only 0.1 m higher than messenger wire. Calculation
indicates that the protection effect will be better if the height of shield wire is
slightly increased. However, if the height of shield wire is continuously increased,
the lightning attracting effect will increase and the protection effect will decrease.
Therefore, when shield wire is vertically above the mast, there is an optimum
height. See the following two tables:

Table 71.1 indicates that the shield wire 0.4 m higher than messenger wire is
optimum when OHL is on the ground (the shield wire sag in max. temperature is
not taken into consideration). Table 71.2 shows that the shield wire 0.9 m higher
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than messenger wire is optimum when OHL is on the viaduct. Generally speaking,
the variation of height of shield wire has little influence on protection effect. In
practical engineering design, the height difference between shield wire and mes-
senger wire ranging from 0.4 to 1 m is acceptable.

Table 71.1 Total flashover times of insulator for OHL on the ground (times/100 km a)

Height difference
between shield wire
and messenger wire
(m)

Thunderstorm days

10 15 20 30 40 50 60 80

0 4.510 7.640 11.105 18.813 27.344 36.547 46.322 67.330

0.1 4.495 7.614 11.067 18.748 27.251 36.422 46.163 67.099

0.2 4.488 7.603 11.051 18.721 27.211 36.368 46.095 67.000

0.3 4.482 7.592 11.035 18.693 27.171 36.315 46.028 66.903

0.4 4.478 7.586 11.026 18.679 27.150 36.287 45.993 66.852

0.5 4.480 7.588 11.030 18.685 27.159 36.299 46.007 66.873

0.6 4.484 7.595 11.040 18.702 27.184 36.332 46.050 66.935

0.7 4.489 7.605 11.054 18.725 27.217 36.377 46.107 67.017

0.8 4.496 7.616 11.069 18.752 27.256 36.429 46.172 67.112

0.9 4.503 7.628 11.087 18.782 27.300 36.488 46.247 67.221

1 4.511 7.641 11.106 18.814 27.347 36.551 46.327 67.336

Table 71.2 Total flashover times of insulator for OHL on the viaduct (times/100 km a)

Height difference
between shield
wire and
messenger wire
(m)

Thunderstorm days

10 15 20 30 40 50 60 80

0 7.591 12.860 18.692 31.665 46.025 61.515 77.968 113.328

0.1 7.563 12.812 18.622 31.546 45.852 61.284 77.675 112.902

0.2 7.544 12.779 18.575 31.466 45.736 61.128 77.478 112.616

0.3 7.526 12.749 18.531 31.391 45.628 60.983 77.294 112.349

0.4 7.511 12.724 18.495 31.330 45.539 60.865 77.145 112.131

0.5 7.502 12.709 18.473 31.293 45.486 60.793 77.053 111.998

0.6 7.497 12.699 18.459 31.270 45.451 60.747 76.995 111.913

0.7 7.493 12.693 18.450 31.255 45.429 60.718 76.958 111.859

0.8 7.491 12.690 18.445 31.246 45.417 60.702 76.937 111.830

0.9 7.490 12.689 18.443 31.244 45.413 60.696 76.931 111.820

1 7.491 12.690 18.445 31.246 45.416 60.700 76.935 111.827
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71.1.3 Protection Effect of Surge Arrester

In comparison with the pure protective gap, the metal oxide surge arrester with
series gap has better protection effect because it can restrain system short-circuit
current arc. The traction substation will not suffer trip by lightning strike so as to
reduce OHL lightning outage rate. Therefore, for OHL lightning protection, metal
oxide surge arrester with air gap shall be preferentially selected [3].

For metal oxide surge arrester with air gap, because the air gap is shorter than
insulator’s dry arc distance, its flashover voltage is reduced correspondingly. The
following data are obtained from Beijing metro engineering’s insulator test [4]:

Surge arrester parameters:

– Rated voltage: 13 kV
– Nominal discharge current: 5 kA
– Type of metal oxide resistor slice: D35D (35 mm in diameter)
– 65 kA, 4/10µs large current impulse: 2 times
– 150 A, 2 ms rectangular wave current impulse: 20 times
– Series gap distance: 700 mm
– Residual voltage under nominal discharge current: 36 kV (Table 71.3)

Under the condition that each OHL mast equip with a surge arrester and shield
wire is not exist, simulation study shows that the impulse current flowing through
the surge arrester body can reach 71 kA corresponding the 100kA direct lightning
current striking on OHL. This current is more than 65 kA and the OHL surge
arrester may be damaged while OHL suffering direct lightning current over 100 kA
[5].

The installation scheme of metal oxide surge arrester will directly determine
lightning protection effect. In transmission line of China state grid, the metal oxide
surge arrester is parallel-connected directly with insulator with the advantage of
overvoltage limitation on insulator so as to the insulator being protected reliably.
However, in current urban rail transit system OHL, the 1.5 kV DC metal oxide
surge arrester (without gap) is not directly parallel-connected with two ends of
insulator, but one end connected to OHL live conductor and the other to ground rod
through separate wire. In fact, such a connection cannot limit the overvoltage of the
two ends of insulator. Therefore, OHL insulator parallel-connected with metal
oxide surge arrester with series gap is a reliable lightning protection measure [6].

Table 71.3 Flashover voltage of OHL insulator and surge arrester

Flashover voltage of
surge arrester gap
(kV)

Flashover
voltage of
insulator (kV)

Ratio of flashover voltage between
surge arrester gap and insulator (%)

+U50 113.5 139 81.7

−U50 112 157 71.3
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Under circumstances of big thunderstorm days, if each OHL mast insulator is
parallel-connected with a surge arrester with gap, it can effectively prevent insulator
from being broken down and avoid trip caused by OHL short circuit.

In view of the high cost of each mast insulator parallel-connected with a surge
arrester with gap, both the owner and the designer always want to minimize the
quantity of surge arrester to save cost [7]. Focusing on the case that the surge
arrester has been installed at interval of one mast, the lightning protection effect is
calculated and analyzed as below (Figs. 71.11, 71.12, and 71.13):

Comparing the data shown in Figs. 71.7, 71.8, 71.9, 71.10, 71.14, 71.15, 71.16,
and 71.17, the lightning protection effect in different thunderstorm days is not
obvious. The OHL trip time only reduces by around 16 % on the cases between that
the OHL equipped with shield wire but no surge arrester and that the OHL equipped

Fig. 71.11 Lightning flashover current of the mast insulator without surge arrester when it suffers
back-strike by mast potential rising on the case that OHL span is 50 m and direct lightning strikes
various points of AEW

Fig. 71.12 Lightning flashover current of the mast insulator without surge arrester when it suffers
back-strike by mast potential rising on the case that OHL span is 40 m and direct lightning strikes
various points of AEW
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with shield wire and surge arresters installed at an interval of one mast for the whole
line. However, the protection effect has very huge difference for the case of surge
arrester installed on each mast and the case of surge arrester installed at an interval
of one mast. Therefore, under circumstances of big thunderstorm days, it will be
better to parallel-connect a surge arrester with gap for each OHL mast insulator.

Fig. 71.13 Lightning flashover current of the mast insulator without surge arrester when it suffers
back-strike by mast potential rising on the case that OHL span is 30 m and direct lightning strikes
various points of AEW

Fig. 71.14 Flashover times for OHL on the ground when the shield wire is vertically on top of
mast and surge arrester installed at an interval of one mast
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Fig. 71.15 Flashover times for OHL on the ground when the shield wire is inward to the track and
surge arrester installed at an interval of one mast

Fig. 71.16 Flashover times for OHL on viaduct when the shield wire is vertically on top of mast
and surge arrester installed at an interval of one mast
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71.1.4 Pure Protective Gap

The lightning overvoltage with enough amplitude will cause flashover and discharge
along insulator surface, and after that, system will release energy through lightning
discharge short-circuit path, forming short-circuit power flow arc. The arc root is
located on the metal parts on both ends of the insulator, while arc abdomen is near the
surface of the insulator umbrella group. Because arc temperature will be up to
thousand degrees Celsius or even more than ten thousand degrees Celsius, the highly
concentrated energy can easily cause insulator’s umbrella exploded or damaged,
insulator end’s metal parts and the umbrella enamel burned due to uneven heating, and
consequently lead to permanent earthing fault. It is thus evident that lightning flash-
over is the incentive for insulator damage, while the short-circuit current is the
essential reason leading to permanent damage of the insulator.

Protection air gap is a pair of metal electrodes installed on metal parts of
insulator ends. The metal electrodes can provide movement route of power flow
current arc and withstand arc burn, so both the lightning discharge and power flow
current arc occur and act on metal electrodes. Thus, the arc root and arc abdomen
are far from metal parts of insulator ends and surface of umbrella group, and
consequently, the insulator will not be damaged. Because protection gap has merits
such as excellent effect, convenient implementation, and low cost, it has been

Fig. 71.17 Flashover times for OHL on viaduct when the shield wire is inward to the track and
surge arrester installed at an interval of one mast
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widely used in electric power system of many countries like America, Japan,
Germany, and France. In China, it has been adopted in electric power systems less
than 220 kV (Fig. 71.18).

To ensure a stable discharge voltage and strong electrode erosion resistance
capacity, the protective gap’s metal electrode can be designed in horn shape so as to
separate the discharge gap and arc gap.

The gap distance of protective gap shall satisfy that it will act under lightning
overvoltage and not act under system operation overvoltage and power frequency
overvoltage. At the same time, it is required that the protective gap and the insulator
shall be coordinated reasonably in the full volt-second lightning characteristic so as
to ensure the protective gap to spark before insulator breakdown in all lightning
discharges. Generally, the ratio of 50 % lightning impulse discharge voltage of
protective gap to 50 % lightning impulse discharge voltage of insulator is about
80 %. In addition, the protective gap shall be able to endure system short-circuit
current arc. The thermal stability test shall be carried out to verify the current
flowing capacity of rod electrode and fittings. The power frequency arc burning test
shall be carried out to verify the arc burning resistance of the rod electrode.

Although the protection air gap can effectively prevent insulator from thunder
strike and damage and improve the reclosing success possibility and has features
such as simple structure and cheap cost, it has obvious shortcomings. The pro-
tection air gap has not arc-extinguishing ability, so it needs traction substation
reclosing quickly to eliminate the OHL short-circuit fault caused by lightning strike.
Because the lightning impulse withstand voltage of OHL insulator on urban rail is
very low, the protection air gap will further reduce lightning impulse insulation
level and increase OHL lightning outage rate. Therefore, protection air gap is not
suitable for applying in urban rail unless the insulator’s lightning insulation level is
increased significantly.

Fig. 71.18 Schematic diagram of protective air gap parallel-connected on insulators
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71.1.5 Recommended Scheme for Comprehensive
Protection Effect

From the above schemes including no protection measures, only setting shield wire,
and only setting surge arrester comparatively indicated in the above-mentioned
figures, we can find the following.

71.1.5.1 The Scheme of OHL Only Equipped with Setting Shield

The scheme of only setting shield wire can effectively reduce OHL trip times by
15 % on the ground and 30 % on the viaduct. But when the thunderstorm days is
going up, traction substation trip times will increase, as well as the possibility of
OHL insulators burned due to back-strike caused by mast electric potential rising.
Therefore, large amount of accidents still exist.

71.1.5.2 The Scheme of OHL Only Equipped with Arrester

If not considering the protection effect of the lifted AEW, under the condition that
on big thunderstorm days, on the ground and viaduct, all OHL mast insulators only
equipped with surge arresters with gap will avoid OHL trip. However, with the
limitation of arrester’s cost and weight, the current flow capacity of the arrester
cannot be very large. Lightning current ranging from 90 to 100 kA striking on
OHL MW will cause arrester explosion due to its current flowing capacity (65 kA).
Therefore, comprehensive protection measures shall be taken into consideration,
and the recommended measure is as below.

71.1.5.3 Scheme Recommendation

Firstly, the AEW should be lifted to an optimum height on top of OHL mast. And
when the thunderstorm days achieve a certain level, OHL insulators should equip
with surge arrester with gap. Under such circumstance, it is not possible for OHL to
suffer big direct lightning current because the AEWs have shielded overall
OHL MW on up line and down line. The surge arrester only endures the back-strike
lightning current of AEW suffering direct lightning strike. Because the back-strike
current only accounts for about 20 % of the total, the current flow capacity is large
enough even considering the maximum lightning current as 300 kA.

For induced lightning, the calculation shows that current flow through surge
arrester is less than 2kA, so the capacity of surge arrester is not a problem.
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71.2 OHL Lightning Protection Design Guideline
Recommendation

On viaduct and ground sections of the urban rail line, the OHL design shall con-
sider the OHL trip times and accident rate that could be endured by operation
maintenance department.

Firstly, China state grid stipulation about lightning outage rate of electric power
transmission line could be referred to as below.

It is known as given in Table 71.4 that the required trip rate of power trans-
mission line is relatively low. If urban mass transit OHL on the ground or viaduct
adopts this stipulation, the cost will be considerably high. Considering that most of
China’s urban mass transit rail is generally 20 km in length, it is recommended to
carry out lightning protection design according to the following principles.

China state grid stipulates 15 thunderstorm days as the boundary condition
whether or not to adopt protection measures. According to this boundary condition,
design principle can be established as follows:

For ground or viaduct line 20 km, the total times of OHL trip activated by
lightning strike shall be less than 3 annually.

For ground or viaduct line 20 km in length, the times of accident due to OHL
insulator damage by lightning strike shall be less than 1 annually.

The times described above can be converted in the unit of “times/100 km a” as
given in the following tables (Table 71.5).

Table 71.4 Lightning outage rate of power transmission line stipulated by China state grid

Voltage level
(kV)

Trip rate
(times/100 km a)

Trip rate (times/100 km a)

Trip rate Lightning outage rate (equivalent to 40
thunderstorm days)

500 ≤0.3 0.14

330 ≤0.35 0.2

220 ≤0.55 0.315

110 (66) ≤0.7 0.525

35 ≤0.8 /

Table 71.5 Recommendation for OHL trip times

Design principle Equivalent to 100 km main line

3 times of OHL trip due to lightning strike for
20 km main line annually

7.5 times of OHL trip due to lightning strike
(unit: times/100 km a)

1 times of insulator damage by lightning strike
for 20 km main line annually

2.5 times of insulator damage by lightning
strike (unit: times/100 km a)
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Table 71.6 shows that the requirements of less than 3 trip times/20 km a (on the
main line) and less than 1 time of damaged insulator annually can be satisfied under
the condition that the elevated AEW is used as shield wire when the thunderstorm
day is less than 15. It is recommended that the OHL lightning protection design for
metro’s ground and viaduct line should adopt the following protection guidelines.
When lightning protection measures will be taken, besides the parameter of thun-
derstorm days, whether or not shield object are on both sides of the line shall also
be taken into consideration.

China Railway Electrification Survey Design and Research Institute Co. Ltd.
(referred as EDI) has carried out a research of Urban Mass Transit Rail’s Power
Supply System Lightning Protection, Study and Application of Tianjin-Binhai Light
Rail Lightning Protection Measures. The research results have been abstracted and
summarized for guiding metro’s ground and viaduct lightning protection design
undertaken by EDI. The detailed principles are as follows.

71.2.1 The OHL Lightning Protection Design Based
on “Differential Protection Principle”

71.2.1.1 Design Boundary of Thunderstorm Days

The exact lightning parameters along the track shall be collected before starting the
engineering design. Scheme A shall be adopted when thunderstorm day is over 15,
and Scheme B could be adopted when thunderstorm day is less than 15. Schemes A
and B are described as follows.

Table 71. 6 Calculation results of times of trip when OHL is only protected by AEW under 15
and 20 thunderstorm days

Ground Ground Viaduct Viaduct

15 thunderstorm
days

20 thunderstorm
days

15 thunderstorm
days

20 thunderstorm
days

Trip times/100 km a,
on the main line

7.61 11.07 12.81 18.62

Trip times/20 km a,
on the main line

1.522 2.214 2.562 3.724

Damaged insulator
quantity calculated
according to the
amount of 30 %
damaged insulator,
quantities/20 km a,
on the main line

0.4566 0.6642 0.786 1.117
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71.2.1.2 Design Consideration of Shield Object Along the Rail Line

When there are no continuous high buildings or high trees on both sides of the
urban rail line which could form a shield avoiding lightning directly strike on OHL,
in principle the OHL lightning protection design shall adopt scheme A. When there
are continuous high buildings or high trees to shield OHL, the OHL design shall
focus on induced lightning protection and scheme B could be adopted.

Note: As long as buildings and trees along the track are not higher than OHL,
scheme A shall be adopted.

71.2.1.3 Discrepancy

When there is a discrepancy between 2.1.1 and 2.1.2, 2.1.2 shall prevail.

71.2.2 Scheme A

71.2.2.1 Shield Wire for OHL

The AEW along track shall be used as shield wire, and the lifted height shall be
verified in order to meet that the direct lightning strike times on messenger wire
shall be less than 0.7 times/100 km a. The vertical minimum distance between
shield wire and messenger wire shall be more than 0.012 L + 1 (unit: m, L is the
length of span).

In addition, the cost rationality shall be satisfied.

71.2.2.2 OHL Insulator Arrester

Each horizontal cantilever insulator shall be installed a surge arrester with air gap,
and the parameters of surge arrester are as below:

– Rated voltage: 13 kV
– Residual voltage: 36 kV
– Gap distance: 70 mm (checked according to the detailed engineering insulator)
– Lightning impulse current withstand capacity: 65kA, 4/10 μs, 2 times
– 150 A, 2 ms, 18 times of square wave current impulse

If concrete mast is adopted on the ground section, it needs to separately lay an
earthing wire outside the concrete mast; one end of the wire should connect OHL
cantilever, and the other end should be buried in ground with earthing resistance
less than 10 Ω.

The OHL mast on viaduct shall be steel connected to the reserved earth electrode
of bridge pillar via an isolating gap (for stray current protection) [8].
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71.2.3 Scheme B

71.2.3.1 AEW Position

The AEW on both sides of the track is permitted not to be lifted. The principle is
that the linear distance from AEW to messenger wire and to contact wire shall be as
small as possible to strengthen coupling effect from induced lightning.

71.2.3.2 Surge Arrester Interval

The OHL mast on the ground and on the viaduct shall be equipped with surge
arrester with gap at an interval of 200 m. The parameters are as same as scheme A.

71.2.3.3 OHL Mast Earthing

The earthing method of OHL mast on the ground is as same as scheme A. Masts on
viaduct shall be connected with earth electrode of bridge pier via isolating gap at an
interval of 200 m.

71.2.3.4 AEW Connection Terminal at Substation Earthing Mat

No matter scheme A or B, it is forbidden to connect AEW to working earth terminal
of substation earth mat and it shall be connected to lightning protection earth
terminal.

71.2.3.5 Current Standard Application

Other lightning protection measures such as surge arrester installed on contact
isolator and surge arrester installed on tunnel entrance shall be carried out in
accordance with China’s current domestic existing design standard.
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Chapter 72
Design and Application of the Train
Operation Optimization System
of HXN5-Type Locomotive

Ying Yang, Changrong Wang, Xue Ke and Ying Liu

Abstract Research on key technologies of locomotive intelligent operation is
introduced in this paper, including the establishment of track database, the loco-
motive real-time location, and the speed adaptive control. The main functions of
train operation optimization system (TOOS) for HXN5-type locomotive are
described. It has been showed that the system is secure and reliable, easy to use, and
reduction of operation differences by drivers.

Keywords Intelligent operation system design � Locomotive location � Optimized
speed profile

72.1 Train Operation Optimization System Overview

Train operation optimization system (TOOS) is an intelligent manipulation system
for locomotives. Trip optimizer system optimizes fuel consumption by calculating
train’s certain route speed profile and by automatically controlling the trains’
propulsion to achieve an optimum speed profile [1]. It assists an operator with the
control of the locomotive by either suggesting or automatically controlling the
throttle and dynamic brake to control fuel consumption. The system also has
techniques to ensure appropriate train handling. A variety of TOOS has been
applied in some countries, such as GE’s trip optimizer [2], Bombardier’s
INTERFLO 50, and Knorr-Bremse’s Leader [3].

According to the track database and real-time location data of the China
Railway, CRRC DLRI develops the TOOS of HXN5-type locomotive by inte-
grating GE-TO technology.
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72.2 Key Technology Researching

72.2.1 Establishment of Track Database

A digital track database based on the China Main Line rail kilometer post is
developed for TOOS. The track database is required for computation of optimal
driving profiles (e.g., speed and throttle).

The track database is created using LKJ2000 track data and is converted between
the LKJ2000 data format and the GE-TO data format. The CAN communication
protocol is applied to achieve new LKJ2000 track data which is required to update
the track database. The accuracy of the LKJ2000 track database is verified by height
survey technology using vehicle-mounted high-precision GPS receiver.

72.2.2 Real-Time Location Technology of Locomotive

LKJ2000 data are the main source of the real-time location data for the China
Railway [4]. Security information platform is developed for interfacing with
LKJ2000, and it can receive track base and real-time location data from LKJ2000.
Optimizer box converts LKJ2000 km post to manipulated GPS latitude and lon-
gitude which can be received by HXN5-type locomotive control system. As shown
in the Fig. 72.1, the real-time location system of locomotive contains LKJ2000,
Security information platform, optimizer box, GPS receiver, and PTP.

Simulate train moving for 2.5 h using the track database of Mudanjiang to
Harbin to verify the accuracy of location and delay time. Optimizer box outputs the
manipulated GPS data and then calculates the distance from the current position to
the next signal according track database, and compares with LKJ2000 original
location information. As shown in the Fig. 72.2, the location error between

Fig. 72.1 Real-time location system
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manipulated GPS data and LKJ2000 location data is less than 10 m that can
accurately locate the train. The max delay time is 300 ms which meets the
requirement of intelligent manipulate for train.

72.2.3 Speed Adaptive Control

When automatic mode is engaged, the throttle is manipulated closed loop to follow
the optimal varying speed profile. During the train moving on the track, the train
speed can deviate from the optimal speed profile because of uncertain about
environment and the locomotive control system. It can result in corrections to the
optimally planned throttle [5].

When train makeup input information is inconsistent with the actual, the TOOS
will generate new optimized plans in reaction to dynamic data received. Examples
include train mass estimate differing from data provided at initialization.

72.3 Design of HXN5-Type Locomotive Optimization
System

72.3.1 The Structure of HXN5-Type Locomotive
Optimization System

HXN5-type locomotive optimization system includes following key components:
security information platform, optimizer box, computer management unit (CMU),
and smart display information system (locomotive operating display), as shown in
Fig. 72.3 [6]. Security information platform and optimizer box request and record
track base and real-time location data from LKJ2000. CMU interface with opti-
mizer box and calculate optimized speed profile and throttle information. Then, it
will forward result to existing locomotive control system by ARCNET [7].

Fig. 72.2 The location
precision comparison

72 Design and Application of the Train … 761



72.3.2 Functions of HXN5-Type Locomotive Optimization
System

HXN5-type locomotive optimization system has the following functions:

1. Receive LKJ2000 data, including track database, temporary speed restrictions,
and real-time location data.

2. Optimizer box collects the information for the optimized calculation and then
sends a trip initialization response message to CMU. The trip initialization
response includes the following data: trip definition, train makeup, restrictions,
track database regions, and trip parameters. CMU calculates optimized speed
profile and throttle information.

3. When the system is in automatic mode, the throttle is manipulated closed loop to
follow the optimal speed profile by speed adaptive control technology.

4. The locomotive operator interacts with system via the locomotive displays.
5. Automatic control is enabled by energizing the CMSR relay, which switches the

train lines throttle commands between the master controller and the optimization
system output. Dynamic brake train lines are not interlocked by the CMSR
relay.

72.3.3 Data Conversion and Storage

LKJ2000 track database cannot be directly used for optimized calculation, because
of data format and database safety. Optimizer box is a data conversion and stores
platform that can convert LKJ2000 data format.

Fig. 72.3 The structure of HXN5-type locomotive optimization system
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72.3.3.1 Hardware Design of the Optimizer Box

The optimizer box includes main control unit, communication unit, RS232 unit, and
output unit.

1. Main control unit
The main control unit implements the core processing algorithm of the system
and communicates with the output unit through SPI interface. It is designed by
double 2-vote-2 system.

2. Communication unit
The communication unit is communication interface with external parts. The
received external CAN bus data are forwarded to the internal CAN bus. The
communication unit has double-machine backup. It is automatically switched
when appearing false.

3. RS232 unit
RS232 unit has two RS232 communication interfaces which are used for data
communication between PTP/GPS and optimizer box.

4. Output unit
The output data are communicated to CMU via Ethernet. Output unit is
designed by double 2-vote-2 system.

72.3.3.2 Software Design of the Optimizer Box

Optimizer box is designed by means of a real-time embedded operating system
which has advantages of small kernel, reliable operation, and strong real time [8].
The system software is mainly divided into the main control function and server
function.

1. The main control software
Receiving LKJ2000 data and confirming that the system is using the correct
track database versions for the track which may be occupied, the track database
for the trip, the temporary speed restrictions, train makeup and locomotive
configure paramaters are extracted and converted to CMU data format. The
manipulated GPS message is supplied to PTP for locomotive location.

2. Server software
During the course of the trip, the dynamic data will be received and stored.
Implement the mapping function between LKJ2000 data format and CMU data
format. The optimizer box has the capability to manage the locomotive con-
figuration parameters data and exchanges the XML message with CMU.
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72.3.4 Generation of the Optimized Speed Profile
and Closed-Loop Speed Control

CMU is the core component for optimized calculation. CMU valid track database,
train makeup information, temporary speed restrictions, and locomotive configu-
ration parameters at the beginning of a trip to calculate the fuel-optimum speed
profile for the route. It assists an operator optimizes the throttle and dynamic brake
to control fuel consumption. CMU interfaces with locomotive control system,
monitoring and analyzing locomotive operation status continuously.

During automatic control operation, system control is closed loop, continuously
adjusting power application based on the actual train speed and acceleration
feedback. These power adjustments result in very accurate control that is robust to
changes in consist power, train loads, data errors in track database, etc.

The real-time notch control incorporates train handling algorithms and rules,
applying the appropriate tractive effort and dynamic brake effort at the proper time
to minimize excessive train run-in and run-out. These include control algorithms to
accommodate specific application during cresting and during sag. Tractive effort
limits and notch rate limits are used in the management of in-train forces.

72.4 Verification in Application

From April 2014 to January 2015, the application of HXN5 optimization system in
two HXN5-type locomotives of Harbin Railway Bureau has been shown as the
following effects:

1. The system is secure and reliable, meeting the requirement of the train safe
operation.
The system has safely operated over 20 million kilometers. When automatic
mode is engaged, the train speed is controlled accurately and smooth, without
over LKJ limit speed causing the air braking. The interface of the optimized
system is shown in the Fig. 72.4.

2. The system is extremely easy to use, adapting to the China Railway operation
environment.
Consistent with train operator operation rule, and it can reduce the driver’s labor
intensity. It only needs to cost about 1 min for system initialization, engaging
and disengaging the system by total 2 steps. The train operator observes the
signal and the track environment much better. The intended fail-safe default for
optimized system is to gracefully remove traction to idle at a controlled rate or
maintain dynamic brake if the system is in automatic dynamic braking control.
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3. Improving the consistency of the train running time and the train operator level
Selecting the section of the Pingshan to Wujimi in the Harbin Railway Bureau,
the difference between the trains running time of the operator’s manual driving
is 27.63 %, the time difference of the automatic driving is only 4.87 %. It
reduces the driver’s driving difference and improves the driver’s mean driving
level.

72.5 Conclusion

Based on the research of the key technologies of intelligent operation of locomo-
tive, the operating system of HXN5 locomotive is developed, and the system
automatically controls safety and reliability. TOOS is an important technical means
for locomotive intelligent control and energy saving, and it is also the development
trend of intelligent operation of railway train in the future.
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Chapter 73
Research on the Instantaneous Current
Control of PWM Rectifier for Electric
Locomotive Auxiliary Converter

Chunlei Wang, Rui Wang, Changan Tian and Guangtai Chen

Abstract According to the application requirements of the PWM rectifier in the
auxiliary converter system of electric locomotive, the working principle and
working condition of the model are analyzed, and the relevant switching functions
are established. This paper briefly introduces the current control of PWM rectifier
and the digital phase-locked loop (PLL) based on discrete Fourier transform (DFT).
Then, the direct instantaneous current control method is emphatically analyzed.
Finally, simulation of the system is carried out by MATLAB/Simulink, and the
rationality of the scheme is verified.

Keywords Auxiliary converters � PWM rectifier � Instantaneous current control �
Discrete Fourier transform

73.1 Introduction

In recent years, in China, due to repeatedly raised railway operating speed, electrified
railway mileage constantly increasing, electric locomotive gradually replaced the
diesel locomotive as the main locomotive running along the railway line. Electric
locomotive TCMS system includes a plurality of devices,, auxiliary converter is one
of them, play an role in powering the pump pumps, all kinds of fans, air com-
pressors, and other equipment, so auxiliary inverter working condition directly
affects the working state of the locomotive, and work environment of the passenger,
is a key to the stable and secure operation of the locomotive. At present, all kinds of
electric locomotive auxiliary inverter have a variety of main circuit topology, such as
auxiliary converter system topology of HXD3C, and HXD3D is shown in Fig. 73.1,
including the PWM rectifier, intermediate support, inverter, and related modulation
control circuit [1]. Electric locomotive network side single-phase PWM rectifier
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design is critical to the whole system; compared with conventional phased bridge
rectifier, single-phase PWM rectifier has some advantages such as high power factor,
input current harmonic that is small, the dc side voltage stability, switch loss, and
low electromagnetic pollution.

High power factor rectifier has become a focus of research scholars at home and
abroad, which mainly depends on the new main circuit topology and control strategy
[2]. Transient direct current control method has introduced AC side input current
feedback control on the basis of the current methods of indirect control methods,
which has good steady-state and dynamic performance. This paper analyzes the
working principle of two-level pulse rectifier and the transient current control
methods. Finally, simulation of the system is carried out by MATLAB/Simulink,
and the rationality of the scheme is verified.

73.2 The Working Principle and Mathematical Model
of the Rectifier

PWM rectifier part of the electric locomotive auxiliary inverter main circuit is
shown in Fig. 73.2 ui is the input voltage; L1 is the equivalent inductance of the grid
side, which has the function of suppressing high harmonics, storing and transferring
energy, and balancing arm terminal voltage and the grid voltage; R1 is the grid side
resistance; Cd is the filter capacitor of DC side which absorbs reactive power from
the AC side and reduces the DC voltage (Ud) ripple; and inductance L2 and
capacitance C2 are a series resonant filter, absorbing the second harmonic currents.
IGBT V1–V4 switching device is regarded as an ideal device.

The switching function PA and PB of arm A and B is defined as follows:

PA ¼ 1; V1 turn on; V2 turn off
0; V1 turn on; V2 turn off

�
ð73:1Þ

Fig. 73.1 Main circuit topology of auxiliary converter
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Since the upper arm and lower arm cannot simultaneously turned on, the drive
signal should be complementary, PB ¼ 1� PA. Arm input voltage us contains three
levels Udc; 0;�Udc, respectively. There are four effective switch combinations,
PAPB ¼ 00; 01; 10; 11. PWM rectifier input voltage is expressed as follows:

us ¼ ðPA � PBÞUdc ð73:2Þ

Instantaneous equivalent circuit of the system shown in Fig. 73.3 is obtained by
Eq. 73.2. The equivalent equation of equivalent circuit is as follows:

ui ¼ L1
diin
dt

þ iinRþ us ð73:3Þ

As shown in Eq. 73.3, the phase of the current iin can be controlled, which
controls the power factor by adjusting the phase and amplitude of the voltage us. The
energy transferred to the converter can be controlled by controlling the input current,
and the output voltage is also controlled. There are four kinds of working conditions,
which are divided into three operating modes (input resistance is ignored).

(1) Operating mode 1: V1 and V4 on, V2 and V3 off, so us ¼ Udc, us [ 0, and the
energy of inductance L1 is transferred to the capacitance Cd and the load,
which is used to charge capacitance Cd so that DC voltage Udc increases, to
ensure the stability of the Udc. In this mode, the voltage balance equation is as
follows:

L1
diin
dt

¼ ui � Udc ð73:4Þ

suiu

1L
LRdC

2L

2C
dcU

ini

Fig. 73.2 Main circuit of the PWM rectifier

suiu

1L R

ini

Fig. 73.3 Grid-side equivalent circuit
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(2) Operating mode 2: V2 and V3 on, V1 and V4 off, so us ¼ �Udc, us\0. In this
stage, the actual direction of the inductor current is opposite to the reference
direction. Power grid charges the inductor, and inductor L is charged. At this
stage, inductance is charged, so ui\0;Udc [ 0; the constant state of the
system is maintained, and voltage balance equation is as follows:

L1
diin
dt

¼ ui þUdc ð73:5Þ

(3) Operating mode 3: Only V1, V3, or only V2, V4 is on at the same time. So
us ¼ 0, and filter capacitor Cd supplies power to the load at this cage, because
of the release of the capacity of the capacitor, Udc will be reduced; so in order
to maintain the stability of the Udc, this stage is relatively short. The input AC
voltage ui is applied to the inductor, and the inductance L1 is charged and
discharged. The voltage balance equation of this stage is as follows:

L1
diin
dt

¼ ui ð73:6Þ

If the switch device is an ideal model, there is no energy loss in the switching
process, which means that the output power and input power are equal. After a
series of mathematical transformation, the mathematical model of the PWM rectifier
is obtained as follows:

L1
diin
dt

¼ ui � iinR� ðPA � PBÞUdc

Cd
dUdc

dt
¼ ðPA � PBÞiin � Udc

RL
� i2

L2
di2
dt

¼ Udc � Uc2;C2
dUc2

dt
¼ i2

8>>>>>><
>>>>>>:

ð73:7Þ

73.3 Method for Instantaneous Direct Current Control

73.3.1 Comparison Between Direct Current Control
and Indirect Current Control

Indirect current control is also known as the phase and amplitude control which
controls the fundamental amplitude and phase of the AC side voltage of
voltage-type PWM rectifier and then indirectly controls the grid-side current [3, 4].
Grid-side current is slow with dynamic response, poor stability, and sensitive to
system parameter variations with the method of indirect current control; as a result,
AC current may occur with DC offset problem and large current overshoot in the
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transient process [5]. Therefore, although the amplitude phase control has been
proposed for more than ten years, but which is still being replaced by the direct
current control strategy in the actual system and devices.

Direct current control is a control method for tracking a given current signal by
direct control of AC current [6]. The current can track the given value quickly by
adjusting the current directly with DC voltage outer loop control and AC current
inner loop control, so single-phase PWM rectifier with direct current control
method has good dynamic performance. In addition, the clipping of the given
current can be very good to limit the output current amplitude. Now, the main
current control method is as follows: hysteresis current control, vector control,
direct power control, single cycle control, instantaneous current control, etc.

73.3.2 Instantaneous Current Control

Figure 73.4 is a block diagram of the instantaneous current control system. The
working principle of the system is as follows: The different input to the PI controller
is obtained by comparing the value of the DC voltage reference value U�

dc with the
actual output voltage Udc. When Udc ¼ U�

dc, the output value of the PI controller
(I�p1) maintains as constant, and the output power and input power are kept in
balance in this case; when Udc\U�

dc, the output of the PI controller increases; the
input current is increased, so the input power is increased; the output power is
increased, and then, the output voltage is increased, so that the output voltage maintains
the stability of the output DC voltage, so the output of the PI controller represents the
change in the required power. At the same time, in order to reduce the working load of
the regulator in the intermediate direct current link and improve the dynamic response
of the DC voltage link PI regulator, the reference amplitude I� of the grid-side current
is obtained by I�p1 and the effective component I�p2 of a given current is calculated by
the current in the intermediate link Idc. The specific formula is as follows:

I�p1 ¼ kpðU�
dc � UdcÞþ 1

Ti

R ðU�
dc � UdcÞdt

I�p2 ¼ I�p2 ¼ UdcIdc
Ui

I� ¼ I�p1 þ I�p2
usðtÞ ¼ uiðtÞ � ðI�R sinxtþxLI� cosxtÞ

� k½I� sinxt � iinðtÞ�

8>>>>>>>><
>>>>>>>>:

ð73:8Þ

In the Formula (73.8), the stable voltage relationship of the vector diagram of the
normal operation in the preceding two terms when the single-phase voltage-type
PWM rectifier normal work. The third term is the induced current of the transformer
secondary winding current, which is used to modify the current and thus to obtain the
modulation signal, which includes the phase and amplitude information.
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73.3.3 Digital Phase-Locked Loop Based on DFT

The accuracy of grid voltage phase lock is very important regardless of the current
control method. In this paper, we do not introduce the current popular methods and
their advantages and disadvantages, and the principle of digital PLL based on
discrete Fourier transform (DFT) is introduced [7–9]. The block diagram of the
digital PLL based on the DFT is shown in Fig. 73.5.

For the phase-locked loop (PLL), only the phase information is concerned with
the fundamental frequency. The phase, frequency, and amplitude of arbitrary
multiples of the fundamental frequency can be obtained from any signal by Fourier
transform. This feature is just to meet the requirements of the phase detector. The
algorithm is implemented by TMS320F28335; carrier ratio is set to N. For any
signal containing the harmonic, the signal can be expressed as follows:

uðtÞ ¼ u0 þ
X1
k¼1

ukx cos
kpt
N

þ uky sin
kpt
N

� �
ð73:9Þ

u0 is the DC component, and ukx and uky are, respectively:

ukx ¼ 2
T

RT
0
uðtÞ cos 2kptN dt; n� 1

uky ¼ 2
T

RT
0
uðtÞ sin 2kpt

N dt; n� 1

8>>><
>>>:

Fundamental component can be obtained according to the trapezoidal rule when
k = 1.

u1x ¼ 2
N

PN
k¼1

uk cos 2pkN

u1y ¼ 2
N

PN
k¼1

uk sin 2pk
N

8>><
>>: ð73:10Þ

dc dc i
U I U

dc
U

dc
I

i
U

*

dc
U
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I
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R
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i t

( )
s
u t( )

i
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Fig. 73.4 Block diagram of instantaneous current control
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Then, the phase information of the fundamental component is obtained:
h1 ¼ arctan u1y

u1x
, so the h1 can be used as a PLL error adjusting signal and finally

achieve the purpose of following the fundamental phase of the grid voltage.

73.4 Simulation Result Analysis

In order to verify the rationality of the transient current control algorithm, the
simulation of the system is carried out by using MATLAB/Simulink [10]. The main
circuit parameters are as follows: The effective value of the grid-side input voltage is
340VAC, the leakage inductance of the transformer is L1 = 0.72 mH, the equivalent
resistance is R = 7.5 m, PWM rectifier output is Udc = 600VDC, DC side support
capacitor is Cd = 25 mF, and control parameters are kp = 48, ki = 3, and k = 2.

Input voltage, input current, and DC output voltage waveforms are shown in
Fig. 73.6. From the graph, we can see that the input AC current maintains a good
sinusoidal current, and the phase of the AC current and the phase of the grid-side
voltage are the same. So the rationality of the instantaneous current control algo-
rithm is verified.

( )
i
u t

0
ω

ωΔ tω

1y
u

1x
u

++

Fig. 73.5 Digital PLL based
on DFT
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Fig. 73.6 Simulation
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73.5 Conclusion

In this paper, the working principle of the PWM rectifier for electric locomotive
auxiliary converter system is analyzed, the mathematical model of the PWM rec-
tifier is presented, and the simulation model of instantaneous direct current control
is established. Through simulation studies, we can see that the power factor is close
to 1, the DC output voltage is stable, and the grid-side current harmonic is low. The
rationality of PWM rectifier for electric locomotive auxiliary converter is verified
by direct current control.
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Chapter 74
Diesel Electric Power Pack for 120-km/h
Hybrid DEMU

Wenyong Li, Xuefei Li, Xiaolong Cao and Yuling Jiang

Abstract Diesel electric power pack for 120-km/h hybrid DEMU is integrated of
horizontal diesel engine, permanent magnet alternator, auxiliary system, cooling
system, and electric control system. It is hanged below the car body floor. It has the
power supply of 120-km/h hybrid DEMU and DMU.

Keywords Diesel � Electric drive � Power pack � Hybrid � DEMU � DMU

74.1 Introduction

As the high-speed railway network is formed and urban rail transit is covered by
metro and light rail network, branch passenger transport and inter-city passenger
transport have gradually encountered its bottleneck. EMU is developed in the east
with the developed power and clustered electric network, while DMU and hybrid
DEMU are developed in the underdeveloped west and suburbs for passenger
transport, which will better solve the problem of the bottleneck of branch and
inter-city passenger transport. DMU and hybrid DEMU below 200 km/h will be
taken as the primary target of the development.
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74.2 Basic Principle

Diesel electric power pack for 120 km/h hybrid DEMU is integrated of horizontal
diesel engine and permanent magnet AC alternator in diesel power generator unit
with auxiliary system of diesel engine, cooling system, and electric control system
of diesel generator unit. It is integrated to a power pack by uniform installation
framework and two-level vibration attenuation and suspension system and hung
below the vehicle body floor in an overall manner, saving upper space of carrying
passengers in the vehicle body while benefiting layout of power distribution so as to
guarantee energy supply of the whole MU and grouping flexibility.

Small and light horizontal diesel engine is adopted whose auxiliary systems
mainly cover the following: gas inlet and emission system, fuel system, engine oil
system, cooling liquid system, startup system, control system, etc.

Mode of electric drive is adopted, and horizontal diesel engine is combined with
AC generator, which is conducive to the switch of three modes of traction,
including electric traction, traction by internal combustion, and accumulator trac-
tion, consistent in the mode of drive and easy in the realization of mode of control.

Wind-cooling method is adopted for the cooling system. The fan, driven by
small and light hydrostatic system, is mainly used for cooling diesel engine water,
pressurized air, generator water, and hydrostatic oil. Hydrostatic pump is driven by
free terminal of the diesel engine. The rotation speed of fan is controlled by the
temperature.

As the framework of power pack, installation framework carries the diesel power
generator unit and its auxiliary system. For realizing the effect of eliminating
vibration and reducing noise, elastic hanging is adopted between the installation
frame, generator unit, and vehicle body.

The control system is designed with functions of starting and speed adjustment
of diesel engine, controlling AC generator, cooling device, and start, stop, and
rotation speed adjustment of fan of the driving system, monitoring of temperature
and pressure of system oil, water,system, installation framework and gas as well as
communication with MU.

74.3 Overall Structure

Diesel power pack for hybrid DEMU mainly consists of horizontal diesel engine,
permanent magnet AC alternator, diesel auxiliary system, cooling system, control
system, installation framework, and hanging system, etc (Figs. 74.1, 74.2) [1].
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74.3.1 Horizontal Diesel Engine Selection

Due to that diesel power pack is installed below the vehicle body floor, and
restricted by space structure, the diesel engine has to be special horizontal diesel
engine designed for diesel MU.

Based on the needed power level of 120-km/h hybrid DEMU, MAN D2876
LUE604 diesel engine is adopted. Under ISO standard state, with rated rotation
speed of 2000 rpm, the rated output power is 375 kW. The gas exhaustion complies
with UICII standards of EU.

74.3.2 Permanent Magnet AC Alternator

Due to that diesel power pack is installed below the vehicle body floor and that light
and small one is required,rated voltage is permanent magnet AC alternator is
applied. Under ISO standard state, with rated rotation speed of 2000 rpm, the rated
capacity is 383 kVA, rated output power is 345 kW, rated voltage is AC3 × 1160 V,
current under the rated voltage is 191 A, and power factor cosφ = 0.9. To further
decrease the weight, the motor is designed with alloy shell and water cooling
method.

Fig. 74.1 Three-dimensional
model of diesel electric power
pack

Fig. 74.2 Diesel electric
power pack product picture
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74.3.3 Auxiliary Systems of Diesel Engine

Auxiliary systems of diesel engine include inflow and outflow system, fuel system,
engine oil system, cooling water system, and startup system.

74.3.3.1 Inlet System

Under-vehicle inlet method is adopted for power pack diesel engine. The inlet hole
of air filter is placed vertically in vehicles. At the corresponding position of apron
board under the vehicle body, replacement space for inlet flue and filter screen is
reserved.

74.3.3.2 Emission System

Under-vehicle emission method is applied for the power pack diesel engine. The
emission hole of emission silencer faces toward ground, and the lower body of
vehicle is of open structure. Products from domestic railway supplier will be
adopted with main body outline size Φ500 × 900 mm, weight ≤120 kg, noise
reduction ≥15 dB(A), pressure loss ≤4.0 kPa, stainless steel outer surface,
thermal-protective lining coating, and outer surface temperature ≤80 °C.

74.3.3.3 Fuel System

Power pack diesel engine fuel system includes fuel tank, fuel preheat recycling
pump, electromagnetic valve, fuel preliminary filter, secondary filter, manual pump,
and fuel pipe.

74.3.3.4 Engine Oil System

MAN Company provides engine oil filter, engine oil cooler, liquid-level sensor, and
pressure sensor along with the diesel engine. The capacity of engine oil tank is 33 L
designed with low-temperature preheat function, meeting the normal operation
requirement under −40 °C. Power pack is designed with functions of low oil
pressure and low liquid-level alarming, and starting protection. The pressure of
alarm switch for engine oil pressure sensor is 50 kPa.
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74.3.3.5 Cooling Water System

Cooling water pump and cooling liquid temperature sensor are provided along with
the diesel engine. External thermostat is applied for controlling the temperature of
cooling liquid, at the same time, a small part of cooling liquid through it is used for
cooling generator. It is designed with the function of high-temperature water pro-
tection for the diesel engine.

Power pack is equipped with diesel engine water sleeve cooling liquid forced
circulation heating system, which can automatically heat cooling liquid of the diesel
engine water sleeve based on the set preheat temperature, meeting the normal
operation requirement with external temperature of below −40 °C.

74.3.3.6 Startup System

Diesel engine is started by the super-capacitor with rated voltage of DC28 V.
Super-capacitor is smaller and lighter compared with storage battery and easy to
start under low temperature.

74.3.4 Cooling System

The cooling system of power pack consists of diesel engine cooling water system,
pressurized air cooling system, and hydrostatic system.

74.3.4.1 Cooling Water System

The cooling water system of diesel engine mainly consists of water radiator,
expansion water tank, cooling water temperature control valve, and water pipe.

74.3.4.2 Pressurized Air Cooling System

Pressurized air cooling system mainly consists of air cooler and air pipe.

74.3.4.3 Hydrostatic System

Hydrostatic system mainly includes such parts of hydraulic pump, motor, hydraulic
oil temperature control valve, oil cooler, oil return filter, oil tank, controller, and
hydraulic pipe.
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74.3.4.4 Cooling Device

Water radiator, air cooler, oil cooler, cooling fan, and hydraulic motor are integrated
within one set of cooling device, and dust screen is installed at the inlet side of the
cooling device Water radiator is cooled separately by one fan, while air cooler and
oil cooler are cooled together by another fan. Two fans are both driven by hydraulic
motor and are controlled independently. The flowing direction of cooling air is of
induction type.

74.3.5 Electric Control System

The electric control system is designed with functions of starting, stopping, and
speed adjustment of diesel engine, voltage monitoring and protection of the per-
manent magnet AC alternator, start, stop, and rotation speed adjustment of cooling
device and fan of the driving system, monitoring of temperature and pressure of
system oil, water, and gas as well as communication with MU.

Electric control system of the power pack mainly consists of: power pack control
unit, EDC (electric diesel control unit), super capacitor (supply power for starting
motor) and recharging power for super capacitor, etc. of which EDC is provided by
MAN together with diesel engine.

74.3.6 Installation Framework

The installation framework is of welding structure. The two horizontal main bearing
beams and diesel engine beam are plate-welding box beam. The two vertical
connecting beams are applied with circular pipe.

The installation framework hangs the whole power pack under the side beam of
vehicle body through four elastic hanging devices. The hanging keyway of vehicle
body and main bearing beam is connected and fastened by hinge axis positioning
bolt.

74.3.7 Suspension System

The suspension vibration reduction system of the power pack is designed with two
levels, including first-level suspension vibration reduction system between diesel
power generator unit and installation framework as well as second-level suspension
vibration reduction system between installation framework and side beam of MU
vehicle body.
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74.3.7.1 Connection Between Installation Framework and Vehicle
Body

The suspension vibration reduction unit between installation framework and vehicle
body is of the wedge-type (V type) vibration reduction rubber part which is
commonly used in high-speed MU. The middle hinge is connected with the vehicle
body hanging hinge at the upper part of installation framework, which is installed in
the special installation seat in an overall manner and fixed on side beam of vehicle
body by bolts.

74.3.7.2 Connection Between Diesel Power Generator Unit
and Installation Framework

The connection between diesel power generator unit and installation framework is
by cylinder vibration reduction rubber. The external cylinder is fixed on the cor-
responding hanging seat of generator and diesel engine of installation framework.
The inner hole is connected with generator and diesel engine hanging seat. One and
four cylinder vibration reduction hanging points are set on the diesel engine and on
the generator, respectively.

74.4 Main Technical Parameters

The main technical parameters are given in Table 74.1.

Table 74.1 Main technical parameters

Parameters Unit Value

Rated output power kW 330

Rated voltage (thermal state, rated load, 2000 rpm) V AC3 × 1160

Current under rated voltage A 182

Rated rotation speed rpm 2000

Variation of output voltage when rated load changes to void % <25

Capacitor difference % ±10

Stabilizing time s 2–3

Sine distortion rate of no-load voltage % 5

Max length mm <3500

Central line of hoisting position mm 2982

Max width of hoisting position mm <3100

Total weight when containing all liquid kg <4000
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74.5 Design Calculation

Diesel power pack, as a complex integrated system, is performed with separately
simulated calculation analysis of torsional vibration of shaft system, installation
framework, diesel engine hanging connection, generator shell, cooling device
framework and impeller strength, features of suspension vibration reduction system,
and cooling system performance to ensure the feasibility of technique plan [2–9].

The strength analysis of installation framework includes static strength, fatigue
strength, impact strength, vibration strength, and modal analysis (Figs. 74.3,
74.4, 74.5).

Fig. 74.3 Finite element calculation for diesel electric power pack installation frame

Fig. 74.4 Finite element calculation for diesel electric power pack alternator frame
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74.6 Test Verification

In diesel engine test station of Dalian Locomotive Research Institute, power pack
ground test station is established. Max rotation speed no-load test, output electric
feature no-load test, hydrostatic system test, cooling fan rotation speed test, cooling
system temperature control valve test, leakage test, power pack loading perfor-
mance test, and noise test for diesel engine have been performed separately.
Southwest Jiaotong University and China Academy of Railway Sciences perform
power pack system hanging vibration test and power pack system vibration and
impact test by entrustment, respectively (Fig. 74.6).

Through the above tests, all performance parameters of diesel power pack and its
key parts meet the design requirements.

Fig. 74.5 Finite element calculation for diesel electric power pack cooling system frame

Fig. 74.6 Functional test for
diesel electric power pack on
bench
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74.7 Conclusion

The diesel power pack completely meets the traction power requirement for
120 km/h DMU and hybrid DEMU with high integration and easy installation and
maintenance, which first makes successful application of advanced integration
techniques of horizontal diesel engine and permanent magnet accumulator.

On the basis of the technical platform of diesel power pack, series diesel power
pack products with different power levels, transmission methods, and layout
structures can be developed and used for 120–200-km/h DMU and hybrid DEMU.
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Chapter 75
Research and Design for Train Sensor
Network Train-to-Wayside
Communication of Urban Rail Transit

Xiao yue Song, Honghui Dong and Limin Jia

Abstract This paper, based on the requirements of the development of urban rail
train safety monitoring sensor network, gives the Alamouti Space Time Block
Coding (STBC) train-wayside joint MIMO system of transmission scheme com-
bined with the performance advantages of MIMO technology. Establish the wire-
less channel model of the train running under the environment of elevated and
tunnels to evaluate and analyze the performance of MIMO system. It is proved that
the channel capacity and transmission reliability of MIMO are better than the
single-antenna space free wave transmission mode and leaky waveguide trans-
mission mode, which are widely used. MIMO can improve the efficiency and
reliability of train-to-wayside communication, ensuring the high efficiency and the
safe operation of the trains.

Keywords Urban rail transportation � Train-to-wayside communication �MIMO �
Channel capacity � Reliability

75.1 Introduction

With the development of urban rail transportation’s technology, the real-time
control and the transfer of kinds of information through the vehicle communication
network technology have become the trend of the technology development in the
future. Urban rail train safety monitoring sensor network achieves comprehensive
treatment of train’s information of operation control, condition monitoring, and
fault diagnosis and passenger service. After the information acquisition and pro-
cessing, transfer the data to traffic safety monitoring center through the
high-capacity data transmission network, realizing rail transit intelligent diagnosis
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and comprehensive security alarm. But at present, the CBTC train-to-wayside
communication uses 802.11x series of WLAN, wireless coverage using antenna,
leaky coaxial cable, or leaky waveguide covering to complete range of RF signal
coverage, of which the communication service level cannot meet the current
requirements of train-to-wayside communication bandwidth and reliability.
Therefore, the establishment of efficient and reliable communication system
between the train and the wayside plays an important role in driving the traffic
safety and providing communication services.

Multiple-input–multiple-output (MIMO) technology can increase system chan-
nel capacity without increasing the transmit power spectrum and the number of
antenna. It has obvious advantages, being regarded as the core technology of the
next-generation mobile communication. Recent years, there are some researches in
the application of track transportation at home and abroad. Dudley et al. demon-
strate the availability of MIMO in the tunnel environment [1]. In China, Southwest
Jiao Tong University puts forward a lattice orthogonal reconstruction algorithm
based on the open-loop and closed-loop MIMO system of the orthogonal space time
code [2]. Lanzhou Jiao Tong University proposed a high-speed rail-distributed
MIMO system [3]. Beijing Jiao Tong University studied the channel capacity and
the antenna spacing of 2 x 2 antenna of the MIMO system under the elevated
environment [4].

In this paper, combining the performance of MIMO technology advantage, we
give the Alamouti Space Time Block Coding (STBC) train-to-wayside MIMO sys-
tem of transmission scheme. It is proved that the channel capacity and transmission
reliability of MIMO are better than the single-antenna space free wave transmission
mode and leaky waveguide transmission mode, which are widely used. It can
improve the train-to-wayside communication’s efficiency and reliability.

75.2 Train-Wayside Joint 2 x 2 MIMO Transmission
Mode

As the key technology in LTE, WiMAX, and IEEE 802.11n, MIMO has a better
performance to improve the channel capacity and the reliability of the transmission,
it can achieve simultaneously transmit multiple space flow and receive multiple
space flow, but also can distinguish the position and the orientation of the signal.

Usually the communication between train and wayside is through the antenna
mounted on a train and the antennas along track or bottom plate antenna or rail side
leaky waveguide. For the ordinary MIMO system, the correlation between antenna
and antenna can affect the channel performance. In order to reduce the harmful
effects caused by the antenna correlation, we will set the train antennas and wayside
antennas along the track of the 2 x 2 MIMO system as shown in Fig. 75.1.

The train is in the shape of linear, we, respectively, arrange an antenna at the
front and rear, composing an antenna array, the height to the ground is 3.6 m; a
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wireless access point has two receiving antennas on the ground, respectively,
arranged on both sides of the track in order to ensure the fading characteristic of the
output signal of the receiving antenna is independent of each other, set elevated
wayside antenna height of 3.6 m, distance of 3.2 m, of which the distance d > λ/2; in
addition, the transmitting and receiving antennas use omnidirectional antenna and
the mode of vertical polarization, train and wayside antenna are placed horizontally
to reduce the effect of the correlation, conducive to optimizing the system perfor-
mance; the arrangement of wayside wireless access points, combined with the field
coverage parameters, still with the red and blue network redundancy coverage
principle and based on the line conditions and engineering experience, preset 200–
250 m in accordance. In the same way, we will set the antenna array in the tunnel as
shown in Fig. 75.2 in the tunnel environment, the height of the antenna array in the
tunnel is 3.8 m, and the distance is 3.2 m.

Fig. 75.1 The set of MIMO system in elevated environment

Fig. 75.2 The set of MIMO system in tunnel environment
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In the actual communication process, the optimal communication scheme is
selected according to the communication conditions and environment of the
transmitter and the receiver. When the wireless channel condition is bad, use of
space diversity technology to guarantee the reliability of the communication is
more; when the channel condition is good, choice space division multiplexing is
used to improve the transmission rate. The performance of the wireless channel in
the environment urban rail trains run, especially in the tunnel environment, declines
seriously; the application of MIMO makes the system of wireless channel capacity
significant gain with the increasing number of antennas, providing a guarantee for
the transmission rate. To sum up, improving the communication reliability of
train-to-wayside MIMO system is more important; so as for the urban rail
train-wayside joint MIMO system, we use the Alamouti technology of STBC to
further improve the reliability of wireless communication.

75.3 Channel Modeling of Transmission Mode in Different
Environment

75.3.1 Transmission Mode in Elevated Environment

In the elevated environment, wireless-free wave transmission mode and leaky
waveguide transmission mode are relatively widely used.

1. Leaky waveguide mode
When there is enough long leaky waveguide even the train speed is high, the
receiving signal path condition to the train antenna does not change signifi-
cantly, so the receiving wireless signal does not produce Doppler’s frequency
shift and any phase shift. According to these two conditions, we can judge the
received wireless signal obeys a Gaussian distribution when a leaky waveguide
short distance receiving the transmitting signal, so in elevated environmental we
regard leaky waveguide channel as Gaussian channel model to do the perfor-
mance assessment.

2. Wireless-free wave mode
When the urban rail transit system is in the elevated environment, the wireless
access points and the antenna on the train are usually the distance between a few
hundred meters, which is LOS (line of sight) transmission. For the wireless-free
wave transmission in elevated environment in this paper, the train antenna is
installed outside, and wayside antenna’s and train antenna’s distance is short,
existing strong Los path, so that direct component signal strength is larger;
therefore, the channel is the rice fading model. According to the reference, the K
factor of the 2.4 GHz frequency band in the elevated environment is usually
about 8–13 dB and the mean is 10 dB.
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3. The train-wayside joint MIMO system
The train-wayside joint MIMO system has 2 transmit antennas and 2 receiving
antennas, and the transmitted data constitute a signal matrix X of 2, then the
received signal is expressed as follows:

Y ¼ HXþN ð75:1Þ

where H is the channel fading matrix of 2 × 2, Y is the received signal matrix of 2,
and N is the additive Gauss white noise, obeying circular normal distribution.

In the actual communication, the effect of multipath components is also con-
sidered. After increasing the multipath component, the model of the rice channel is
given as follows:

H ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
K

Kþ 1

r
HL þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1

Kþ 1

r
HN ð75:2Þ

where HL is the direct component, and HN is the multipath component;
In this paper, the antenna spacing is greater far than the wavelength because of

the antennas’ setting, and the correlation between the train antenna array and the
wayside antenna array is greatly reduced by the antenna modality, so the multipath
component matrix can be simplified to:

HN ¼ R1=2
r HwR

1=2
t ð75:3Þ

where Rr is the covariance matrix of receiving; Rt is the covariance matrix of
transmit, and in this paper, they are approximately to be matrix I. Hw is independent
identically distributed Gauss white matrix.

The mean of random variables of the rice fading channel in the statistical
properties is:

Efrg ¼ r

ffiffiffi
p
2

r
ð1þKÞI0ðK2ÞþKI1ðK2Þ

� �
e�K=2 ð75:4Þ

where R is the received signal’s envelope or amplitude, σ2 is the average power of
the wireless signal, and I0(•) is the zero order first class of modified Bessel
functions.

75.3.2 Transmission Mode in Tunnel Environment

Although subway running under tunnel environment is a relatively single running
scenario, its wireless communication environment is changing. The particularity of
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the propagation environment may affect the wireless communication transmission
performance and ultimately affect the user experience even normal communication
of the control system [5, 6].

1. Wireless-free wave mode
The most factor of the fading of the underground tunnel is the multipath effect.
The wave propagation in tunnel is the complex multipath propagation, making
the rice channel’s LOS component signal strength to greatly reduce, and
K factor tends to be 0, so we use Rayleigh model to describe the wireless-free
wave inside the tunnel. Rayleigh fading can effectively describe the wireless
communication environment in the presence of large numbers of obstacles.

2. The train-wayside joint MIMO system
In the tunnel, the channel of the MIMO system has a more significant multipath
effect and due to its multi-antenna structure, we need to generate multi-channel
fading channel when modeling. Considering multipath propagation, the
Nt × Nr × L (Nt is the number of transmit antenna, Nr is the number of receiver
antenna, L is the number of multipath) are considered as independent Rayleigh
fading channels. By introducing randomness into three variables of un;k; hk;/k,
the improved CLARKE model can be used to generate multiple independent
Rayleigh fading channels. The formula is as follows:

XðtÞ ¼
ffiffiffiffiffi
2
M

r XM
n¼1

sinðun;kÞ sin wdt sin
2p� pþ hk

4M

� �
þ/k

� �(

þ j
XM
n¼1

cosðun;kÞ cos wdt sin
2p� pþ hk

4M

� �
þ/k

� �) ð75:5Þ

where K = Nt × Nr × L is the number of Rayleigh fading, M is the number of sine
waves superimposed, un;k n ¼ 1; 2; . . .;Mð Þ is in order to ensure that the phase
component is orthogonal to the quadrature component and has the same power, hk
is in order to make the Doppler frequency randomized, and /k is the initial phase.

The M + 2 random variables of un;k; hk;/k for all K and N are uniformly
distributed and independent of each other in [−π, π). So to generate K Rayleigh
fading, we need to produce k × (M + 2) random variables in [−π, π) following
uniform distribution. The statistical properties of Xk(t) and X(t) are the same. And
when k = L, Xl (t) and Xk(t) are independent of each other. The mathematical
statistics of each independent Rayleigh fading channel is as follow:

Efrg ¼ r

ffiffiffi
p
2

r
ð75:6Þ
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75.4 The Comparison of MIMO System and Other
Transmission Mode

In this paper, due to the arrangement form of the transmitter and the receiving
antennas of the Alamouti train-wayside joint 2 x 2MIMO system, it is approxi-
mately satisfied:

R
1
2
r ¼ R

1
2
t ¼ IN ð75:7Þ

The ergodic capacity of the MIMO system is calculated when CSI and compared
with the single antenna free wave propagation mode, and the results are shown in
Fig. 75.3.

In actual communication, the baseband bandwidth is 20 MHz, the
signal-to-noise ratio (SNR) of good channel conditions is in 60–80 dB, and channel
SNR in the [0 dB, 20 dB] belongs to poor and more serious decline communication
channel conditions. When channel condition is poor, the channel capacity of single
antenna free space wave is 1.74 bps/Hz, and the channel capacity of train-wayside
joint 2 x 2 MIMO system is up to 3.37 bps/Hz, so that bandwidth is up to
67.4 Mbps, thereby train-wayside joint 2 x 2MIMO system can more easily meet
28 Mbps effective bandwidth demand of urban rail train-to-wayside wireless
communication. It has significantly improved compared with single antenna free
space wave transmission mode.

Based on the channel model, we take 100000 of signals for simulation. In [0, 20]
of SNR, simulate and calculate three kinds of transmission modes under the ele-
vated environment and get the reliability in different SNR condition and the results
are shown in Fig. 75.4.

Fig. 75.3 Ergodic capacity of
MIMO system under different
SNR
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For these three transmission schemes under the elevated environment, single
antenna wireless free wave transmission scheme has the worst reliability, and the
reliability in low SNR condition cannot be guaranteed. The reliability fading of
leaky waveguide mode is very serious as well. But for Alamouti coding
train-wayside joint 2 × 2 MIMO system, its reliability is significantly improved and
when SNR reaches 16 dB, the bit error rate is reduced to 10−5, meeting the relia-
bility QoS demand of train-to-wayside wireless communication. Both in the low
SNR condition and in the high SNR condition, it has achieved good gain.

Similarly, in [0, 20] of SNR, simulate and calculate two kinds of transmission
modes under the tunnel environment and the bit error rate results are shown in
Fig. 75.5.

Fig. 75.4 Reliability of
MIMO system under the
elevated environment

Fig. 75.5 Reliability of
MIMO system in the tunnel
environment
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The bit error rate of Alamouti coding 2 x 2 MIMO system is reduced to 10−5

when SNR reached 16.9 dB, meeting the reliability QoS demand of
train-to-wayside wireless communication, but the reliability of it is slightly lower
than that under elevated environment; however, when the SNR is 15–16 dB, it
shows a shock phenomenon and the bit error rate is increased; the reliability of
single antenna wireless free wave transmission is similar with that in elevated
environmental performance, always unable to get guaranteed in low SNR condition.

75.5 Conclusions

In this paper, based on the requirements of the development of urban rail train
safety monitoring sensor network, we give the Alamouti STBC train-wayside joint
MIMO system of transmission scheme. It is proved to provide an effective guar-
antee to the transmission demand of high transmission rate, and also, in the com-
mon two kinds of environment of the urban rail, the train-wayside joint MIMO
system can well improve the reliability of the train-to-wayside communication.
However, this urban rail train running environment of wireless channel model is
established under the state when antennas are set for the minimal ideal correlation;
we only considered the general situation of the elevated and the tunnel environment
not including the special section, bend and other different transmission environment
to comprehensive evaluation. In addition, reasonable transmission mode selection
should not only consider the channel capacity and reliability, but also consider the
propagation loss, anti-interference ability, engineering cost, and installation of the
degree of difficulty of the different ways of transmission to evaluate.
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Chapter 76
A Design of Reefer Container Monitoring
System Using PLC-Based Technology

Jun-Ho Huh, Taehoon Koh and Kyungryong Seo

Abstract It takes about 7 or more than 45 days for a cargo ship, leaving the ports
of the Republic of Korea to reach the Chinese, European, and American continents
by sea and train. Unlike general cargo containers, the reefer containers need a
consistent temperature and regular inspection everyday to prevent spoilage of the
chilled cargos during their long navigation periods. However, since these cargos are
often scattered on and off the deck depending on the loading and unloading
operations at the port of call, it is very difficult to control and manage them with
limited staff. Thus, in this paper, we have proposed a system that can monitor the
sensor information (data) provided by NMEA 2000-based CAN at the cabin just
using a PLC backbone network without having to install additional communication
cables. This system will also be applicable to the cargo trains in the future. We
expect that the proposed system will reduce logistic costs and accidents while
abiding by the recommendation issued by the International Maritime Organization
(IMO). We will not only expect an innovative retrenchment of distribution cost, but
also automatically secure the freight condition and location.

Keywords Iot � ICT � Container � Reefer container monitoring system � PLC

76.1 Introduction

The Republic of Korea (South Korea) is a peninsula state connected to the Chinese
continent extending to the European continent but due to an awkward relationship
with the Democratic People’s Republic of Korea (North Korea), all the cargo
containers are being transported by ships and carried into the continents after
reloading them on the trucks or trains. Following the respective finalization of the
free trade agreement with People’s Republic of China, US, EU, and Socialist
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Republic of Vietnam, it is anticipated that the volume of the agro-fishery product
trade using refrigerated or chilled containers will increase rapidly. Despite of the
introduction of bigger container ships and the increase in the number of reefer
containers, the management process still depends on the limited personnel, which in
turn results in increase of onboard accidents while they handle the containers in bad
weather or at night. The accidents are usually caused by the absence of adequate
safety measures which require a precise and dependable monitoring system. To
reduce such safety hazards, the IMO strongly recommends that the PLC-based
electronic systems should be used on the ships.

The maritime logistics plays a vital role in Republic of Korea’s export-oriented
economic system, and the distribution system using the reefer containers is critical
to achieve market growth for the agro-fishery industry. In spite of increasing
demands for better and reliable reefer container monitoring system, the shipowners
and shipping companies are reluctant to adopt such systems as they are keen on the
operation costs. Installing a new electronic system on the ship usually involves
much costs and efforts: additional equipments, extra cables, extended working
hours, and sometimes excessive anchorage dues, not to mention training hours for
the system operation. Therefore, we have enabled a monitoring system which
utilizes the PLC backbone network. This system adapts to NMEA 2000 protocol
and centralizes the sensor data of the control devices obtained with CAN to monitor
the conditions of reefer containers at the control room or other sites.

The PLC module we have developed is used, and the installation process is quite
simple as it does not require time-consuming cabling works. Also, the system can
be used for the cargo trains or other areas where low-cost monitoring system is
required. In Chap. 2, related studies will be described, and in Chap. 3, details of our
system will be discussed, followed by the conclusion and future work in Chap. 4.

76.2 Related Research

76.2.1 Republic of Korea’s Research Trends

In Republic of Korea, monitoring of reefer containers is carried out by rotational
inspections of the crews, or monitoring systems in Fig. 76.1 and Fig. 76.2. But
these systems cannot monitor conditions of entire reefer containers and assume
real-time remote control so that shipowners and shipping companies cannot easily
adopt them on their ships. Other monitoring systems in Fig. 76.3, the current
measuring method and interrogation port with RFID [1] or with cable network
[2], also dose not provide real-time monitoring capability. The system that carries
out real-time monitoring of reefer containers has not been commercialized yet.
Currently, the system that can monitor and control reefer containers at the container
terminals and land transportation areas is under development using M2M tech-
nology. This system is expected to supplement the problems of existing systems
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Fig. 76.1 4-pole-cable reefer container monitoring system

Fig. 76.2 Reefer container monitoring system with PCT method
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and receiving much attention [3]. Recently, Choi et al. [4] (Intelligent Container
R&D Center, Dong-A University) have presented a method to realize real-time
information (data) collection for the reefer containers loaded on the ship and a
communication infrastructure construction plan to support this method.

76.2.2 Ship PLC and Train PLC

Ship PLC is networking technology enabling the transfer of data through existing
power lines at the ship [5–9] and train. It provides high-speed transfer and needs no
extra cables [10, 11]. Figure 76.4 shows ship PLC and train PLC. For the vessel
which has been already wired entirely, the PLC can save costs and time. Our PLC
unit provides up to 200 Mbps for data transfer. The PLC, communication tech-
nology that trasnfer data on power lines, promises fast and efficient communication
network on vessel deck.

76.3 Design of Reefer Container Monitoring System Using
PLC-Based Technology

In Fig. 76.5, we can observe a direct manual operation by the crew to check
temperature and humidity data for the reefer container management. However,
since the weather condition during the sailing period will not be always favorable,

Fig. 76.3 Other reefer container monitoring method
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crew are consistently exposed to dangers. Application of the wireless communi-
cation technology has been attempted, but its commercialization was impossible
due to the nature of each port of call. In other words, the wireless communication
technology was limited depending on the cargo locations.

As shown in Fig. 76.6, one can find the light and power line within the cargo
hold easily so that separate cable installation is not needed.

Figure 76.7 shows how the temperature and humidity data of reefer containers
loaded on and off the decks separately during the sailing period are collected at the
bridge through the PLC. Then, collected data will be sent to the land via satellites
together with the ship’s location information so that land-based administrators can
monitor containers’ overall statuses though the Web. Such technology can be used
when a shipping company deals with cargo owners, for it will provide higher
credibility in service they would like to offer.

Fig. 76.4 Ship and train PLC

Fig. 76.5 Problem of reefer container management during sailing period
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76.4 Conclusion and Future Work

We proposed a reefer container monitoring system that monitors the data of each
control device obtained through CAN which complies with the NMEA 2000 pro-
tocol. The system uses PLC backbone only and does not require additional cabling
works and can check the data at any cabins in the ship. By complying with the
recommendation issued by the IMO, it is expected to reduce both the distribution
costs and accident rates. We are planning to adapt the technology to the train-based
logistics and disclose the implemented design on the extended research paper in the
future after completing a paten registration.

Fig. 76.6 Reefer container monitoring system using PLC-based technology for ship

Fig. 76.7 Real-time monitoring of reefer container during navigation for ship
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As a future research, we plan to proceed with a development project to employ
PLC into the railroad lines. Figure 76.8 shows reefer container monitoring system
using PLC-based technology for train. Additional work will be to improve the
reliability of the PLC communication by reducing the noise inflows, the most
vulnerable characteristic. There are four PLC communication routes on reefer
container monitoring system using PLC-based technology for train implemented in
Fig. 76.8 so that these four need to be distributed to form a network setting the main
PLC in the center as a server.

As such, we propose the reefer container monitoring system using PLC-based
technology for train that deduces optimal value by calculating the total cost of entire
networks, adding the costs involved in each node’s network (Eqs. 76.1, 76.2, 76.3,
and 76.4…).

PLC#1 ¼ @C
@P1

þ
XN1

‘¼1

l‘
@Z‘
@P1

ð76:1Þ

Where N1 is the number of lines passing through P1.

PLC#2 ¼ @C
@P2

þ
XN2

‘¼1

l‘
@Z‘
@P2

ð76:2Þ

Where N2 is the number of lines passing through P2.

PLC#3 ¼ @C
@P3

þ
XN3

‘¼1

l‘
@Z‘
@P3

ð76:3Þ

Fig. 76.8 Reefer container monitoring system using PLC-based technology for train
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Where N3 is the number of lines passing through P3.

PLC#4 ¼ @C
@P4

þ
XN4

‘¼1

l‘
@Z‘
@P4

ð76:4Þ

Where N4 is the number of lines passing through P4.
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Chapter 77
Research of Pantograph–Catenary Active
Vibration Control System Based
on NARMA-L2 Model

Shibing Liu, Lei Wu and Xuelong Zhu

Abstract Single catenary system model and three-dimensional mass model of
pantograph system were established, and kinetic equation was given in this paper.
NARMA-L2 neural network model was introduced and applied to the pantograph–
catenary vibration control system, and an active control proposal was designed.
Simulation research was done as to the effect of controller for speed of 200 km h−1,
250 km h−1, and 300 km h−1. Also the simulation gets pantograph–catenary contact
force and pantograph uplift curve, simulation data were analyzed from four aspects
maximum, minimum, average, and standard deviation. Comparative results show
that compared with the control without NARMA-L2 model, standard deviation of
pantograph–catenary contact force and pantograph uplift is lower much at the set
speed. Therefore, pantograph vibration control system based on NARMA-L2 neural
network can greatly reduce the vibration amplitude of pantograph–catenary and
enhanced pantograph–catenary coupling, thus achieved more stable pantograph–
catenary contact and better current collection.

Keywords Pantograph–catenary � Neural network � Active vibration control �
NARMA-L2 � Simulation research

77.1 Introduction

For pantograph–catenary vibration control problems, scholars have done a lot of
researches, respectively; active control and semi-active control scheme is intro-
duced in the pantograph–catenary vibration control system. Reference [1] proposed
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a fuzzy control technology to suppress pantograph–catenary vibration, which have
achieved better control effect; reference [2] introduces higher-order sliding mode
variable structure control strategy to do active control and simulation for two
degrees of freedom lumped mass pantograph model; in the literature [3–5], LQR
controller was designed for linear pantograph control model to reduce the volatility
of contact force, but the controller is unable to adapt to increasing train speed;
reference [6] was applied to the optimal control strategy, respectively; active control
simulation was done to get pantograph contact force for the simple chain hanging
catenary and elastic chain hanging catenary when different train speed theoretically
analyzes the effectiveness of the controller; in reference [7], using numerical sim-
ulation method, pantograph vertical semi-active control and quadratic optimal
active control performance was compared and their advantages were analyzed.

This paper build a simple catenary model and a pantograph ternary model.
NARMA-L2 neural network model is introduced in pantograph–catenary vibration
control system. The results show that NARMA-L2 neural network model can
effectively control pantograph–catenary vibration.

77.2 Catenary and Pantograph Models

77.2.1 Catenary Model and Stiffness

High-speed electrified railway contact line suspension forms are generally divided
into three kinds: simple chain suspension, elastic suspension, and duplex-type
suspension. In our country, catenary is mostly simple chain suspension. Figure 77.1
shows a simplified catenary structure. Reference [7] gives catenary dynamic finite
element differential equations based on the plane beam element theory

Mc€qþCc _qþKcq ¼ Qc ð77:1Þ

where Mc is mass matrix, q is generalized coordinates, Cc is damping matrix, Kc is
stiffness matrix, and Qc is generalized force.

The catenary is equivalent to a variable stiffness of the spring system in literature
[6], and using nonlinear data principle of least squares to fit stiffness data, result are
as follows:

Contact line Dropper

Catenary

Fig. 77.1 Catenary simplified structure
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kðtÞ ¼ k0ð1þ a1f1 þ a2f2 þ a3f
2
1 þ a4f

2
3 þ a5f

2
4 Þ ð77:2Þ

where

f1 ¼ cos
2pv
L

t

� �
; f2 ¼ cos

2pv
L1

t

� �
; f3 ¼ cos

pv
L
t

� �
; f4 ¼ cos

pv
L1

t

� �
ð77:3Þ

The physical meaning and the value of the parameters of Eqs. (77.2) and (77.3)
were described in the literature [6].

77.2.2 Pantograph Model

Pantograph system has nonlinear characteristics, usually do linearization in the
study [6]. Pantograph three-dimensional mass model is shown in Fig. 77.2 after
treatment [8].

Kinetic equation of pantograph can be written by using the analysis as shown in
Fig. 77.2:

m1€z1 þ k1ðz1 � z2Þþ c1ð_z1 � _z2Þþ kðtÞz1 ¼ 0
m2€z2 þ k1ðz2 � z1Þþ k2ðz2 � z3Þþ c1ð_z2 � _z1Þþ c2ð_z2 � _z3Þ ¼ 0
m3€z3 þ k2ðz3 � z2Þþ c2ð_z3 � _z2Þþ c3 _z3 ¼ F0

8<
: ð77:4Þ

( )k t

1k

2k

0F

1c

2c

3c

1m

2m

3m

1z

2z

3
z

Fig. 77.2 Three-dimensional
mass model of pantograph
system
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77.3 NARMA-L2 Network Model for Online
Identification

NARMA-L2 (feedback linear model) is NARMA (nonlinear autoregressive moving
average model) improved model, which belongs to a kind of BP neural network [9,
10]. NARMA model, which with high approximation accuracy and fast conver-
gence, is widely used in nonlinear system identification [11]. NARMA model of
general discrete nonlinear system is often described by the following equation:

yðkþ dÞ ¼ N½yðkÞ; yðk � 1Þ; yðk � 2Þ; . . .; yðk � nþ 1Þ;
uðkÞ; uðk � 1Þ; uðk � 2Þ; . . .; uðk � nþ 1Þ�d� 2

ð77:5Þ

Equation (77.5) is represented by the Taylor series expansion. Thus, we can get
NARMA-L2 model expression as follows:

ŷ kþ dð Þ ¼ f yðkÞ; yðk � 1Þ; . . .; yðk � nþ 1Þ; uðkÞ; uðk � 1Þ; . . .; uðk � nþ 1Þ½ �
þ g yðkÞ; yðk � 1Þ; . . .; yðk � nþ 1Þ; uðkÞ; uðk � 1Þ; . . .; uðk � nþ 1Þ½ �uðkÞ

ð77:6Þ

where d� 2; f ½�� and g½�� are the network mapping. From Eq. (77.6), it can be seen
that NARMA-L2 model is parallel form; if given the reference curve yrðkþ dÞ,then
get the following forms of control:

uðkÞ ¼ yrðkþ dÞ � f yðkÞ; yðk � 1Þ; . . .; yðk � nþ 1Þ; uðkÞ; uðk � 1Þ; . . .; uðk � nþ 1Þ½ �
g yðkÞ; yðk � 1Þ; . . .; yðk � nþ 1Þ; uðkÞ; uðk � 1Þ; . . .; uðk � nþ 1Þ½ �

ð77:7Þ

Since u(k) and y(k) are the system input and output at time k, it is impossible to
obtain them at the same time, which brings difficulties to realize, commonly use the
flowing formula instead of Eq. (77.7):

uðkþ 1Þ ¼ yrðkþ dÞ � f yðkÞ; yðk � 1Þ; . . .; yðk � nþ 1Þ; uðkÞ; uðk � 1Þ; . . .; uðk � nþ 1Þ½ �
g yðkÞ; yðk � 1Þ; . . .; yðk � nþ 1Þ; uðkÞ; uðk � 1Þ; . . .; uðk � nþ 1Þ½ �

ð77:8Þ

77.4 Control System Design

Design of neural network control system is divided into two parts: system identi-
fication and control parts. In this paper, the two parts are designed using
NARMA-L2 network model structure [10]. The system block diagram established
is shown in Fig. 77.3.
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In Fig. 77.3, identification section of the system did not use off-line identifica-
tion, but online identification, which is mainly from the practical point of view,
increasing the real time of system, to avoid the problem of too delaying of system.
This system is used to control the vibration of the bow net; real-time data (bow-net
contact pressure) acquired first from the control system, through online identifi-
cation to get the system dynamic neural network functions f ½�� and g½��, further can
be drawn from NARMA-L2 model of pantograph vibration system:

ŷðkþ dÞ ¼ f �½ � þ g �½ �uðkÞ ð77:9Þ

So can get control law u(k):

uðkÞ ¼ yr
g �½ � �

f �½ �
g �½ � ð77:10Þ

As shown in Eq. (77.10), the control law u kð Þ of system depends on f ½�� and g½��
obtained through online identification, so to constantly adjust the weights v1f , v2f ,
x1g, and x2g is necessary to enhance the control performance of the system, thus
continuously revise f ½�� and g½�� [12].

Define the network output error:

E ¼ 1
2

Xi
k¼1

½yr � cðkÞ�2 ð77:11Þ
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Fig. 77.3 Vibration control system structure
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The error defined by above equation is expanded to the hidden layer, and then,
Eq. (77.11) is given by

E ¼ 1
2

Xi
k¼1

yr � c
Xm
j¼0

x1gO1j

 !" #2
ð77:12Þ

Further extended to the input layer, Eq. (77.12) is given by

E ¼ 1
2

Xi
k¼1

yr � f
Xm
j¼0

x1gc
Xn
i¼0

v1f xi

 !" #( )2

ð77:13Þ

where cðxÞ is the transfer function. Here, use bipolar sigmoid function:

cðxÞ ¼ 1� e�x

1þ e�x ð77:14Þ

Equation (77.13) shows that the error E would be changed by adjusting the
weights w1g and v1f , so that the error is controlled within a certain range. In order to
continue to reduce the error, weights should be adjusted so that it is proportional to
the amount of the error gradient descent, thereby we can get:

Dx1g ¼ �g
@E
@x1g

ð77:15Þ

Dv1f ¼ �g
@E
@v1f

ð77:16Þ

where g 2 ð0; 1Þ is a constant which represents training rate. By constantly
adjusting the weights to make learning algorithm fast convergence, it will achieve
the best control effect.

77.5 Simulation Experiment

In order to verify the effectiveness of active vibration control of pantograph-
catenary system by the NARMA-L2 model, a simulation is conducted based on the
parameters of Germany pantograph DSA-350S. Simulations were given for dif-
ferent train speed; at the same time, get the curves of pantograph–catenary contact
force and curves of pantograph uplift. The dotted line curve is without NARMA-L2
network control; the solid line curve is after control.
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Data getted from the simulation is analyzed from diferent aspects; maximum,
minimum, average, and standard deviation are given; thus, the control effect of
NARMA-L2 networks has a more intuitive understanding shown in Tables 77.1,
77.2, and 77.3.

Table 77.1 Indicators contrast at the speed of 200 km h−1

Evaluation
indexes

Before control After control Degree of improvement

Contact
force (N)

Uplift
value (mm)

Contact
force (N)

Uplift
value (mm)

Contact
force (N)

Uplift
value (mm)

Max 154.7631 6.2768 115.9052 4.3107 Reduce
38.8579

Reduce
1.9661

Min 55.2734 0 76.1094 1.2000 Increase
20.8360

Increase
1.2000

Average 91.3341 3.1784 90.4474 2.7724 Reduce
0.8867

Reduce
0.4060

Standard
deviation

18.4562 1.2870 7.4827 0.8015 Reduce
59.46 %

Reduce
37.72 %

Table 77.2 Indicators contrast at the speed of 250 km h−1

Evaluation
indexes

Before control After control Degree of improvement

Contact
force (N)

Uplift
value (mm)

Contact
force (N)

Uplift
value (mm)

Contact
force (N)

Uplift
value (mm)

Max 153.7931 5.9590 115.5173 4.1836 Reduce
38.2758

Reduce
1.7754

Min 48.1560 0 73.2624 1.2000 Increase
25.1064

Increase
1.2000

Average 91.2039 3.1712 90.2858 2.7626 Reduce
0.9181

Reduce
0.4086

Standard
deviation

23.8041 1.3756 9.5123 0.8530 Reduce
60.04 %

Reduce
37.99 %

Table 77.3 Indicators contrast at the speed of 300 km h−1

Evaluation
indexes

Before control After control Degree of improvement

Contact
force (N)

Uplift
value (mm)

Contact
force (N)

Uplift
value (mm)

Contact
force (N)

Uplift
value(mm)

Max 149.4173 5.9811 113.7669 4.1925 Reduce
35.6504

Reduce
1.7886

Min 33.5918 0 67.4367 1.2000 Increase
33.8449

Increase
1.2000

Average 90.5512 2.9505 90.5479 2.6071 Reduce
0.0033

Reduce
0.3434

Standard
deviation

32.0963 1.2459 12.8661 0.7881 Reduce
59.91 %

Reduce
36.74 %
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77.6 Conclusions

As can be seen from the simulation results and analyses of the data, after applying
NARMA-L2 neural network control, pantograph–catenary vibration amplitude was
effectively suppressed, the contact force between the catenary and pantograph
changes in a relatively small range, and this improved flow quality of pantograph.

With the increasing of the train speed, the instability in the pantograph–catenary
vibration system is growing; after using NARMA-L2 neural network control, this
instability is greatly reduced, which provides a new avenue of research for speeding
electrified railway and maintaining the stability of pantograph−catenary vibration.
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Chapter 78
Probabilistic Reasoning-Based Rail Train
Electric Traction System Vulnerability
Analysis

Yong Qin and Yu Zhou

Abstract For a long time, urban rail transit operators have been subject to gov-
ernment safety issues at all levels. Moreover, with the increasing complexity of the
subway car equipment, the failure rate increased accordingly. Therefore, the
research of how to diagnose mechanical fault in an efficient, rapid, and accurate
way is an important issue. This paper conscientiously sums up the world rail fault
diagnosis technology at the present stage by summarizing and analyzing the daily
employment of the equipment and the occurrence of fault. And we chose causal
graph theory in this paper to establish the causal graph model of traction system
which can graphically represent direct causal relationship between failures, and
constrain no restriction in graphical topology.

Keywords Vulnerability � Reliability fault reasoning � Cause and effect diagram

78.1 Introduction

Vehicle system is the critical part in urban rail transit system, which is also one of
the most complex systems involving mechanical, electrical, control, and material in
various fields. There are many different kinds of vehicle components and parts.
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Each of them has the use of different frequencies, service life, and degree of failure,
thereby having different maintenance means, methods, standards, etc. According to
the basic maintenance regulation of rail vehicles in China, city railway train
maintenance system depends on the train running mileage and running time to set
repair schedule, generally including three maintenance modes such as state main-
tenance, regular maintenance, and fault maintenance. In order to ensure the safe
operation of the subway, the realization of the scientific prediction of reliability,
timely expose of failure, and regular maintenance is required as a result of applying
scientific methods and advanced technology to master the status of subway system,
at each stage of each vehicle [1–3].

78.2 Concept of Vulnerability

Vulnerability is to expose the adverse impact and the possibility of damage caused
by the adverse impact.

Vulnerability refers to the possibility that individuals or groups are exposed to
the disasters and its adverse effect and that the damage of life, property, and
environment are caused by the external disturbance due to strong events and the
vulnerability of component. Similar to the concept of risk in natural disasters, the
study of vulnerability focuses on analyzing the potential impact of disasters [4–8].

Vulnerability is the ability to withstand adverse effect.
Vulnerability is the ability of social individual or social group to respond to

disasters, based on the situation of their natural and social environment, and the
ability to forecast, deal with, resist, and finally recover from the adverse effects, e.g.,
climate change. In this perspective, it highlights the humanistic factors such as
society, economy, system, and power effect, which addresses the human driving
factors in the analysis of vulnerability.

The concept of vulnerability is a collection.
Vulnerability includes three levels of meaning: Firstly, it indicates the inner

instability of a system, group or individual, as they are sensitive to the external
change and perturbation, under the influence of which the system, group or indi-
vidual, will have a certain degree of loss or damage and difficult to recover.
Secondly, vulnerability refers to the possibility that the exposed unit gets damaged
due to the exposure to the disturbance and the ability that these units have to
response and adapt to these external pressure. Thirdly, vulnerability is the lack of
adaptability to disturb and pressure brought by constantly changing environment
and society, which will result in higher possibility for the system to be harmed. In
conclusion, consisting the concept of risk, sensitivity, adaptability, and resilience,
the study of vulnerability considers the inner conditions of a system as well as the
interactive a system with external environment to analyze its vulnerability.

Extended to the metro traction and electrical braking system, vulnerability is a
property that metro traction and electrical braking system (subsystem) are easy to
change because of the sensitivity to the disturbance in the system and the lack of
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coping capacity. Here, we mainly study the sensitivity of the system components to
other components of the system.

The vulnerability analysis of metro traction and electric braking system and the
vulnerability assessment of the whole system have no significance for the practical
engineering application. Our main purpose is to get the system’s vulnerabilities by
the vulnerability analysis of the system, so that the engineering staff may pay more
attention to the vulnerabilities to ensure the safety of the system.

78.3 The Establishment of Causal Graph Model
of Traction System

78.3.1 The Establishment of Causal Graph Model

After a summary of all kinds of information, we can divide each node of the fault
diagnosis causal graph of traction system into three levels: symptom level, middle
fault layer, and basic fault layer. Three types of nodes and two relationships are
included in the three levels. The three kinds of nodes are as follows: symptom
nodes, middle fault nodes, and basic event nodes. Two relationships are the rela-
tionship between symptom nodes and middle fault nodes as well as the relationship
between middle fault nodes and basic event nodes. There is uncertainty between the
relationships, and the measurement value is a comprehensive evaluation of various
probability values. Through the propagation and synthesis of the uncertainty in the
model, we can determine a more reasonable direction of diagnosis. In combination
with the generative rule setup in front, we determine the cause of the failure event in
the causal diagram and establish a complete electric traction braking system causal
graph model, as shown in Fig. 78.1 [9–11].

78.3.2 Using Reliability to Mostly Determine
the Vulnerability of Basic Event

Because most of the traction system equipments are electronic equipment, so the
probability of the occurrence of the electronic equipment failure event in the basic
event layer can be referred to the GJB/z299B 85 electronic equipment reliability
assessment manual 6[361]. The failure rate of the electronic components is pre-
dicted by using the method of basic reliability prediction and reliability modeling.
Calculation formula of failure rate of components is as follows:

ki ¼ kGipQipSipTi
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Calculation formula of fault probability is as follows:

FðtÞ ¼ 1� e�kt

According to the above picture and reliability prediction standard, the analysis of
traction inverter modules and components as well as the predicated results of the
vulnerability are shown in the table:

Names of
components and
parts

Sorts Subclass Element MTBF (h) Unit
failure
rate
(10-6/h)

Fault
probability
(t = 20,000)

Traction motor Electric
rotating
machinery

Electromotor 480,769.25388 2.07999 0.04074

Speed-sensitive
switch

Switch Switch 5,849,424.124195 0.17095 0.00341

Disconnector Switch Switch 5,849,424.124195 0.17095 0.00341

Switch Switch Switch 5,849,424.124195 0.17095 0.00341

Brake resistor Resistance Metal film resistor 2,62,536,098.71357 0.00380 0.00007

Resistance Resistance Metal film resistor 2,62,536,098.71357 0.00380 0.00007

Capacitance Capacitance Polyester capacitor 62,088,662 0.01610 0.00032

Inductor Inductance
element

Coil 7,847,507 0.12742 0.00254

Diode Discrete
semiconductor
devices

General-purpose
diode

6,95,894,224.1 0.00143 0.00002

Audion Discrete
semiconductor
devices

Ordinary triode 1,488,095,238 0.00067 0.00001

Voltage
transducer

Transducer Magnetic device 2,77,777.77777 3.60000 0.06946

IGBT Discrete
semiconductor
devices

IGBT 19,819,248.454098 0.050456 0.00100

Brake control
relay

Relay Electromechanical
relay

14,721,253 0.06792 0.00135

High voltage
supply

Microcircuit Monolithic bipolar
semiconductor and
MOS

23,000,667 0.04347 0.00086

Power supply of
EBCU

Microcircuit Monolithic bipolar
semiconductor and
MOS

23,000,667 0.04347 0.00086

Velocity
transducer

Transducer Capacitance 33,648,507 0.02971 0.00059

Temperature
sensor

Transducer Thermistor 5,727,376.861397 0.17460 0.00348

Control panel Microcircuit Monolithic bipolar
semiconductor and
MOS, PAL

13,471,097 0.07423 0.00148

(continued)
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B1 ¼ B1
1; Bow electromagnetic valve's failure Pr B1

1

� � ¼ 0:006380

B2 ¼ B1
2; Pantograph damage Pr B1

2

� � ¼ 0:0001

B3 ¼ B1
3; Pantograph regulator's failure Pr B1

3

� � ¼ 0:0005

B4 ¼ B1
4; HSCB's failure Pr B1

4

� � ¼ 0:003413

B5 ¼ B1
5; HSCB cannot open Pr B1

5

� � ¼ 0:003413

B6 ¼ B1
6; High-speed switching points in lights broken Pr B1

6

� � ¼ 0:000573

B7 ¼ B1
7; Multiple temperature sensor's failure Pr B1

7

� � ¼ 0:003486

B8 ¼ B1
8; Foreign body in traction motor tuyere Pr B1

8

� � ¼ 0:0001

B9 ¼ B1
9; Traction motor rotor imbalance Pr B1

9

� � ¼ 0:040747

B10 ¼ B1
10; Traction motor bearing fault Pr B1

10

� � ¼ 0:040747

B11 ¼ B1
11; Rapid traction motor Pr B1

11

� � ¼ 0:040747

B12 ¼ B1
12; Braking resistor of failure Pr B1

12

� � ¼ 0:000076

B13 ¼ B1
13; Over-temperature of braking resistance Pr B1

13

� � ¼ 0:000076

B14 ¼ B1
14; Energy consumption braking resistance limited Pr B1

14

� � ¼ 0:000076

B15 ¼ B1
15; Foreign body in braking resistance box Pr B1

15

� � ¼ 0:0001

B16 ¼ B1
16; High temperature in the control panel Pr B1

16

� � ¼ 0:001484

B17 ¼ B1
17; MCM overheating Pr B1

17

� � ¼ 0:0005

B18 ¼ B1
18; MCM isolation Pr B1

18

� � ¼ 0:0005

B19 ¼ B1
19; MCM turn off PrfB1

19g ¼ 0:0005

B20 ¼ B1
20; Phase position 1; 2; 3 overflow in Pr B1

20

� � ¼ 0:0002

B21 ¼ B1
21; DC overvoltage Pr B1

21

� � ¼ 0:0002

B22 ¼ B1
22; The voltage sensor fault Pr B1

22

� � ¼ 0:069469

B23 ¼ B1
23; DC owe flow Pr B1

23

� � ¼ 0:0002

B24 ¼ B1
24; Charge resistance over-temperature Pr B1

24

� � ¼ 0:003413

B26 ¼ B1
26; Electric current transducer fault Pr B1

26

� � ¼ 0:069469

B27 ¼ B1
27; DC discharge fault Pr B1

27

� � ¼ 0:0001

B28 ¼ B1
28; DC input fault Pr B1

28

� � ¼ 0:0001

B29 ¼ B1
29; Earth fault Pr B1

29

� � ¼ 0:0001

B30 ¼ B1
30; IGBT Feedback failure Pr B1

30

� � ¼ 0:001009

B31 ¼ B1
31; Brake control relay failure Pr B1

31

� � ¼ 0:001358

(continued)

Names of
components and
parts

Sorts Subclass Element MTBF (h) Unit
failure
rate
(10-6/h)

Fault
probability
(t = 20,000)

High-speed
switching points
in light

Discrete
semiconductor
devices

Luminous diode 69,671,845 0.01435 0.00057

Rose bow
solenoid valve

Magnetic
device

Magnetic device 3,12,500 0.32 0.00638
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B32 ¼ B1
32; Traction inverter power supply failure Pr B1

32

� � ¼ 0:0005

B33 ¼ B1
33; High-pressure control power failure Pr B1

33

� � ¼ 0:000869

B34 ¼ B1
34; The auxiliary inverter power supply failure Pr B1

34

� � ¼ 0:0005

B35 ¼ B1
35; EBCU power failure Pr B1

35

� � ¼ 0:000869

B36 ¼ B1
36; Train communication network fault Pr B1

36

� � ¼ 0:0001

B37 ¼ B1
37; Traction security failure Pr B1

37

� � ¼ 0:0002

B38 ¼ B1
38; A direction fault Pr B1

38

� � ¼ 0:0003

B39 ¼ B1
39; Traction control unit to time out Pr B1

39

� � ¼ 0:0003

B40 ¼ B1
40; HSCB tripping operation Pr B1

40

� � ¼ 0:001

B41 ¼ B1
41; Shaft speed sensor Pr B1

41

� � ¼ 0:000594

Assuming that working for 20,000 h is the standard of calculating, the proba-
bility of the occurrence of the basic events is expressed as follows.

The probability of each connection events is as follows:

P37;1 ¼ P37;1
� �

: 0:2ð Þ;P38;1 ¼ P38;1
� �

: 0:15ð Þ;P39;1 ¼ P39;1
� �

: 0:4ð Þ;
P9;1 ¼ P9;1

� �
: 0:5ð Þ;P10;1 ¼ P10;1

� �
: 0:5ð Þ;P18;1 ¼ P18;1

� �
: 0:4ð Þ;

P12;2 ¼ P12;2
� �

: 0:4ð Þ;P9;3 ¼ P9;3
� �

: 0:4ð Þ;P37;1 ¼ P37;1
� �

: 0:2ð Þ;

78.4 An Approximate Inference Algorithm
for Single-Valued Causal Graph

Step 1: Generating probability matrix Q according to the relationships of the
events or the connection probability of the known causal graph;

Step 2: Generating matrix P and A, when 1� i� n;PðiÞ ¼ vi AðiÞ ¼ vi;
When n� i�N; If Vi ¼

Pm
k¼1 Vik; then pi ¼ min vi1; vi2. . .visf g;

Step 3: If Q � P 6¼ P; record Q � P¼P0; and turn to Step 4; otherwise, turn to
Step 7;

Step 4: When n� i�N; if Vi ¼
Pm

k¼1 Vlk; record

P�ðiÞ ¼ minfv�i1; v�i2. . .v�isg;PðiÞ ¼ minfvi1; vi2. . .visg

Over here v�ik refers to the corresponding element which is produced by
step 3

Step 5: When 1� i� n; if AðiÞ \ P�ðiÞ; record AðiÞ ¼ P�ðiÞ;
Step 6: For l� i�N; if PðiÞ ¼ P�ðiÞ; record PðiÞ ¼ 0; otherwise PðiÞ ¼

maxfP�ðiÞ;PðiÞg; and turn to step 3;
Step 7: For 1� i� n; output AðiÞ; where the original zero probability events can

now be found for the actual results of the reasoning.
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It can be seen from the above calculation, conventional reasoning algorithm for
single-valued causal graph has the more accurate results, but the computational
complexity is higher, and the computer program is more difficult. And the
approximate inference algorithm for single-valued causal graph has the lower
computation complexity, the computer program is easy, but the accuracy of the
calculation results is greatly reduced, which leads to the inaccurate results.
Therefore, it is important to find a convenient and accurate single-valued causal
inference algorithm in the future study [12–14].

78.5 Conclusions

In this paper, the vulnerability analysis is carried out by means of probabilistic
inference based on the requirement of rail safety prevention. The occurrence
probability of other parts is obtained when different parts of the electric traction
braking system changed. So, the vulnerable points of the system in this condition
are obtained.
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Chapter 79
Railway Snow Measuring Methods
and System Design

Jie Xiong, Lei Zhu, Yong Qin, Xiaoqing Cheng, Linlin Kou
and Zhenyu Zhang

Abstract Snow is one of the most difficult elements to measure of meteorological
elements; snow disasters every year bring immeasurable losses to the society. It will
bring a serious threat to people’s lives and property security. And a light snow on
railway is not serious, but heavy snow will seriously affect the transportation safety
and transportation efficiency and cause an avalanche of railway safety accidents. So
the snow depth measurement is particularly important. Railway snow monitoring
has become an important safety factors. This article will introduce several popular
snow survey methods and devices, such as laser ranging method, ultrasonic mea-
surement, and infrared distance measurement method. The article will analyze the
advantages and disadvantages of these methods and conclude which snow scene is
most adapted to these methods. Finally, snow depth monitoring management sys-
tem will be designed.

Keywords Railway disaster �Measurement of snow depth � Laser � Video � Snow
depth monitoring management system

79.1 Introduction

With the rapid development of our railway, it is crucial to establish disaster pre-
venting system for the threat of nature disaster (typhoon, rainstorm, blizzard,
earthquake) and foreign body contamination limit event. Snow measuring device as

L. Zhu � Y. Qin (&) � X. Cheng � L. Kou � Z. Zhang
State Key Laboratory of Rail Traffic Control and Safety,
Beijing Engineering Research Center of Urban Traffic Information
Intelligent Sensing and Service Technologies, Beijing Jiaotong University,
No. 3 Shangyuancun Haidian District, Beijing, China
e-mail: qinyong2146@126.com

J. Xiong
China Railway Corporation, Beijing, China

© Springer-Verlag Berlin Heidelberg 2016
L. Jia et al. (eds.), Proceedings of the 2015 International Conference
on Electrical and Information Technologies for Rail Transportation,
Lecture Notes in Electrical Engineering 377, DOI 10.1007/978-3-662-49367-0_79

821



a key equipment of railway disaster preventing system could provide an essential
security for the operation of high-speed railway in snowstorm areas.

Snow measuring device is often used under the condition of atrocious weather
such as cold, humidity, and blow or vibration, also with unpredictable factors which
may induce enormous risks. In winter, a light snow day is nothing serious for
railway transportation, but it would make great impact on transportation safety and
efficiency when the snow becomes heavier; what is more, an avalanche may cause a
series of railway accidents.

Snow disaster measuring system should have the function of real-time moni-
toring of depth, snowfall, intensity, physical characteristic, and other related
information about it; the system should also give out real-time alarming based on
warning threshold set in advance and raise a proposal of traffic control to guarantee
the road safety. This paper is focused on the technology of real-time monitoring of
snow depth [1].

79.2 Snow Survey Methods

Snow depth is the vertical depth from the snow surface to the ground. The tradi-
tional snow depth measurement is an artificial observation method. It will have the
same scale of snow or rod inserted into the snow surface to the ground and the snow
depth measurement. Artificial observation is time-consuming and laborious. And
it has now developed economy, providing automatic station with reliable snow
depth measuring probe. Also it has research and development, and can very good
snow depth measurement.

According to the measuring principle, snow survey methods can be divided into
the following kinds [2].

1. Optical scanning method: Cast light puts down the location of the installed in
the ground a certain height, by light location of fixed and around of cast light on
the optical surface scan. When light goes into the scope of light receiving
device, according to the pitch angle of light snow depth is calculated.

2. Double pole method: The light projector and light receiving device are installed
on the two perpendicular to the ground rod (can move up and down along the
rod). And they are located at the top of the snow, the light goes from projector to
receiving device.

3. Single pole method: will cast light modulator and by light device installed in a
vertical pole at the ground (can move up and down along the rod), should be
light and the light is moved to the snow, no light into the light.

4. Contact method: make contact from above the snow fall to the snow, testing its
contact with the snow and snow depth according to the height of the calculation.
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5. Infrared distance measurement method: by using the principle of infrared
transmission without diffusion (through the other material refractive index is
small), infrared sent out after the encounter snow reflected by receiver,
according to the infrared issued to the reflection of the infrared receiver of
computing time snow depth.

Main methods of measuring the snow are explained as follows, which have
better accuracy than the methods mentioned above.

79.2.1 Ultrasonic Measurement

Rely on the ultrasonic launching continuous signal into pulse signal or
snow and according to the receiver to receive the snow surface reflection signals
snow depth can be calculated [3].

Ultrasonic sensor is an ultrasonic deep the snow on the acoustic impedance of two
different material interface have reflected the nature of the measuring principle of
interface distance to measure the depth of the snow. Ultrasonic pulse, produced by the
launch spreads to the target after reflection return receiver, ultrasonic pulse is mea-
sured the time required from transmitting to receiving. Ultrasonic measurement
method is incomparable advantages. There are many other methods to measure
snow depth, continuous measurement of snow depth change fast non-contact mea-
surement. Measuring principle of mature has been applied in other fields and the
performance is stable. The price is cheaper, working frequency does no harm to
human body. Measuring principle of ultrasonic, mature, have more applications in
other fields, but the ultrasonic sensor also has its deep the snow, and some disad-
vantages of the outside world, the United States at Colorado state university scholar
WendyA. Brazenec confirmed by experiments, such as wind speed, uneven snow,
snow blowers, and low temperature, such as factors that affects the measurement
results of ultrasonic sensor. Due to the ultrasonic greatly influenced by the environ-
ment, ultrasonic range finder general measure distance is shorter and has low accuracy
of measurement. For example, China vauen technology company developed
HCS-SR80 ultrasonic depth gauge, measuring range: 0.8–3 m; Accuracy: +/− 2 cm.
The ultrasonic measurement schematic diagram is shown in Fig. 79.1.

79.2.2 Laser Ranging Method

Similar with ultrasonic methods, just shoot signal is laser pulse or a continuous
signal instead of ultrasonic signal, according to the received snow that reflected
laser signal to receiver and snow depth.

High-precision laser measurement and the accuracy are not affected by envi-
ronmental temperature. The performance is better than ultrasonic measurement.
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Encountered in the process of measuring the impact of precipitation and animals,
it can be measured by the extension of time and filter the short-period echo elim-
inated, and the echo signal intensity assessment of the difference between snow or
grass. It has a fully automatic heating device, low power consumption can work
under −40 °C. The principle of laser ranging technology can be divided into pulse
method, phase method and interference method and triangulation method.

1. Pulse measurement method: The method of pulse ranging is first applied in the
laser technology in the field of surveying and mapping. Pulse range finder can
test distance by recording pulse counting to calculate laser round-trip time, then
according to the relationship between the speed of light and the round-trip time.
As small divergence angle of laser, laser pulse instantaneous power is large,
generally can reach megawatt. So the method of pulse laser range can reach
farther range and generally can reach dozens of even tens of thousands of
kilometers of distance, but its accuracy is not high. The pulse laser range finder
has been widely used in many fields, such as military, missile trajectory
tracking, topographic survey, and tactical edge distance.

2. Phase measurement method [4]: Phase measurement method is to put the laser to
create high-frequency sine signals, indirect measure of phase modulation laser to
transmit and receive light waves, according to the phase difference indirectly
measured signal propagation time, to get the actual distance. Compared with the
pulse laser measuring method, phase measurement method not only can achieve
the measuring range far, zero meters to hundreds of meters, and can guarantee
the high accuracy of measurement and generally can reach millimeter level.
Phase laser ranging method has been widely used in many ways; its disad-
vantage is that the measurement accuracy will be affected by climate, humidity,
and air pressure.

Fig. 79.1 Ultrasonic
measurement schematic
diagram
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3. Interferometry: Interference is also a kind of method of phase ranging method,
and the difference in laser interference distance is to use the photoelectric
conversion element receiving laser interference fringes and converted into
electrical signals and processing and then by the counter counts, displacement
measurement. Accurate due to the high monochromaticity, laser wavelength, the
resolution of the interferometry ranging for at least half of the wavelength,
coupled with higher frequency, shorter wavelengths of light, precision of micron
level, so the accuracy of laser interferometry ranging is very high.

4. Laser triangle measuring method: Semiconductor laser light through a focusing
lens formed l00 um size of light, spot light in the surface and is reflected object
to be tested, receive and partly reflected by the imaging lens imaging on position
sensitive element. When the object location changes, image on the sensor
position is changed, the photosensitive surface light intensity distribution is
converted into electrical signals, and the electrical signal through computer
processing for sensor to the distance of the object to be tested. Because this
method has the characteristics of simple and economic, is widely used in various
fields.

In conclusion, the pulse measurement accuracy is relatively low (m) not nearly
applied in snow depth measurement; phase measurement method has a moderate
distance measuring range and high precision, suitable for use in snow depth
measurement; interference measuring technology although can achieve very high
accuracy of measurement, but range is not enough, and the technology is not mature
and should not be used for the snow depth measurement; laser triangle measuring
method is a simple economic, but reach the precision of the measurement of snow
depth and should not be used for the snow depth measurement.

Figure 79.2 is schematic about principle applied in laser ranging snow depth
measurements. Snow depth is the vertical distance between the snow sensor probe
and the datum plane minus the vertical distance between the snow sensor probe and
the snow surface. When the sensor is tilted, snow depth ranging unit cannot directly
measure the vertical distance and so it can measure the line between the probe and
the plane, and the distance between the probe and snow surface [5].

As shown in Fig. 79.3 by the triangular relationship transformation, the snow
depth can be calculated by the Eq. (79.1):

hs ¼ L1� L2ð Þ cos a ð79:1Þ

where hs is the value of snow depth and the unit is meter. L1 is a straight-line
distance from the probe to the reference plane, and the unit is m. L2 is a straight-line
distance from the probe to the snow surface, and the unit is rad. If the standard
height is determined, L1 and L2 can be measured. Equation (79.1) can inverse
transform to Eq. (79.2).
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a ¼ cos�1 hs L1� L2ð Þ ð79:2Þ

where hs is the height of the standard height block, and the unit is m. L1 is a
straight-line distance from the probe to the reference plane, and the unit is m. L2 is a
straight-line distance from the probe to the snow surface, and the unit is m. Angle a
is the diameter vertical angle.

Fig. 79.2 Laser measuring
snow depth diagram

hs

L2

L1
 L2

L1

Fig. 79.3 Snow depth angle
converter diagram

826 J. Xiong et al.



79.2.3 Video Method

Image and video extraction technology sources from the film and television
industry and the development of video products. With the constant improvement of
the film production requirements, as well as on image and video extraction tech-
nology, more and more demand, many scholars of image and video extraction
technology have carried on the system and in-depth research. The most famous is
made up of Porter and Duff put forward the thought of the alpha channel; the
discrete characteristics of image and video extraction technology have carried on
the specification and laid a solid foundation in this research field, making it an
important branch of image processing field a more independent. At the same time,
the researchers at home and abroad to continuously improve technology and the
introduction of statistical knowledge make the image and video constantly enrich
extraction technology research field. Medical X-ray, CT slice image extraction, the
extraction of satellite images in astronomy, the vehicle license plate recognition in
the field of traffic play a great role in promoting people’s life [6].

Intelligent video technology such as computer vision and artificial intelligence
has a main direction application of computer science. It can establish a mapping
relationship between image and image description, through digital image process-
ing and analysis to understand the contents of the video screen. If the camera are the
eyes, and intelligent video system or equipment can be looked as the human brain.
With the help of powerful modern computing technology, high-speed analysis was
carried out on the huge amounts of data in video image, filtering out the user
information; you do not care about just for monitoring is the key to provide useful
information.

In video image to extract the moving object aspects such as the snow, there have
been many studies. Literature [7] analyzes the different climatic conditions falling
snow particle size, speed, and the optical properties of differences, studying the
relation of snow intensity and visibility. Gamma spectrum distribution is used to
describe the real snow, and comparing with artificial observation data of a certain
place illustrates the utilization feasibility of visibility measurement to determine the
intensity of snow. But this method has only qualitative judgment. Measurement
accuracy is not high. The scholar is to use a series of weak classifier, such as
saturation filter, color filter and filter to check grade filter to form a strong classifier
to go to the snow sport to identify, and then use the cutout technology of image
processing technology, using a matting way to dig get snow in the snow. In 2012
Wang [8] puts forward a method of video image detection in the snow. The method
considers the snow land in random distribution in the space and has a certain speed,
with the movement of a relevant model to capture the snowflakes; using a model
based on the photometry of physics, describe snowflakes in the images of the
pollution from the angle of brightness.
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In the use of video image to analyze a snow disaster monitoring, snow depth
measurement is a part of the study. Wang [9] proposed a combination of prepro-
cessing and feature extraction, and template matching three steps of image pro-
cessing algorithm can effectively detect the ShaZai along the railway, the snow
disaster, flood, subgrade, bridge, and track damage, such as to endanger the safety
of railway operation situation; timely alarm signal is given. The pretreatment
algorithm mainly includes removal of light and removing jitter. And the feature
extraction algorithm includes the background extraction, calculate the direction of
the field and to consistency, interested in computing are (ROI), calculate the edge
and by calculating eigen image sequence diagrams. Based on the above research
status at home and abroad, this paper is to build a railway video monitoring system,
and the system includes online video image acquisition hardware platform and a set
of robust video image processing algorithms, and fuse with other snow depth sensor
data (Fig. 79.4).

79.3 System Design

Snow depth monitoring system uses GPRS mobile data communications platform,
by applying exclusive server interface to build cross-regional wireless local area
network (Ethernet structure), using wireless connection between nodes and servers
of cross-segment access mode of public network. And it is a complete set of
intelligent system. The system is for data acquisition and transfinite alarm and can
real-timely acquire meteorological information of the monitoring data along the
railway. It includes the information such as snow depth and snow scene images, by
GPRS wireless network to transform to monitoring management center in time.

Fig. 79.4 Video device
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The system uses wireless way to transmit data and is not subject to geographical
constraints. Especially in a place without communication lines, unattended opera-
tion shows its powerful superiority and practicability.

Web users by surfing the Internet can get real-time monitoring data and deep the
snow scene images. The alarm snow depth information can be automatically sent to
the relevant personnel mobile phone. The system once found a monitoring location
data was higher than the threshold, it would capture the scene photographs and sent
to a central server. The monitoring management center can see snow thickness data
and spot images, will fall into different levels of alarm messages and send them to the
personnel on duty and related leaders. So it can be to achieve the goal of scientific
decision-making, early warning and risk aversion.

Basic configuration of system is mainly composed of the following sections:
The system structure is shown in Fig. 79.5.
Figure 79.6 shows high-speed railway snow disaster prevention system main

interface. Main characteristics are shown as follows.

1. snow depth data acquisition terminal small volume, simple installation.
2. snow depth monitoring data through the GPRS wireless network real-time

transmission. Compared with cable monitoring network, saved a line, telephone
resources; compared with conventional wireless networks, without the aerial,
and thus removed from the formalities for examination and approval of radio
frequency resources.

3. the monitoring system for the regional adaptability is strong, as long as the
location of the mobile phone (GSM) network signal coverage can be applied and
can realize rapid snow monitoring data transmission in a reliable way.

4. the monitoring system after the operation can enjoy the GPRS data service
according to the monitoring data flow or monthly pay. And low operating cost,
saving investment by the user. At the same time, the maintenance is of low cost
and reliable in performance.

5. the monitoring system starts quickly log on GPRS wireless network, as long as
you don’t shut down is always online, do not need to repeatedly call network,
thereby saving monitoring terminal power consumption.

6. the monitoring system for real-time acquisition of snow depth information data
analysis, once found a monitoring site data than set threshold, capturing the
scene photographs and sent to a central server, at the same time can send short
messages to relevant personnel.

7. the monitoring system has excellent expansibility. If need be, can increase the
monitoring terminal, at any time, and other parts of the system basically do not
need to change, so just few additional investment.
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Fig. 79.5 System structure

Fig. 79.6 High-speed railway snow disaster prevention system main interface
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79.4 Conclusions

Based on the principal of laser measurement and characteristic of snow depth
measurement, the laser snow depth sensor which is developed by the improvement
of obviation methods and data analysis has the following characteristic: no
mechanical operation part is suitable for the observation in metrological station; tile
installation not only simplifies the process, but also gets rid of the influence on snow
surface, maintaining its natural essence; Ultrasonic sensor is susceptible to tem-
perature, wind, and snowfall; these issues are also solved by laser snow depth sensor;
it can even maintain the continuity of data when applied in a snowstorm day.

The system designed in this paper can realize real-time online monitoring of
snow on railway, measuring current snow depth during snowing. The
video-assisted system can play a supporting role when the laser equipment does not
work. Also the snowfall conditions can be observed according to the snow pho-
tograph taken by monitoring system.

The system designed in this paper is based on multisensor information fusion of
laser and video, providing two kinds of criterion such as data and images which can
increase the reliability and practicability. The final purpose of this design is to
increase the security of railway.
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Chapter 80
Design and Research of Electronic
Invoices of Railway Freight

Xinyi Zhang and Wanhua Sun

Abstract With the continuous development of the information and the electronic
in recent years, the electronic invoices are safer, more efficient, and convenient
compared to the traditional paper invoices during use. The electronic invoices can
save the resources and reduce the transportation cost. Therefore, the implementation
of electronic invoices to optimize railway traffic organization is very important.
This paper introduced the use of paper freight invoices and goods consignment note
at present. And it also listed some drawbacks of paper invoices in practice. It
pointed out the necessity of implementing electronic invoices and proposed the
process of electronic invoices.

Keywords Electronic freight invoice � Electronic goods consignment note �
Process of electronic invoices

80.1 The Use and Research Status of Paper Invoices
in China

80.1.1 The Content of Freight Invoices

The freight invoice is the base of freight transport settlement, determining the transit
period of the freights, counting the workload, and calculating the distance of
transportation.

A freight invoice has four pages A, B, C, and D. The page A is saved by the
departure station. The page B as a report file is sent to the departure railway
administration. It is the foundation of a variety of railway freight transport statistics.
The page C as an acceptance for carriage file was given to the consignor for
reimbursement after charging. The page D as transportation agreement is sent to the
terminal station from departure station with the goods consignment note and the
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goods. The contents of these four pages of freight invoice are basically the same,
and it includes the departure station, the terminal station, the pathway, the type and
the number of the cars, the traffic mileage, the transit period, the contact details of
consignor and consignee, the transportation cost, and the details of the goods.

After making the page A of freight invoice, it will be given to collection room in
the departure station and the consignor can inquire the relevant information.

The page B of freight invoice is sent to the railway administration to which the
departure station belongs, and they are kept by the railway administration for
financial analysis and examination, etc.

After making the page C of freight invoice, they will be given to the consignor.
The consignor can also use the page C of freight invoice to apply for reimbursement.

The page D of freight invoice is the certificate of railway transport, and it will
never separate waybill from shipment.

80.1.2 The Content of Goods Consignment Note

The railway goods consignment note is a kind of transport contract for transport
goods between the carrier and the consignor. The consignor is responsible for filling
in the contents of “the consignor fills” and “delivery order.” The carrier is respon-
sible for filling in “the carrier fills” and each column outside the box. After both sides
confirm and sign, the goods consignment note will have law benefits. The goods
consignment note includes the departure station, the terminal station, the type and
the number of the cars, the transit period, the traffic mileage, the details of the goods,
and the contact details of the consignor and the consignee. In the right column of the
goods consignment note, there is a delivery order, which will be given to the con-
signee by the consignor as a certificate for the consignee takes delivery of the goods
after arriving at the station. Some goods consignment notes and delivery order are
the same two pages in some railway administrations. It usually includes the
departure station, the terminal station, the type and the number of the cars, the transit
period, the consignor, the consignee, and the details of the goods.

80.1.3 Research Status

Because the application and popularization of railway electronic invoices are an
important way to promote the development of railway freight transportation in
China, there are some research results about the promotion and practice of elec-
tronic invoices in China.
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To reduce the cost of making and storing the freight invoices and improve the
work efficiency, the experimental of cancelling the page A and the page B of the
paper freight invoices in the Beijiao Station, Bengbu Station, Nanjing Station, etc.
“The information system of goods consignment note management” and “the
information system of production management in the freight station” are adopted by
Shanghai railway administration [1]. The electronic transfer of goods consignment
notes has been tried out in the Minhang Station without the artificial transfer and
handover signing in the freight yard, effectively improving the work efficiency of
indoor and outdoor freight staff and avoiding the operation of passing invoices.

According to the advanced system for railway freight in Germany, the USA, and
other countries, the information system of electronic invoices not only has the
functions of transferring and storing information, but can reasonably arrange the
optimal transport routes with efficient and timely information system. In the
information system, there is a platform where the consignor can apply for freight
transportation, fill goods consignment note, approve goods consignment note, and
pay the bill. Also, it can combine with other modes of transport which may lead to
higher utilization of ITS services and more sustainable transport [2].

80.2 The Deficiencies of Traditional Paper Invoices

Traditional paper invoices are involved in many links in the process of freight
transport. However, with the development of electronic and information technol-
ogy, the complication and the great cost in the process of using paper invoices are
also increasingly prominent.

80.2.1 Process of Accepting Invoices

In the process of making freight invoices, the staff not only need to put the
information of railway freight invoices into the information system of freight
invoices, but also at the same time, still need to make four pages of paper freight
invoice, which will consume a lot of resources and financial resources. The elec-
tronic freight invoice can save resources to improve work efficiency. At the same
time, in the process of the transaction and approval, there is no need to transmit the
paper invoices, which are beneficial for the coordination between passengers and
the relevant railway departments [3]. When invoices need to be modified, the
modification of traditional paper invoices can be very complex.
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80.2.2 Process of Reserving Invoices

Because of the great amount of goods, there is a huge number of the corresponding
freight invoices. Reserving freight invoices needs to consume a large amount of
manpower and spaces. At the same time, when inquiring freight invoices, it is also
very difficult to inquire among so many paper freight invoices [4]. The electronic
freight invoices can optimize the reserving process of freight invoices and avoid the
process of manually submitted to the departure railway administration. Freight
invoices can be directly transmitted through the Internet, timely and efficiently
sending the information of freight invoices to the railway administration.
Meanwhile, the inquiry of freight invoices will become more convenient. In the
information system of railway freight invoices, as long as the relevant information
is input into the computer, this freight invoice’s content can be queried.

80.2.3 Process of Transportation

The page D of freight invoice and goods consignment note set out with the
departure train. When the train arrives at the marshalling station, the current train
should be checked according to the freight invoices on the train through artificial
way. After confirming there is no wrong with these freight invoices, freight invoices
and goods consignment notes will be delivered to the control room. Then, in the
control room, freight invoices and goods consignment notes will be sorted out
according to the train formation plan. After the completion of sorting out, the staffs
are needed to check and examine freight invoices and goods consignment notes
again. After there is no wrong with them, the staff will deliver freight invoices and
goods consignment notes to the departure train in the whole process, a lot of
manpower and financial resources need to be consumed, and the operation process
is relatively complicated, so the efficiency is low. The adoption electric invoices can
reduce the process of delivering and sorting out the paper freight invoices, and
checking the arriving train and the departure train could be easier.

80.2.4 Process of Taking Delivery of Goods

When the goods arrive at the terminal station, first the relevant staffs check the
arriving train according to the information of freight invoice. If there is no wrong,
the staff should inform the consignee of going to the hall for railway freight
business to deal with the pickup procedure with the delivery order. Using the paper
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invoices, the consignor should send the delivery order to the consignee by mailing,
which is relatively complicated. If adopting the electric invoices, the receiver can go
to the hall for railway freight business to handle the pickup business with the ID
card and the cryptographic key. After the staffs confirm the information is correct,
the pickup will be approved. The whole process is more convenient, quicker, and
safer. Also, the consignor’s degree of satisfaction can be enhanced.

80.3 The Necessity of Implementing Electronic Invoices

80.3.1 To Save Labors and Resources

The four pages of freight invoice are still adopted for railway transportation with
about 50 million freight invoices each year. This process of making freight invoices
costs a lot of workforce and financial resources. Besides, implementing the system
of electronic invoices can facilitate information transfer and improve efficiency,
while reducing the cost of making paper invoices, thus reducing the transportation
cost. Through modern information means, computer technology and network
technology can make the information of electronic invoices be real-timely trans-
mitted and uniformly collected in each of the railway administrations and railway
stations in a direct way, which makes the contact between administrative depart-
ments and staffs more convenient and improves work efficiency [5].

80.3.2 To Improve Modern Information Management
of Railway Transportation

The implementation of electronic invoices, on the one hand, can make the transfer
of railway information more convenient, optimize the process of freight, and
improve work efficiency; on the other hand, it can make it more convenient for the
consignor to check the information about their goods in time. Electronic invoices’
information system can be combined with vehicle number identification system,
freight train marshalling information system, and so on. It can implement the
electronic operation, liberating the workforce and improving the work efficiency
and accuracy [6]. At present, the information of freight invoices is simply collected
and counted in the railway freight information system, which has not too much
participation in the actual production. Improving the system of railway electronic
invoices can promote the information level in the railway transportation and
improve the working efficiency.
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80.3.3 To Make It Convenient to Statistical Analysis
of Freight Information

The implementation of electronic invoices can make statistical analysis for the
information of the invoices facilitative, improve the accuracy and timeliness of
information, make it more convenient for staffs to arrange, and adjust freight plan
and for the consignor to track the status of their goods at any time. Electronic
invoices can make it more convenient to count data and make reports, and at the
same time, the data are more reliable. Apart from this, the accuracy and the
timeliness of freight information can provide reliable decision support for staff to
marketing analysis of the transportation market, grasping the market demands,
carrying on the demand forecast, and making the transportation plans [7, 8].

80.4 The Freight Operation Process
by Using Electronic Invoices

Due to the complex operation and the resources’ consumption of using traditional
paper invoices, the traditional paper invoices gradually cannot meet the requirement
of transport market now. Therefore, electronic invoices are used to replace the four
pages of traditional freight invoices, goods consignment note, and delivery order.
The page A, page B, and page D of freight invoice which is used for checking,
statistics, and participating in railway transport management command in the
internal railway are cancelled, merely keeping the page C which is given to the
consignor. The system of railway electronic invoices can meet the consignor’s
requirements of applying for freight online, real-timely tracking goods, and so on.
Freight can be approved in the stations through this system. At the same time, this
system participated in the process of dispatch and command. Through this system,
the officials in railway administrations can analyze the transport demand more
directly.

80.4.1 Railway Administrations

Computer network technology can be used for electronic invoices to timely collect
the freight information of all the railway stations governed by, without delivering
the paper page B of freight invoices. Instead, all the relevant information can be
quickly gained after the staff in the railway administration conducts corresponding
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operations in the system of railway electronic invoices. At the same time, the
railway administration can also make the statistics analysis of the freight condition
and formulate the transport plans through this system. In the railway administration,
corresponding database should be set up, and it is used to store the information of
electronic freight invoices and goods consignment notes. Compared with paper
invoices, the retention time of the information of electronic invoices will be longer;
therefore, information could be quickly queried when necessary.

80.4.2 Railway Stations

In the departure station where the system of railway electronic invoices is
employed, the page C of freight invoice is merely needed when making invoices.
And the page C will be given to the consignor as the transport certificate and could
be submitted to the relevant department for reimbursement. Meanwhile, goods
consignment notes will be given to the departure station for reserving. As the
contractual document for acceptance of consignment, goods consignment notes can
be referred to by the consignor. The rest of the pages of freight invoices and
delivery order will be replaced by electronic invoices. In the station, the corre-
sponding database should also be established in which the information of electronic
freight invoices and goods consignment notes should be entered. It could be used
for storage and querying, and also, this is advantageous for the operation of many
staffs and for reporting to the superior railway administration. Paper goods con-
signment notes should be reserved by the departure station and the content in the
goods consignment note should also be electronic, which can make it convenient
for the consignor to submit goods consignment notes online, approval process
within the station and outdoor staff’s arrangement, and acceptance inspection of
goods.

Because of the obsolete machines and technologies, some small freight stations
do not have the system of railway electronic invoices. It can use the way of
centralization of good transport that cancels the acceptance of conveyance opera-
tions in these small freight stations. The consignors which need to send their goods
in these stations can also apply for freight transport and fill in a goods consignment
note online. But they need to transact the related formalities in the large freight
stations nearby. After finishing the transaction of relevant operations, the goods
could be loaded in the train and be transported.

In the marshalling station, when the train arrives, paper freight invoices will not
be needed to check the current train through artificial way. It just needed to check
the current train with the train composition list and the information of the electronic
invoices. When making a train formation plan, the information of electronic freight
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invoices can be used to help with decision making. After the marshalling, checking
the departure trains does not need to send paper freight invoices and goods con-
signment notes to the control room for sorting through artificial way. Through the
direct association of the information system of electronic freight invoices with train
formation plans, electronic freight invoices are sorted automatically. Checking
whether the information of electronic freight invoices is consistent and unified with
the train composition plan.

When the train reaches to the terminal station, the consignee can take delivery of
the goods without the paper delivery order. They only need to make real-name
authentication and take delivery of the goods by their ID cards. For those goods
with high value, the form of a cryptographic key can be adopted. The consignor told
the cryptographic key to the consignee, and the consignee can take delivery of the
goods with his or her own ID card and cryptographic key. When the ID card and the
cryptographic key are consistent with the recorded data in the railway information
system, the consignee can transact the pickup formalities.

80.4.3 Users

After making the electronic freight invoices, the page C of freight invoice is still
needed to be retained because it is the certificate for the acceptance of consignment
and accepting payments. The consignor can apply for reimbursement by the page C
of freight invoice, so the page C of freight invoice should not be completely
electronic. However, after freight invoices are electronic, the consignor can still get
some advantages. Using the electronic information system, the consignor can apply
for freight transport and fill in a goods consignment note and pay the fees online. At
the same time, after inputting the goods consignment note number into this system,
the users can inquire the real-time transport situation.

80.4.4 Information Flow of Electronic Invoices

As mentioned above, the data flow diagram of the electronic invoices in the railway
administrations, railway stations, and users is shown in Fig. 80.1.
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80.5 Conclusion

This paper adopts the electronic invoices to replace the traditional paper invoices in
the management and command in the railway transportation and optimizes the pro-
cedure of electronic invoices. By using electronic invoices, the artificial time can be
reduced, work efficiency can be improved, resources can be saved, and transport costs
can be diminished, which has great significance for optimizing railway transportation.

Fig. 80.1 The data flow diagram of electronic invoices
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Chapter 81
Survey of Development and Application
of Train Communication Network

Jianghua Feng, Xiangyang Lu, Weifeng Yang and Jun Tang

Abstract This article introduces the history of the key technologies of the train
communication network (TCN), describes the existing WTB/MVB technical
characteristics, and compares the products and their applications on locomotives
and urban rail trains in China. This article further analyzes the technical charac-
teristics of a new generation of TCN and its capability of supporting train control,
video surveillance, and passenger information service. At the end of the paper, the
future development trends of the train communication network systems are
prospected.

Keywords Train communication networks � Wire train bus � Multifunction
vehicle bus � Ethernet train bus � Ethernet consist network � Train control and
information service

81.1 History of Train Communication Network

In the late 1970s, microprocessors were gradually applied to control the single
equipment of locomotives, such as 8086 microprocessors used in the traction
control for the locomotives and multiple-unit trains by Siemens and BBC.
Hierarchical architecture was also gradually introduced, while the number of the
controlled devices increased. Serial communication buses used between control
devices were adopted, such as the bus connecting the train control and the traction
control for the locomotives by BBC. Furthermore, this bus called MVB is further
used for connecting all intelligent devices in vehicles. In the middle of the 1990s, to
meet the communication requirements between the devices in the coupled loco-
motives and multiple-unit trains, train bus DIN 43322 was proposed by Siemens.
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From then on, train communication network (TCN) covering traction control, brake
control, auxiliary power supply, passenger information services, and displayer is
launched continuously.

In China, Zhuzhou Locomotive Research Institute (Zhuzhou Institute) controlled
the static split-phase motors with Z80 microprocessors in the early 1980s [1–4]. In
the early 1990s, Zhuzhou Institute developed microcomputer controlled devices for
electric locomotives in cooperation with universities and applied these devices on
SS4 electric locomotives. The TCN and traction systems were bonded together and
the traction control of the train was completed through TCN. In the late 1990s, the
development of TCN became a hot point in the universities and companies.
Railway Ministry of China carried out several research projects of TCN, such as the
research of CAN network by Shanghai Railway Institute to connect the driver’s
desk with train control units, the research on control bus of tilting trains by
Southwest Jiaotong University based on RS485+protocol, and the research on
LonWorks by Sifang Rolling Stock Research Institute and China Academy of
Railway Sciences. The products based on these researches were all applied on
trains. In 1999, the IEC standards IEC61375 were published. Several companies
develop TCN system based on the WTB/MVB technology. Bombardier, Siemens,
and Zhuzhou Institute are the most successful companies during the development.

Since 2008, IEC began to investigate the new generation of international stan-
dards for TCNs based on real-time Ethernet. The new generation of the TCN
system continuously adopted hierarchical architecture. The Ethernet Train
Backbone (ETB) and Ethernet consist network (ECN) technologies were adopted
for train level and consist level communication, respectively. To meet the
requirements on real time, certainty, and reliability for train control, the bandwidths
of the ETB and ECN are promoted to 100 Mbps. Siemens, Bombardier, Alstom,
Mitsubishi, and Zhuzhou Institute were responsible for formulating different partial
of the standards. These companies also developed the new generation of the TCN
system based on real-time Ethernet technology. In July 2014, Bombardier,
Unicontrols, and Zhuzhou Institute carried out ETB inauguration conformance test
in Mannheim of Germany, and the products from different companies reached
interconnection and interworking. In April 2015, Zhuzhou Institute built an
experiment site and demonstrated ETB-based inauguration experiment of multiple
locomotives to the companies within railway area in China; the number of sup-
ported locomotives reached 23, and the completion time of inauguration was less
than 600 ms. Sifang Rolling Stock Research Institute and Tsinghua University also
developed Ethernet-based TCN product, and these companies only developed ECN
product by the end of 2014.

In the following sections of this article, technical characteristics and typical
application topologies of WTB/MVB and ETB/ECN are first introduced. Then,
taking the multiple-unit train as an example, the of ETB and ECN capabilities of
supporting train control, video surveillance, and passenger services are analyzed.
Finally, the next generation of promising technologies used on the train commu-
nication systems is prospected.
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81.2 Train Communication Network Based
on WTB/MVB

81.2.1 WTB/MVB Characteristics

WTB is used for the communication between devices in the different consists
during the couple operation. MVB is used for connecting the equipments in the
same consist. The layered specification of the standard is shown as Fig. 81.1.

The application leaflets UIC557 and UIC647 specify the application data and
behaviors of various onboard equipments, such as traction control unit, door control
unit, and brake control. The communication leaflet UIC556 specifies the commu-
nication protocols during train coupling, but this protocol is seldom used in China.
The TCN protocol includes process data, message data, dynamic coupling, and
addressing protocols [5]. The IEC 61375-2-1 and IEC61375-3-1 specify the WTB
and MVB, including the physical layer, link layer, network layer, transmission
layer, and application layer, respectively. The technical characteristics specified by
the WTB/MVB standard system are shown in Table 81.1.

Operators (drivers, train staff, ...)

Application Leaflets (UIC557, UIC647...)

Diagnosis Traction Brake …
Door

Control

Communication leaflet (UIC556)

WTB(IEC61375-2-1)

MVB(IEC61375-3-1)

Process Data Message Data

Fig. 81.1 Layered specification of the WTB/MVB-based communication network
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81.2.2 Widely Applied TCN Products

Zhuzhou Institute, Bombardier, and Siemens are the main suppliers of TCN
products. The products of these companies follow the same IEC standard, but the
structure and characteristics are different.

The TCN product based on WTB/MVB of Zhuzhou Institute is called Distribute
Train Electric Control System (DTECS), and its module appearance is shown as
Fig. 81.2a. The DTECS is designed with a modularized structure based on dis-
tributed calculation theory. The modules of DTECS include WTB/MVB gateway
module, vehicle control module, digital quantity input and output modules, analog
input and output module, bus switching module, serial communication modules,
intelligent displayers, and portable test unit. The core TCN protocols, including
MVB link layer protocol, WTB link layer protocol, and RTP real-time protocol are

Table 81.1 Characteristics of WTB/MVB

WTB MVB

Networking mode Automatic and dynamic Determined in advance

Physical medium Shielded twisted pair cable Shielded twisted pair cable

Communication
distance

860 m 20 m (ESD)
200 m (EMD)
2000 m (OGF)

Signal Manchester codes with 16…32
preamble code

Manchester codes with
delimiters

Bandwidth 1 Mbps 1.5 Mbps

Address space 8 bit address 12 bit address

Length of frame A range of 4–132 byte 2, 4, 8, 16, 32 bytes

Addressing mode Dynamic addressing Static addressing

Typical cycle 25 ms 16 ms

Redundancy mode A/B line A/B line

Media access Master and slave Master and slave

Real-time protocol TCN real-time protocol

Fig. 81.2 Widely applied TCN products appearance
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implemented in these devices. The network management of this system is devel-
oped based on the MVB message data.

The TCN product of Siemens is called SIBAS32, which adopts the case-type
structure. It is used for controlling, monitoring, and protecting the convertor devices
of the traction system in the vehicle. The system is also used to process data for the
train control. In addition, the system integrates functions of diagnosis, debugging,
and maintaining. The SIBAS32 chassis is flexibly installed with a series of cards,
i.e., central processing card and communication interface card. An example of a
CCU equipment is shown in Fig. 81.2b.

Bombardier launched its new MITRAC CC TCMS system in 2006. This system
is a transition from MVB/WTB to Ethernet. The process data are transmitted with
WTB/MVB. The vehicle control and gateway modules are provided with Ethernet
interfaces. Although MITRAC CC TCMS is still designed with distributed calcu-
lation theory, the functions of VCU and gateway are greatly increased and cen-
tralized. The appearance and structure of the product of MITRAC CC TCMS is
shown in Fig. 81.2c.

81.2.3 The Application of the TCN Products in China

81.2.3.1 Application on Locomotives

The TCN products based on WTB/MVB are most widely applied on locomotives in
China. Table 81.2 shows the statistics of the TCN product applied on different
locomotives. The TCN product based on WTB/MVB is the most widely used one.

81.2.3.2 Application on Urban Rail Trains

Urban rail trains have rapidly developed in China [6]. By the end of 2014, the
total length of operating lines of rail transit in 22 cities is 3173 km. The number
of cities whose urban rail is under-constructing is up to 40, and the length of the

Table 81.2 Basic characteristics of WTB/MVB technologies

Vehicle Model Number Train
bus

Vehicle
bus

Network
supplier

Year

HXD1/HXD1B 870 WTB MVB Siemens 2009–2012

HXD1/HXD1C/HXD1D/HXD1F 2213 WTB MVB Zhuzhou
Institute

2009–2014

HXD3B 500 WTB MVB Bombardier –

HXD2/HXD2B 991 FIPT FIPV Alstom –

HXD3/HXD3C/HXD3D 2654 – RS485 Toshiba –
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lines under-constructing is up to 4073 km. The number of operated and under-
constructing urban rail trains is about 30,000. Zhuzhou Institute, Bombardier,
Alstom, Siemens, and Mitsubishi are main suppliers of the TCN system for the
urban rail trains in China. The DTECS of Zhuzhou Institute is applied on the urban
rail transit trains in 24 cities, including Fuzhou, Nanjing, Nanchang, Ningbo,
Shanghai, Beijing, Guanghzou, and Shenzhen. The number of the applied DTECS
system exceeds 9000, and the market share is in the first place. The Fig. 81.3 shows
the application of TCN product of the main TCN product suppliers.

81.3 Train Communication Network Based on ETB/ECN

81.3.1 ETB/ECN Characteristics

ETB and ECN are the train and vehicle communication networks based on real-time
Ethernet technology, respectively. Figure 81.4 is the layered specification of the
ETB/ECN-based communication network. The application profile IEC61375-2-4
specifies the application data and behaviors of TCMS equipments, mainly including
traction control unit, door control, air conditioner control, and brake control [7].
Compared with WTB/MVB, ETB/ECN supports onboard multimedia data,
including video surveillance/CCTV and PIS etc. The video surveillance/CCTV and
PIS are specified by IEC62580-2 and IEC62580-4, respectively [8]. The commu-
nication profile IEC61375-2-3 specifies the communication protocols, including
Train Real-time Data Protocol (TRDP), process data, message data, addressing
protocols based on Uniform Resource Identifiers. The standard IEC61375-2-5 and
standard IEC61375-3-4 specify the physical layer, link layer, network layer,
transmission layer, and application layer of each layer ETB and ECN, respectively.
Meanwhile, the IEC61375-2-5 specifies the inauguration of the backbone during

Fig. 81.3 Quantity of TCN system applied on urban rail trains (unit: set)
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the train coupling. To meet the reliability requirement, the link aggregation and ring
redundancy topology are used in ETB and ECN, respectively.

The basic technical characteristics specified in the ETB/ECN standard are shown
in Table 81.3. Compared with WTB/MVB, the bandwidth of the ETB/ECN net-
work is promoted to 100 Mbps, and the size of the maximum data packet is
promoted to 1500 bytes. The rich bandwidth provides a good capacity to transmit
the process data, diagnosis data, maintaining data, status monitoring data, video
surveillance, and passenger information service data.

81.3.2 Train Control and Information Service

The ETB/ECN-based TCN system has the abilities to provide train control and
information services. For example, the product DTECS-2 of Zhuzhou Institute is a
new generation of TCN based on ETB and ECN. The DTECS-2 includes the ETB
node (ETBN), ECN node (ECNN), Ethernet Vehicle Control Module (EVCM),
Ethernet Input and Output Module (EIOM), Ethernet Data Record Module
(EDRM), and Ethernet Wireless Module (EWLM). The DTECS-2 is also designed
with a modularized structure based on distributed calculation theory. Figure 81.5
shows the appearance and structure of the products of the DTECS-2 system.

Operators (drivers, train staff...)

Application profiel (IEC61375-2-4,IEC62580-2...)

Diagnosis Traction Brake … CCTV

Communication profile (IEC61375-2-3)

Train Backbone Network Standard (IEC61375-2-5)

Train Marshalling Network Standard (IEC61375-3-4)

Process Data Message Data

PIS

Fig. 81.4 Layered specification of the ETB/ECN-based communication network
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Figure 81.6 shows an example of the ETB/ECN-based train communication
system for multiple-unit trains. The ETB formed by ETBN provides 200 Mbps
bandwidth with link aggregation. The ECN formed by ECNN provides 100Mbps
bandwidth. The end devices including EWLM, EVCM, and CCTV device are
connected to the Ethernet ports of ECNN. The fault diagnosis and maintaining data
are also transmitted through the same network.

In order to guarantee the real time, reliability, and safety of the TCN, a series of
technologies are adopted in the ETB/ECN system.

Table 81.3 Basic characteristics of ETB/ECN

ETB ECN

Networking mode Automatic and dynamic Determined in advance

Physical medium Cat5e twisted pair cable Cat5e twisted pair cable

Communication distance 100 m 100 m

Bandwidth 100 Mbps 100 Mbps

Packet length 1500 Bytes 1500 Bytes

Addressing mode Dynamic Static

Typical cycle 10 ms 10 ms

Minimum cycle 4 ms 1 ms

Redundancy mode Link aggregation Ring

Media access CSMA/CD CSMA/CD

Network layer IPV4 IPV4

Transmission layer UDP multicast/unicast, TCP UDP multicast/unicast, TCP

Real-time protocol TRDP –

Application layer service DHCP, DNS, SNTP, SNMP DHCP, DNS, SNTP, SNMP

Fig. 81.5 Appearance and structure of the products of DTECS-2
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81.3.2.1 VLAN

In order to avoid the impact to the TCMS from the simultaneous transmission of
multimedia data, the process data in TCMS, the multimedia data are divided into
different virtual LANs. According to the different cases, the bandwidths of divided
VLANs are different. For a CCTV composed of 16 cameras with 2-Mbps data rata,
the transmission of the multimedia data is 32 Mbps. In this case, the 100 Mbps
bandwidth can be divided into 50 Mbps for the TCMS and 50 Mbps for the
multimedia system. When the VLAN is applied, the device in the multimedia
VLAN cannot access to the TCMS and the safety of the TCMS system is
guaranteed.

81.3.2.2 Multicast

In the TCMS system, the data from different devices including the traction control
unit, brake control unit, and I/O devices are aggregated to the vehicle control
module. On the other hand, all the commands from the vehicle control module are
distributed to the related devices. This characteristic makes the multicast technology
suitable to be used in the TCMS. During the power up, the vehicle control module
publishes several ports to transmission multicast data to a series of devices within a
same type. Hence, the data flow is optimized through putting the communication
data into different multicast packet.

81.3.2.3 QoS

Quality of Service (QoS) is used to guarantee the transmission delay when the
process data of TCMS and multimedia data are switched in the ring that consists of
network and link aggregation backbone network. When the end device is to

Fig. 81.6 An example of the ETB/ECN-based train communication network
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transmission data, the DSCP in the IP head will be filled according to the data type.
The network supervisor data will be filled a QoS value with 7 or 6, which means
this data class owns the highest priority to be switched. The priority level for the
process data is 5 or 4, and the priority level for the multimedia data is 3 or 2.
The ECNN switches the TCMS data and multimedia data according to the QoS to
guarantee the real time.

81.3.2.4 Redundancy

In order to guarantee the reliability, the whole link from one end device to the other
is redundant. End device can adopt two Ethernet cards to provide 2 separate links to
the ECNN. For the consist network, the redundancy function is carried out by the
ring network protocol. When an ECNN or a line is out of work, original virtual
open links are closed to guarantee the normal transmission of the inner data of
vehicles. For the gateway from the ECN to the ETB, the fault-tolerance capability
can be guaranteed by double-node backup. When one ETBN is invalid, another
ETBN can immediately take over the invalid one to rebuild the network topology
and transmit data. To the backbone, when a link of an ETBN is in failure, the data
transmission is automatically switched to the other link through the link aggregation
protocol to guarantee the normal work of the train backbone.

81.4 Prospect

With the development of big data and mobile Internet technology, Internet+ and
Made in China 2025 project is proposed. Intelligent remodeling is realized in
various traditional fields. Through deep digitization and wide interconnection and
interworking, the QoS, total cost during the product life will be greatly changed.
Realization of high-density data collection and storage, high bandwidth and highly
reliable data transmission becomes crucial. On the other hand, it is important to
realize the intelligence of rail traffic and support the intelligent services, such as
remote monitoring, fault diagnosis, video surveillance, fault prediction, product
healthy management, maintenance management, and passenger information.
Therefore, the wireless communication and wire communication with a large
bandwidth may be the development trend direction in the future.

81.4.1 Optical Communication

Optical communication is a potential technology for the TCN because of the large
network capacity and strong interference resistant capability. Optical communica-
tion comprises an onboard optical switching network and train-ground free-space
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optical (FSO) communication. The Fig. 81.7 shows the FSO communication
experiment carried out on high-speed trains in Japan [9].

81.4.2 Wireless Communication

Wireless communication is widely applied to various fields. In the rail traffic area,
wireless communication technology is applied to the signal systems, wireless dis-
tributed power operation, status remote monitoring, and diagnosis. The signal
system comprises CBTC for metro and CTCS system of main line railways. The
state-of-the-art wireless communication technologies, such as 5G technology,
high-speed WLAN technology, and millimeter wave technology, may be tech-
nologies for the TCN in the future.
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Chapter 82
Multi-resolution Correlation Entropy
and Its Application on Rotating
Machinery Vibration Signal Analysis

Yunxiao Fu, Limin Jia, Yong Qin and Xiaoqing Cheng

Abstract A new feature parameter of vibration signal used in rotating machinery
fault diagnosis method is analyzed, and in this paper, it is named multi-resolution
correlation entropy (MRCE). After extracting the rolling bearing vibration signal,
the denoised signal should be transformed by wavelet packet into several
sub-signals which are attached to different frequencies. Next, the wavelet packet
correlation coefficient will be calculated. Combined with the information entropy
theory, the MRCE is obtained. The signal classification and state identification are
realized by support vector machine (SVM) intelligent algorithm, and the results
reflect the truth that applying MRCE as the feature index to detect the working state
of rotating machinery can get good diagnostic accuracy, so that MRCE can be used
in rotating machinery fault diagnosis in the future.

Keywords Wavelet packet � Multi-resolution correlation entropy � Vibration
signal process � Rotating machinery � Fault diagnosis

82.1 Introduction

Rotating machinery has wide application in contemporary international businesses.
Such devices are generally in a central position of production. Of the various
signals commonly used for rotating machine monitoring purposes (e.g., vibration,
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acoustic emission, temperature, force, and torque variations), vibration signal
monitoring remains more effective for obtaining machine behavior than others. It
can discriminate slight change in machine operating status through signal analysis
in time and frequency domains [1, 2]. Fault detection method based on vibration
signal contains three steps: extraction of raw vibration signal, fault feature
extraction, and state recognition and fault diagnosis [3]. The most critical is the
extraction of fault features [4]. This objective to fulfill fault detection is applying an
efficient fault diagnosis technique that has greater sensitivity to find very minor
defects [5].

Vibration sensors have been used extensively as fundamental tools for machine
condition monitoring for approximately four decades [6]. The sensors are used for
their effectiveness in measurement process and data analysis by representing
machine conditions [2]. Many investigators have used vibration sensors with the
application of an intelligent system in their proposed methods which refer to
machine fault diagnostic techniques [7].

The wavelet transform can obtain local information of non-stationary signal in
time and frequency domain, and it is a powerful tool in the extraction of machinery
vibration signal. As the machinery and equipment become increasingly integrated
and complex, the machinery vibration signal also contains more redundant infor-
mation, and traditional wavelet features (such as wavelet energy moment and
spectral density) have difficulties to identify device status well. Under normal cir-
cumstances, the signal characteristic information is deterministic.

Information entropy as an index of evaluating the degree of uncertainty of some
system or signal has gradually applied to the field of mechanical signal feature
extraction [8]. The research [9, 10] has indicated that wavelet entropy algorithm
based on the combination of wavelet analysis and information entropy theory can
achieve effective analysis of the vibration signals which have non-stationary and
strong coupling characteristics. The existing wavelet entropy is gained mostly based
on the information from the wavelet decomposition process and failed to reflect the
correlation between the original wavelet sub-frequency signals [10]. If the
noise-canceling effect is not obvious, the valuable information for identification will
be lost easily, and the fault diagnosis results will have some impact accordingly. So
this paper takes multi-resolution correlation entropy (MRCE) as a feature to detect
fault positions in rolling bearings aiming to improve this drawback.

This paper firstly analyzes the characteristic of rotating machinery vibration
signal and gives the detailed interpretation of wavelet packet transform and MRCE
algorithm. The experiment goes on the foundation of the bearing vibration test
platform, putting the urban rail train doors motor drive end bearing as the research
object to extract its vibration signal for analysis. MRCE is used as the characteristic
of the signal. Based on SVM classification method, the normal state of the rolling
bearing is used to compare with several types of fault states to verify the correctness
of the theoretical analysis results.
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82.2 MRCE Definition and Calculation

82.2.1 Information Entropy

Information is the opposite of entropy. In information theory, Shannon who used
mathematical statistical methods realized the promotion of the concept of entropy to
information entropy. Based on this definition, the complexity of signal can be
evaluated. For an uncertain system, if a finite number of random variable
X represents the value of its state information, the probability of one element xi is
pi = p{X = xi, i = 1, 2,… , n}(∑pi = 1); then, the information of some result of X can
be presented as follows: Hi = log(1/pi). Then, the information entropy of X can be
expressed as follows:

H Xð Þ ¼ �
Xn
i¼1

pi log pið Þ. ð82:1Þ

82.2.2 Wavelet Packet Transform

Wavelet packet transform decomposes the signal in full domain so as to improve
the frequency resolution. The wavelet packet specific implementation process can
be individually designed as a high-pass filter and a low-pass filter, decomposed to
gain wavelet coefficients and scale coefficient. However, to make the calculation
more convenient here, the scale factor is characterized as a subset of the wavelet
coefficients, where assume signal x(n) goes through m times of wavelet packet
decomposition, then Dj ¼ fdj kð Þ; k ¼ 1; . . .;N; j ¼ 0; 2; . . .;mg as a cluster of
wavelet packet coefficients will be got, here the scalar coefficient Cm is regarded as
Dm. Wavelet packet transform is an effective method to refine the signal spectrum
and is used in the field of fault diagnosis widely [11]. The case here gives is a
3-layer wavelet packet transform result of one sampling signal which is gained in an
inner ring fault condition (Fig. 82.1).

82.2.3 Wavelet-Scale Correlation Coefficient

Wavelet-scale correlation here refers to the correlation between sub-signal
decomposed by wavelet packet in each sub-band and the original signal, and
reflects the focused frequency range of signal in different conditions. Wavelet-scale
correlation is based on wavelet-scale variance and the variance on the original
signal. Set number n as samples of the original signal λ, wavelet packet
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decomposition attains to layer l which has t ¼ 2l frequency bands l1; . . .; lt, and the
variance calculation formula corresponding to a frequency band of wavelet scale is
as follows:

Ilili ¼
Xn
k¼1

lki �
Pn

k¼1 l
k
i

� �2
n

ð82:2Þ

where lki is kth coefficient of ith wavelet sub-frequency in layer l and Ilili refers to the
variance of wavelet sub-frequency li. The original signal variance consideration
formula in every sampling period can be discribed as follows:

Ikk ¼
Xn
k¼1

kk �
Pn

k¼1 k
k� �2

n
ð82:3Þ

In which λk is kth sampled value of the original signal, Iλλ shows the original
signal variance. Then, the covariance between wavelet-scale variance and original
signal variance is calculated from the following formula:

Ilik ¼
Xn
k¼1

lki k
k �

Pn
k¼1 l

k
i

Pn
k¼1 k

k

n
ð82:4Þ

0 5000
-2

0

2
the original signal

0 5000
-0.5

0

0.5
D30

0 5000
-0.5

0

0.5
D31

0 5000
-0.5

0

0.5
D32

0 5000
-0.5

0

0.5
D33

0 5000
-0.5

0

0.5
D34

0 5000
-0.5

0

0.5
D35

0 5000
-0.5

0

0.5
D36

0 5000
-0.5

0

0.5
C37

Fig. 82.1 Wavelet packet components of a case of inner race fault bearings
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And log2(m + 1) wavelet coefficients of sampling signal one to one correlation
coefficient in some time bucket can be calculated by Formula 82.5:

ci ¼
Ilikffiffiffiffiffiffiffiffiffiffiffiffi
Ilili Ikk

p : ð82:5Þ

82.2.4 Multi-resolution Correlation Entropy

Entropy shows the indeterminacy degree between the wavelet packet weight
coefficient and the original signal here. As the signal is a random signal, the
uncertainty information which is unable to get could widely affect the authenticity
of the state recognition result. The correlation entropy of wavelet packet contained
this kind of uncertainty information, and the result will become more stable under
the condition that the status identification precision will not be affected by the
probable error. Here, in accordance with the principle of neutralizing, the average of
correlation coefficient vector summation and scalar summation was calculated. This
method is dependent on the fact that the directionality of the correlation coefficient
can be reduced but not removed. The formula for calculating MRCE is as follows:

qi ¼ 2ciP
cij jþ P

cij j
pi ¼ qij j
Hi ¼ pi ln p�1

i ; i 2 1; 2; � � � ; 2l� �
8><
>: ð82:6Þ

In which pi signifies probability distribution of a wavelet packet sub-frequency
correlation coefficient, Hi represents MRCE. Hi is one kind of improvements from
Shannon entropy for it contains correlation certain and uncertain information.
Decompose the original signal into n layer wavelet packet, and the MRCE will be
2i. That means the feature space has 2i dimensions.

82.3 SVM Classification Algorithm

SVM algorithm is employed as a classification tool here to recognize certain regular
information from the acquired signal. This information can be used to distinguish
fault or free pattern in the machinery system. The basic idea of SVM is to
implement nonlinear transformation by defining appropriate kernel function.

Using SVM can deal with both linear data and nonlinear data. The detailed
illation process is very common in the published reports which refer to pattern
recognition [2, 12–14], and for this reason here it omits.
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82.4 Experiment Analysis

82.4.1 Experiment Preparation

The vibration data that come from the urban rail train door motor drive end bearing
employed in this paper have been collected from the bearing vibration test platform
whose structure is shown in Fig. 82.2. The inner race fault depth and the outermost
end of the outer ring fault depth are both 0.178 mm, while the ball pitting failure
depth is 0.14 mm.

82.4.2 Experiment Process

Step one: Vibration–acceleration signals of rolling bearings are collected, and
original vibration signal can be beneficial for calculating after making noise can-
cellation preprocessing. The sampling frequency is 12 kHz, and the rotor rotational
speed is 1745 r/pm. We prepared 30 groups each bearing condition to be test data.
The denoised signal from four different bearing conditions is shown in Fig. 82.3.

Step two: The original signal is decomposed into 4 layers, and we can get 16
wavelet coefficients each sampling period. Meanwhile, all the MRCE data could be
transformed into chromatograms, and the result is shown in Fig. 82.4. Of all the
subgraphs, the ordinate indicates sampling points, while the abscissa denotes fre-
quency band. And the warmer the color is the more energy this area owns.
Compared with energy entropy, the chromatogram of MRCE is more clustered in
one fault type and more differential in different fault types.

Step three: SVM intelligent classification algorithm is applied to identify the
different patterns of the rolling bearings in four different conditions. Figure 82.4
apparently gives an appearance that MRCE can give a more intuitive and stable
recognition, and under the analysis of SVM algorithm, the result becomes more
obvious and persuasive compared with the wavelet energy entropy. The discrimi-
nated consequence is shown in Table 82.1.

Fig. 82.2 The bearing vibration test platform
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Fig. 82.4 Comparison of chromatogram of MRCE and Wavelet Energy Entropy

Table 82.1 The recognition result of SVM

Features MRCE Wavelet energy entropy

Fault types Right testing
amount/total amount

Accuracy
(%)

Right testing
amount/total amount

Accuracy
(%)

Security 30/30 100 28/30 93.3

Non-security 85/90 94.4 84/90 93.3

Ball fault 28/30 93.3 25/30 83.3

Inner race fault 28/30 93.3 29/30 96.7

Outer race fault 29/30 96.7 30/30 100
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82.5 Conclusion

The creative content of this report has put forward a new feature (MRCE) of
non-stationary vibration signal and diagnosing the fault existence in the rolling
bearings. The result demonstrates that this feature has excellent results on rolling
bearing state recognition. But the inadequate point is that whether it can be applied
on other rotating machinery parts and other fault modes. Another direction that
needs to be developed is to forecast bearing working hidden danger based on
MRCE, and this is the next assignment.
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Chapter 83
Application of Multiprocessors
Reconfigurable Embedded Platform
in Real-Time-Ethernet-Based Control
System

Guotao Jiang, Jun Tang, Xuexun Zhou and Maohua Ren

Abstract Aiming at improving the performance and reducing cost of real-time-
Ethernet-based control system, a new multiprocessors reconfigurable embedded
platform is proposed in this paper. The asymmetric dual NIOS II processors are
adopted in this platform. The application software is executed in one processor, and
the real-time Ethernet protocol runs on the other processor. The μC/OS-II operating
system runs on both of the processors as RTOS. A novel technique for
inter-processors’ communication is proposed as well. The implementation of the
system is described, and the comparison between the proposed platform and the
traditional platform is made in this paper.

Keywords Real-time Ethernet � FPGA � Multiprocessors � Embedded platform

83.1 Introduction

The real-time Ethernet is becoming a dominant communication method in industry
and railway transportation control system [1]. The traditional application-specific
standard products (ASSPs) and application-specific integrated circuits (ASICs)
platform are unable to satisfy the variety of real-time Ethernet protocols.
Although ASSP and ASIC can provide high-performance platform, the real-time
Ethernet products based on ASSP and ASIC are inflexible and need more research
and developing time. If real-time Ethernet protocols are revised or new features are
added, it takes too much time to develop new ASSP or ASIC to support new
products. So the reconfigurable embedded platform has been proposed for real-time
Ethernet. The FPGA is the crucial component in reconfigurable embedded platform.
The key advantage of FPGAs in developing real-time Ethernet is flexibility because
designers need only to develop printed circuits board (PCB) with FPGA only once,
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and the FPGA can be reconfigured if needed. With FPGA, multistandard solution
can be made and developing cost can be reduced. Furthermore, the real-time ability
of the software-based protocol is weak for some system that requires high real-time
ability. EtherCAT [2], SERCOS III [3], and Profinet IRT [4] are high-performance
real-time Ethernet protocols, which require customized MAC. These kinds of MAC
controllers, which are customized digital circuits implemented with ASIC or FPGA,
are different from standard MAC controller.

Microprocessor is necessary in embedded system for scheduling and distributing
resources. Protocol processing and memory coping are the task taking up most
resources of the processors and are the performance bottleneck. Moreover, for some
operating system, the kernel is preemptible and interrupt driven. The process
scheduling and interrupt handling are other main factors that limit the performance
of the system. There are two techniques that can solve these problems. One is
protocol offloading engine [5]. The other is multiprocessing. The protocol
offloading engine is an IP or ASIC that processes protocol without software.
However, the protocol offloading engine is inflexible, and if the protocol is updated,
the offload engine needs to be redesigned. The multiprocessing is a technique that is
more flexible and easier to implement than the protocol offload engine. The mul-
tiprocessing is to deploy more than one processor in a computer system.
Multiprocessing can be divided into two categories. One is symmetric multipro-
cessing (SMP), and the other one is asymmetric multiprocessing (AMP) [6]. SMP is
more complex than AMP in scheduling and often deployed in high-end computer
system, such as workstations and servers. AMP is adopted in the platform proposed
in this paper. In AMP system, each processor executes different functions and tasks.
The proposed platform adopts NIOS II as the processor. Based on the powerful
EDA tools, a well-designed system can be easily revised, evaluated, and updated.

83.2 System Architecture

83.2.1 Hardware Architecture

The proposed platform has two NIOS II processor as depicted in Fig. 83.1, and each
processor has its dedicated on-chip memory and timer. The memory is used as
tightly coupled memory, and the timers provide timestamp system clock.
Application software runs on the application processor, which is mainly responsible
for local computation. The protocol software runs on protocol processor. The
real-time Ethernet is full duplex, so two customized MAC controllers are connected
to protocol processor and two Ethernet PHYs are connected to the FPGA. There are
two dedicated and one shared Avalon bus in the system. The Avalon bus is slave
arbitration. Therefore, the dual processors share one DDR2 controller. Another
advantage for deploying shared DDR2 controller is providing possibility for
zero-copy technique. The shared on-chip RAM is used for inter-processors’
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communication and works as mailbox message buffer. The FLASH controller is
also shared by the dual processor and is mainly used for booting. The UART works
as debug port that connects the USB-Blaster. The mutex and mailbox IP are used
for inter-processors’ communication, which will be discussed in the next section.

83.2.2 Software Architecture

The software architecture of the multiprocessor platform is shown in Fig. 83.2. The
software that runs on communication processor can be divided into three parts:
communication interface, protocol stack, and MAC controller driver. The appli-
cation software runs on the application processor and communicates with protocol
processor via application programming interface, which mainly consists of interface
drivers. The protocol stack is operated in protocol processor and is based on MAC
controller driver. Different from single-processor platform, the application software
do not call protocol stack directly but the API functions, which are pseudo protocol
stack functions that avoid application software modification in transplantation from
single-processor platform to the proposed platform.

The communication of the dual processor depends on the shared memory and
inter-processor message, which combines GPIO interruption and mailbox. If data
need to be sent from application processor to protocol processor, the application
processor will send command to mailbox and copy data to shared memory if
needed, and then the application processor will interrupt protocol processor, which
will execute the interrupt service routine (ISR). Figures 83.3 and 83.4 depict the

FPGA

Fig. 83.1 The hardware architecture of multiprocessors for real-time Ethernet
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procedure of transmitting and receiving data from network and are discussed in the
following.

In real-time data transmitting, the application software calls the communication
functions, which wrap communication interface driver. Then, data are copied to

Fig. 83.2 The software architecture of multiprocessors for real-time Ethernet

Fig. 83.3 The real-time data transmitting process
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shared memory, and data address and data length are sent to the mailbox. After that,
the protocol processor is interrupted and ISR is executed. The protocol processor
firstly fetches the data address and data length, and calls the protocol stack function
to process the data. Lastly, the protocol stack invokes the MAC controller driver to
send the date to the network.

The real-time data receiving process is depicted in Fig. 83.4. When the data
arrive at the MAC controller, which generates an interrupt signal to the protocol
processor, the ISR is invoked, protocol stack function begins to process the data,
and the processed data are copied to the buffer. The process of received data
includes frame header analysis, data package reconstruction, and receiving queue
managing. After the memory copy process, the inter-processors’ message is sent to
the application processor. When message is received, the application software is
informed that the data are ready and the data receive thread is invoked. Afterward,
the application processor sends the inter-processors’ message to protocol processor,
which copies the processed data to the shared memory then. Next, the data address
and data length are sent to the mailbox, and inter-processor message is also sent to
the application processor. When the application processor has received the message,
the ISR is executed to move the data stored in shared memory to dedicated memory
space.

To explain the advantage of dual-processor system against single-processor
system, the mathematical deduction is made in the following. If the application
software and protocol stack are both running on a single processor, the processor’s
load is as below:

Fig. 83.4 The real-time data receiving process
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loadðtotalÞ ¼ loadðappÞ þ loadðptlÞ þ loadðosÞ ð83:1Þ

where load(total) is the total load of the processor, load(app) is the load of application
software, load(ptl) is the load of protocol stack, and the load(os) is the load of RTOS.
When the protocol stack is offloaded to another processor and the system is dual
processing, then

loadðp1Þ ¼ loadðappÞ þ loadðosÞ þ loadðcom1Þ ð83:2Þ

loadðp2Þ ¼ loadðptlÞ þ loadðosÞ þ loadðcom2Þ ð83:3Þ

where load(p1) is the total load of application processor, load(p2) is the total load of
protocol processor, and load(com1) and load(com2) are load of inter-processors’
communication. It is obviously that if load(com1) < load(ptl) and load(com2) < load(app),
the performance of the dual-processor system is better than that of the
single-processor system. So with the inter-processor communication tasks that
require little processor resources, the performance of the dual-processor system is
able to be enhanced.

83.3 Key Issues for Implementation

83.3.1 Unique Identifier

The multiprocessor system requires unique identifier for each processor to ensure
the booting success. CT15 is a register in the NIOS II processor to offer the unique
identifier, which can be set manually. With the unique identifier, processors are able
to be distinguished in system design, debug, and test.

83.3.2 Mutual Exclusion of the Dual Processors

Since the two processors can fetch the shared memory, the mutex IP is adopted in
the platform to ensure the correct read and write operation of shared memory. The
mutex IP that guarantees only one processor can access to the shared memory at
one moment. This scheme ensures the correctness of data stored in the shared
memory when multiple Avalon devices try to access it. If an Avalon device is going
to access the shared memory, it has to lock the mutex firstly. And if the mutex is
locked by one of the Avalon devices, other Avalon devices are unable to lock the
mutex and therefore are unable to access to the shared memory. If one of the
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Avalon device locks the mutex successfully, the device will unlock the mutex after
read or write operations of the shared memory finished.

Mutex is an Avalon slave device,which includes two 32-bit memory mapping
register as shown in Table 83.1 [7]. The device is able to revise the VALUE bit or
OWNER field to lock the mutex only if that the VALUE bit is 0 or the OWNER
field is identical to the ID of the device that tries to lock the mutex.

83.3.3 Booting and Initialization

The booting process is depicted in Fig. 83.5. In a system with dual processors, it is
necessary to assign a processor to boot first and the other processor to boot in the
following. The processor that boot first is called primary processor, which fetches
boot loader from FLASH memory after system reset. The processor boots after the
primary processor is called secondary processor, the reset vector of which is
assigned to the dedicated DDR2 memory space. When the primary processor boots
appropriately, it halts the secondary processor and copies the boot image [8] from

Table 83.1 32-bit memory mapping registers of mutex

Offset Register
name

R/W Bit description
31-15

Bit description
15-1

Bit
description 0

0 Mutex RW OWNER VALUE VALUE

1 Reset RW Reserved Reserved RESET

Fig. 83.5 The real-time data
receiving process

83 Application of Multiprocessors Reconfigurable Embedded … 869



FLASH to the dedicated memory space of the secondary processor. After the boot
image copy process, the secondary processor is reset by primary processor and the
dual-processor system boots successfully.

83.4 Summary

In this paper, a FPGA-based multiprocessors reconfigurable embedded platform for
real-time Ethernet device is proposed. And the hardware and software architecture
of the proposed platform are discussed. Several key implementation issues are
discussed as well. The platform will be verified in Cyclone III FPGA and is a new
method to improve the performance of the real-time Ethernet.
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