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Abstract Inthis paper, the solar PV-based brushless DC motor (BLDC) torque ripple
reduction is reduced using sliding mode control algorithm and H7-based inverter
topology. In general, the outer speed control loop of a BLDC motor is controlled
using a well-tuned PI controller. This controller will be effective in reducing the
dynamic speed error, but will produce large current ripples. This reference current
when given to the inner control loop and controlled using Hall effect position sensing
technique leads to comparatively large ripples in the torque. Hence, to mitigate this
torque ripples in solar PV-based BLDC motor, sliding mode controller is used, which
is designed in such a way that, it will effectively control the speed and also produces
lesser current ripples reference. Further, the inverter topology uses a seven switch H7
configuration instead of a conventional six switch inverter topology. The results are
compared with a PI-based converter with a six switch under variable load torque and
variable speed cases in MATLAB/SIMULINK environment. The BLDC motor is
used as a drive for the electrical transportation vehicle, and performance is observed.
It is found that, the torque ripples are reduced effectively without much change in
the reference speed. Also, even at lower speeds, the torque ripples and surges are
also lesser.
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41.1 Introduction

The brushless DC motor (BLDC) is slowly replacing the most popular induction
motor due to its advanced control techniques and design improvements. This is due
to the fact that, BLDC motors are attractive now days due to its lower cost, higher
efficiency, low cost, lesser maintenance, high torque, and speed control capabilities
compared to the other same class of motors [1, 2]. This motor is controlled based
on the position of the rotor and is estimated by using hall sensors or using some
sensor-less techniques. This BLDC motor finds applications in computers, automo-
tive, households, industries, railway fans, household, and many. The BLDC motor
is used in automotive industry [3], solar PV-fed system [4], and electrical vehicle
applications [5], as a turbocharger [6], aerospace vehicle [7], fuel pumps [8], and
many.

The BLDC motor speed and torque control are very important for effective perfor-
mance based on the application [9—14]. The authors used effectively demonstrated
the fuzzy-PID along with model-reference adaptive control technique in the outer
control loop of BLDC is a better speed control [9] technique. Earlier in [10], such
speed control is done using a neuro-fuzzy system with weights being adjusted using
BAT-based metaheuristic algorithm. However, these two methods are very effective,
but are very complicated. There are various methods adopted for BLDC for higher
speed operation [11] or for very low speed operation as in [12] or variable speed
control as in [13]. The torque control is achieved using many methods and among
them one such method is in [14] using a firefly algorithm to tune the PID control
parameters for better operation.

The speed, torque, or power control for BLDC are obtained using famous algo-
rithms like direct power control [15, 16], direct torque control [17, 18], field-oriented
control technique [19, 20], and hybrid direct torque and field-oriented control tech-
nique [21]. Among all, the hybrid technique which uses both stationary and rotating
reference frames is found to be more feasible and attractive solution for performance
improvement of BLDC. The major challenges for BLDC motor for any type of
application are torque ripple reduction [22-24]. The torque ripples will deteriorate
the performance, efficiency, commutation, and controllability of the motor. Hence,
such challenge is very crucial for most of the applications.

The BLDC motor is controlled using different control schemes to achieve rapid
and required speed, torque, power, or stability [25-29]. The authors in [25, 26]
Premkumar, and Manikandan have done a great work in identifying different
controllers for speed control and stability enhancement using fuzzy and many hybrid
metaheuristic and intelligent control schemes. Similarly, h-infinity [27], fuzzy-PSO
controller [28], and adaptive sliding mode control and cuckoo method [29] is used
by these authors for lifetime and performance improvement. Therefore, the choice
of the controller other than a conventional PI controller is important for improving
the motor performance.

Different converter topologies like SEPIC and three-level neutral point converter
[30] are used for torque ripple reduction, DTC and overlap angle method in [31],
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Z-source inverter [32], quasi-square wave inverters [33] and Cuk, SEPIC and Zeta
converter [34]. The later papers deal with both the torque ripples reduction and power
factor correction. Based on the converter topology and control scheme adopted, the
performances like torque and speed control, torque ripples reduction, and power flow
control are improved considerably.

This paper deals with sliding mode controller scheme with H7 inverter topology
for speed and torque control along with torque ripple reduction. The same topology
with same motor ratings is tested for electrical vehicle application with battery energy
storage system to observe the effectiveness under this type of application. Also, with
the present topology, very high load torque at high speed operation is planned. The
objectives of the work are torque surges must be low when there is a rapid change in
the speed and also the torque ripples must be low when speed of the rotor is adjusted
at very low or higher speeds. The control scheme has to be simple and effective and
can be applicable to any application like pumps, automotive, or aerospace.

The objectives of the work are described as below:

1. To integrate solar PV power generation to a BLDC motor drive system without
transfer for boost voltage application.

2. To develop improved topology without the transformer using the H7 configu-
ration.

3. Toreduce the leakage current utilizing the parasitic capacitor already present in
the circuit and also the effects due to inductors, diodes, and solid-state switches.

4. Establishing a bidirectional current flow to aid in charging and discharging
because of energy storage devices with the already available DC link capacitor.

5. Use of sliding mode control for effective control and improved performance
than conventional PI controller.

6. Multi-level voltage levels are developed to improve the THD and voltage profile
for BLDC motor drive connection.

7. System is tested for an application of the BLDC motor for an electrical vehicle
load drive application where its load is very intermittent and disturbing in nature.

Section 41.2 of this paper discusses the modeling and control of solar PV-based
BLDC motor in state space representation with current, position, and speed as vari-
able parameters. Section 41.3 describes the sliding mode control strategy and H7
topology for BLDC motor for speed control. Section 41.4 explains the control
strategy of the inverter and SMC technique adopted. Results and discussions are
demonstrated in Sect. 41.5 for the test system under four cases like constant speed
and variable torque and variable speed and constant torque operation and another
case with same motor topology and control scheme for electrical vehicle applica-
tion. Finally, Sect. 41.6 concludes the work followed by appending showing the
parameters of the system and then the references.
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41.2 Mathematical Modeling of BLDC Motor

The modeling of SMC will be considering the dynamics of BLDC motor to achieve
better speed and torque control. The FOC decoupling is referred in stator flux frame
with the basic relationships which can be represented as [3, 9, 11, 20, 24, 29]. The
d- and g-axis stator voltages of BLDC motor are given by Egs. (41.1a and 41.1b)

Vi = Rig + phyg — wrAy (41.1a)

Vy, = Rig + prg + o, (41.1b)
where R is the stator resistance, p is the differential equation %, d- and g-axis flux
is given by A4 and A, with rotor angular speed given by w,. The d- and g-axis stator
flux linkage is given Eqs. (41.2a and 41.2b) in terms of d- and g-axis stator current
ig and i,, mutual flux linking toward the rotor ¥ and stator inductance L is

ha = Lgiqg + YR (41.2a)

g = Ly, (41.2b)

The electromagnetic torque (EMT) (7) in terms of d- and g-axis flux and current
and also in terms of mechanical parameters is represented in Eq. (41.3).

3p jp. 3
= it Lo+ T (413)

3. . . 3.
Tez—()\.dlq—)\.qld)zinquEE = B 3

2
The Ay, is the flux linking component in the permanent magnet rotor, and 7' is
the load torque and P is pole pairs. The d- and g-axis stator voltage can be derived
in terms of current and ¥ using Eqs. (41.1a—41.2b) is given by (41.4a and 41.4b)
equations. It can be observed that there are decoupling current parameters in the
voltage, and hence, d- or g-axis current will effectively influence both d- and g-axis
voltages and effective control of this current will result in driving the BLDC motor
based on the requirement.

Vi = Rig + Lspig + pr — wrLsiy (41.4a)

V, = Riy + Lypiy + ocr + o;Lyig (41.4b)

The ¥ flux is constant due to permanent magnet of the rotor, and therefore, the
rate of change of Wy is zero. Under stationary rotor condition, the angular speed w,
is zero. Hence, the d- and g-axis rate of change of currents in terms of d- and g-axis
voltages as shown in equations (41.5)
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V,— Rig di V, — Ri, di
a — Rla _dla Ve~ Nlg _ dig (41.4¢)
Lg dr Ly dr

Upon solving Eq. (41.4c), the simplified d- and g-axis currents at standstill rotor
condition are given by Eq. (41.4d). The d- and g-axis depends on the stator time

L
constant T = R

iy = %(1 — e*fl’) and i, = %(1 - e—%’) (41.4d)

In the same way, if the d- and g-axis currents and flux are controlled effectively
to get the desired EMT and mostly g-axis current will be more dominating in the
field-oriented control. In this regard, to achieve better control of this EMT, the g-axis
current control plays a vital role. Compared to a conventional standard PI controller,
a nonlinear controller like SMC will influence this g-axis current flow in a better
way.

41.3 Modeling of SMC for BLDC Performance
Improvement

The SMC is technique provides an efficient and high switching frequency control
with more uncertainties in the nonlinear system [16, 29]. The SMC technique is
mostly applied for BLDC motor controlled using DTC with flux or torque control. In
this paper, the SMC is applied for FOC with hysteresis control to have good current
control output and lesser torque ripples. The SMC is designed in such a way that
the output current profile has to change when there is change in rotor speed and also
its rate of change in the speed of the rotor has to be controlled effectively. Hence,
the speed error, reference speed, and rate of change in rotor speed are considered as
controllable variables here.
Equation (41.3) can be written as

w; = —Cio; + Criy — C3T4 (41.5)

B 3P 3pP P
where C; = 7, Cy = 5 55 m = %7 Amand C3 = 57.

The uncertainties in the dynamic speed equation is represented as
o = —(Ci + AC)wr + (C2 + ACy)iy — (C3 + AC3)T, (41.6)
The AC, parameters are the uncertainties of the respective expressions for x =
1,2, and 3.

The tracking speed error is

e(t) = w(t) — ! (1) (41.7)
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where the @ (¢) is the rotor speed reference or command to get the desired rotor
speed. Equation (41.6) can be rewritten as to the dynamic speed error e(t) as shown
in Eq. (41.8a)

é(t) = —Che(t) + Caiy — C3Ty — AC 10, + ACaiy, — AC3Ty (41.82)

This Eq. (41.8a) is represented in the control signal u(#) and uncertainty signal
d(t) as

ée(t)y=—Cie(t) +u()+d@) (41.8b)
The control signal
u@) = —Cs3(t) + C1ig(t) — Cror (t) — ax(r) (41.8¢)
The uncertainty signal term
d(t) = =ACiw(t) + ACyig(t) — ACs(t) (41.8d)

Now the sliding surface variable is designed and can be represented using S()
which includes the integral component as given by Eq. (41.9) using the reference
paper [35] as

S(it) =e(t) + / (K 4 Cp)e(r)dr (41.9)
0

where K is the gain constant, the design of SMC as per the law is shown in Eq. (41.10)
as

u(t) = —Ke(t) — Bsen(S) (41.10)

With the § as the switching variable and the S is sliding variable and sgn(S) is the
signum function.

The following assumptions are considered in order to ensure the desired tracking
error with gain K is chosen such that K + C; is strictly positive or K has to be greater
than —C; and the switching variable (8) also has to be greater than or equal to the
disturbance variable term |d(¢)| for all the values of time ‘t’.

Under the sliding mode state S(t) = $(r) = 0 and so the tracking problem
dynamic behavior with the speed tracking error from Eq. (41.7) is equally governed.
Equation (41.9) will now become as in Eq. (41.11) with the sliding mode state
condition as

é(t) = —(K + Ce(t) 41.11)
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and the desired current command can be obtained when using Eqs. (41.8c) and
(41.10) as

iy = CLZ{Ke+ﬂsgn(S)—C3—C1wf—cb,’f} (41.12)

Therefore, the current output from the SMC with the speed control is given by the
expression as shown in Eq. (41.12) which depends on the sgn(S), error in the rotor
speed, rotor speed reference and change in the rotor speed. Also, it is dependent on
the constant Cy, C;, and C3 as well as the constants K and 8. The K and g values are
obtained based on the assumptions discussed above. The H7 topology is considered
based on the reference paper [36] which is developed for solar PV inverter, but here
used for the BLDC motor with a different converter switching technique.

If the d- and g-axis voltages are controlled using a conventional standard PI
controller, these voltages can be represented as

Vy = PI(i} — is) — wiiq and (41.13)

A
Vy = PI(if —iy) + orda + T‘“wr (41.14)

41.3.1 Power Losses Calculations

Any motor power losses are broadly classified as core (Pco) and copper (Pcy)
losses. The copper power losses are variable losses, and these losses increase with the
increase in the winding current produced BLDC motor. It is a function of summation
of all phases and fundamental to all phases RMS current represented as shown in
Eq (41.15). Here, I, ; is the ith harmonic current component of a-phase called /,,.
The core losses in the BLDC motor are a function of hysteresis (P,) and eddy
current losses (P.) which are functions of eddy current constant (K.), hysteresis
current constant (Ky,), frequency (f), maximum flux density (Bmax), and its weight
as depicted by Eq. (41.16).

Py =3R | > I2, (41.15)

i=1
Peore = Pe + Py = (ke f*Binax + kn f Biax) * Weight (41.16)

The total eddy current losses to the fundamental eddy current losses is represented
by Eq. (41.17) and similarly for hysteresis losses is shown in Eq. (41.18). These losses
are dependent on the RMS of all the voltages from the fundamental to the infinite
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harmonics existing in the network to the fundamental harmonic voltage. Hence, the
parameter is always greater than equal to one.

P = Vi’

- = <—> 41.17)
el = Vi

P (Vi)

LLIPS ) 2 41.18

Py Z(Vl) i ( )

The resistance and inductance and all the constants and coefficient values are
taken at room temperature and pressure. These two equations help us to evaluate the
losses occur in the BLDC motor and the harmonic injection values.

41.4 SMC and H7 Inverter Control Strategy for Speed,
Torque Control, and Ripples Reduction

The complete bock diagram for the BLDC motor control scheme is shown in
Fig. 41.1. The control circuit is developed for effective speed and torque control
with minimum torque ripples. To achieve this, sliding mode control (SMC) scheme
and H7 inverter topology are adopted with the operation as described in Sect. 41.3.
The SMC is designed to track the speed error input and to maintain it to lowest
value (zero) and the output current reference with an aptitude with least possible
ripples. The H7 inverter is developed to produce trapezoidal emf with speed and
torque control. The complete block diagram of the BLDC control circuit is shown
in Fig. 41.1a. The speed of the rotor is the input, and the seven switching pulses
(§1-87) are output for this figure.

Here, the reference speed (N.f) and actual speed (V) are compared, and the
speed error signal (en*) is given to the SMC to get reference DC current called
(IZ). The actual DC current is the current passing through the H7 switch (I_H7),
and this reference current 7, is compared and the current error (e_la) is given to the
hysteresis controller. The output of this hysteresis controller is three-phase reference
currents (I,5.) block diagram which is shown in Fig. 41.1b. The rotor position is
sensed by the Hall effect sensor and will give reference back-emf (E_abc*). This is
a conventional method to achieve the reference back-emf voltage. The Hall effect
sensor-based switching working scheme is shown in Table 41.1. The reference three-
phase currents and reference back-emf are given to the pulse generator to get the
seven pulses for the respective switches, and its internal block diagram is shown in
Fig. 41.1c.

The hysteresis current control scheme internal block diagram is shown in
Fig. 41.1b. Here the I is the reference current obtained from SMC output, and
bias is a constant value. The error current signal is e_la along with I, and bias
are compared with zero signal and logic technique to get the reference three-phase
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Fig. 41.1 a Control circuit of BLDC motor for torque ripple reduction. b Hysteresis current control
scheme. ¢ Pulse generator internal circuit block diagram. d SMC block diagram. e Block diagram
of solar PV-based BLDC speed and torque control scheme using SMC and H7 inverter

current. The seven IGBT pulses will be getting pulses using the reference back-emf
voltage E;, and reference hysteresis controller current /. by comparing them as
shown in Fig. 41.1c. The internal block diagrams in Fig. 41.1b, c are self-explanatory.
The switching logic table for the pulse generation scheme for the seven switch inverter
scheme is shown in Table 41.2.

Based on the back-emf input value, the switching On and Off is decided based
on this mechanism. The SMC internal block diagram is shown in Fig. 41.1d, and
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BLDC
Motor
6 S2
>0 4 A
H7- Converter
Fig. 41.1 (continued)
Table 41.1 Hysteresis block working table
Ha Hb Hc EMF_a EMF_b EMF _c
0 0 0 0 0 0
0 0 1 0 -1 +1
0 1 0 -1 +1 0
0 1 1 -1 0 +1
1 0 0 +1 0 -1
1 0 1 +1 -1 0
1 1 0 +1 -1
1 1 1 0 0 0
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Table 41.2 Pulse generator switching table

EMF_a EMF_b EMF_c S1 S2 S3 S4 S5 S6 S7
0 0 0 0 0 0 0 0 0 0
0 -1 1 0 0 0 1 1 1 1
-1 1 0 0 1 1 0 0 0 1
-1 0 1 1 0 0 0 0 1 1
1 0 —1 0 1 0 0 1 0 1
-1 0 1 0 0 1 0 0 1
0 1 -1 0 0 1 0 0 1 1

the MATLAB design of the test system under consideration is shown in Fig. 41.1e.
The en* is the speed error input value. Let output of the differential value is assumed
as A, and the output of the first left corner summer is assumed as B. Then the SMC
control technique works as follows. There are three bias constants which controls
the sliding surface of SMC and control the input to the SMC to attain zero value
quickly and are called here as C1, C2, and C3. The output of the top right summer
is represented as X1 and bottom right summer output as X2. The multiplication
parameter is represented here with ‘x’, then

en* = error in speed value, A = %(en*), B = C1 x (en*) + A. The logic table of
Fig.41.1d is, if the B * (en*) is greater than zero, then X1 is 1, else it is —1. Similarly,
if the output of B * A is greater than zero, then X2 is 1, else it is —1. The output is
current reference = C2 x (en*) x X1+ C3 x A x X2.

41.5 Results and Discussion

The performance of solar PV-based BLDC motor system with conventional sensor-
based BLDC system with field-oriented control logic and PI-based speed error
controller is compared with the proposed sliding mode control (SMC)-based speed
controller with the help of seven switches H7 topology which is considered for
the analysis. The speed and torque control along with speed and torque ripples are
considered for the analysis. The BLDC parameters like armature one phase current,
back-emf of the same phase, load torque and electromagnetic torque (EMT), refer-
ence and actual speed, and DC link capacitor voltage are compared for the analysis.
Further inverter three-phase voltage and current, PI and SMC input and output wave-
forms are also considered to show the efficacy of the proposed work. The observed
under two cases, with the first case with constant speed and variable torque control
and the second case with constant torque and variable speed control.
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41.5.1 Case A: Constant Speed and Variable Torque Control
of BLDC Motor

In this, the solar PV-based BLDC motor is operated under constant speed at 1500 rpm,
and load torque is varying from 15-30 N m at 0.05 s, later to 40 N m at 0.1 s and
finally to 60 N m at 0.15 s. The waveforms for the conventional control scheme
with PI controller and proposed SMC-based H7 inverter configuration are shown
from Figs. 41.2, 41.3 and 41.4. In Fig. 41.2a, b, the BLDC motor parameters and
DC link capacitor voltage are shown with PI and SMC scheme. The BLDC A-phase
stator current using conventional technique is having distorted trapezoidal waveform
with notches as shown in Fig. 41.2a (top) while with SMC, the current waveform is
trapezoidal as shown in Fig. 41.2b (top). The stator current can be observed to be
increasing with increase in the load torque. When compared with the conventional
and proposed techniques, the back-emf decreased when load is increased to 60 N m
with conventional technique, whereas with the proposed technique, this voltage is
constant in amplitude. Hence, developed torque is sufficient to carry the increased
load demand on the motor effectively with the proposed technique.

The reference load torque is shown in black line, and actual electromagnetic
torque (EMT) is shown in red color waveform for both conventional and proposed
techniques. It is observed that the starting EMT surges are almost same for both the
techniques and this sub-transient surge is observed till the motor reaches its desired
speed. It can be observed that, there are more ripples in the torque waveform with
conventional technique. With the conventional technique, when the reference torque
is set at 15 N m, the EMT is varying from O to 25 N m from starting till 0.05 s. When

a OO G 6L (AN <Btator cument la_a (A)>
I e LR ?E s AR
oS - <Stator back EMF e_a (V)= = em.mm-:..gmr..tj«,,lﬂ
e T, e
| 1] —]

o I-‘nct‘: -:np::um Voltage in volts> - ‘?C-Ilﬂhc.-p:ci:nrvonag- In voits>
i - | i -

Fig. 41.2 a Solar PV-based BLDC motor parameters and DC link capacitor voltage with PI
controller, b with SMC under constant speed and variable torque case study
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Fig. 41.3 a Solar PV-based BLDC motor inverter voltage and current with PI controller, b with
SMC. ¢ Solar PV cell output voltage, current, and power waveforms

the reference load torque changed to 30 N m at 0.1 s, this EMT is fluctuating from
20 to 40 N m. Similarly, the EMT is varying from 63 to 27 N m when load torque
shifted to 40 N m. The ripples slowly decreased with the range from 30 to 50 N m.
Now at 0.15 s, this load torque increased suddenly to 60 N m; during this period, the
surges are lesser at this load with variation from 50 to 70 N m. Hence, there are more
surges with this control scheme. The reason for large ripples is due to the fact that
the output of PI controller is having large ripples as shown in Fig. 41.4a. The current
ripples are very high till 0.15 s, so torque ripples are also high. The same dynamic
analysis for the EMT is analyzed when SMC with H7 inverter is used.

The starting surge is almost same for both techniques but the ripples are very
less when the load torque is up to 40 N m. But, when this load torque increased
to 60 N m, there are few ripples observed in this from 0.15 s. This is because the
motor is extracting more current from the stator to drive this heavy load. But due
to permanent magnet behavior of rotor, more decomposition of flux is difficult to
obtain. However, with the proposed technique, the ripples are comparatively less.
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Fig. 41.4 a Output current and input speed error with PI controller, b with SMC

Also can be observed from Fig. 41.4b, the SMC output is having lesser ripple when
load torque is low, but this rippled got increased considerably when load torque is
increased to 60 N m.

The rotor speed with both control schemes is shown here under variable load
torque and constant speed case study. There is an overshoot in the rotor speed with
conventional technique and also few sustained oscillations observed when the load
torque is changing suddenly at 40 N m. When the load suddenly increased to 60 N m,
the speed of the rotor is decreased from reference 1500-1100 rpm due to decrease in
the back-emf developed. So, with increase in the load above 45 N m which is 75%
rated value, there is a droop in the speed curve due to the permanent magnet behavior
of the rotor and control circuit unable to supply desired back-emf. With the SMC
technique, the rotor speed is almost constant at desired 1500 rpm all load reaches
40 N m value. When suddenly load torque increased to 60 N m, this rotor speed
drooped but the slip in the speed value changed from desired 1500-1400 rpm. Hence
in terms of speed control and torque control, the proposed method is advantageous
with better performance in all aspects. The performance of proposed technique is
comparatively improved when compared with the latest works in [30, 31].

When the DC link voltage across the capacitor is observed for both the tech-
niques, with increase in the load torque, the DC link voltage is decreasing for both
the cases, but this droop is considerably high with conventional PI control scheme
than with SMC. Initially at 15 N m load torque, the DC link voltage is 900 V for
conventional and 1100 V for proposed. This voltage is decreased slowly to 800 V
when torque increased o 30 N m for conventional and 1000 V for proposed. When
load further increased to 40 N m, the voltage decreasing further slowly to 550 N m
with conventional and 900 V for proposed. When load finally reached to 60 N m,
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the DC link voltage is constant at 550 V with conventional from 0.15 s, but with the
proposed, this capacitor voltage decreased slowly to 550 N m for few seconds and
later remained constant at 550 V.

The inverter voltage and current waveforms for this case with conventional control
scheme with PI controller and proposed SMC-based H7 inverter configuration are
shown in Fig. 41.3a, b. The voltage waveform is distorted and not trapezoidal of
constant amplitude with conventional scheme. Here the voltage is fluctuating and
decreasing with increasing in the load value due to the change in the capacitor voltage
value. At light load, the inverter voltage is 800 V and decreased to 600 V phase to
phase. But when the torque increased to 60 N m, the DC link voltage remained
constant at 600 V and the waveform got better. This is due to the change in the
capacitor voltage value and also because of the PI output current ripple value. The
current waveform is also having similar distortions with conventional technique.

When the same voltage and currents are observed with the proposed H7 inverter
topology, the voltage waveform is having same amplitude under same load torque
as capacitor voltage is almost constant as shown in Fig. 41.2b bottom right. But
when the load torque is increased to rated value of 60 N m as shown in Fig. 41.3b,
which is often the case, there is a decrease in the inverter voltage due to decrease in
the capacitor link voltage. But the current three-phase waveform is constant when
the load is constant, but is increased and maintained constant in aptitude as load
torque is increased. When the load is at 15 N m, the current is 8 A, and increased to
17 A when load increased to 30 N m. This current further increased to 30 A when
the load reached 40 N m, and finally, when the load became 60 N m, the inverter
current is 51 A. The distortions in current and voltage waveforms are lesser with the
proposed control scheme. The solar cell output voltage, output current, and MPPT-
based output power waveforms are in Fig. 41.3c. For analysis, the irradiation is
assumed to be constant and id operating under normal conditions with good sunlight
without shading and Perturb and Observer-based MPPT algorithm. The solar PV
output power is assumed to be constant at 850 volts and current can vary based on
load and irradiation between 100 and 150 A with. The power output in the solar PV
cell is considered to be 150 kW.

The output and input of PI controller are shown in Fig. 41.4a and with SMC
is shown in Fig. 41.4b for the same case. When considering the PI controller case,
initially rotor speed is increasing from zero to 1500 rpm. So, rotor rotated in opposite
direction at the beginning for little time started to rotate in forward direction. Hence,
the PI error input value started from 1550 value and decreasing. With PI controller,
the rotor speed increased beyond 1500 rpm for few seconds, so the PI error input
extended to —400 values and settled at near zero value later at the load of 15 N m. The
reason for the overshoot or undershoot is because of the integral parameter constant
value. If this value is decreased, the settling time will be increased which is not
desired in general for a BLDC motor for general applications. The speed error or
input to the PI controller is controlled effectively with well-tuned PI controller. But,
when the load increased to higher values the PI controller behavior got disturbed and
hence there is a diversion in error value. The PI controller output is current reference.
Ifitis observed that Pl input is well controlled, but output is having large fluctuations.
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The PI saturation block limits helped to control the current to SOA peak to peak. With
SMC, the input is speed error and output is reference current like the PI controller
as shown in Fig. 41.4b. It can be observed that the error value is maintained almost
to zero value till the load is 40 N m and a small deviation of 100. The SMC output
is maintained at small value, but some surges are observed when load changes take
place. This SMC will track the reference and actual speeds and will effectively limit
this as this is a very fast active device than a PI controller. However when load change
is very high, that is at 60 N m, the SMC output is also having ripples but are smaller
compared to PL.

Hence from this case study, it can be understood that, the SMC performance is
very superior to PI controller in maintaining the speed and controlling the torque.
The torque ripples are minimized, torque and speed surges are curtailed, and overall
performance is improved. With the proposed technique, heavy load can be operated
effectively on a BLDC motor while maintaining the speed almost constant. In the
next subsection, the case study is variable speed and constant load operation.

41.5.2 Case B: Constant Torque and Variable Speed Control
of Solar PV-Based BLDC Motor

In the earlier case, constant speed variable torque is discussed, now variable speed and
constant torque will be considered. A halfload of 30 N-m is fixed, and speed reference
is changed from 1000 to 1750 and 2500 rpm at 0.075, and 0.15 s, respectively. The
machine parameters and other are remained same as in the earlier case. The starting
current with PI controller is 50 A and with SMC is 62 A, and this initial current
settled once the solar PV-based BLDC motor reaches steady-state reference value.
It can be observed with conventional method that, at low load torque and low speed,
the armature current is distorted with spikes and notches as shown in Fig. 41.5a. But
with the SMC as shown in Fig. 41.5b, the current is trapezoidal and amplitude is
almost constant and few negligible surges in the current are observed when the speed
changes from one value to the other. In both the cases, the frequency of the current
waveform is increasing as speed is increasing. The back-emf is almost trapezoidal
with both technique, and this voltage is increasing with increase in the rotor speed.

The ripple in the torque is high with PI and varies from O to 50 N m when the
speed is lesser at 1000 rpm. The distortions decreased with increase in speed and
are less as speed increased to a higher value. In the same way, the torque ripples are
lesser at lower speed with SMC and almost same as reference and actual torque. But
few surges are observed when the speed adjustment is done as due to change in the
SMC input and output values as speed is changed. When the reference and actual
speed is compared with both controllers, there are few overshoots and controlled
oscillations are observed when speed transient take place for PI controller. But when
the speed is increased to a higher value at 2500 rpm, the rotor cannot adjust to the
desired speed and attained only 2000 rpm.
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Fig. 41.5 a BLDC motor parameters and DC link capacitor voltage with PI controller, b with SMC
under constant torque and variable speed case study

The SMC-based technique output is observed, the reference and actual speeds are
almost same for speeds up to 1750 rpm, but a deviation of about 250 rpm is observed
with SMC which is comparatively lesser in deviation than with the PI controller.
The DC capacitor value which is chosen some small value in this paper deviated
from lesser speed value to higher speed value in both the cases. But, this voltage is
maintained constant for more time with the rapid change in the speed with SMC. If
higher value of capacitor is chosen, the capacitor link voltage is maintained constant;
hence, speed deviation can be curtailed for both the cases. However, the performance
with same parameters, the proposed SMC is better than with a PI controller-based
conventional technique.

The inverter voltage and current waveforms for conventional and H7 inverter are
shown in Fig. 41.6a, b. It can be observed that there are more distortions in the voltage
and current waveforms at lower speeds than with higher speeds with conventional
technique, whereas with PI, the distortion in the voltage and current are lesser with
SMC. Frequency change in the waveform can be observed with both control schemes.
The starting current is high with SMC.

The input to PI or SMC is speed error, and output is reference current. The PI
controller input and output waveforms are shown in Fig. 41.7a and with SMC is
shown in Fig. 41.7b. It is easily observed with the waveforms with Pi controller,
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Fig. 41.7 a BLDC motor inverter voltage and current with PI controller, b with SMC

there are few ripples in the speed error, but is maintained at zero value till the speed
is 1750 rpm. But when the speed further increased to a higher value of 2500 rpm,
there is deviation in the speed to 500 rpm. However, there are no ripples in the
SMC input or speed error value; hence, the desired speed is achieved. But surges
are observed when speed change occurred at 0.075 and 0.15 s. When the reference
speed is adjusted to 2500, a deviation in the SMC is observed and is around 250 rpm.
The current reference value with PI is having large oscillations at lower speed and
attained upper saturation value of 50 A when high speed of 2500 rpm is demanded.
With SMC, the current reference value or the SMC out value changes considerably
when the rotor speed demand changes. There are few spikes in the reference current
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value when speed transient occurred. Ripples in current are observed at very higher
speed. When speed up to 2280 rpm, the speed deviation is very small with SMC,
but beyond this speed, deviation in reference and actual speeds is observed. When
compared with works in [30, 31] for BLDC torque ripple reduction, the performance
of proposed technique for the BLDC motor is comparatively better with lesser ripples
and effective speed and torque control mechanism.

41.5.3 Case C: Variable Torque and Variable Speed
Application of BLDC Motor

In this case, both the torque and speed of the solar PV-based BLDC motor are
varying and the parameters are observed for the analysis. The motor speed controller
is controlled using SMC as shown in Fig. 41.1d. The torque is changing from initial
value from 25 to 5 N m at 0.075 s and again increased to 25 N m at 0.15 s and finally
reaches to 15 N m at 0.2 s as shown in Fig. 41.8a. The rotor speed reference value
is changed from initial value from 1000 rap to 2000 rpm at 0.1 s, and the BLDC
motor and the DC link voltage actual waveforms are shown in Fig. 41.8a. It can
be observed that starting torque is 45 N m till the rotor speed reaches its reference
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Fig. 41.8 a BLDC motor parameters and DC link voltage with SMC, b BLDC motor input inverter
voltage and current
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value of 1000 rpm. There are no ripples in the torque with the proposed method and
topology than with a conventional six switch topology.

When the torque is decreased at 0.075 s to 5 N m, there is a small speed change
which can be neglected due to the rapid speed controlling action of the SMC. When
the rotor speed in increased to twice its value, there is a small surge in the torque and
immediately reaches its reference value. With increase in the torque to rated value
at rated speed, torque small ripples are observed and small deviation in the rotor
speed from 2000 to 1900 rpm due to large load torque application to the motor as
shown in Fig. 41.8a. Once the load is decreased by 10 N m to a value of 15 N m, the
torque ripples are decreased and the rotor speed also reached its normal value. With
the increase in the torque, the armature current is increasing in magnitude, and with
increase in the rotor speed, waveform frequency is also increasing, but surges are very
less with the proposed scheme and the topology. With the change in the load torque
of the motor, the DC link capacitor voltage is also changing, respectively, to supply
the desired voltage and current. As there is no chopper control action, the seventh
switch only will actively the control the buck and boost action for the inverter.

The BLDC motor voltage source inverter A-phase voltage and three-phase current
waveforms are shown in Fig. 41.8b. The voltage magnitude is almost constant but is
square wave in shape, and the current magnitude is changing in all the three phases
equally in magnitude and frequency with respective change in the torque and the rotor
speed. The current waveform is trapezoidal, and there are no surges when torque or
speed is changing. The starting current is also high, but the voltage is constant with
the proposed control scheme.

The seventh switch location is shown in Fig. 41.1e, and the current through this
switch is shown in Fig. 41.9a, and the zoom of the waveform is shown in Fig. 41.9b.
The switching current is high when the motor requires high starting current, and this
current is very small when there is a decrease in the load torque at 0.075 s. When there
is a speed change, the current also is increased till the reference speed is reached. It
can also be seen in Fig. 41.9b, the current is almost constant and the switching action
is very optimal when H7 topology is used with the proposed control scheme and the
SMC proposed controller.
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Fig. 41.9 a IGBT current through the H7 switch, b zoom waveform of IGBT current for (a)
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The current is having some harmonic components, but the current is in-phase
with the same phase voltage. The THD values of current and voltage are shown
in Fig. 41.10a, b using PI and SMC controller. The current THD is 10.68%, and
voltage is 29.15% with harmonic order of 5, 7, 11, 13, 17, and 19 significant. At full
load, the harmonic content of the output current is minimized by the influence of
the machine stator equivalent inductance and resistance which are L_g; = 3 mH and
R s1 = 0.432 Q, respectively. Unfortunately, this effect is not so noticeable when
the available wind decreases and therefore, the maximal output power decreases
and the THD increases. The amplitude of the 5th current harmonic is 9.2% of the
fundamental, which is greater than the 4% allowed by IEEE 519 standard. Of course,
the IEEE 519 standard it is not applicable to this situation but it is a guideline.

The THD presented with the SMC is lower than 3.5% and the low amplitude
of the 5th harmonic under 3.5% reveals the suitability of this topology to harmonic
mitigation as shown in Fig. 41.11a. An effective improvement in the voltage THD was
obtained results which are shown in Fig. 41.11b. These good results were obtained
for a constant duty cycle around 50%. The main drawback of this Boost topology is
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the high output voltage 1 kV, in as much the line-to-line BLDC RMS output voltage
has increased to 220 V at full load, and the BLDC line current has decreased once
the output power was kept constant at 2 kW. A comparison of the conventional two-
stage solar PV inverter, conventional PI controller, and with proposed SMC controller
showing different losses and efficiency is denoted in Table 41.3. Compared to the
combination, the proposed SMC is better in terms of THD, PFC, and also in terms
of efficiency than with PI controller or with a H-bridge two stage converter.

41.5.4 Case D: Application of BLDC Motor as Electrical

Vehicle (EV) Load

The same control strategy and H7 topology are applied for battery-based electric
vehicle and the performance is observed. In general, the electric vehicle will be a
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Table 41.3 BLDC core, copper, friction, and windage losses in (W) and efficiency in (%)

Topology Copper losses | Core losses | Friction and Cumulative | Overall

windage losses | losses efficiency of
the drive

Rated 1701.15 219.40 120 2040.55 90.74

Conventional |2318.93 180.82 120 2619.75 88.42

two stage

converter

PI-based H7 1724.73 251.32 120 2096.05 90.51

converter

SMC-based 1486.33 269.96 120 1876.29 91.42

H7 converter

variable speed and load machine which is based on road and traffic [37]. During the
acceleration period, the BLDC-based electric vehicle will receive power from both
electrical source and also from the battery based on the charge control scheme state
of charge (SOC) of the battery will decrease. Now, when the vehicle is braking, it will
decelerate. So, the vehicle decelerating kinetic energy will charge the battery and
SOC will increase. The bidirectional current topology is shown in Fig. 41.11a(i), and
the battery charge control scheme is shown in Fig. 41.11a(ii). Both the switches (S1
and $2) are used for bidirectional current flow, and the inductor (L) for smoothening
of current.

The control scheme shown in Fig. 41.11a(ii) requires DC link capacitor or bus
voltage, battery current measurements. The reference and actual DC link voltages
are compared and controlled using a tuned PI controller to get the desired current to
be allowed to flow from or to the bus using the battery bank. This reference current
is compared with the battery current, and the difference in the current is given to the
PWM pulse generation scheme to get the pulses for the two switches. The output of
the H7-based BLDC motor as an electrical drive is shown in Fig. 41.11b. Here, the
motor speed is before the gear-box, so its speed is nominal speed without decrease in
its value. During acceleration, the rotor speed value will be increasing with time, and
during deceleration, the rotor speed value is negative in magnitude with the time.
During the starting, the vehicle is having good starting torque till its rated speed
is reached and later the normal torque is maintained, when the speed is decreasing
at 0.025 s, the torque on it is also decreased as can be observed from Fig. 41.11b.
When finally brakes are applied at 0.05 s, the torque on it is decreasing and becoming
zero, hence no-load type operation where its kinetic energy is delivered to the battery
system for energy storage. Similarly, when after stopping and restarting at 0.1 s, its
torque is increasing and process is almost the same for the analysis. With the change
in the speed of the rotor, the current waveform frequency is varying and because of
distortion in the vehicle torque, the current waveform is changing as shown in the
figure. Further with the change in the speed and torque values, the DC link voltage
is also increasing and decreasing, while the overall value is almost constant. The
reference DC link voltage here is 575 volts, based on inverter and the battery ratings.
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The battery charging and discharging rates can be observed based on its state
of charge (SOC) and the current flow between the battery and the DC bus system.
When the motor speed is increasing when starting and also torque is high, the SOC is
decreasing and also the current flow is from the battery to aid the vehicle transporta-
tion as shown in Fig. 41.11c. When, the vehicle set speed and torque are reached,
the SOC and current are also increasing. In the same way, when speed and torque
are increasing with time, SOC is decreasing and the battery is supplying as an aid to
the grid during the sudden change in the vehicle values.

In the same way, when the speed and torque are decreasing during the vehicle
braking operation, the stored kinetic energy in the battery will be dissipated and is
charging the battery, and hence, the current flow to the battery is increasing and also
the SOC is increasing. The battery voltage is also changing with respect to the current
flow in the battery. Hence, overall behavior is improved with the proposed BLDC
H7 converter scheme when applied to the electric vehicle application.

41.6 Conclusion

The sliding mode controller (SMC)-based speed error controller and H7-based seven
switch inverter topology is considered in this paper for the performance improvement
of solar PV-based brushless DC (BLDC) motor. In this, the position sensor and speed
are measured in a conventional way using hysteresis sensors. But, topology, control
scheme, and SMC scheme are different and are improved. The technique improved
the speed and torque control and also effectively curtailed the torque ripples and
back-emf waveform when compared to conventional vector control scheme with PI
controller. The proposed technique is helpful for high speed up to 2500 rpm and with
large motor load torque about 60 N m. The speed and torque surges and ripples are
very less. With small-rated DC link capacitor value, the speed and torque control
with better waveforms are observed.

The inverter voltage and current waveform are trapezoidal with lesser distortions.
This technique is applicable to water pump system and automotive system where
load fluctuations and speed variations are more. AS fluctuations in speed and torque
are also less, it can be used for emergency systems and advanced control systems
like robotic arms and medical applications. Therefore from all the above, the overall
performance of BLDC motor is improved with the proposed SMC and H7 inverter
topology. The current THD as well as the voltage THD are better with bridgeless
ZETA than with the CUK. The same control strategy and topology are applied for
the electrical transportation vehicle to observe the effectiveness. It is found that the
response of the vehicle with the speed change is quicker, and the battery charging is
also effective with the developed algorithm. Even with large speed variations with
time considering as acceleration and deceleration, the motor torque is within the
range and not going out of step. Also, starting torque is high and the charging and
discharging phenomenon of battery is considerably fast.
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The overall losses are lesser, and higher efficiency is observed with bridgeless
ZETA than with the bridgeless CUK and bridged (H-bridge-based two stage) ZETA
is having more losses. Hence in all ways, the bridgeless ZETA is found better and
efficient for the BLDC motor drive application. The future scope of the work is to
maintain the speed deviation to as low as possible even at higher load torque or rotor
speed with limited rating capacitor value.

Appendix

The BLDC parameters: Ry = 1.8750 €2, Ly = 8.5 mH, flux linkage = 0.175, back-emf
flat area is 120°, moment of inertia (J) = 0.8 m kg m?, friction coefficient (F) =
1 m N m s, pole pairs (p) = 4. The SMC parameters constant C; = 9, C, and C3
are 45, K = 0.1 and g = 30, hysteresis bias = 0.50, and DC link capacitor value is
3550 wF
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