Journal of Electrical Engineering & Technology (2021) 16:2055-2063
https://doi.org/10.1007/542835-021-00723-7

ORIGINAL ARTICLE q

Check for
updates

Electromagnetic Torque Characteristics Analysis of Nuclear Half-Speed
Turbine Generator with Stator Winding Inter-Turn Short Circuit Fault

Peng Xin' - Baojun Ge? - Dajun Tao? - Pin Lv3

Received: 25 December 2019 / Revised: 22 September 2020 / Accepted: 15 March 2021 / Published online: 1 April 2021
© The Korean Institute of Electrical Engineers 2021

Abstract

To research the variation characteristics and influence factors of air gap magnetic field and electromagnetic torque of nuclear
power half-speed turbine generator with stator winding inter-turn short circuit, the two-dimensional transient electromagnetic
field of generator-external circuit-grid coupling mathematical model is established by field-circuit-network coupling method.
Taking the national laboratory’s generator as an example, and comparing the simulation results of the inter-turn short circuit
of the armature winding with experimental data, the correctness of the model is validated. On this basis, the simulation
model of a 1407MVA nuclear power half-speed turbine generator is built. Then the stator winding inter-turn short circuit
fault is simulated when the generator is connected to the grid with rated load. The characteristics of air gap flux density and
electromagnetic torque are obtained before and after fault, as well as, the relationship between their each component and the
fault degree is obtained. At the same time, the variation law of air gap flux density and electromagnetic torque is obtained
when the relative position between fault winding and magnetic pole changes. The theoretical reference for fault diagnosis
and localization using harmonic electromagnetic torque after fault is provided.

Keywords Nuclear power half-speed turbine generator - Field-circuit-network coupling - Inter-turn short circuit - Air gap
flux density - Electromagnetic torque

1 Introduction

As an important part of the power system, the safe and stable
operation of large generators has always been a hot issue for
many researchers. As one of the common faults of generator,
the stator winding inter-turn short circuit fault of large gen-
erator can cause electromagnetic noise and radial vibration
when the fault occurs. When the fault is serious, it can cause
stator core damage and a series of problems [1]. Therefore,
it is of practical significance to research the inter-turn short
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circuit of generator stator winding to ensure the safe and
stable operation of the generator.

Scholars have done some research work on the inter turn
short circuit fault of generator stator winding. In reference
[2], the influence of stator winding inter-turn short circuit
position on the electromagnetic torque fluctuation charac-
teristics is studied when the air gap of synchronous gen-
erator is eccentric. It is pointed out that the angle between
the electromagnetic torque and the position of short circuit
and minimum air gap is approximately cosine. In reference
[3], the influence of stator winding inter-turn short circuit
on the induction electromotive force of generator is stud-
ied, and the potential difference before and after the fault
is proposed to diagnose the fault. In reference [4-7], the
vibration characteristics and the influencing factors of the
generator after inter-turn short circuit under different work-
ing conditions are studied. In reference [8], a new detecting
coil method for detecting the inter-turn short circuit fault of
generator winding is proposed. In reference [9], the variation
characteristics of negative sequence current component after
stator winding inter-turn short circuit fault are studied. In
reference [10], the field circuit coupling method is used to
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study the dynamic electromagnetic force distribution on the
top and the wall of the rotor teeth when the stator winding
turns are short circuited. In reference [11], single winding
analysis and finite element analysis are used to study the
characteristics of inter-turn short circuit fault of generator
stator winding. It is pointed out that short circuit current,
phase current, torque and radial force are related to fault
location and fault degree. In reference [12, 13], the variation
characteristics of air gap magnetic field and electromagnetic
torque in case of rotor vibration eccentricity and stator wind-
ing inter-turn short circuit fault are studied. It shows that the
second harmonic vibration changes obviously after the fault.
It is proposed to detect the eccentricity of the rotor by using
the 17th and 19th harmonic currents. In reference [14], the
field circuit coupling method is used to study the distribution
of eddy current loss on the rotor surface after inter-turn short
circuit of generator stator winding.

The above references have made some achievements in the
research of generator stator winding inter-turn short circuit
fault. However, in most of the above references, the research
on electromagnetic torque is only limited to fault identification.
The change rule and influence factors of each harmonic com-
ponent of electromagnetic torque after fault are not analyzed
in depth. Therefore, it is necessary to study the characteristics
of electromagnetic torque in the case of inter-turn short cir-
cuit fault in the stator winding of nuclear generator. Based on
the above references, taking a large nuclear power half speed
turbo-generator as the research object, and adopting the field
circuit network coupling method, it is established that a cou-
pled simulation model for the operation of nuclear power gen-
erator with rated load in grid. On this basis, the inter-turn short
circuit fault of the stator winding is simulated. The variation
characteristics of internal magnetic field and electromagnetic
torque before and after fault are studied. The variation law
of the components of air gap flux density and electromag-
netic torque after fault is given. It is pointed out that there is
a one-to-one relationship between the relative position of the
fault winding to the pole and harmonic components of the
electromagnetic torque. The research results provide theoreti-
cal reference for the diagnosis and location of stator winding
inter-turn short circuit fault.

2 Field-Circuit-Network Coupled
Mathematical Model

Taking the one machine infinite bus system as the research
object, the equivalent circuit of the system is shown in Fig. 1.

2.1 Generator Magnetic Field Equation

It is assumed that the permeability and conductivity of iron
core are considered as isotropic, the magnetic field of genera-
tor is quasi-static field, the displacement current and the eddy
current loss of stator core are ignored. The boundary-value
problem of the generator 2D transient electromagnetic field
is written as

. 0 ,10A d 1oAY _ dA
Q: 0x(;40x)+0y(/40y)_ J+6dt

r:-A=0 M

where u is magnetic permeability, J is source current den-
sity, o is electrical conductivity, and A is magnetic vector
potential, I' is the boundary of the outer circle of stator and
the inner circle of rotor.

2.2 Mathematical Model of Generator
2.2.1 Generator Stator Winding Loop Equation

As shown in Fig. 1, the generator stator winding loop equation
can be expressed as

dIs
Us = Es _Rsls _LSE

R LdlS
§7S Sdt

LA (@)

=-1,C"%2
efgat

where E is the induction electromotive force of generator,
E, = [e,, e,,e.]T, U, and I are the armature terminal voltage
and current respectively, U, = [uy, ug, uc]®, I, = [in, ig,ic]s
R, and L, are stator winding resistance matrix and end leak-
age inductance matrix respectively, R, = diag[R,, R, RS]T,
and L, = diag[L,, L, L]", I, is the effective axial length

Fig. 1 Equivalent circuit of one machine infinite bus system
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of the generator, and C; is the incidence matrix of stator
current.
The current density of stator winding is as follows:

~.

1
J==.=
P oa S 3)
where i is the phase current of stator winding, a is the num-
ber of parallel branches of stator winding, and Sy is the sec-
tional area of stator winding.

2.2.2 Excitation Loop Equation

As shown in Fig. 1, the excitation loop equation can be
expressed as

o dip
Mf = ef + Rflf + LfE
T 0A di @

where u; is excitation voltage, e; is induced electromotive
force of excitation winding, i; is excitation current, R; and L;
are excitation winding resistance and end leakage inductance
respectively, and C; is the correlation matrix of excitation
current.

The current density of excitation winding is as follows:

Jp = ip/s; )

where S; is the sectional area of excitation winding.

2.2.3 Damping Loop Equation

The schematic diagram of damping circuit is shown in
Fig. 2. In the figure, Ry; and Ly; are the resistance and
leakage inductance of the damping end ring respectively,
R,; and L ; are the resistance and inductance of the damp-
ing winding, R,; and L, are the slot wedge resistance
and inductance, iy; is the sum of the damping bar and slot
wedge current; iy, is the loop current; uy; is the voltage at
both ends of the damping bar.

Suppose that J; and J,; are the current density of the
straight line part of the wedge and the damping bar respec-
tively, then

Ji=—-0% + 0,5
a L ©)
where o, and o, are the electrical conductivity of the slot

wedge and damping bar respectively.
The damping loop equation can be expressed as [15]

Fig.2 Schematic diagram of damping circuit

0A

dI @)
d

2.2.4 Rotor Core Eddy Current

For the hydro generator, the rotor is composed of laminated
form, so the eddy current effects can be neglected. For turbo
generator, its rotor is solid, therefore, it can be treated by the
method of modifying conductivity of iron core linear part [16].

Jp = —op—
R OR o1 3
where oy, is the rotor material conductivity.
2.3 Mathematical Model of Power Grid
2.3.1 Transformer Equation

The transformer which is connected to the generator adopts
Dynl1 connection form. As shown in Fig. 1, the voltage and
the current equations of transformer can be written as

dI§
E, =G, <US ~RI, - le—t‘> ©)

I, = kG,I, (10)

where E, is voltage on HV side of transformer, I, is current
on HV side of transformer, k& is the transformation
ratio,E, = [eya, eyp» eycl®s I, = liya, iy, iyc]’, R and L, are
transformer winding resistance matrix and end leakage
inductance matrix respectively,R, = diag[R,, R, R,],

1 0 -1
L =diag[L.L.L],G,=|-11 0 | , and
0 -1 1
1 -10
G,=| 0 1 -1
-1 0 1
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2.3.2 Transmission Line Voltage and Current Equations

As shown in Fig. 1, the transmission line voltage and current
equations can be written as

dr,
El = U+R111 +LIE
dr (D
2
= U+R2I2 +L2$

IL=1+1I, (12)

where U and I; are the infinite system volt-
age and current respectively, U = [ugy, usp, tgcl”,
I = [iys + ippsiyg + iogsijc +ixcl’, Ry, Ry, Ly and L, are
their diagonal matrices respectively. If the transmission line
is a single circuit transmission line in the system, then 7, =0.

Bringing Egs. (3), (5), (6) and (8) into Eq. (1), after finite
element discrimination, then

0A

Coupling Egs. (2), (4), (7), (9)—(13), and eliminating the
intermediate variables, the finite element equation can be
got.

[ K C, CiCis 0 0 0 AT
0 0 R0 0 0 0 |1
0 0 0C,Cp 0 0 | I
0 0 0C;3Cyy 0 0 J|U, [+
0 —kG,(R,+R) 0 0 0 —-R, 0 | I,
0 —kG,(R,+R) 0 0 0 0 -R,| I,
| 0 -M 0 0 0 kG, kG, | I, |
Dy 0 000 0 O (AT [0]
—1..C} 0 L:0O0O 0 O I, U
Dy, 0 000 0 0 | I 0
0 0 00D, 0 0 |=|U,|=]0
—kl4G,CT —kG,(Ly+L) 00 0 -L; 0 o I U
—kl4G,C! —kG,(Ly+L) 00 0 0 -L, I, U
0 0 000 0 O |1, | [o]
(14)

where M =diag[1, 1, 1].

3 Simulation and Experiment

In this section, taking the MJF-30-6 non-salient pole syn-
chronous generator in the national laboratory as an example,
the simulation model is built. In the simulation model, the
synchronous generator is connected with the infinite system
through the transformer and the double circuit transmission
line. When the generator is stable operation with 1/2 rated
load, it is simulated that phase A winding first branch of

@ Springer

generator occurs 2% to 22% inter-turn short circuit fault in
3 s. The fault is removed after 0.1 s, then, the generator
returns to normal operation.

At the same time, in order to verify the correctness of
the simulation model, the related experiment is carried out.
In the experiment, the MJF-30-6 non-salient pole synchro-
nous generator is connected with 11 kV grid through the
transformer. The voltage step-up ratio of transformer is 2.5.
And the connection group of transformer is Dynl11. In the
experiment, the LM-1 excitation device and F6-10,000 spe-
cial recording wave analysis device for experiment are used.
The experiment site is shown in Fig. 3. And the simulation
and experiment results are shown in Fig. 4.

As seen from Fig. 4, the simulation result of stator wind-
ing current is in agreement with the experiment result. The
correctness of the simulation model is verified.

4 Harmonic Analysis of Air Gap Magnetic
Field in Stator Winding with Inter-turn
Short Circuit

In order to study the characteristics of inter-turn short cir-
cuit in stator winding of nuclear generator, the field-circuit-
network coupled simulation model is established based on
the case of a 1407MVA nuclear half speed turbo-generator
connected to the infinite system with rated load. In this
model, the generator is connected with the infinite system
through the transformer and the double circuit transmission
line. The generator is modeled by finite element method,
and the influence of structure and magnetic saturation are
fully considered in the modeling process. Main parameters
of generator are shown in Table 1:

Fig.3 Experiment site
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Fig.4 Comparison between stator current simulation result and
experimental result

In order to improve the accuracy of the calculation, the
layered mesh generation method is adopted in the air gap
mesh generation. The meshing result is shown in Fig. 5.

Under the condition of stable operation of nuclear power
generator with rated load, 0-25% inter-turn short circuit fault
in the first branch of stator phase A winding is simulated.

The simulation results of air gap flux density before and after
the fault are shown in Fig. 6.

It can be seen from Fig. 6 that after the fault, the air gap
flux density of the generator affected by the short-circuit
current is no longer symmetrical, and the air gap flux density
of the area where the short-circuit winding is located has
obvious distortion.

The air gap flux density of the generator before and after
the fault is decomposed by FFT, and the result is shown in
Fig. 7.

From the spectrum analysis results in Fig. 7, it can be
seen that the air gap flux density only contains fundamental
and odd harmonic components during normal operation of
the generator. After the inter-turn short circuit fault, the air
gap flux density of generator not only contains fundamen-
tal and odd harmonic components, but also even harmonic
components.

Analysis of the Influence Factors

of the Harmonic Component in the Air
Gap Magnetic Field During the Inter-Turn
Short Circuit of the Stator Winding

In order to study the influence factors of air gap flux density
harmonic component after inter-turn short circuit fault of
stator winding, In this section, the characteristics of air gap
flux density change when the relative position of stator and
rotor changes and the characteristics of air gap flux density
change when the relative position of stator and rotor is con-
stant are studied.

5.1 Influence of Relative Position Between Stator
and Rotor on Air Gap Flux Density

In order to study the change characteristics of air gap
magnetic density when the relative position of stator fault
winding axis and magnetic pole axis changes with the
same degree of inter-turn short circuit, The simulation of
0-25%inter-turn short circuit of the first branch winding
of phase A is carried out. It is assumed that the relative
position angle between the pole axis and the stator fault
winding axis is a, Due to limited space, in this paper, the
distribution of the magnetic field line of the generator is

Table 1 Main parameters

Parameter Value Parameter Value

of nuclear power half speed

turbine generator Rated capacity Sy/MVA 1407 Number of parallel branches of stator 2
Rated voltage Uy/kV 24 Synchronous reactance X /p.u 1.83
Power factor cosg 0.9 Stator winding resistance R/Q 0.000979
Number of pole-pairs p 2 Field winding resistance ry/€2 0.0548
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Fig.5 Nuclear power generator finite element mesh cross-section fig-
ure

——air gap flux density in normal operation
204 | ----- air gap flux density after fault

Generator circumferential length/m

Fig.6 Air gap flux density distribution before and after stator wind-
ing inter-turn short circuit fault

given only when the magnetic pole axis is 9° ahead of the
fault winding axis (¢ =9°). As it is shown in Fig. 8.

When the relative position of magnetic pole axis and
fault winding axis changes under the stator winding inter-
turn short circuit fault, the partial results of air gap mag-
netic density distribution are shown in Fig. 9.

As can be seen from Fig. 9, with the change of relative
position angle a, the degree of air gap magnetic flux den-
sity distortion also changes.

The harmonic analysis of the air gap flux density at
different o after the fault is carried out, and the results are
shown in Fig. 10.
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Fig.7 Frequency spectrum of air gap flux density before and after
stator winding inter-turn short circuit fault

fault winding axis

magnetic pole axis
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Fig. 8 Distribution of magnetic force line after stator winding inter-
turn short circuit fault

It can be seen from Fig. 10 that the distribution of the
components of the air gap magnetic density has certain regu-
larity with the change of a.

When the magnetic field in the area where the fault wind-
ing is located is the strongest, the fundamental component
of air gap flux density is the smallest and the harmonic com-
ponent is the largest.

5.2 Influence of Different Degree of Fault on Air
Gap Flux Density

When the relative position between the axis of stator fault
winding and the axis of magnetic pole is constant, the
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Fig. 10 Frequency spectrum of air gap flux density at different o

simulation of stator winding inter-turn short circuit fault
in different degrees is carried out. The simulation results
of air gap flux density in different degrees of fault are
shown in Fig. 11.

The analysis results of air gap flux density spectrum
under different degrees of fault are shown in Fig. 12. It
can be seen from Fig. 12 that when the relative position
between the axis of stator fault winding and the axis of
magnetic pole is constant, The fundamental component
of air gap flux density decreases with the increase of fault
degree, while the harmonic component of air gap flux
density increases with the increase of fault degree.

2061
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Fig. 11 Air gap magnetic density distribution in different degree of
fault
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Fig. 12 Frequency spectrum of air gap flux density in different degree
of fault

6 Analysis of Electromagnetic Torque
in Stator Winding with Inter-turn Short
Circuit

In order to study the harmonic components and influencing
factors of the electromagnetic torque after the inter-turn
short circuit fault in the stator winding of nuclear power
generator, the analysis of the electromagnetic torque in the
case of 0-37.5% inter-turn short circuit fault is carried out.
The results of electromagnetic torque spectrum analysis
are shown in Fig. 13.

From the spectrum analysis results in Fig. 13, it can
be seen that the electromagnetic torque of nuclear power
generator after stator winding inter-turn short circuit fault
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contains not only the DC component in normal operation,
but also the even harmonic component.

6.1 Influence of Different Degree of Fault
on Electromagnetic Torque

The harmonic analysis of the electromagnetic torque under
normal operation and different degrees of faults of the
nuclear generator is shown in Fig. 14.

From the harmonic analysis results in Fig. 14, it can be
seen that during fault operation, the electromagnetic torque
generates even harmonic component in addition to DC
component. In addition, with the increase of fault degree,
the harmonic components of electromagnetic torque also
increase. The DC component of the electromagnetic torque
after the fault is obviously smaller than that of the normal
operation, and the more serious the fault is, the smaller the
DC component of the electromagnetic torque is.

6.2 Influence of Relative Position of Stator
and Rotor on Electromagnetic Torque

An analysis is made of the electromagnetic torque when the
relative position of the axis of the fault winding and the axis
of the magnetic pole changes after the inter-turn short circuit
fault of the stator winding. The results are shown in Fig. 15.

According to the simulation results in Fig. 15, when
a=27°, the electromagnetic torque is the minimum. And
this characteristic does not change with the degree of failure.
It can be seen from Fig. 8 that the position of fault winding is
exactly the maximum position of air gap Synthetic magnetic
field. That is, the larger the air-gap synthetic magnetic field
at the fault winding location, the smaller the electromagnetic

44
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Fig. 13 Frequency spectrum of electromagnetic torque of generators

after fault
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Fig. 14 Frequency spectrum of electromagnetic torque of generators
before and after fault

torque. Therefore, this feature can be used to assist in deter-
mining the location of the faulty winding.

7 Conclusions

In this paper, the air gap magnetic field and electromagnetic
torque of the generator in the case of an inter-turn short
circuit in the stator windings of a nuclear power half-speed
turbo-generator are studied. The main conclusions are as
follows:

(1) When the inter-turn short circuit occurs in the stator
winding of a nuclear power half speed turbo-generator,
the air gap flux density does not only contain the odd

8 1 2 0~12.5% fault
7 1 == 0~25% fault
| : 0~37.5% fault
6 4
1 70
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Fig. 15 Electromagnetic torque of o change after fault
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harmonic component in normal operation, but also
the even harmonic component. At the same time, the
change in air gap flux density is related to the relative
position of the axis of the fault winding and the axis of
the magnetic pole. The stronger the magnetic field in
the area where the faulty winding is located, the smaller
the fundamental component of the air-gap flux density
and the larger the harmonic component. When the rela-
tive position of the fault winding axis and the magnetic
pole axis is constant, the more serious the fault is, the
more serious the magnetic field distortion, the smaller
the fundamental component of the air-gap flux density,
and the larger the harmonic component.

(2) When the inter-turn short circuit fault of stator wind-
ing occurs, in addition to the DC component, the elec-
tromagnetic torque also generates an even harmonic
component. And the DC component decreases with the
increase of fault degree, while the harmonic component
increases with the increase of fault degree. The larger
the air gap synthetic magnetic field at the location
of the fault winding, the smaller the electromagnetic
torque. And this characteristic does not change with
the fault degree.

Based on the existing research results, this paper further
analyzes the change characteristics and influencing factors
of the air gap magnetic field and electromagnetic torque after
the inter-turn short circuit of the stator windings of a nuclear
power generator. It is of certain significance to realize the
fault diagnosis and location using the electromagnetic torque
after the fault.
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