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Equivalent Broadband Electrical Circuit of
Synchronous Machine Winding for Frequency
Response Analysis Based on Gray Box Model

Zhongyong Zhao
and Chenguo Yao

Abstract—Frequency response analysis (FRA) is a popular tool
to detect transformer winding deformation faults. It has been
recently used to diagnose the winding inter-turn short circuit fault
of the electric machine. The application of FRA is based on the fact
that the winding can be equivalent to an electrical circuit consisting
of resistance, inductance, and capacitance. Therefore, to obtain
an accurate broadband equivalent circuit model of synchronous
machine and perform the fault analysis and diagnosis, this paper
introduces the gray box model technique based on the state space
and genetic algorithm. The electrical circuit of a form-wound coil of
a 4 kW machine with known electrical parameters is used to verify
the proposed method primarily. Besides, the equivalent circuit
modeling is carried out and experimentally verified on an actual
5 kW synchronous machine. Finally, the fault simulation analyses
of winding inter-turn short circuits are performed based on the
proposed equivalent electrical circuit. The verification result shows
that the circuit parameters identified by the proposed method are
accurate. Moreover, the fault simulation results indicate that the
inter-turn short circuit faults can cause apparent variations in the
frequency response curves. It is feasible to detect the winding fault
of the synchronous machine by the FRA method.

Index Terms—Synchronous machine, winding, inter-turn short
circuit, frequency response, equivalent electrical circuit, state
space.

I. INTRODUCTION

LECTRIC machinery is an energy conversion device that
I l: can transform or transfer electric energy and mechanical
energy, which has been widely used in industry [1]. In all kinds
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of power generation methods, 90% of the power is supplied
by the synchronous machine. The synchronous machines have
to withstand thermal stress, electromagnetic stress, mechanical
stress, electromagnetic noise, vibration, the rotor’s centrifugal
force, aging of the insulation material, and other faults in the
operations, which may induce severe defects of the machines.
Synchronous machine faults can be generally divided into gear
and bearing faults, stator and rotor faults [2]. Among them, short-
circuit fault of the stator winding is a typical fault, which has a
certain probability of occurrence, but serious consequences [3].
The inter-turn short circuit fault between stator windings may
cause changes in electromagnetic force distribution, distortion
of the voltage waveform, excessive winding temperature, and
increased vibration. These defects may further induce one-point
grounding faults and other more severe faults. Therefore, the
accurate detection of the stator winding inter-turn short circuit
and other spots is significant to the synchronous machine’s
reliable operation.

Nowadays, the primary methods to detect short-circuit faults
of synchronous machine windings include DC resistance mea-
surement method, AC impedance/dielectric dissipation method
[4], recurrent surge oscilloscope (RSO) method [5], open-end
transformer method, detection coil method, and traveling wave
method [6]. However, the DC resistance measurement method
is more effective when the number of short-circuit turns is large.
The AC impedance/dielectric dissipation method has higher sen-
sitivity, but its detection effect can be affected by the impedance
and residual magnetism of the rotor and stator loss. For the
RSO method, although it is sensitive, it cannot locate the short
circuit point of the winding. The open-end transformer method
is affected by the rotor slot wedge material and the tightness
between slot wedge and slot wall; the rotor should be pulled out
before the test.

Some researchers have proposed using frequency response
analysis (FRA) to detect the synchronous machine’s short circuit
faults [7]-[10]. FRA is a popular and powerful tool to detect
transformer winding mechanical deformation faults. The FRA
measurement can include four connection modes: end-to-end
open circuit, end-to-end short circuit, inductive coupling, and
capacitive coupling. FRA has the advantages of high sensitivity,
fast diagnosis, economic and non-destructive procedure [11]—
[14]. Its basic principle is that the winding can be equivalent to
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a broadband equivalent circuit model consisting of capacitance,
resistance, and inductance in the high-frequency range. The
occurrence of winding short circuit, mechanical deformation,
or displacement faults will inevitably cause the variations in the
structure or parameters of equivalent circuit model, resulting
in a change in the frequency response characteristics of the
winding, thus, from which the failure state of the winding
can be diagnosed [15]-[16]. Therefore, an accurate broadband
equivalent circuit model of winding is the basis for the fault
analysis of the synchronous machine using the FRA method.

Currently, the equivalent modeling methods of synchronous
machine windings can be divided into the following categories.
One is to model the winding based on its structural and geometric
parameters, called the white-box model. A high-frequency phase
variable model for PM synchronous motor is proposed based on
the finite element-circuit coupling analysis [17]. The basic unit
in the model represents the individual winding turn. After the
original model is obtained by solving the equivalent inductance
and capacitance with the magnetostatic and electrostatic field
solver, the Kron matrix reduction technology is applied to the
distributed-parameter winding circuit to get a lumped high-
frequency branch. The final model is used for electromagnetic
interference (EMI) prediction. Reference [18] calculates the
equivalent capacitance, inductance, and resistance of winding by
empirical formula method and establishes the equivalent lumped
parameter broadband electrical model.

Another modeling idea mathematically fits the impedance
amplitude-frequency characteristics measured at the machine’s
terminal based on the simple resonant circuit. The established
model is called the black-box model. Reference [19] presents a
fast modeling method for the synchronous machine’s broadband
equivalent circuit model in electric vehicles (EV). The measured
broadband impedance curve is divided into several regions based
on the resonance point, an RLC resonant unit is used to simulate
each region, and all units are cascaded. Reference [20] mea-
sures the wideband impedance characteristics of a synchronous
machine in common and differential mode. The asymptotic
and empirical formula method is used to solve the equivalent
circuit parameters. The established equivalent circuit model is
used to predict the time and frequency domain characteristics
of electric machinery in the EMI frequency band from 10 kHz
to 30 MHz.

However, there exist imperfections in the above two methods.

1) The structure, dimensions and material parameters of
windings and cores need to be known beforehand when
using the white-box model, whether it is the finite element
method or the empirical formula method. For small and
medium rated power electric machinery, the windings are
mostly parallel enameled round wires, making the wind-
ing structure complex. Therefore, synchronous machines’
modeling process using this method is challenging to
achieve, and the results are not acceptable.

2) On the other hand, the model’s terminal characteristics
can be in good agreement with the measured one based on
the solutions using the black-box model; however, some
models are established by fitting method from a mathe-
matic point of view. Besides, although windings’ external
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Fig. 1. Broadband equivalent electrical circuit of synchronous machine.

characteristics can be appropriately characterized, the cir-
cuit parameters have no physical significance, making it
unsuitable for assessing windings’ internal status.

Therefore, this paper presents a method for modeling the
equivalent broadband circuit of synchronous machine windings
based on the gray-box model. The gray-box model is between the
white-box model and the black-box model, which considers the
equivalent parameters with physical meaning and the winding’s
external terminal characteristics. Compared with the approach
followed in [20] and other methods, the proposed model is built
based on automatic parameter extraction, it can also be used to
simulate internal winding faults of the machine for frequency
response analysis.

In this proposal, the state-space model is used to obtain the
terminal broadband transfer function of the lumped parameter
circuit of machine windings. Besides, the impedance or trans-
fer function is combined with the actual measured terminal
broadband characteristic. The intelligent genetic algorithm (GA)
is used to identify the circuit model’s equivalent parameters.
Finally, the winding short circuit fault is also simulated, and the
fault analysis is carried out.

II. THEORY OF MODELING EQUIVALENT CIRCUIT FOR
SYNCHRONOUS MACHINE WINDINGS

A. The Transfer Function of Electric Machinery Winding
Based on State-Space Model

Studies in references [8], [15], [18], [21] show that syn-
chronous machine windings’ electrical characteristics can be
represented by a linear distributed parameter network composed
of resistance, inductance, and capacitance in high-frequency
ranges (1 kHz-30 MHz). The distributed circuit can be further
equivalent to a lumped parameter circuit. In the circuit model,
the inductance includes self-inductance of winding and mutual
inductance between units. The capacitance includes capacitance
between units and capacitance of winding to the core, as shown
in Fig. 1. In Fig. 1, R,; and L,; represent the resistance and leak-
age inductance of stator winding, K; and G; are capacitance and
stray conductance between the adjacent units of windings out of
stator slot. C; and G; are stray capacitance and conductance
of winding to the core. M;,, is the mutual inductance between
the ith inductance unit to the nth inductance unit. Because the
stray conductance of the winding is relatively smaller than other
parameters in practice, it can be ignored in the analysis.
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For the node i, the Kirchhoff current law (KCL) and Kirchhoff
voltage law (KVL) equations are listed and shown in (1) and (2):
Vi—Vigr = Rali + Luli ) My M

k=1,k+#i
I — Iyt = Ki(Vigr — Vi) + Gsi(Vig1 — V)
+ Gyir1) Vi1 Cig1 Vigr + Kip1(Viga — Viga)
+ Goir)(Vig1 — Viga) (2)
Where V; is the voltage of C;, I; is the current of L;;, and n is
the order of the circuit.

When the state-space model is used to analyze the above cir-
cuit, the grounded capacitance’s voltage and series inductance’s
current are selected as the state variables. Then the loop voltage

and node current equations of (1) and (2) are written for the
entire circuit, then the equations are written in matrix form:

HI=CV +GV (3)
TV = RI + LI )

Where H is the current coefficient matrix, 7 is the voltage
coefficient matrix, R is the resistance matrix, L is the inductance
matrix, C is the capacitance matrix, and G is the conductance
matrix. The power supply voltage is selected as V;,,, and V;,, is
extracted for calculating the terminal broadband characteristics
(transfer function or impedance),

HI = CoVip + CVi + GoViy + G,V Q)

ToVip + TV, = RI + LI (6)

Where Ty is the first column matrix of T, T is the matrix of T
with the first column removed, V is the matrix of V with V;,
removed, Gy is the first column of G, Cy is the first column of
C, G, is the matrix of G with Gy removed, Cj is the matrix of C
with Cy removed.

Transform the above formula to the following matrix form:

(G2) (7)- (7 ) (%)
0L I T, —R I
() () o
In the formula, X = (7)), A= (¢ D), P= (77?)0), Q=
(6. B=(7" "),
AX = BX + PV + QViy, ®)

Both the voltage and current can be used as the output variable;
the output equation is then as follows:

Y = MX )

The Laplace transformations are used for (8) and (9), and
the transfer function can be obtained by eliminating the state
variable X:

= M(sA—B) Y(P+sQ)

(10)
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Fig. 2. Flow chart of optimizing equivalent electrical parameters of syn-
chronous machine by genetic algorithm.

B. Fundamentals of FRA

The FRA technique is based on appliying a sinuous input
voltage (Vi,) with variable frequency to one terminal of wind-
ing. The output voltage (V) is measured at the other free
terminal by a shunt impedance of 50 €2. The FRA curve’s
amplitude-frequency characteristic is obtained using (11), which
is commonly presented in dB units, while the phase-frequency
characteristic is obtained using (12).

—

VO’LL

Hyp = 20log,, |—2 an
1 Vou

do = B0 g | Yout (12)
™ Vin

The commercial FRA analyzer generates a sinusoidal voltage
signal of 20 V,,,,, whose frequency ranges from 10 Hz to 2 MHz.

C. Fundamentals and Flow Chart of Genetic Algorithm

In this study, GA is used to optimize and identify the broad-
band equivalent circuit model parameters of the synchronous
machine. In GA, selection, crossover, and mutation are three
critical steps of genetic operations. The initial populations are
produced by binary coding, and new individuals are created by
mating the individuals through genetic operations. Parts of indi-
viduals are eliminated according to the principle of survival of
the fittest until an optimal individual is selected, which would be
the solution of the optimization problem [16]. The flow chart of
optimizing equivalent electrical parameters of the synchronous
machine by the genetic algorithm is shown in Fig. 2.

Fitness function: to calculate the broadband equivalent cir-
cuit parameters of synchronous machine by GA, the terminal
broadband characteristics (impedance or transfer function) of the
machine need to be measured, and the following fitness function
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Fig. 3.

J is constructed:

f=1

Hon(f) ~ Hulf)
(=% ®

) 2
Where H,, is the measured terminal broadband characteristic
of electric machinery. Hq is the calculated terminal broadband

characteristic based on state-space model shown in (10), fis the
frequency point, and N is the number of data points.

III. SIMULATION VERIFICATION OF PROPOSED METHOD BASED
ON AN EQUIVALENT CIRCUIT OF STATOR COIL OF MACHINE

A. Introduction of Simulated Equivalent Circuit

The equivalent circuit of a 4 kW AC machine’s stator coil
is introduced in [18]. A form-wound stator coil has 17 turns
per slot. The equivalent lumped parameter circuit is established
based on the helical structure. In the circuit, each basic unit
consists of resistance, inductance, and capacitance. The diagram
of the equivalent circuit for the stator coil is shown in Fig. 3 [18].

In Fig. 3, R, is the equivalent series resistance of the basic
unit. Considering the skin effect of the copper conductor and
the analyzed frequency band (1 kHz~10 MHz), the resistance
at 1| MHz is calculated, which approximately replaces the vari-
able resistance. It is noted in [18] that the resistance values
determined for other frequencies have an insignificant influence
on the results. R; is the electrostatic loss resistance. Leakage
inductance L takes two different values. For the turns located in
an end-winding section, the leakage inductance is L, due to the
flux in the air. For the turns found in the slot section, the leakage
inductance is Lgs due to the flux penetration into the iron core
and insulation material between turns and the slot walls. Due
to the existence of a magnetic core, L is slightly larger than
Lg,. The inductive coupling between section i and j is modeled
using the mutual inductance defined by M;; = k\/L;L;, kisa
coefficient depending on the magnetic coupling. It can be chosen
between 0.7 and 1 depending on the turn physical closeness
in the overhang section [22]. A strong coupling between two
adjacent conductors is supposed, in which both the inductive

Equivalent lumped parameter circuit for a stator coil of 4 kW machine [18].

coupling coefficients of Ly, and L are 0.9 [18]. Besides, the
inductive coupling is small and neglected between non-adjacent
conductors.

It is noted that the calculations of parameters in Fig. 3 can be
found in [18]. The (14) and (15) calculate the L4, and Lg,,

2 2h
Luys = Lugt + Lysy = 22 4 B0y () (14)
2 r
11212
Loa=—20 (15)

The contributions to the coil self-inductance due to the flux
penetration into the iron core is Lys1, p = +/p/jwp is the depth
of penetration, p is the iron resistivity, x is the iron permeability,
n is the number of turns in the coil, and z is the slot perimeter.
Lo 1s the inductance due to the flux linking the conductors and
the coils in the end winding. p¢ is the permeability of vacuum,
r is the equivalent geometric mean radius of conductors, and
h is half the slot width. Lg, is the inductance due to the flux
linking the conductors and the coils in the end winding. K is the
correction factor, / is the mean turn’s length, a and b are the turn
geometrical dimensions.

C; is the inter-turn capacitance of the winding. C,, is the
grounded capacitance, which represents the coupling relation-
ship between the coil and core. The (16) and (17) calculate the
capacitance,

l;l

Ci = 01—
26i

)
Cm = EpEoy—

(16)

7)

Where ¢ is the vacuum dielectric constant, £ is the relative
dielectric constant of the insulation between the winding turns,
[; is the width of the winding conductor, [ is the length of the
basic unit of the winding, e; is the thickness of insulation layer,
e is the relative dielectric constant of insulation layer for the
winding to the core, e, is the thickness of insulation layer for the
winding to the core, and /.. is the width of the winding conductor.
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Fig. 4. Identification result of equivalent circuit parameters for stator coil of
simulated AC machine. (a) fitness curve. (b) broadband impedance curves based
on identified parameters and actual values.

B. Parameter Identification Results

The equivalent lumped parameter circuit of Fig. 3 is built-in
circuit simulation software. The AC sweeping frequency anal-
ysis is conducted. The terminal broadband impedance curve
is simulated and obtained. Afterward, the circuit parameters
are searched based on the proposed method in MATLAB. The
circuit parameters to be identified include R, R;, L4, Lss, C; and
C.,n. A server is used for calculation (Intel Xeon Gold 6268*2,
128G RAM, 96 threads). To prevent the parameter search from
falling into local optimum, the upper and lower bounds of
parameters are restricted to a specific range before identification.
The searching for solutions will be more efficient. Besides, the
server’s parallel computing is used in the parameter identifica-
tion to improve the convergence speed. The initial population
number optimized by GA is set to 600, the population type is
set to double-precision vector, random uniform distribution, and
the number of iterations is set to 500.

Fig. 4 is the parameter identification result of an equivalent
broadband circuit for the simulated AC machine’s stator coil.
Fig. 4(a) is the fitness curve. The fitness tends to be stable in the
latter process of GA optimization algorithm. Fig. 4(b) compares
broadband impedance curves based on identified parameters and
actual values. The two curves are in good agreement, with a
correlation coefficient of 0.99. Table I shows the equivalent
circuit’s identified and exact parameters for the stator coil of
simulated AC machine, respectively, and the relative error is
within 2%. The impedance curve of the stator coil is obtained
from the simulation. Thus, this section is the verification of the
proposed method from the perspective of simulation. The results
preliminarily indicate the feasibility of the proposed modeling
method.

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 36, NO. 4, DECEMBER 2021

TABLE I
COMPARISON OF EQUIVALENT CIRCUIT PARAMETERS FOR STATOR COIL OF
SIMULATED AC MACHINE

Actual value  Identification value Error
Ry/mQ 0.73 0.72463 -0.74%
R/KQ 1.8 1.83 1.67%
L, /uH 8 8 0
Ly/uH 10 10 0
Ci/pF 380 380 0
C./pF 1.87 1.87 0

Fig. 5. Image of experimental field test.
5 ——measured FRA curve
-10
o -15
2
£ -20
@©
O 25
-30
-35
10° 10" 102 10°
Frequency/kHz
Fig. 6. Frequency response curve of stator winding of 5 kW synchronous
machine.

IV. EXPERIMENTAL VERIFICATION OF MODELING BROADBAND
EQUIVALENT CIRCUIT FOR STATOR WINDING OF
SYNCHRONOUS MACHINE

A. Test Settings and Results

The stator of a 5 kW, 380V, 9.5A, 1500 r.p.m three-phase
salient pole synchronous machine is tested to validate the pro-
posed method further. The FRA analyzer (SFRB-R, sweeping
frequency accuracy <0.01%, amplitude measurement accuracy
<=£1dB) is used to measure the FRA curves of the three-phase
stator winding. A sinusoidal sweep signal with the frequency of
1 kHz~1 MHz and amplitude of 10 V is injected to the neutral
point of the stator winding, and the response signal is measured
at the terminal of phase winding. The image of the experimental
field test is shown in Fig. 5.

Fig. 6 shows the measured FRA curve of the stator U-phase
winding of the synchronous machine. There exist three resonant
points in the frequency range from 1 kHz to 1 MHz. In the
low-frequency band, the effect of winding inductance is much
more significant than that of capacitance. Thus, the frequency
response curve shows a downward trend. In the high-frequency
band, the effect of winding capacitance is much more significant

Authorized licensed use limited to: Huazhong University of Science and Technology. Downloaded on July 02,2023 at 08:12:50 UTC from IEEE Xplore. Restrictions apply.
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Fig. 7. Parameter identification result when the corresponding parameters of
different units are equal.

than that of inductance. Besides, when GA is used to identify
the equivalent circuit parameters, the order of magnitude of
equivalent parameters can be set in advance to reduce the burden
of the algorithm. Refer to [7]-[8], [15], [21], [23], the order of
magnitude of C, K, R, G4, G, and L of Fig. 1 can be selected as
PF, pF, €2, kS, kS, and mH. Proper orders of magnitude of elec-
trical parameters reduce the solution’s search time and increase
the ability to identify parameters to prevent optimization from
falling into the local optimum.

B. Parameters Identification Results for the Situation that the
Corresponding Parameters of Different Units are Equal

Firstly, the situation that the corresponding parameters of dif-
ferent units of Fig. 1 are equal is considered (namely, the related
parameters of R, L, C, K and G in other units are identical). In this
optimization problem, a linear constraint is introduced to reduce
the analytic space to speed up the convergence, including equal-
ity and inequality constraints. In the equality constraints, the C,
K, R, and L, of each unit are equal. In inequality constraints,
mutual inductance is smaller than self-inductance. Inequality
constraints are shown in (18).

Li; > Myj, L > M;;(i # j) (13)

Reference [24] shows that the equivalent units’ order can be
determined by the number of resonance peaks in the frequency
response curve. As proposed, the order of the equivalent units is
selected as 3 in this section. Fig. 7 shows the result of parameter
identification when the corresponding parameters of different
units are equal. The results of related parameter identification
are given in Table II. It is noted that the calculated parameters are
frequency-independent in the state-space model. By comparing
with the measured FRA curves, there is a significant deviation
in the parameter identification results. The computed curve only
has the same trend as the measured one in the low-frequency
band. It is unacceptable for parameter identification results after
30kHz. The information of entire resonances and anti-resonance
is lost.
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TABLE II
IDENTIFICATION RESULTS OF EQUIVALENT CIRCUIT PARAMETERS OF STATOR
U-PHASE WINDING

parameter value parameter value
Ry, 0.533963 mQ Mo; 0.383028 uH
R 0.533963 mQ C 22.9418 nF
Rg3 0.533963 mQ C; 22.9418 nF
Ly 0.0474388 mH Cs 22.9418 nF
Ly 0.0474388 mH Cy 22.9418 nF
Lss 0.0474388 mH K 3.86068 nF
M 0.682997 uH K 3.86068 nF
M;s 0.055659 uH K3 3.86068 nF

0 - - “measured FRA curve
calculated FRA curve
-10 1
-20
m
RS
£ -30
©
(O]
-40
-50
-60 "
10° 10 102 10°
Frequency/kHz

Fig. 8.  Parameter identification result when the corresponding parameters of
each unit are unequal.

C. Parameters Identification Results for the Situation that the
Corresponding Parameters of Different Units are Unequal

The layout and structure of windings for different slots are
slightly different; we considered that the corresponding param-
eters of various units of Fig. 1 are unequal. This study aims to find
asimple method to cover resonance points in the FRA, which can
predict the winding behavior with acceptable accuracy and by
using the minimum number of units. Each unit of the equivalent
circuit corresponds to a certain length and a certain number
of turns [24]. In this subsection’s optimization problem, the
introduced linear constraint is only the inequality constraint of
(18).

Fig. 8 shows the result of parameter identification when the
corresponding parameters of each unit of the equivalent circuit
model are unequal. The results of related parameter identifi-
cation are given in Table III. The identified parameters are
also frequency independent. The calculated FRA curve based
on the parameter identification result is in agreement with the
measured FRA curve. Due to simplifications in establishing
the model, for instance, neglecting the conductance parameters,
there is a difference in the amplitude at the first resonance
point. However, the frequencies and amplitudes of other res-
onance and anti-resonance are identical. The two FRA curves
have the same trend, which again demonstrates the proposed
modeling method’s feasibility. It also should be noted that both
the electrical machinery and electrical model are different for
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TABLE III
IDENTIFICATION RESULTS OF EQUIVALENT CIRCUIT PARAMETERS OF STATOR
U-PHASE WINDING

parameter value parameter value
Ry, 4.11252 mQ Mo; 0.0264791 mH
Ry> 6.27517 uQ C 6.30636 nF
Ry 5.35873 Q C; 3.71574x10° nF
Ly 0.0594174 mH C3 9.56255 nF
L> 1.89469 mH Cy 0.515412 nF
Ls;s 0.030272 mH K; 6.13099 nF
M 0.0584397 mH K, 5.18056 nF
Mis 0.0239343 mH K3 12.7793 nF

Gain/dB

- - -measured FRA curve

-40 calcuated FRA curve

(proposed method)
-50 calcuated FRA curve

(black box model)

-60
10

10" 102 10
Frequency/kHz

Fig. 9. Comparison of FRA curves calculated by different methods.

simulation and experiment. The FRA curve of Fig. 8 is different
from that of Fig. 4. Finally, comparing the results of Fig. 7 and
Fig. 8, it is more practical to use the precondition that each unit
of the equivalent circuit model’s corresponding parameters is
unequal before performing modeling. The result of parameter
identification is more accurate.

D. Comparison With the Existing Black-Box Model

As mentioned before, the modeling process of small and
medium rated power synchronous machines using the white-
box method is challenging to achieve, and the results are not
acceptable. Therefore, the comparison of modeling methods
is conducted between the proposed method and the black-box
model. A black-box model is constructed according to [19]. The
model is built based on the number of peaks and valleys of
the entire terminal broadband characteristics, and each essential
section is composed of a parallel RLC resonant unit.

The comparison of FRA curves calculated by different meth-
ods is shown in Fig. 9. It can be seen that the FRA curve based
on the black-box model can only roughly reflect the position of
the resonance point, and there are two resonant points around
30~60 kHz. Besides, large deviations exist in the amplitude
between the calculated FRA curve based on the black box model
and the measured FRA curve. Compared with the gray box
model, the black-box model is not suitable for this machine.

In short, the proposed method has some benefits as follows.

1) Time is not a concern, as time is not essential when

the objective is modeling; only one modeling process of
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Fig. 10.  Simulation results of stator winding inter-turn short circuit fault of
synchronous machine.

the synchronous machine is required. Thus, although the
computer used for modeling in this study is powerful, a
general computer is still usable.

2) This method is simpler than other methods, for instance,
the white box model, which requires extensive calcula-
tions. It can also provide better matching with measure-
ment results.

3) The equivalent electrical parameters can be automatically
extracted even if no detailed geometrical and physical
information of machine winding is available.

4) This method uses the equivalent electrical circuit with the
minimum number of units to cover most resonance points
in the FRA, which can predict the winding behavior with
acceptable accuracy.

5) The electrical model established by this method can sim-
ulate and analyze the machine’s winding faults for fre-
quency response analysis.

V. DIAGNOSTIC ANALYSIS OF STATOR WINDING INTER-TURN
SHORT CIRCUIT FAULT OF SYNCHRONOUS MACHINE

In this section, the established broadband equivalent circuit
model of the above 5 kW machine in the previous section is
used to simulate the inter-turn short-circuit fault. The inter-turn
short circuit fault of windings can cause the change of equivalent
inductance parameters [23]. The extent of the inter-turn short-
circuits fault is simulated by setting different inductance of basic
unitin the equivalent circuit model [4]. The simulated end-to-end
open circuit FRA curve is shown in Fig. 10. In Fig. 10, the
numbers after the term “Interturn Short Circuit” indicate the
fault degree of inter-turn short-circuit fault, and the fault degree
“1” is smaller than fault degree “2”, and so on. The term “1”, “2”
and “3” indicate the corresponding inductances are 94%, 87%,
and 81% of the inductance in the health status, respectively.

To validate the simulation result of Fig. 10, the actual ma-
chine’s inter-turn short-circuit fault is made by stripping the
external insulating paint of the stator winding and shortening the
adjacent turns. The experiment wiring of the FRA analyzer and
machine is shown in Fig. 11. We named the short circuit points
terminal 1, 2, and 3. Thus, the short circuit fault extent is realized
by shortening different terminals. Fig. 12 shows the measured
FRA curves of the stator winding inter-turn short circuit fault.
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Fig. 11. Experiment diagram of inter-turn short circuit fault of phase-U
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Fig. 12.  Measurement results of the stator winding inter-turn short circuit
fault.

The changing trend of measured FRA curves is similar to that
of simulated curves shown in Fig. 10. Besides, Fig. 10 is also
similar to that of the measured FRA curve of the stator winding
inter-turn short circuit fault of a large 40 MVA synchronous
machine pole in [23], which once again demonstrates the cor-
rectness of the proposed broadband equivalent circuit model.

According to Fig. 10, the stator winding’s FRA curve is
changed due to the inter-turn short circuit fault, and the anti-
resonances of the FRA curve are shifted to the high-frequency
band compared with the healthy signature. With the increase
of fault degree, the variations of anti-resonance are more Sig-
nificant. To carry out the quantitative analysis of variable FRA
curves, we refer to the Chinese power industry standard DL/T
911, which is used for frequency response analysis of power
transformers. The evaluating mathematical indicator-relative
factor (Rxvy) is used. The formula for calculating R xy [25] is
shown in (19)

10 1— Pxy < 10
RXY:{ XY

—log¢(1 — Pxy) otherwise (19)

where P xy is given by

PN (- A2 X)) (Y- AN )

P pr—
XY DxDy
(20)
| X N 2
DX:N; Xi—;Xi (21)
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TABLE IV
DEFORMATION LEVELS AND THE CORRESPONDING RELATIVE FACTOR VALUES
AT LOW(LF), MEDIUM(MF) AND HIGH(HF) FREQUENCIES

Deformation level Limits for Ryy

Severe R;<0.6
Moderate 1.0>R;=>0.6 or Ry;<0.6
Slight 2.0>R;>1.0 or 0.6<Ryr<I

Normal winding R >2.0,Ry>1.0,and Ry>0.6
LF:1 kHz to 100kHz,MF:100kHz to 600kHz,HF:600kHz to 1MHz

TABLE V
COMPARISON OF MATHEMATICAL INDICATOR FOR SIMULATED FRA CURVES

Correlation Coefficient

Failure Condition

1~100 kHz 100~600 kHz ~ 600~1000 kHz
Inter-turn Short Circuit 1 1.4439 3.7237 9.5682
Inter-turn Short Circuit 2 1.0281 3.0512 9.4933
Inter-turn Short Circuit 3 0.8034 2.6221 8.9089
TABLE VI

CHARACTERISTIC POINT INFORMATION OF FREQUENCY RESPONSE SIGNATURES
OF INTER-TURN SHORT CIRCUIT FAULT

Feature Point Information

Failure Condition

Frequency/kHz  Change Rate
Healthy 51 /
Inter-turn Short Circuit 1 53 3.92%
Inter-turn Short Circuit 2 55 7.84%
Inter-turn Short Circuit 3 58 13.73%

N 2

Dy:%z

i=1

1N
Yi— 5 Zl Y 22)
Where X; and Y; are the ith elements of the fingerprint and
measured FRA traces, respectively, and N is the number of
elements.

Table IV shows the evaluation criteria of a relative factor in
DL/T 911, in which the status of winding can be diagnosed as
normal, slight, moderate, and severe. The entire frequency band
of the FRA curve is divided into three bands: low frequency
(1~100 kHz), medium frequency (100~600 kHz), and high
frequency (600~ 1000 kHz). Table V shows calculated R xy for
FRA curves of Fig. 10. The relative factor of each sub-frequency
band decreases with the increase of fault degree. There exist few
reports regarding the application of relative factor to diagnose
the winding faults of electrical machinery. This study still refers
to the Chinese standard DL/T 911, the inter-turn short circuit
1 and 2 are interpreted as slight deformation, and the inter-turn
short circuit 3 is diagnosed as moderate deformation.

Besides, the first anti-resonance of the FRA signature can be
selected as the feature point based on Fig. 10. Table VI shows
the information of the feature point of the FRA curve in Fig. 10.
The frequency change rate of the feature point of faulty winding
is 3.92%, 7.84%, and 13.73%. The frequency change of the
feature point increases with the increase of the fault extent. The
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above results demonstrate that the relative factor and feature
point information of the FRA curve can be used to diagnose and
analyze winding inter-turn short circuit fault.

VI. CONCLUSION

1) A developing procedure that facilitates broadband equiv-
alent circuit modeling of synchronous machine winding
based on the gray-box model has been presented. The
model is established using the terminal broadband charac-
teristics of electrical machinery, based on the state-space
model and GA optimization. The simulation and experi-
mental results verify the feasibility of the proposed proce-
dure, and the FRA curves corresponding to the parameter
identification results are highly coincident with the actual
curves.

2) During the identification of equivalent parameters, both
cases of equal parameters and unequal parameters of each
unit are considered. The results show that it is more practi-
cal to use unequal parameters as the premise for modeling,
and the consequences of parameter identification are more
accurate. The comparison result with existing methods
shows the proposed method’s superiority over that based
on the black box model.

3) In the established equivalent circuit model of 5 kW ma-
chine, the winding inter-turn short circuit fault is simu-
lated. The FRA curve of the fault winding changes sig-
nificantly compared with that of a healthy one, and the
inter-turn short circuit causes the deviation of the FRA
curve to the high-frequency band.

4) The FRA curve’s first resonant point is selected as the
feature point for fault analysis. Its frequency information
can be used to diagnose the inter-turn short circuit fault
effectively. The experimental results also indicate the fea-
sibility of using FRA to detect a synchronous machine’s
winding fault.

5) The automatic parameter extraction makes the model-
ing process easy to implement. The proposed model can
also simulate the machine’s internal winding faults for
frequency response analysis. However, the method and
conclusions are suitable for the machine introduced in
this study. The applicability to the synchronous machine
of other specifications needs to be further studied in the
future.
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