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Abstract: The permanent magnet synchronous motor (PMSM) is used widely in electric vehicle
application due to its high-power density and efficiency. Stator fault is a frequently fault in the motor
as it usually works in a harsh environment. Therefore, a stator fault diagnosis method based on the
offline motor parameter measurement is proposed to detect and evaluate the stator fault in this paper.
Firstly, the line-to-line resistance and inductance of a healthy motor are analyzed when a DC voltage
and a high-frequency voltage are excited to the motor respectively, where the DC and AC equivalent
circuits at a standstill are introduced. Then, to analyze the resistance and inductance of the stator
fault, an extra branch is added to the fault part to obtain the fault equivalent circuits. Accordingly, the
stator fault resistance and inductance are derived, and then the resistance and inductance differences
between healthy and fault motors are analyzed to provide the basis for the stator fault detection.
Furthermore, the fault indicators are defined based on the resistance and inductance differences
when a motor has a stator fault. Hence the stator fault severity and location can be evaluated by using
these fault indicators. Finally, the experimental results from a 400 W permanent magnet synchronous
motor are demonstrated to validate the proposed method.

Keywords: stator fault; resistance; inductance; offline; PMSM

1. Introduction

The permanent magnet synchronous motor (PMSM) is highly valued as well as widely
used in electric vehicles, rail transit, and intelligent manufacturing due to its advantages
of high-power density, efficiency, power factor, and small size [1,2]. However, the motors
usually work in a harsh environment, leading to their failure. In serious cases, motor
fault causes human life losses and material damages. Therefore, it is very important to
discover and process early motor faults timely. Stator faults account for almost half of
motor faults [3,4]. Reference [5] indicates that stator inter-turn short circuit fault is the
primary cause of most stator faults, e.g., phase-to-phase and phase-to-ground faults. Hence,
many stator inter-turn short circuit fault diagnosis methods have been developed.

To detect the stator inter-turn short circuit fault at an early stage, the offline and online
stator fault diagnosis methods have been investigated [6—13]. The online method is very
popular for research as it can monitor motor condition continuously and make failure
prognosis in real time [6]. Due to the stator asymmetry of the fault, the negative sequence
component will be produced in a motor current. In reference [7,8], the negative sequence
in a motor current is adopted to detect the stator inter-turn short circuit fault. However,
the inherent asymmetry and voltage unbalance can produce a negative sequence current
as well, which will lead to a false alarm. Furthermore, the negative sequence impedance is
developed [8,9]. Nevertheless, it is difficult to obtain accurate negative-sequence impedance
for an inverter-fed PMSM, because the motor frequency changes with the vehicle speed
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and contains several harmonics in a motor current. Moreover, the artificial intelligence
(Al)-based method is attracting more and more attention in fault diagnosis application.
The Al-based method usually classifies the failure types, fault severity and location, where
the neural network (NN) [10], modular neural network (MNN) [11], classification and
regression tree (CART) [12], k-nearest neighbors (k-NNs) [13], and multilayer perceptron
(MLP) [13] are adopted to detect the stator fault. However, the accuracy of the Al-based
method heavily depends on training data, which limits its application in practice.

Compared to the online stator fault diagnosis method, the offline method has the
advantages of accuracy and being immune to motor running condition. Reference [14]
summarizes different offline test methods, including overvoltage (hi-pot), the insulation
resistance and polarization index (PI) test, voltage surge (surge comparison), power factor
(PF) and PF tip-up, and PD. However, most offline tests need to supply a high voltage to
the motor, which may further damage stator insulation.

To detect the stator fault easily and safely, this paper proposes a stator inter-turn short
circuit fault diagnosis method by analyzing the line-to-line resistance and inductance, which has
advantages of easy implementation and high accuracy. The rest of this paper is organized as
follows: Section 2 analyzes the line-to-line resistance and inductance of a healthy motor through
the equivalent circuit. In Section 3, an extra branch with Ry is added to the fault part, and thus
the fault model is built to obtain the resistance and inductance under fault. Section 4 compares
the resistance and inductance of the health and fault motor, and then the fault indicators are
introduced to detect and locate the stator fault. In Section 5, the proposed fault diagnosis methods
are validated through test results.

2. Line-to-Line Resistance and Inductance Analysis of a Healthy Motor
2.1. Line-to-Line Resistance Analysis

A DC voltage is applied to phases A and B of the motor, the equivalent is displayed
in Figure 1, where U and I represent the DC voltage and current, respectively, Ra, Rp and
Rc are the stator resistances of phases A, B and C, respectively. For simplicity, it gives the
assumption that the motor is symmetrical for a healthy PMSM, i.e., Ry = R = Rc = Rs.
Hence the line-to-line resistance between any two phases of the motor can be calculated as
Equation (1) according to the equivalent circuit.

u
RaB = Rca = Rgc = 2Rs = T 1)

where Rag, Rca, and Rpc are the line-to-line resistances of any two phases of the stator.
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Figure 1. Equivalent circuit when a DC voltage is excited to phase A and B of a healthy motor.

2.2. Line-to-Line Inductance Analysis

When a low-magnitude and high-frequency AC voltage is applied to phases A and
B, the motor remains stationary, and then the equivalent is displayed in Figure 2. In the
figure, Pap is the flux between A and B, iap is the current that flows through phases A



World Electr. Veh. ]. 2021, 12, 248

3of11

and B, ip and ip are the current of phases A and B, respectively, and Laa, Lgg and Lcc
are the self-inductances of phases A, B and C, respectively. Here, the AC frequency is
high (>400 Hz) to ensure wL >> R. Hence the stator resistances can be ignored relative
to the inductance.

C

Figure 2. Equivalent circuit when a high frequency AC voltage is applied to phase A and B of a
healthy motor.

According to the equivalent circuit, the flux of phase A and B can be calculated as

{ YA = (Laa — LaB)iaB @)

Y = (LaB — LBB)iaB

where 1 and ¢ are the flux of phase A and B respectively, Lap is the mutual-inductance
between phases A and B. Then, the ¢4p can be derived as

YaB = Pa— B 3)

= (Laa + L — 2LAB)iaB

Hence, the line-to-line inductance LZqB can be expressed as (4) when the AC voltage is
injected to the motor.
Lk = TAB — [ an+ Lpp — 2Lap 4)
IAB
where L(X]B represents the line-to-line inductance between phase A and B to distinguish
the symbol from the mutual inductance Lag. Similarly, when the AC voltage is applied to
other phases, the line-to-line inductance is expressed as:

Lt = Laa + Lgp —2Lap
Lg(l: = Lpp + Lcc — 2Lpe @)
LC(}A = Lec + Laa —2Lca
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In addition, according to [15], the self- and mutual- inductance can be expressed as:

Laa = 3(L1 + Ly cos26);

Lag = 3 —% +Lycos(20 — 3m)|;
Lac =3 —%+L2cos(26+§n) ;
Lpa = 2|~ 5 + Lycos(20 — 27) |;

LBB:% L1+L2COS<29—%7T>}; (6)
Lpgc = % —% —|—L2c0529>;

—%+L2cos(29+§n)};

Lcg = —%-I—chosZG);

Lcc = % L1 +L2cos<26+ %n)};

Lea =

QIN woN

In which Ly = (Lg 4+ Lq) /2, Lo = (Lg — Lq) /2 (Lq and Lq are the d-axis and q-axis
inductance in the PMSM), and 0 is the rotor location angle.

Substituting expressions (6) into (5), line-to-line inductances LeAqB, LeBC(I:, and LfﬁA can be
further simplified as:

LZ{IB = 2Ly — 2Ly cos(20 — &)
Lyl = 2Ly — 2Ly cos20 @)
Lok = 2Ly — 2Ly cos (20 + 2F)

It can be seen from (7) that the line-to-line inductance of any two phase is a function of
the rotor location angle 6. Thus, the values of the inductance depend on the rotor location
at standstill. This phenomenon is not same as the induction motor. In practice, the rotor
location is an uncertain parameter at a standstill, leading to the measured line-to-line
inductance uncertainty.

3. Line-to-Line Resistance and Inductance Analysis for Stator Fault
3.1. Line-to-Line Resistance Analysis

When the stator inter-turn short circuit fault occurs in phase A, an extra branch with
resistance Ry is added to the fault part of phase A. Accordingly, the DC equivalent circuit
of the motor is shown in Figure 3, where Ry represents an additional resistance between
the shorted turns, 1 represents the fault severity and # = n¢./N; (1 is the number of the
shorted turns and N is the total number of stator windings).

A

C

Figure 3. DC equivalent circuit when the motor has stator fault.
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According to the equivalent circuit, the stator resistance of three phases can be writ-

ten as:
Ry = pXIRs (1— )R ®)
AT Ry +1Rs %s
Rg = Rc = Rs )

Hence, when a DC voltage is supplied to the fault motor, the line-to-line resistance of
any two phases is further deduced and simplified as:

172R2
RAB:RCAZZRS_Rer—qSRS (10)
Rpc = 2Rs

By comparing Equation (10) to (1), it can be seen that Rag and Rcy in the stator fault
motor are less than those in the healthy motor.

3.2. Line-to-Line Inductance Analysis

The motor equivalent circuit under the high-frequency AC excitation when phase A
has a stator inter-turn short fault is shown in Figure 4, where the AC voltage is applied to
phase A and B.

A

Figure 4. AC equivalent circuit of the stator fault, where the fault occurs in phase A and if is the
current that flows through the fault part.

According to the circuit, the phases A and B flux can be written as:

YA = 772LAA (iAB — if) +(1- ﬂ)zLAAiAB +7(1—15)Laa (iAB — if) +1(1 —n)Laaias — [1LaBiag + (1 — #7)LaBiaB] (11)
P = [ULAB (iAB - if) +(1- U)LABiAB] — Lppiab
The above formula can be further simplified as:
{ YA = Laaia — Lapiag — 7Laaif (12)
Y = LasiaB — Lpia — 17LABIf
Hence, the line-to-line inductance of the stator fault can be calculated as:
eq iy
Lo = Laa —2Lag + Lpg — 77(Laa — LaB) 7— (13)

iAB
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Similarly, when the stator fault occurs in phase A, the line-to-line inductance of any
two phases can be derived as:
L3t = Laa —2Lap + Lpp — 17(Laa — LAB)%
e
Lyl = Lpg + Lec — 2Lpe , (14)
1
L& = Laa —2Lca + Lec — 7(Laa — LCA)Z%A
Obviously, when the stator fault occurs in phase A, the phase-A-related inductances
L?B and Lecck are not same as the healthy condition. Furthermore, the line-to-line inductance

are simplified as:

Lk = 2Ly — 2Ly cos(20 — 3) — (L1 — 28 L sin(20 — §) ) 75

Lyt =2L1 — 2Lycos26 ‘ (15)

L&, = 2Ly — 2Lpcos(20 + 3) — 5 (Ly + 2 Losin(20 + §) )

For a permanent magnet synchronous motor, Lq < Lq, and then it can be obtained

that (L, — 2v/3L,/ 3) > 0. Therefore, when the stator fault occurs, the fault-phase-related
inductance decreases compared to the healthy motor.

4. Detection and Evaluation for the Stator Fault

According to the above analysis, when the motor has a stator fault, the line-to-line
resistance and inductance of the fault phase decrease. On this basis, the stator fault can be
detected by evaluating the resistance and inductance.

Firstly, it can be seen from (10) that the three-phase resistances are unbalance for stator
fault, thus the unbalance of the resistance can be adopted as a fault indicator.

_ max(Rag, Rec, Rca) — average(Ras, Rpc, Rea)

FIR
average(Rap, Rpc, Rca)

x 100% (16)

Additionally, when the stator fault occurs, the line-to-line resistance of the fault phase will
decrease, which provides a new parameter to evaluate the stator fault severity and location:

(RxO - Rx)
x0

FIAR = x 100% (17)
where the Ry represents the new measured line-to-line resistance, which can be one of Rag,
Rpc and Rca; Ryg represents corresponding initial line-to-line resistance.

As the inductances are the function of rotor location, the three-phase inductances
are different from each other for an un-known rotor position 6 even in a healthy motor;
thus the unbalance of the inductances cannot be used as the fault index. On the other
hand, it can be seen from (7) that the sum of the inductances is a constant of 6L, which is
independent of the rotor position 6. For a stator fault motor, the sum of the inductances
can be derived as:

q _ _ VB (e TV ) V3, o i
.= 6L [;7 (Ll 2% Lzsm(Z() 3)>iAB +17<L1+2 . Lzsm<29+ 3) - (18)
health part
fault part

where LZqBC is the sum of the measured line-to-line inductances. Therefore, it de-
fines the difference of the inductance LZqBC before and after the stator fault occurs as the
fault feature:
eq eq
(LABCO - LABC)
eq
LABCO

FIAL =

x 100% (19)
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in which LeAqBC0 is the sum of the initial line-to-line inductance.

In summary, when the stator fault occurs, the resistance and inductance will decrease.
On this basis, this paper defines three fault indicators—FI®, FI*R, and FI*l—and then
the stator fault can be further detected and located through the evaluation of the fault
indicators.

5. Experiment
5.1. Tested PMSM with the Stator Fault Injection

To obtain a motor with a stator fault, it damages the insulation of some windings, and
then takes out some terminals of these windings to the outsides with taps, as shown in
Figure 5. Hence, the stator fault can be provided through shorting these additional taps.
The nominal parameters of the tested motor are presented in Table 1.

Stator winding taps

Figure 5. PMSM with the stator inter-turn short fault injection.

Table 1. Motor parameters.

Parameters Values
Rated power/(W) 400
Rated voltage/(V) 220
Rated current/(A) 2.8
Rated speed/(rpm) 3000
Rated torque/(N.m) 1.27
Line-to-line resistance/(Q}) 343
Line-to-line inductance/(mH) 6.6
Inertia/(kg/m? x 10~%) 0.32

The motor has three coils in a phase, and there are 56 turns in a coil. To obtain different
fault severities, it takes out the 1st, 3rd, 6th, 8th, 16th turns of the first coil of phase A to the
outside. Accordingly, the number of the shorted turn canbe 2, 3, 5, 7, §, 10, 13, and 15.

5.2. Test Results

It changes the turns that are shorted in the test, and thus the number of the shorted
turns changes. Therefore, the line-to-line resistance and inductance under different fault
severities can be obtained through the measurements of a LCR meter. Here, the LCR meter
can provide the DC and AC voltage to the motor, and then display the measured resistance
and inductance values.

The measured line-to-line resistance and inductance under different numbers of
shorted turns are shown in Table 2, where the inductance values shown in the table are
obtained under the same rotor location. To better observe the resistance and inductance
under different fault severities, the resistance and inductance are performed, as the curves
shown in Figures 6 and 7, respectively.
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Table 2. Measured resistance and inductance.

Line-to-Line Resistance/(Q})

Line-to-Line Inductance/(mH)

The Number of
Shorted Turns Rag Rgc Rea Lk Lgk L&
health 2.8345 2.8490 2.8480 7.4559 7.3719 7.3049
2 turns 2.8310 2.8480 2.8440 6.5480 7.3425 6.6970
3 turns 2.8260 2.8493 2.8400 6.0690 7.3200 6.4120
5 turns 2.8170 2.8487 2.8260 5.7000 7.3067 6.1410
7 turns 2.8020 2.8497 2.8120 5.5250 7.2980 6.0580
8 turns 2.8000 2.8490 2.8100 5.4370 7.2940 6.0026
10 turns 2.7760 2.8490 2.7890 5.3840 7.2919 5.9718
13 turns 2.7580 2.8490 2.7645 5.3150 7.2890 5.9254
15 turns 2.7360 2.8494 2.7490 5.2970 7.2880 5.9174
3
— —b&— Ras
€ —6— Rac
S 297 Rca
3 ——a——o—0—0—® —o
< i
S 2.8
N2
0
o L
° 2.7
£
g 2.6
q') .
c
£
55 \ \ \ \ \ \ \ \
0 2 4 6 8 10 12 14 16 18

Figure 6. Line-to-line resistance under different numbers of the shorted turns.

o
o o

5.5

A
o o

Line-to-line inductances/(mH)

I N
o
N

The number of shorted turns

5 4 6 8 10 12 14
The number of shorted turns

16

18

Figure 7. Line-to-line inductance under different numbers of the shorted turns.

We can see that the measured resistances and inductances in Table 2 are different from

the rated parameters shown in Table 1. For resistances, this is because the resistance shown
in Table 2 is measured under ambient temperature, whereas resistance in Table 1 is obtained
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under 75 °C. For inductances, according to the above analysis, the line-to-line inductance
changes with rotor location, and thus, the inductance value depends on rotor location.

The measured resistances shown in Table 2 are described as the curves shown in
Figure 6. It can be seen from the figure that when the stator fault occurs in phase A, both
Rap and Rcp decrease with the increasing the number of the shorted turns, whereas Rpc
is almost unchanged. Similarly, as shown in Figure 7, when the number of the shortened
turns increases, the line-to-line inductances LZqB and Lec(}\ decrease, whereas LquC is constant.
Comparing Figures 6 and 7, it can be seen that the fault inductances drop sharply relatively
to the resistances. This phenomenon reflects that the stator fault has a greater influence on
the inductance than resistance, which indicates that inductance is an excellent parameter to
recognize the stator fault.

According to Equations (16) and (17), the stator fault indicators FIR and FI®R can be
calculated through the measured data. These two fault indicators under different fault severities
are performed, as the curves shown in Figures 8 and 9. In Figure 8, the fault indicator FIR
increases with the number of shorted turns from 0.182% to 2.565%. Figure 9 shows that the
fault indicators FIARAB and FIARBC jncrease from 0% to 3.475%, whereas FIARCA g almost
unchanged (nearly 0), which indicates that phases B and C are healthy and phase A has a
stator fault. Therefore, the fault indicator FIR can determine whether the motor has a stator
fault, and the FIARAB FIARBC and FIARCA can identify the fault phase.

3
gZ.S
n:\
oL 2
S
815
£
£
= 1
>
©
LL

0.5

0 2 4 6 8 10 12 14 16 18
The number of shorted turns

Figure 8. FIR under different numbers of the shorted turns.

4
A35 —— F|ARAB A
O\O —&— FlARBC
= 3 ARcA
: Fi
o 2.5
5 L F
= 2
(&)
S 1.5
=
= 1T
T
Losf 4

0 y——o—o—0—e—6—6—6—o

"0'50 2 4 6 8 10 12 14 16 18
The number of shorted turns

Figure 9. FI*R under different numbers of the shorted turns.
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In addition, the fault indicator of the line-to-line inductance FI*" can be calculated through
Equation (19), and the calculation results are drawn as the curve shown in Figure 10, where
FIAL increases from 0% to 16.4%, which changes significantly compared to the resistance fault
indicator FI*R,

18

e =
N A O
) ] T

Fault indicator FI /(%)
=
o
)

0 2 4 6 8 10 12 14 16 18
The number of shorted turns

SO N A O
T

Figure 10. FIAL under different numbers of shorted turns.

In summary, when the stator fault occurs in phase A, the line-to-line resistances Rap,
Rca and the inductances LeAqB’ Lé?Ax increase with the number of the shorted turns, whereas
the Rpc and LQB% are almost unchanged, which is in agreement with the proposed algorithm
in this paper. Correspondingly, the resistance fault indicators FIR and FI*R have different
degrees of change, which can be adopted to detect the stator fault and locate the fault phase.
Compared with the resistance fault indicator, the inductance fault indicator FIAL increases
obviously, which is valuable for stator fault diagnosis.

6. Conclusions

A stator fault detection method based on the line-to-line resistance and inductance
analysis is introduced and validated in this paper. The resistance and inductance of healthy
and faulty motors are analyzed and compared. On this basis, three fault indicators, FI},
FI*R and FI*L, are proposed to detect and locate the stator fault. The test results of a 400 W
PMSM under different fault severities lead to the following conclusions:

1.  When a stator fault occurs, the line-to-line resistance and inductance related to the
fault phase decrease, whereas the others are unchanged.

2. The fault indicator FIR that represents the imbalance of the resistances increases with
the number of shorted turns, which can be used to detect the stator fault.

3.  The fault indicator FI*R describes the rate of resistance change. When a stator fault
occurs, the FI2R related to the fault phase increases, whereas the other is nearly 0,
which can provide a powerful basis to detect and locate the stator fault.

4. The fault indicator FI*" increases significantly when the motor has a stator fault,
which is valuable for stator fault diagnosis.

In actual implementation, it can measure the resistances and inductances firstly. Then
the three fault indicators can be calculated through the above fault indicators definition.
Moreover, the stator fault can be estimated by comparing fault indicators FIR, FI*R, and
FI*L to their thresholds. Here, the stator fault has a great influence on the fault indicator
FIAL, so it can obtain an excellent fault diagnosis result by using the FI*L. Compared to
the online method, the offline method proposed in this paper has the advantage of easily
implementation and high accuracy.
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