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Abstract – This paper presents a detailed analysis of stator winding inter-turn

Short Circuit (ITSC) faults, taking the cross effects in the three phases of a permanent

magnet synchronous motor (PMSM) into account by considering insulation degradation

resistances. A PMSM with series coils in each phase winding is selected as a case study.The

ITSC in one coil of each phase winding is modelled based on deformed fluxes or inductance

variations caused by flux linkages, depending on the distribution of the coils in the same

phase winding. Different fault ratios are investigated to evaluate different fault severity

and scenarios. Therefore, three-phase faulty coils within three-phase winding analysis

dynamics will constitute sixth-order assessments. The proposed faulty PMSM model is

verified by a 2-D finite element analysis (FEA), showingc a good agreement between the

proposed model and FEA.

B.1 Introduction

Permanent magnet synchronous motors (PMSMs) have gained a popularity in industry

owing to their merits of high efficiency, high power density, and high reliability [1–3].

PMSMs often work in a harsh industrial environment and therefore, are exposed to elec-

trical, thermal, and mechanical stresses. This creates the ground for different types of

faults to appear, including electrical, mechanical, and magnetic faults [4]. Among the

electrical faults, the stator winding inter-turn short circuit (ITSC) fault is considered as

the most common fault [5], and at the same time, the most critical one due to the ex-

cessive heat generated by the high circulating fault current [6]. ITSC occurs with a few

shorted turns in one coil due to the stator winding insulation failure. The insulation fail-

ure provides a degraded path between the shorted turns with a non-zero fault resistance,

Rf , with a circulating fault current of if . This path causes unbalance in the magnetic

field, generating excessive heat, which may propagate to the whole coil or other phases [7]

if not being treated in time. Therefore, understating and detecting the ITSC fault in

early stages are of great importance in reducing the costs and down-times caused by the

complete machine failure.

Diagnosis of ITSC has gained a significant attention in both industry and academia via

previous studies. The ITSC fault can be detected by current signal analysis (CSA) and

zero-sequence voltage component (ZSVC) harmonic monitoring using signal processing

or filtering techniques, such as Fourier transform [8], wavelet transform [9], and Kalman
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filter [10]. These existing signal-based methods are very powerful to detect a fault but have

some limitations on determining the fault severity, ITSC faults at different locations of

the phase winding, or requiring external resistor network and neutral point of the stator

windings [1, 2]. Alternatively, data-driven models, e.g using artificial neural network

(ANN), were also proposed to detect or classify the faults. The data driven models are

required a lot of historical faulty data for training to be robust and reliable [11]. In

addition to signal-based and data-driven techniques, many model-based methods have

intensively been employed to detect ITSC fault [12–14], but such models are hard to be

applicable to multi-pole PMSMs since they ignore the flux coupling factor between healthy

and faulty coils in the same phase winding. This coupling factor was well proposed and

investigated in [15]. However, the cross effect of simultaneous fault currents in different

phases is not modeled or still missing in literature. Modelling the interaction of one

fault on other phases is important to understand the behaviour of magnetic flux and

output characteristics of an unbalance PMSM under faults, being useful to develop a

fault indicator in both steady and transient states. Although very unlikely for ITSC

faults to appear in different phases at the same time, having a comprehensive model

that detects and understands this phenomenon is very helpful when it comes to isolate

faults in the machine diagnostic systems. Moreover, since the ITSC fault in one phase

may propagate to other windings if not treated in time [16], adding this extra layer of

fault detection when designing the sequence of faults, helps improve the performance and

reliability of the diagnostic system.

The study presents an analytical model of a faulty PMSM considering simultaneous

ITSC faults in each of the three-phase windings, in which the insulation degradation

and the flux coupling between healthy and faulty coils in each phase are modeled as a

resistance (Rf ) and a factor (γ), respectively. Further, the cross-effect of fault currents in

different phases is analysed by modified mutual inductances and coupling factor, allowing

the modeling to be more comprehensive to understand the machine behaviors in a wide

range of operations in different fault scenarios. The fault model is developed in a way

to obtain deformed fluxes based on inductance variations caused by cross flux linkages,

depending on the distribution of the coils in the same phase winding and cross-effects

of fault currents in different phases. The remainder of the paper is organized as follows:

modelling the ITSC fault in PMSM is detailed in Section II. Section III presents simulation

results and a comparison with FEA. Finally, the paper is concluded in Section IV.

B.2 Modeling ITSC fault in the windings of PMSM

An 8-pole surface-mounted PMSM with concentrated winding is chosen as the case study

for implementation of simultaneous ITSC faults in different phase windings. The reason

that a concentrated winding structure is considered here, is simply because it is easier for

this modeling to be implemented on. The same procedure can be applied on a motor with

distributed winding with a few modifications in the flux equations. A 2D view of this

PMSM is depicted in Fig. B.1 while motor parameters are listed in Table B.1. Some of

these parameters are obtained from the manufacturer data-sheet and the rest from a few
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Figure B.1: 2D Structure of PM Synchronous Motor.

FEM Simulations which are explained in [15]. Each phase winding consists of 4 (number

of pole-pairs) coils denoted by a1,2,3,4, b1,2,3,4, and c1,2,3,4, which are connected in series.

It is assumed that an ITSC fault is present in the first coils of each of the three-phase

windings, splitting the coil into one faulty part and one healthy part. The fault severity

µa,b,c is defined as the ratio of number of the shorted turns to the total number of turns per

coil. In addition, the phase fault resistances and circulating fault currents in the degraded

path are denoted by Raf,bf,cf and iaf,bf,cf , respectively. Fig. B.2 shows the schematic of

winding configuration of series connection under three simultaneous faults in the three

phases.

Modeling flux linkages between different coils was first proposed by [15],considering the

interaction between the faulty part and healthy part of the same coil with other healthy

coils in the same winding. This interaction is considered in the modeling with a coupling

factor γ, and is especially important in PMSMs with multiple pole pairs (p > 1), where

the flux linkages between coils in the same phase winding are affected by many possible

flux paths. However, the suggested method is only valid for ITSC in one phase. To extend

and generalize the concept for other phases, cross effect of ITSC faults in different phases

are modelled in this work.
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Table B.1: Parameters of PM Synchronous Motor

Symbol Parameter Value Unit

Vs Rated line voltage 320 V

Is Rated phase current 12.6 A

Tout Output Torque 14 N.m

ns Rated speed 1200 rpm

Rs Phase resistance 1.72 Ω

Ls Phase leakage inductance 16.3652 mH

Lq, Ld Q and D axes inductances 23.3948 mH

J Rotor inertia 0.00161 kg.m2

b Rotor damping factor 0.002973 N.m.s/rad

λm Flux linkage of PMs 0.1722

γ Winding coupling factor 0.6

ns Number of Slots 24

Figure B.2: Winding configuration with series connected coils under a 3-phase ITSC fault.
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B.2.1 Deformed Flux-Current Equations of PMSM with ITSC

Taking the effects of simultaneous faults in different phases into account, the flux-current

equations for faulty and healthy parts of the stator windings are obtained as follows [15]:



λaf

λah

λbf

λbh

λcf

λch


=



Lafaf Lafah Laf bf Laf bh Laf cf Laf ch

Lahaf Lahah Lahbf Lahbh Lahcf Lahch

Lbfaf Lbfah Lbf bf Lbf bh Lbf cf Lbf ch

Lbhaf Lbhah Lbhbf Lbhbh Lbhcf Lbhch

Lcfaf Lcfah Lcf bf Lcf bh Lcf cf Lcf ch

Lchaf Lchah Lchbf Lchbh Lchcf Lchch





iaf
ia − iaf

ibf
ib − ibf
icf

ic − icf


+



µa sin θ

(1− µa) sin θ

µb sin (θ − 2π
3
)

(1− µb) sin (θ − 2π
3
)

µc sin (θ +
2π
3
)

(1− µc) sin (θ +
2π
3
)


(B.1)

where the self and mutual inductances are modified as below

Lafaf = µ2
a(Lsl + Lsm)

Lafah = Lahaf = −γµaLsm + µa(1− µa)(Lsl + Lsm)

Lahah = [p− 1 + (1− µa)
2](Lsl + Lsm)− γµaLsm(p− 2µa)

Lbf bf = µ2
b(Lsl + Lsm)

Lbf bh = Lbhbf = −γµbLsm + µb(1− µb)(Lsl + Lsm)

Lbhbh = [p− 1 + (1− µb)
2](Lsl + Lsm)− γµbLsm(p− 2µb)

Lcf cf = µ2
c(Lsl + Lsm)

Lcf ch = Lchcf = −γµcLsm + µc(1− µc)(Lsl + Lsm)

Lchch = [p− 1 + (1− µc)
2](Lsl + Lsm)− γµcLsm(p− 2µc)

Laf bf = Lbfaf = −µaµb
Lm

2p2

Laf bh = Lbhaf = −Lm

2p2
µa(p− µb) (B.2)

Lahbf = Lbfah = −Lm

2p2
µb(p− µa)

Lahbh = Lbhah = −Lm

2p2
[p2 − p(µa + µb) + µaµb]

Laf cf = Lcfaf = −µaµc
Lm

2p2

Laf ch = Lchaf = −Lm

2p2
µa(p− µc)

Lahcf = Lcfah = −Lm

2p2
µc(p− µa)

Lahch = Lchah = −Lm

2p2
[p2 − p(µa + µc) + µaµc]
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Lbf cf = Lcf bf = −µbµc
Lm

2p2

Lbf ch = Lchbf = −Lm

2p2
µb(p− µc)

Lbhcf = Lcf bh = −Lm

2p2
µc(p− µb)

Lbhch = Lchbh = −Lm

2p2
[p2 − p(µb + µc) + µbµc]

B.2.2 Modelling PMSM under 3-phase ITSC faults

Stator voltage of a synchronous motor in the stationary frame is obtained as follows:

vs = rsis +
dλs

dt
(B.3)

where

vs =
[
vaf vah vbf vbh vcf vch

]T
is =

[
iaf ia − iaf ibf ib − ibf icf ic − icf

]T
rs = Rsdiag

[
µa 1− µa µb 1− µb µc 1− µc

]T
By summing up the voltages of faulty and healthy parts in each phase using Eq. B.3, and

considering phase winding linkage and leakage inductances to be Lsm = Lm/p(1− γ) and

Lsl = Ll/p, respectively, the three-phase voltage-current equations of the PMSM under

ITSC fault are derived as follows:vavb
vc

 = Rs

iaib
ic

+

Lm + Ll −Lm

2
−Lm

2

−Lm

2
Lm + Ll −Lm

2

−Lm

2
−Lm

2
Lm + Ll

dia
dt
dib
dt
dic
dt


+ ωeλm

 cos θ

cos (θ − 2π
3
)

cos (θ + 2π
3
)

− Rs

p

µa 0 0

0 µb 0

0 0 µc

iaib
ic

 (B.4)

− 1

p

Lm + Ll −Lm

2
−Lm

2

−Lm

2
Lm + Ll −Lm

2

−Lm

2
−Lm

2
Lm + Ll

µa 0 0

0 µb 0

0 0 µc

dia
dt
dib
dt
dic
dt


By assuming that vaf = Raf iaf ,vbf = Rbf ibf , and vcf = Rcf icf and using Eq. B.3 and

Eq. B.4, the fault currents can be derived from:

va = [
pRaf

µa

+Rs(1−
µa

p
)]iaf +

µa

p
[Lm(

p− 1 + γ

1− γ
) + Ll(p− 1)]

dia
dt

vb = [
pRbf

µb

+Rs(1−
µb

p
)]ibf +

µb

p
[Lm(

p− 1 + γ

1− γ
) + Ll(p− 1)]

dib
dt

(B.5)

vc = [
pRcf

µc

+Rs(1−
µc

p
)]iac +

µc

p
[Lm(

p− 1 + γ

1− γ
) + Ll(p− 1)]

dic
dt
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B.2.3 Performance of PMSM under a ITSC

Using Eq. B.4, the input power of the PMSM is calculated as follows:

Pin = vaia + vbib + vcic (B.6)

After putting aside the terms that contribute to copper losses or stored magnetic energy

in Eq. B.7, the output power is extracted as:

Pout = ωeλm[cos θia + cos (θ − 2π

3
)ib + cos (θ +

2π

3
)ic] (B.7)

And the output torque can be calculated as:

Tout =
Pout

ωm

=
Pout

1
p
ωe

= λm[cos θia + cos (θ − 2π

3
)ib + cos (θ +

2π

3
)ic] (B.8)

B.3 Simulations and Results

To verify the proposed model, FEA of the PMSM is performed using Ansys-Maxwell.

Four different cases including healthy condition, single ITSC fault in phase-a, simultane-

ous ITSC faults in phase-b and phase-c, and simultaneous ITSC faults in phase-a, phase-b

and phase-c are tested to check the accuracy of the proposed model. Output torque, angu-

lar speed, three-phase currents, and fault currents characteristics are obtained. Although

the proposed model is based on the three-phase currents and three-phase voltages mon-

itoring, other output characteristics including torque and speed are demonstrated just

for comparison. For analyzing incipient faults, the fault resistances are considered to be

Raf,bf,cf = 0.1Ω. Because the ITSC starts with a high degraded path resistance and as

the fault grows the degraded path resistance value approaches zero. Further, to eliminate

the effects of the drive system and switching noise on the performance of the motor, it is

assumed that the motor is fed by a three-phase sinusoidal voltage source.

Fig. B.3 shows the comparison of motor’s torque and speed obtained from the proposed

model and FEA. It can be seen that even though a bit deviation in the transient part,

the produced torque and speed from the proposed model match well those from FEA in.

It is worth mentioning that the slot-effect was not investigated in the proposed model

and that is the reason of the major difference in the proposed model and FEA results.

However, this can be neglected as the produced results are close to the average values of

FEA in the steady state. Fig. B.4 shows the comparison of motor’s three-phase currents

obtained from the proposed model and FEA. Since there is not any faults in the motor,

the proposed model three-phase currents match those obtained from FEA.

Fig. B.5 shows the comparison of motor’s torque and speed when the motor is experi-

encing one single ITSC fault in phase-a with 31 shorted turns (out of 71 total turns) and

therefore, µa = 0.4366, µb = 0, and µc = 0. It can be seen that ITSC fault creates some

distortions in both torque and speed characteristics compared to the healthy condition.

Fig. B.6 shows the comparison of motor’s three-phase currents obtained from the

proposed model and FEA in this faulty scenario. The ITSC fault in phase-a has caused

the phase-a current to be higher than two other phase currents. Fig. B.7 shows the
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Figure B.3: (a) Output torque, (b) Motor speed, under healthy condition
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Figure B.4: Three-phase currents under healthy condition
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Figure B.5: (a) Output torque, (b) Motor speed, under µa = 0.4366

comparison of motor’s fault currents obtained from the proposed model and FEA. In this

case, phase-b and phase-c fault currents are zero since there is not any faulty parts in

these windings, but phase-a contains a fault current circulating in the faulty part of its

winding.

Figs. B.8 shows the comparison of motor’s torque and speed when the motor is oper-

ating under two simultaneous ITSC faults in phase-b with 40 shorted turns and phase-c

with 20 shorted turns (out of 71 total turns) and therefore, µa = 0, µb = 0.5634, and

µc = 0.2617. The distortions in torque and speed characteristics are also present in this

case due to unbalance caused by two faulty coils.

Fig. B.9 shows the comparison of motor’s three-phase currents obtained from the

proposed model and FEA in this case. The ITSC faults in phase-b and phase-c have

caused the currents to be higher than phase-a current. Fig. B.10 shows the comparison of

motor’s fault currents obtained from the proposed model and FEA. In this case, phase-a

fault current is zero since there is not any shorted turns in this windings, but phase-b and

phase-c contain fault currents circulating in the faulty part of their windings.

Fig. B.11 shows the comparison of motor’s torque and speed when the motor is expe-

riencing three simultaneous ITSC faults in phase-a with 31 shorted turns, phase-b with 40

shorted turns, and phase-c with 20 shorted turns (out of 71 total turns) or µa = 0.4366,

µb = 0.5634, and µc = 0.2617. The level of distortions in both torque and speed charac-
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Figure B.6: Three-phase currents under µa = 0.4366
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Figure B.7: Three-phase fault currents under µa = 0.4366
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Figure B.8: (a) Output torque, (b) Motor speed, under µb = 0.5634, and µc = 0.2617

0 10 20 30 40 50 60 70 80

time (ms)

-40

-20

0

20

40

T
h
re
e-
p
h
a
se

cu
rr
en

ts
(A

)

Phase-a model Phase-b model Phase-c model

Phase-a FEM Phase-b FEM Phase-c FEM

Figure B.9: Three-phase currents under µb = 0.5634, and µc = 0.2617
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Figure B.10: Three-phase fault currents under µb = 0.5634, and µc = 0.2617

teristics are a bit decreased in this case compared to previous cases due to balance created

by three faulty coils or three-phase fault currents.

Fig. B.12 shows the comparison of motor’s three-phase currents obtained from the

proposed model and FEA in this case. The ITSC faults in each phase have caused the

currents to be higher compared to the healthy condition. Fig. B.13 shows the comparison

of motor’s fault currents obtained from the proposed model and FEA. In this case, all

phases contain fault currents circulating in the faulty part of their windings. Similar to

previous cases, there is an acceptable agreement between the proposed model and FEA

results in the steady state although there are errors in the transient parts. Moreover, the

cross-effects of simultaneous faults are well defined in the proposed model, which allow

the model results to match the FEM results.

Fig. B.14 shows the comparison of motor’s steady-state torque characteristics in dif-

ferent fault scenarios. It is obvious that motor’s behavior is different under each case

and this is majorly caused by different amplitudes and phases of current signals in each

scenario. In addition, a single ITSC fault (case-1) creates more unbalance compared to

two simultaneous ITSC faults (case-2) or three simultaneous ITSC faults (case-3), due to

the higher generated negative sequence. This comparison also helps to understand the

level of severity and potential damage that each case may have to the motor based on the

mechanical stress caused by electromagnetic torque.
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Figure B.11: (a) Output torque, (b) Motor speed, under µa = 0.4366, µb = 0.5634, and

µc = 0.2617
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Figure B.12: Three-phase currents under µa = 0.4366, µb = 0.5634, and µc = 0.2617
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Figure B.13: Three-phase fault currents under µa = 0.4366, µb = 0.5634, and µc = 0.2617
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Figure B.14: Comparison of output torque in different cases.
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B.4 Conclusion

In this paper, we presented a detailed modeling of ITSC faults in the PMSM. To accom-

plish this, a fault model was developed to obtain deformed fluxes based on inductance

variations, which are caused by cross flux linkages depending on the distribution of the

coils in the same phase winding. In addition, the cross-effect of fault currents in differ-

ent phases was modeled, enabling the model to model not only single faults, but also

simultaneous ITSC faults in any of the phases. The fault model requires only three-phase

currents, three-phase voltages, and parameters of the motor as input. A time-stepping

FEA was implemented to validate the results obtained from the proposed faulty PMSM

model. Unlike FEA, the presented dynamic model can well and quickly model the be-

haviour of PMSM under different fault scenarios, without using detailed dimensions or

material information. This allows developing fault indicators or detection methods in

future studies.
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