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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,
Ry, with a circulating fault current of ¢y. 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 I'TSC 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 I'TSC 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 (Ry) and a factor (7), 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 I'TSC 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

110



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 aj234, b1234, and ¢1 234, 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
Lo, 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 Rufpfcr and iqfpf.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 «, 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
I Rated phase current 12.6 A

Tt Output Torque 14 N.m
N Rated speed 1200 rpm
R, Phase resistance 1.72 Q

L, Phase leakage inductance  16.3652 mH

L,, Ly Q and D axes inductances 23.3948 mH
J Rotor inertia 0.00161 kg.m?
b Rotor damping factor 0.002973 N.m.s/rad
Am Flux linkage of PMs 0.1722
v Winding coupling factor 0.6
N Number of Slots 24

(1-pa)ar Meal

(1-HC)C1
HcC1

lc - icf

Ve

Figure B.2: Winding configuration with series connected coils under a 3-phase I'TSC 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]:

)\af Lafaf Lafah Lafbf Lafbh Laf(:f Lafch iaf Ha sin 0
)‘ah Lahaf Lahah Lahbf Lahbh Lath Lahch Z.a - Z.a,f (1 - ,ua) sin ¢
Aof | _ | Lojay Lo, Logoy  Luge, Lipe;,  Lige, inf N fip sin (0 — 27)
Abh Loya;  Lvnan Loy, Loe,  Lie;  Liye, | | — tog (1 — ) sin (0 — %)
)\cf LCfCLf LCfah LCfbf LCfbh LCfo LCfCh Zcf He sin (0 + 2?71-)
)\ch_ Lchaf Lchah Lchbf Lchbh Lcth Lchch_ _ic - icf_ _(1 - ,uc) sin (‘9 + 2%)_
(B.1)
where the self and mutual inductances are modified as below
Lafaf - /‘Li(LSl + Lsm)
Lafah = Lahaf = _’YﬂaLsm + Ma(l - ,U/a)(le + Lsm)
La;Lah = [P -1+ (1 - ,Ua)Q](le + Lsm) - "Y,uaLsm<p - 2#(1)
Lbfbf - Mg(le + Lsm)
Lyt = Lo, = —YioLsm + (1 — ) (Lst + L)
Ly, = [p— 1+ (1= 16)*](Lst + Lam) — YtoLosm (p — 2115
LCfo - ﬂg(le + Lsm)
LCfCh = Lchc]c = _fY,U/cLsm + Mc(l - Mc)(le + Lsm)
Lchch = [p -1+ (1 - MC)z](le + L5m> - 7M6L8m<p - 2:“6)
L,
Lafbf = Lbfaf = _IUJa,ub2_p2
Ly,
L“fbh - Lbhflf = _Q_Z)QNa(p — ) (B.2)
Ly,
Lahbf = Lbfah = _2_pzﬂb(p - MCL)
Ly o
Layby, = Liyay = —2—p2[p — pHa + 1) + Hap)
Ly,
Lafo = LCfaf = _,Ua,ucz_p2
Ly
Laje, = Leyay = _2_]92/111(]7 = fic)
Ly,
Lahcf = chah - _2_pgluc<p - ,ua)
Ly, . o
Lahch - Lchah - _2_])2[]7 - p(,ua + ,uc) + ,U/a,uc]
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Lm

Lbfclf = Lclfbf = _/vaH’C 2p2

L,
Lbeh = LChbf = _2_p2,ub(]7 = fic)

L
Liye; = Legpy, = _2_p2:u6(p — 1)
Lip,

Lbhch = Lchbh - _2_])2[192 - p(ﬂb + ,uc) + ,U/b/ubc]

B.2.2 Modelling PMSM under 3-phase ITSC faults

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

dAs

= (B.3)

Vs = Tsis +
where

T
Us = [Vaf Van Upp Ubh Vef Ven)

s = [Zaf ta — laf by W — lf lef e — %f}
) T
re = Rodiag [pa 1= pa o 1=y pre 1— pcl

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 L, = L,,/p(1 —~) and
Ly = L;/p, respectively, the three-phase voltage-current equations of the PMSM under
ITSC fault are derived as follows:

Va i Lo+ Ly Lo —Lm do
Vp :Rs | + —? Lmle —LTm ?
ve ie Le Lo L+ L] %
cos 6 e 0 0 1,
2 RS .
+weAm |cos(@—F) —— |0 wm O n (B.4)
cos (6 + 3F) Plo ol L
Ly, Ly, dig
1 Lm 2— Ll 9 _LT Ha 0 0 g_t
— 2—9 —Tm Lm -+ Ll —Tm 0 b 0 %
Loy, Lm dic

By assuming that v,y = Raflaf, o = Rppivy, and v = Repicy and using Eq. B.3 and
Eq. B.4, the fault currents can be derived from:

pRaf Ha . Ha p—1+'7 dia
= Ro(1 — E9ios + 22 (B0 4 Ly(p — 1)) 2
= (284 R = 2y + 2L, P 4 Lo - 1)
pRyy Moy, M p—1+7y diy,
= R (1 —— — | Ly (—— Lip—1)|— B.5
o= 2 R0 By B, P L -0 B9
pRcf He . e p—1+’7 dzc
o= B R = B+ 2, )+ L - 1)
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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:
Py, = v4i4 + Upip + Vi (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:

2 2
Pyt = WA [cos 0i, + cos (6 — g)zb + cos (6 + %)@c] (B.7)

And the output torque can be calculated as:

P P . 2 2,
7., = Lot _ 1 L= A\[cos iy + cos (0 — ?ﬂ)lb + cos (6 + g)zc] (B.8)

m —We

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 I'TSC 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
Ropprer = 0.1Q. 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, pu, = 0.4366, p, = 0, and p. = 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 pu, = 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 I'TSC faults in phase-b with 40 shorted turns and phase-c
with 20 shorted turns (out of 71 total turns) and therefore, p, = 0, p, = 0.5634, and
te = 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 I'TSC 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 p, = 0.4366,
wp = 0.5634, and p. = 0.2617. The level of distortions in both torque and speed charac-
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Figure B.6: Three-phase currents under p, = 0.4366
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Figure B.7: Three-phase fault currents under u, = 0.4366
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Figure B.8: (a) Output torque, (b) Motor speed, under 1, = 0.5634, and . = 0.2617
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Figure B.9: Three-phase currents under pu, = 0.5634, and p. = 0.2617
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Figure B.10: Three-phase fault currents under u, = 0.5634, and u. = 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 p, = 0.4366, p, = 0.5634, and
1 = 0.2617
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Figure B.12: Three-phase currents under u, = 0.4366, u, = 0.5634, and p. = 0.2617
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Figure B.13: Three-phase fault currents under p, = 0.4366, p, = 0.5634, and p. = 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 I'TSC 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 I'TSC 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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