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The main idea of this article is to model and analyze the short circuit fault between the
turns of the stator windings of a Permanent Magnet Synchronous Motor (PMSM). To
accomplish this objective, a numerical model describing both the healthy and defective
state of the PMSM is developed. Besides, this dynamic model is simulated and tested
to study motor behavior under different fault conditions. Also, the frequency domain
analysis based on the famous fast Fourier transform (FFT) as well as the time-frequency
analysis using discrete wavelet transform (DWT) is established. This allowed extracting
signatures related to the presence of an inter-turn short-circuit (ITSC). In the proposed
method, ITSC detection is based on the decomposition of stator currents and
electromagnetic torque. DWT and spectral analysis show that the low-frequency
wavelet details as well as the total harmonic distortion (THD) can be easily used as a
good short-circuit indicator. The simulation results of a healthy and faulty motor show
the effectiveness of these two approaches but with a significant superiority of the DWT
over the FFT.

1. INTRODUCTION

The PMSM has attracted attention in several industrial
applications such as production systems, machine tools
vehicular propulsion and industrial drives [1, 2]. This
attraction is due to their high efficiency, large torque to inertia
ratio, high power density. Hence, the PMSM is known for
having superior dynamic performance and is often chosen for
high performance applications [3, 4]. However, since the
motor is operating in hardened environment conditions with
various stresses, affected by the power supply and load
conditions, PMSM is at risk of some failures that will
inevitably occur during the long-term continuous working [5,
6]. PMSM failures are mainly classified into three parts,
electrical, mechanical and magnetic failures.

The stator ITSC is one of the most common electrical faults
in PMSM. According to reference [7], a short circuit fault is
30% to 40% of faults in PMSM. This kind of fault is caused
by the combination of diverse stresses acting on the stator
winding, such as mechanical, thermal, electrical, and
environmental stresses. These effects are accelerated in
electrical machines supplied by inverters [7-12].

The stator winding failures of the PM motor produce a large
current flowing in the shorted turns. This failure must be
detected and identified rapidly to avoid disastrous damage.
Fault diagnosis and condition monitoring of PMSM problems
are important to guarantee its availability and durability with
high operating performances. Under stator winding faults, the
motor performances become poor. Hence, some authors have
studied and validated experimentally the proposed models
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using Matlab/Simulink [8, 11]. In fact, various modeling
approaches were developed to analyze the ITSC influence on
the synchronous machine in both healthy and faulty states [4,
13]. Equivalent circuit models are useful to investigate and
explore the system dynamics and the advantage of being faster
in time computing [8].

In this context, different approaches are proposed to detect
and identify the inter-turn faults in electrical machines. The
present study will be focused on the ITSC fault diagnosis in
the stator windings of PMSM drive. The signals obtained from
the motor are processed by the most common ITSC detection
method to distinguish the difference between healthy and
faulty PMSM state. This method can distinguish the
performance of failures and extract their features from stator
current and vibration signals [6, 11].

In signal processing, the conventional analyzing tool is FFT.
With this method, a signal (i.e. stator current or torque signal)
is decomposed in linear combination of waves with different
frequencies, so the FFT can easily give us the overall
frequency information contained in a signal [14, 15]. However,
sometimes it is difficult to locate clearly the features
corresponding to certain faults by applying FFT method. In
addition, due to the loss of time information, the FFT can only
be used to process a stationary signal. Consequently, certain
time-frequency  techniques as  short-term  Fourier
transformation (STFT), wavelet transformation (WT) and
empirical wavelet transformation (EWT) have currently
attracted the attention of many researchers [15-18].

In recent years, discrete wavelet transform (DWT) has been
widely utilized in signal processing applications, giving the
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time-evolution of the signal at different scales [17]. Many
papers have been published on applying DWT in faults
diagnosis in electromechanical machines [16, 18].

In some situations, immediate detection of short circuit
faults between turns is necessary and time-frequency analysis
is a better choice than frequency analysis.

In this work, ITSC detection is mainly based on
decomposition of PMSM electromagnetic torque and stator
currents by DWT where the wavelet coefficients of these
signals have been extracted. In addition, THD value can be
used also as an indicator of fault detection. Simulation results
are presented under different inter-turn faults and severity
conditions.

The present paper describes the dynamic model of the
PMSM under stator winding fault in the stationary abc and o/
references frames. The simulation results of the proposed
PMSM model with ITSC fault detection have showed the
effectiveness of these techniques.

2. PMSM MODEL UNDER FAULT CONDITIONS

The PMSM stator under inter-turn fault winding is
illustrated in Figure 1. In this representation, resistance, self-
inductance and back EMF are considered. In addition, the
mutual inductance in the same phase between the winding in
short circuits and the winding in healthy state also needs to be
taken into account [13, 19].

An ITSC indicates a breakdown between two stator
windings in the same phase. In order to take into consideration
this failure in the PMSM model, the phase affected (as), is
partitioned in two sub-windings representing the healthy and
faulty branch of the phase winding, respectively.

The ITSC failure is modeled by a resistance with a value
depending on fault severity [8, 9]. When this value decreases
near zero, the insulation faults increase to an inter-turn full
short-circuit value. The growth between oo and zero is very fast
in the majority insulation materials [8, 10]. The fault current
flowing through the fault resistance (Ry) is called (if). So, to
clearly represent the default size, a new parameter (L) is
introduced. This parameter is defined as the ratio between the
numbers of turns in short circuit (Nf) and the total number of
turns in a phase (Ns). The severity of this fault is characterized
by two parameters, short circuit percentage () and fault
resistance (Ry).

The resistances of healthy and faulty parts of stator winding
are expressed by the following equations:

Rasl = (1_ ,Ll) Ras and Rasz = IURas
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Figure 1. PMSM stator with ITSC in phase (as)

2.1 Fault model of PMSM in abc frame reference

To build the mathematical model of the PMSM drive, we
the following simplifying assumptions are adopted: The
magnetic circuit has no saturation effects; the influence of
temperature on parameters is neglected. The distributed of
magnetic motive force and the flux profiles are considered
sinusoidal and higher harmonics are neglected [12].

The voltage equations of PMSM with an ITSC fault in phase
(as) as illustrated in Figure 1 can be written in abc-frame as
follows:

. d. d,. . d. d.
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where, Rs and L are the resistance and the self-inductance of
healthy stator phases windings with Ras=Rps=Rc¢s=Rs. M is the
mutual inductance between phase windings for PMSM healthy
state. Ras2 and Laso are the resistance and the self-inductance of
faulty sub-coil (as2). Ma1a2, Ma2n, and Maxc are respectively the
mutual inductances between the sub-coil (as1) and the coils
(as2), (bs) and (Cs). Also, Maib, Mayc are respectively the mutual
inductance between sub-coil (asl) and coils (bs) and (Cs). Map
is the mutual inductance between coils (as) and (bs) [8, 19, 20].
From fault part of stator winding in Figure 1, we have:

Vas = Vasl + Vasz
Vasz = if Rf (3)
easZ = ef

As well, the following relations are normally accepted:

R =Ry =Rqa+Ry,

L=Lg+Lg+2M,,, 4
M =M, + M, =My + M,y @
Cas = €1 T8 =€ + €

In general, three phases of stator are connected in star so
that: i4+iptics=0. Under these conditions, the homopolar
component of the current is nil and only the cyclic inductance
of the motor (L;=L-M) limits the phase currents. Therefore,
from Eq. (2), Eq. (3) and Eq. (4), the dynamic voltage
equations controlling the PMSM behavior with the short-
circuit fault, is obtained by the following equations:

Vas Rs 0 0 _Rasz ias
Wl |0 R 00 i
Vo o 0 R 0 i
L 0 7Ra52 0 0 Rasz + Rf if 5
[ Ls 0 0 _LaSZ -M ala2 ias €as ( )
0 Ls 0 -M a2b i ibs + €hs
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So, it is possible to write Eq. (5) in compact form as:

|:Vabcf:|=[Rs][iabcf:|+[|‘s]%|:iabcf:|+[Es] (6)

where, [Vaoe], [1abef] @nd [Es] are the stator voltage, current and
back-EMF vectors, respectively.

According to the power conservation principle, the
electromagnetic torque developed by the motor under short-
circuit fault between turns can be calculated by the following
Eq. (7):

Tem = (easias +ebsibs +ecsics —€ if )/Q (7)
where,
€, = PQ4,, sin(0)
6 = PO sin(0 -2
)

e, = pQg, sin(0+2?”)

ef = easz = :ueas

The mechanical equation for the motor dynamics is given
as:

dQ
Tem—TL—fQ:JW ©)

where, f'is the friction coefficient; J is the rotor inertia; 77 the
load torque and € is the mechanical speed of the rotor.

The identification of the inductances of faulty motor is
extremely essential because it include the failure information.
Two approaches are used to calculate the faulty inductances of
PMSM by taking a simple percentage of the parameters of
healthy state [8-10]. In this work, we have adopted the method
in which the self-inductances of the faulty and healthy branch
of winding (as, as2) are related to the square of the number of
shorted turn’s windings. In addition, the mutual inductance is
relative to the turn number of both parts [17]:

Ly = @-1)°L,

Ls2 :/lst

M 0o = (L= 1)L
M.z =M, = M
M, =M, =0- )M

(10)

where, u represent the fraction of shorted turns.
2.2 Fault model in (o p) frame reference

To formulate the mathematical model for a PMSM in off
stator stationary reference frame which takes into account the
inter-turn  fault windings, the extended Concordia
transformation is applied [8].
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For numerical simulation, it is more convenient to express
the PMSM model with ITSC fault in the state space form as
follows:

. - _ 2
%[=—-| 0 L 0 0 R, 0 X,
X M, 0 L, *\/%Rasz 0 R,,+R, (12)
L 0 M, | [v,-e,
+ 0 L 0 v, —€,
M, 0 Lg —HE,
where,
d .. .
[X1 X, Xa]T:a[la '/} If]T
M M
Mfa:_"2/3(Lasz+Ma1az_%) (13)
e, =—pQg, sin(0) and e, = pQ4g, cos(0)

3. DISCRETE WAVELET TRANSFORM (DWT)

The wavelet analysis is a time—frequency technique. It
decomposes a signal into a set of terms of oscillations
(wavelets) in both time and frequency domain [14, 15]. This
technique uses a new description of spectral decomposition via
the scaling concept which is very useful for time-varying or
non stationary signal analysis.

The discrete version of the WT consists in sampling the
scaling and shifted parameters. This leads to high-frequency
resolution at low frequencies and high-time resolution for
higher frequencies, with the same time and frequency
resolution for all frequencies [15, 16].

The forward DWT coefficients is calculated by consecutive
low-pass g(n) and high pass h(n) filtering of the discrete time-
domain signal x(n) with changes in sampling rates as shown in
Figure 2. A signal can be successively approximated by DWT
with different scales [12, 18].

SIUBIB0T 13[BAE M

Figure 2. Three level DWT decomposition tree



A discrete signal x[n] can be decomposed as follows [14]:

x[n] = Zaj WP+ ZZdqu)Jk[n]

j=lp k

(14)

i .
where, ¢, [n] = 270¢(210n — k): is the scaling function at a

scale s=21° shifted by k; ¢;,[n] = 2%go(2jn—k): is the
mother wavelet at scale s=2/° shifted by k; ajox: Coefficients of

approximation at s=2i; d;: Coefficients of detail at s=2J; N=2I:

N the number of samples of x[n].

It can be noted that the range of frequency covering the
details and the final approximation are directly related to the
bands where the analysis will be performed [18].

3.1 ITSC fault detection of PMSM with DWT

For a good stator current analysis, the DWT requires some
parameters to be set such as the sampling frequency, the
mother wavelet type and its order as well as the decomposition
levels number. In this analysis, the sampling frequency used
equal to 10* samples/sec and the Daubechies-44 (Db44) is
often used as a mother wavelet, because this scaling function
will minimize overlap between frequency bands that cannot be
avoided [18, 20]. Furthermore, it is conceivable to ascertain
the base number of levels required to find an approximation
signal such that the upper limit of its linked frequency band is
less than or around the fundamental frequency as shown by the
following condition:

—\Ls 1
2 < f (15)
Indeed, the approximation signal level of decomposition

which includes the harmonics around the fundamental is the
integer (ns+2) expressed by:

f
A
nu:me7£§;)

(16)

4. SIMULATION AND RESULTS

To test and validate the developed model, simulation studies
were performed in MATLAB/Simulink environment. The
nominal parameters of the simulated PMSM are listed in the
appendix [9]. To study the behavior of the motor for the fault
between stator winding turns, both healthy and faulty
conditions were simulated. Some simulation results are
conducted for diverse values of fault resistance: R=109, 1Q
and 0.1Q. The percentage of short-circuited turns of the phase
(as) is taken respectively as 10%, 20% and 50%. Firstly, the
machine is supposed fed by a three-phase sinusoidal voltage
source at 50Hz frequency and operating at a rated speed of
(1000rpm).

In the healthy case as shown in Figure 3(a), the three phase
stator currents are balanced and sinusoidal with amplitude of
18.48 amperes. Figure 3(b) illustrates the faulty phase current
of the healthy PMSM. Simulation results related to faulty
motor are shown in Figure 4, Figure 5 and Figure 6
respectively for three fault resistance values Rt = 710, 1Q and
0.1Q under 50% short circuit fault with full load (T.=10N.m).
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It can be observed that when the fault resistance (R,) decreases,
the fault current (iy) increases and the unbalance of the phase
currents becomes more important. Also, the amplitude of the
current in the faulty phase (a;) is higher than that of the other
healthy phases (b;, cy).

In Figure 7, illustrates the fault current evolution with time
when fault resistance Rt is set to a given value and the schorted
turns percenatge in the phase (as) changed from 10% to 20%.
Figure 7(a) shows the faulty state in which the fault resistance
is fixed to 1€, after that in Figure 7(b), this fault resistance is
fixed to 10Q, also the fault severity changed from x=10% to
20%. It can be seen that the amplitude of i increases when p
increases but this amplitude is inversely proportional to Ry.
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Figure 5. Simulation of faulty PMSM with R=1Q and p=0.5
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For the healthy case as illustrated in Figure 8(a), the 3rd
harmonic amplitude was near zero. On the other hand, as
shown in Figures 9(a), 10(a) and 11(a), when the ITSC
happens, some harmonic frequencies are appeared. In these
conditions, the amplitude of the 3rd and the 5th harmonic
current signal in the faulty phase increased as the shorted turns
number increased. Detection of harmonics multiple of three in
currents waveforms of faulty phase can be used as a signature
of short-circuit between turns.

Frequency analysis of the stator current in the faulty part of
the phase winding shows three peaks, the first corresponds to
the fundamental frequency of 50 Hz and the others 150 Hz (3rd
harmonic) and 250 Hz (5th harmonic), indicating the presence
of short-circuit fault as shown in Figure 10 (a) and Figure 11

(a).
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Figure 9. FFT and wavelet analysis of current of faulty phase
(as) with p=0.5 and R=10Q
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Figure 10. FFT and DWT analysis of current of faulty phase
(as) with p=0.5 and R=1Q
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Figure 11. FFT and wavelet analysis of current of faulty
phase (as) with p=0.5 and R=0.1Q

The Figures 8(b), 9(b), 10(b) and 11(b) show the wavelet
analysis for the stator current in healthy and faulty states. The
wavelet coefficients are calculated using the Daubechies44
mother wavelet, since the latter guarantees a correct signal
decomposition, isolating the harmonic content of the fault,
which gives suitable results for diagnostic purposes. Detail
levels of high frequency bands provide virtually no
information about the original signal. However, it is clear that
the low frequency details (d5, d6 and d7) are much more
relevant for fault detection because they cover the frequency
band corresponding to the fundamental frequency and the
frequencies due to faults. Then, the wavelet details of level 5,
6 and 7 can be easily used for ITSC detection, since the
amplitude at this level increases significantly regarding the
healthy case. In Figures 9b, 10b and 11b, it can be seen that
the upper level signal A9 (approximation), d9 and d8 (details)
do not show any significant variation. The frequency bands of
the stator current wavelet decomposition are shown in Table 1.
The details d5, d6 and d7 change during the presence of faults
which implies that the frequencies related to faults are
localized in the same frequency bands.

Table 1. Frequency bands for stator current by wavelet
decomposition

Decomposition details
Detail at level 1(d1)
Detail at level 2(d2)
Detail at level 3(d3)
Detail at level 4(d4)
Detail at level 5(d5)
Detail at level 6(d6)
Detail at level 7(d7)
Detail at level 8(d8)
Detail at level 9(d9)

Frequency bands (Hz)
[2500-5000]
[1250-2500]
[625-1250]
[312.5-625]

[156.25-312.5]
[78.12-156.25]
[39.06-78.12]
[19.53-39.06]
[9.76-19.53]




In the next section, we have simulated the case of a PMSM
fed by three phase PWM inverter at a frequency of 50Hz. The
electromagnetic torque spectral harmonics are presented using
Simulink FFT tool of “powergui” to display their frequency
spectrum and their Total Harmonic Distortion (THD). Figure
12 represented the spectral analysis of electromagnetic torque
for healthy motor and as shown in Figure 13a and 13b the
ripples in the electromagnetic torque increase significantly
when the fault resistance decreases from 10€2 to 0.1€Q.

Finally, to study the electromagnetic torque developed by
the PMSM for the considered cases, a Total Harmonic
Distortion (THD) is also introduced. In Table 2 the percentage
values of THD is given for the stator phase current and the
electromagnetic torque for both healthy and faulty PMSM
under different situations.

Table 2. Current and torque THD (%) for healthy and faulty
PMSM fed by PWM inverter

Faulted phase Electromagnetic

Motor state

current torque
Healthy motor 5.69 9.29
Faulty Re=10Q 5.73 13.11
motor Ri=1Q 6.99 20.12
=05 R=0.1Q 18.63 50.18

DC =10.55, THD= 9.29%

0 50 100 150 200 250 300

Frequency (Hz)

350 400 450 50C

Figure 12. Electromagnetic torque spectral analysis for
healthy PMSM
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Figure 13. Electromagnetic torque and its spectral analysis
for faulty PMSM under full load

5. CONCLUSION

In this work, the PMSM model which takes into account the
ITSC in the stator winding is adopted. Consequently, the
model seems well suited to diagnosing and monitoring this
type of fault. Two methods for the detection of ITSC fault in
PMSM were presented.

The first one is based on the frequency analysis of the stator
current and electromagnetic torque by FFT in the steady state
condition. The detection of faults is carried out by studying the
components of the sideband which have appeared around the
fundamental frequency component. This conventional method
is a very effective tool and widely used in stationary signal
processing. Additionally, this method has important
advantages such as simplicity of data acquisition systems and
it has provided quite satisfactory results. However, it is
impossible to estimate the time of occurrence of the fault using
the FFT.

The second method based on DWT analysis can overcome
these drawbacks. The results of the simulation showed the
efficiency of the DWT compared to FFT, particularly in non
stationary states as it provides better accuracy to identify ITSC
fault. In addition, THD value can be used also as an indicator
of fault detection.
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Parameters of PMSM used in simulation [9]

Components

Rating values

p
Ns
Pn

In

Rs

Number of poles 8

Number of winding turns /slot 40

Rated power 5KW

Rated current 19A

Stator resistance/phase 0.44Q
Stator inductance/phase 2.82mH
Synchronous speed 1000rpm
Magnetic flux 0.108web
Moment of Inertia 0.0006kg.m?
Frictional coefficient 0.007 N.m.s/rd
Nominal torque 10N.m
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