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Abstract—With the increased use of permanent magnet synchronous motors (PMSMs), efficient online condition
monitoring and accurate fault diagnosis for these machines are very important. In order to reduce downtime and
avoid unsafe operating conditions, it is essential to establish a methodology capable to detect incipient turn faults.
This paper analyzed the consequences of turn-to-turn circuit faults between two phases in a PM synchronous
motor. Thus, a simple method based on rotor speed ripples is proposed for detecting stator winding faults. Also, a
fault index allows quantifying the severity of the fault. This latter seems to be well adapted for PM motors health
monitoring and interturn fault diagnosis. Experimental results are included to show the ability of the proposed
strategy to detect incipient faults.

Keywords—Interior permanent magnet synchronous motor, Fault detection and diagnosis (FDD), Space vector
pulse width modulation (SVPWM), Stator winding faults modeling, Vector control.

l. INTRODUCTION

Permanent magnet synchronous motors have been widely used in electric drive applications
for their high efficiency and power density over other kinds of traditional motors like dc
motors or induction motors. However, PM motors are under a great variety of abnormal
operations including faults [1]-[4]. These faults create special challenges for a PMSM due to
the presence of the spinning rotor magnet that cannot be stopped during faults. Stator
windings short circuit is one of the most common fault in electrical machines. Interturn short
circuits usually result from insulation faults caused by system transients, overloading,
environmental related issues or manufacturing design defects [1], [5]-[8].

Fault detection and diagnosis (FDD) of electrical machines have been systematically pursued
by many works during the last decades; and have become a major topic of concern among
industrial and academic research [1]-[2], [5], [7], [9], [10]-[12]. Unexpected failures in
electrical motors may indeed lead to important losses in production and additional costs. For
these reasons, developing efficient and robust diagnosis systems is a priority for electrical
machines manufacture. Traditional FDD methods can be classified into three categories:
quantitative model based methods, qualitative model based methods, and process history
based methods. Furthermore, there have been several published methods regarding
mechanical or electrical faults mitigation in electrical machines [5], [9], [13]-[19].

In [1], a novel scheme for PMSMSs health monitoring and fault diagnosis has been proposed.
The faults in this study include static and dynamic eccentricity, interturn short circuit, phase-
to-ground short circuit, and partial and uniform demagnetization. In [2], the authors proposed
an alternative technique using an inverter embedded for automated detection and
classification of demagnetization and eccentricity for PMSMs. According to the results, the
proposed technique has such advantages as high sensitivity, high reliability and low cost. A
fault model of an inverter-fed PM synchronous motor is derived using the line voltage, which
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can be effectively used to evaluate the performance of a fault detection algorithm [3]. In [4],
this paper studies interturn short circuit fault detection in PMSMs using an open-loop physics-
based back electromotive force estimator. Fault detection system leads to discriminative
interturn fault signatures in a fraction of a second for a wide speed range. A study of the
effects of different stator winding configurations in both of the stator currents and the zero-
sequence voltage component (ZSVC) spectra of healthy and faulty PMSMs has been
proposed [5]. In [6], the authors develop an interturn short fault model of PMSM, employing
series and parallel winding connections based on deformed flux modeling of the linkage
between the same phase windings. Uresty and others [7] proposed two detection methods: the
third harmonic of the stator currents and the first one of the zero-sequence voltage component.
Two reliable fault indicators for detecting stator winding interturn faults under nonstationary
speed conditions are presented. In [8], the authors developed an interturn short circuit fault
model for PMSMs, using a deformed flux model with respect to the variations in inductance
and back EMF term. In [9], by analyzing the stator current, a Hilbert-Huang transformation is
applied to detect the very early stage fault in interturn insulation in permanent magnet
synchronous wind generators (PMSWG). In [15], an analytical model of the PM motors when
operating under stator faults is developed. Saleh et al. [16] proposed implementing an
embedded digital protection for a PMSM drives, which are established through extracting the
high-frequency sub-band present in the d-g components of the currents. In [17], a review of
existing techniques available for online stator interturn fault detection and diagnosis in
electrical machines is presented. Two short circuit fault models of a hybrid excitation flux
switching PM motor are presented. Based on this model, two cases of short circuits have been
studied. The first is the excitation phase short circuit; and the second is the interturn short
circuit in excitation winding [20]. Aubert and others [21] proposed a fault indicator for
interturn short circuit detection in PMSGs, which allows localizing the faulty phase and is
sensitive to resistive interturn short circuits. In [22], the authors proposed an analytical model
to evaluate the interturn short circuit fault of a PMSM by computing self and mutual
inductances. The model was verified with finite element method (FEM). In [23], the paper
introduces an enhanced least-squares (LS) estimation algorithm that incorporates a function
for correcting the estimation bias, which is a forgetting factor for capturing sudden faults, and
a recursive structure for efficient real-time implementation on a PM stator windings. In [24],
the authors proposed a simple and effective torque-ripple minimization method for the torque
predictive control (TPC) of PMSMs.

This paper is organized as follows: section Il gives modeling details of a three-phase PMSM
suffering from two phases winding turn faults. Section Il describes the space vector pulse
width modulation (SVPWM) technique. The principle of field-oriented control (FOC) of a
PMSM is presented in section V. The results of experimental tests of two phases winding
faults are presented in section V. Finally, section VI gives concluding remarks.

11. MODELLING OF TWO-PHASES WINDING TURN FAULTS

A short-circuit in the stator effectively introduces extra winding in the motor’s winding
structure. A three-phase star-connected stator winding with two short-circuits on the stator
phase a and b is shown in Fig. 1. The phases a and b windings are described with two
subwindings a1, a; and by, b, in series respectively. Subwindings a, and b, are shorted via the
resistors Rar and Rpr to model the short circuit fault.
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Fig. 1. Equivalent circuit of PMSM with an interturn fault in phase a and b

The voltage equation is written as follows:
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The inductance and resistance matrices are given as in (2) and (3):
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where Rapcare the stator phase resistances; Raz and Rgr are the resistance of subwinding a;and
the contact resistance due to the turn-to-turn short, respectively. Ry2 and Ryr are the resistance
of subwinding bz and the contact resistance due to the turn-to-turn short, respectively. Labcare
the phase stator inductances. L. denotes the stator inductance of the faulty subwinding a. Ly,
denotes the stator inductance of the faulty subwinding b2. Mata2, Mazb1, Mazbz and Mayc are
mutual inductances between a, and ai, b1, b2 and c. va, Vb, and v are stator voltages of phase a,
b and c, respectively. ia, ib, ic are stator currents of healthy phases a, b and c, respectively. ia
and ipr are stator currents of faulty phases a and b. e, e,, and ec are back-EMF of healthy

phases a, b and c, respectively. ea; and ey are the back-EMF of the faulty phases a and b.
The faulty resistances Raz and Ry, of subwindings a, and b are respectively given as:

{RaZ = MaRa
Ry, =W,R,

(4)

The faulty inductance L. of subwinding a, and mutual inductances between healthy

subwindings ai, b1, winding c, faulty subwinding b, and faulty subwinding a, are given as:
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L =/la2|-a
M aar = #a (1= 11,) L,
M azps = 4o 1= 1, )M (5)
M aze = 4,M
Mazp = tattyM

The faulty inductance Ly, of subwinding b, and mutual inductances between healthy
subwindings a1, b1, winding c, faulty subwinding a, and faulty subwinding b are given as:

Ly, = ﬂbzl-b
Myapr = 4y 1= 1) L
Myap =ty 1= g1 )M (6)
My = 14,M
Motar = Q= ) A= 12, )M

Where u, and un denote the fractions of shorted turns of subwindings a; and b,. M is the
mutual inductance between phase windings of healthy PMSM.
The electromagnetic torque can be expressed in abc-variables as:

T= €ala T €1y €1 —€.olar —Cpolye (7)
Q

where Q is the mechanical angular speed.
The mechanical equation is given as follows:

LI I T ®)
dt
where T is the load torque; J and f are moments of inertia and viscous friction coefficient,

respectively.

1. SPACE VECTOR PULSE WIDTH MODULATION (SVPWM)

The SVPWM is a more sophisticated technique for generating a fundamental sine wave that
provides a higher voltage to PMSM [25], [26]. It refers to a special way to determine a
switching sequence of three-phase voltage inverters; and it uses basic space vectors to
generate output voltages to the motor. With a three-phase voltage source inverter (VSI) (Fig.
2), there are eight possible switching states. The two states, from which no power gets
transferred from source to load, are termed as null vectors or zeros states noted by Vo(000)
and V7 (111). The other six states called active states are denoted by V1(100), V»(110), V3(010),
V4(011), V5(001) and Ve(101).

As shown in Fig. 2, the active states can be represented by space vectors. They divide the
space vector plane into six equal sectors. The angle between any two adjacent non-zero
vectors is 60 degrees. The two zero vectors are at the original point. The reference voltage V;
can be expressed as a combination of two adjacent vectors. For example, V. in sector | is
expressed as:



© 2017 Jordan Journal of Electrical Engineering. All rights reserved - Volume 3, Number 4 212

T T
V, =V, +-2, ©)
TS TS
V1 and V; are two adjacent voltage space vectors; and T1 and T, refer to switching on time
periods of these voltage vectors. Tsis the sampling period.

The on-durations of the switching state vectors Vi and Va, can be calculated as:

T, =3, Vr'siner
Vdc (10)

Tzzﬁrsb’ﬂsin(g—er)

C

where Vq is DC-link; 6 is the angle of V..
The on-duration of zero vectorTocan be calculated as:

To=T,-T,-T, (11)

From Fig. 3, it is obvious that the sector number is determined by the angle of the reference

vector.
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Fig. 2. Three phase voltage type inverter
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Fig. 3. Voltage vector diagram of SVPWM-VSI

To generate the SVPWM waveforms, the three-phase operation times of PWM are
determined in sector I11:
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T, :%[TS —(T,+T,)]

a

T, =T +% (12)

T, =T,+T, +%

In all of the six sectors, the three-phase operation time is given in Table 1.

TABLE 1
SECTOR NUMBER VERSUS THREE-PHASE OPERATION TIMES
N I 1 11 v \Y Vi
Tcoml Tb Ta Ta Te Te To
Tcom2 Ta Te To To Ta Te
Tcom3 Te Tb Te Ta To Ta

By comparing the three-phase operation times with the triangular carrier waveform, SVPWM
waveforms are generated. With SVPWM control signals, the inverter is switched on or off;
and the desired voltage output is produced.

V. FIELD ORIENTED CONTROL (FOC) oF PMSM

The goal of the FOC is to perform real-time control of torque variations demand, control the
rotor mechanical speed and regulate phase currents in order to avoid current spikes during
transient phases [27]. Fig.4 shows the block diagram of the field-oriented control system. The
electromagnetic torque T. can be controlled by the regulation of currents iq and iq in a closed

loop.
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Fig. 4. Block diagram of the proposed control system

]

The direct current ig corresponds to the component of a stator magnetic field along the axis of
the rotor magnetic field, while the quadrature-axis current iq corresponds to the orthogonal
component. The direct component of the stator current iqis used as a control quantity for the
rotor flux. Maintaining a constant rotor flux obtains a motor torque that is proportional to the
quadrature component ig.

The direct reference current iq” is set to zero, so as to nullify the reluctance torque of the
PMSM. An outer speed loop controlling the inner current loop exists on the quadrature axis.
In this inner loop, the actual iq and iq currents are compared with their references to find the
desired voltages Vy* and Vg, which are then transformed into three-phase desired voltage
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values Va", V", and V" by Park transformation. Once the desired three-phase voltages are
obtained, the gating signal generator computes the gating signals for a three-phase voltage
source inverter (VSI). The PMSM is fed by the VSI using SVPWM technique.

V. EXPERIMENTAL RESULTS

A complete drive system has been built; and an experimental study has been carried out to
verify the theoretical analysis. The experimental setup consists of a three-phase IPM
synchronous motor with three pairs of poles, 1kW, supplied by a dc bus via a voltage source
inverter. Table 2 summarizes the specifications of the proposed motor as shown in Fig. 5. The
IPMSM under test was loaded by a mechanical torque. Currents of the motor have been
sampled by a data acquisition system. The rotor position and speed are measured by an
encoder having a resolution of 1024 pulses per mechanical turn. The motor is controlled using
the dSPACE DS 1103 real-time platform. The stator windings were modified by the addition
of six connections to the stator coils for two-phases a and b as shown in Fig. 6.

This configuration allows the analysis of short circuit faults among at least 5% and at most 27%
of short circuited turns of phase a and respectively 7% and 25% of phase b. Nine
experimental tests were performed on the healthy and shorted stator motor by varying the
level of the short circuited turns between phase a and phase b.

Fig. 5. Experimental setup

%1=05%
%2=15%
X3=27%
X4=07%
xs=10% .
X5=25% !

Fig. 6. Stator winding configuration of the PMSM under test
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TABLE 2

SPECIFICATION OF THE PROPOSED THREE PHASE PMSM
Rated torque (Tn) 3.2N.m
Rated current (In) 9A
FEM induced phase (Ke) 33 /1000 tr/min
Maximum current (Imax) 33A
Rated speed (Nn) 3000 tr/min
Maximum speed (Nmax) 6000 tr/min
Inertia (J) 1.8 Kg.cm?
Stator resistance per phase (R) 0.8Q
Stator Inductance per phase (L) 3.2mH
Weight (M) 5.6 Kg

A. PMSM Performances in both Healthy and Faulty Conditions
The specifications of experiments are shown in Table 3, where SCT means the short circuited
turns; ts is the time of short circuit occurring; wiis the initial speed in healthy case; and ws is
the speed at the final acquisition time t=2.5s.
From Fig. 7a, we can observe that when a fault occurs on two of the three phases, an
important arising of the current appears particularly in the corresponding phases. For example,
the peak value of the ig current equals 1.88A in healthy conditions. However, this value
increases to 3.305A in faulty conditions. Furthermore, we can notice an unbalanced change in
the current waveforms, and a continued operation of the faulty phases.
Fig. 7b shows the off currents waveforms of the two faulty phases with 7% of short circuited
turns of phase b and 15% of short circuited turns of phase a. The state fault is expressed by an
unbalance of the aff currents. As mentioned previously, an interturn short circuit principally
affects the stator current of the faulty phases in a peak value as shown in Fig. 7b, where the
peak value of ig current increases from 1.88A in healthy conditions to 4.14A in faulty
conditions. Thus, despite the two short circuit faulty phases, the motor continues to operate.
The evolution of afy components of the stator currents under normal and faulty conditions (7%
of short circuited turns of phase b and 27% of short circuited turns of phase a) is shown in Fig.
7c¢. The unbalance is apparent; and changes in peak of the two currents are noticeable. Here,
the peak value of ig current in faulty conditions is 3.21 times larger than the healthy conditions
case (1.88A). Based on the figure at t=2.25s, we remark a strong increase of ig current with no
continued operation of the faulty phases. The rotor speed for the three fault tests (x14, x24
and x34) is displayed in Fig. 8. As shown in Table 3, the speed decreases with 187 rpm in the
cases of x14, 210 rpm and x24, and 330 rpm in the case of x34, after the fault is introduced at
t=0.8s, t=1.4s and t=1.52s, respectively. Extra harmonics caused by the fault are clearly
observed in the speed curves. These phenomena actually represent typical symptoms for the
PMSM operating under such asymmetrical state faults. Fig. 9a and Fig. 9b show the evolution
of the aff components of the stator currents, where 10% of turns of phase b are short circuited
with 5% and 15% of turns of phase a, respectively.

TABLE 3
SPECIFICATION OF EXPERIMENT TESTS

Test | Type | SCT(a), % | SCT(b), % tsn, S | @i, rpm | s, rpm
1 x14 5 7 0.80 690 503
2 x24 15 7 1.40 690 480
3 X34 27 7 1.52 690 360
4 x15 5 10 1.40 690 500
5 x25 15 10 1.49 690 480
6 x35 27 10 1.35 690 210
7 x16 5 25 1.35 690 200
8 x26 15 25 0.98 690 170
9 x36 27 25 1.35 680 208
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Fig. 7. Experimental current waveforms: a) 5% of SCT phase a and 7% of SCT phase b, b) 15% of SCT phase a
and 7% of SCT phase b, ¢) 27% of SCT phase a and 7% of SCT phase b
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Fig. 8. Speed before and after phase-to-phase short circuit
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Fig. 9. Experimental current waveforms: a) 5% of SCT phase a and 10% of SCT phase b, b) 15% of SCT phase a
and 10% of SCT phase b, ¢) 27% of SCT phase a and 10% of SCT phase b
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Fig. 10. Speed before and after phase-to-phase short circuit

After the fault occurrence, the peak value of ig current increases from 1.88A to 3.431 A in the
case of Fig. 9a and 3.812A in the case of Fig. 9b. The currents from both figures (Fig. 9a and
b) have unbalanced changes in the current rms values. In the event of short circuit winding
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fault between two phases, where 10% of turns of phase b are short circuited with 27% of turns
of phase a, one can observe a significant peak value of i, currents. The motor cannot
continue to operate in these conditions (Fig. 9c). Furthermore, Fig. 10 shows the rotor speed
variation in the three fault tests (x15, x25 and x35). Comparing this measured profile based on
Table 3, we find that the rotor speed decreases with 190 rpm in the case of x15 test, 210 rpm
in the case of x25 test and finally 480 rpm in the case of x35 test. The PM motor cannot
follow the control.

In Fig. 11, where 25% of turns of phase b are short circuited with 5% , 15% and 27% of turns
of phase a respectively, it can be observed that when the fault occurs the aff components of
the stator currents become more and more unbalanced and not sinusoidal and then the motor
cannot continue to operate. As a result of the fault, the ripple on the speed increases while the
overall torque produced by the machine decreases. Similarly, as shown in Fig. 12, the rotor
speed decreases with 490 rpm in the case of x16 test, 520 rpm in the case of x26, and finally
472 in the case of x36.
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Fig. 11. Experimental current waveforms: a) 5% of SCT phase a and 25% of SCT phase b, b) 15% of SCT phase a
and 25% of SCT phase b, ¢) 27% of SCT phase a and 25% of SCT phase b
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B. Fault Severity Index (FSI)

Signal processing plays a crucial role in computing an index directly related to the fault
severity or to stating its occurrence. Incipient turn-to-turn fault of stator winding has been
considered the most challenging fault [2], [4], [9] and [21]. Furthermore, turn faults are very
difficult to detect at their initial stage. In order to carry out both an online or offline fault
diagnosis scheme, it is highly desirable to use an easy-to-calculate fault severity index with a
low computational burden. An index fault based on speed ripples in healthy and faulty
conditions allows quantifying the severity of a turn-to-turn fault of stator winding; and it
warns the user to implant proper method control (Fig. 13).
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Fig. 13. Rotor Speed: a) healthy conditions, b) faulty conditions

The fault severity index (FSI) can now be defined as:

Fsl =1— Al (13)
At

o-F
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with
(14)

A,y =ty —t
At g =t ¢ -t ¢

where At, . and At, - are the time of alternating speed signal in healthy and faulty
conditions, respectively. ti.4 and tr.4, are the initial and final times in healthy conditions; and ti.
r and te.r, are the initial and final times in faulty conditions.

Table 4 shows the fault severity index in different experimental tests for two faulty phases.
For example, in the case of x14 fault (5% of short circuited turns of phase a with 7% of short

circuited turns of phase b) we observe an increase of At from 0.045s to 0.06s which gives a

considerable value of fault severity index (FSI=0.2467). If the number of short circuited turns
of the two faulty phases increases (case of x15 and x16), the faulty severity index increases
significantly as it can be seen in rows two and three of Table4. Even in case of x24, x25 and
x26, the value of FSI significantly increases as the number of short-circuited turns is
increased. Finally, in the last set of tests (x34, x35 and x36), the FSI increases significantly
and the fault becomes more severe than in the previous experiments.

TABLE4
EXTRACTED PARAMETERS USED TO CALCULATE FAULT SEVERITY INDEX

type | tin,s | ttH,S | tirS | trS | AtwnS | Ale F, S FSI

x14 | 0.0876 | 0.1328 | 1.696 | 1.756 | 0.0452 | 0.0600 | 0.2467
x15 | 0.0961 | 0.1425 | 1.812 | 1.887 | 0.0464 | 0.0750 | 0.3813
x16 | 0.0880 | 0.1317 | 1.301 | 1.467 | 0.0437 | 0.1660 | 0.7367
x24 | 0.0586 | 0.1043 | 1.529 | 1.613 | 0.0457 | 0.0840 | 0.4560
x25 | 0.0762 | 0.1190 | 1.658 | 1.750 | 0.0428 | 0.0920 | 0.5348
x26 | 0.0592 | 0.1042 | 1.115 | 1.254 | 0.0450 | 0.1390 | 0.6763
x34 | 0.0669 | 0.1120 | 1.715 | 1.850 | 0.0451 | 0.1350 | 0.6659
x35 | 0.0725 | 0.1189 | 1.400 | 1.596 | 0.0464 | 0.1960 | 0.7633

x36 | 0.0646 | 0.1057 | 1.658 | 1.905 | 0.4110 | 0.2470 | 0.8336

VI. CONCLUSION

This paper analyzed the consequences of the short circuit faults between two phases in
permanent magnet synchronous motors; and it presented a simple method based on speed
ripples to detect incipient turn-to-turn short circuit faults in two stator phases. As can be
concluded by the analysis of the experimental results, the increase in the number of shorted
turns in two faulty phases produces an increase in both the speed ripples frequency and the
fault severity index. Thus, it is important to mention that in the fault detection method
presented above, there is no need to know the details of the machine parameters. Also, this
technique is able to rapidly detect incipient faults from about 5% of the winding in short
circuits. It appears to be well adapted for PM synchronous motors health monitoring and
interturn fault diagnosis.
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