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Abstract—Fast online detection of inter-turn short-circuit
faults for permanent magnet synchronous machines (PMSMs)
is a challenging task. Previous attempts based on phase currents
or back EMF monitoring lack the capability to accurately locate
the inter-turn short-circuit faults in stator windings. This paper
proposed a new approach to online inter-turn short-circuit fault
detection for PMSMs by means of sensing the external stray
magnetic field outside the motor stator yoke. The stray magnetic
field provides the information about the phase currents as well
as the status of stator windings and thus, the location of inter-
turn short-circuit fault can be detected accordingly. In this
paper, the inter-turn short-circuit model and the stray magnetic
flux model for PMSMs were theoretically analyzed. Both FEM
simulations and experiments have been presented to validate the
effectiveness of the proposed approach. A sensor array composed
of 24 sensitive tunneling magnetoresistive (TMR) sensor units
was employed to measure the stray magnetic field distribution
outside the PMSM stator yoke. The experimental results show
that both the location and severity of the inter-turn short-circuit
fault in PMSMs were effectively detected using the proposed
approach.

Index Terms— Inter-turn short-circuit faults, online fault detec-
tion, permanent magnet synchronous machine (PMSM), stray
magnetic field, tunneling magnetoresistive (TMR) sensors.

I. INTRODUCTION
UE to the advantages such as high efficiency, high
power density, and high power-to-volume ratio, perma-
nent magnet synchronous machines (PMSMs) have attracted
considerable interest in many industrial applications [1]-[3].
Unexpected faults or failures of PMSMs could lead to costly
repair or replacement, or even a catastrophic system failure
in several mission-critical applications. Therefore, the reliable
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and valid health monitoring and early fault-diagnostic are
highly desired to ensure the high performance of PMSMs over
long periods of time. From a number of literature [4]-[8],
it is deduced that stator winding short-circuit faults due to coil
insulation degradation resulting from thermal stress comprise
a large proportion of electrical faults. Studies show that 80%
of electrical failures result from the inter-turn short-circuit
fault [9]. More seriously, an inter-turn short-circuit fault inside
stator windings can easily expand into nearby coils, which
gradually aggravate the severity of short-circuit faults [10].
However, by far the online inter-turn winding short-circuit
fault diagnosis for PMSMs is still a challenging task.

By reviewing the past work, it is apparent that the
existing frequently-used approach to detect the short-circuit
faults is based on motor current signature analysis
(MCSA) [8], [11]-[16]. The frequency analysis of stator
currents by means of short-time FFT [11] or wavelet trans-
form [15] can be easily implemented for fault detection.
However, fault signatures in the stator current spectrum highly
depend on the winding configuration, winding type, fault
location, load conditions, etc. As an inter-turn short-circuit
fault results into the imbalance in the three-phase impedance,
and thus an unbalanced operating condition, negative sequence
components [17], [18], impedance changes [19], and control
voltages [20] can be measured to detect the inter-turn short-
circuit faults. However, these fault detection methods highly
rely on the predefined fault threshold level which requires
vast pre-calibration data. Moreover, all the above-mentioned
approaches cannot locate the inter-turn short-circuit faults in
stator windings.

Several studies have addressed the leakage flux usage for
condition monitoring in asynchronous machines [21]-[24].
The stray flux of a PMSM that radiates out of the machine
can provide the stator information inside the motor. It is
claimed that stray magnetic flux is more efficient than sta-
tor current for detecting faults, particularly in the no-load
operating condition. More importantly, the stray magnetic
signature can provide information concerning the location of
the fault [25]. However, the majority of stray field sensing for
motors in the previous work is based on the external search
coil [21], [24]-[26], use of which has major drawbacks includ-
ing bulky size, complex installation, etc. For example, one
way to implement search coils is to make them wound around
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Fig. 1. PMSM model with inter-turn short-circuit fault in phase a.
the stator teeth of electric machines during the manufacturing
process [25].

This paper proposes an approach to inter-turn short-circuit
faults detection through stray magnetic field sensing by means
of compact-in-size tunneling magnetoresistive (TMR) sensors.
Comparing to the search coils, TMR sensors are the more
promising candidates for stray magnetic field sensing in
PMSMs [27]-[30]. The compactness of TMR sensors allows
easier installation and replacement outside the motor stator
yoke when the PMSM is still operating. TMR sensors provide
much higher sensitivity with wide frequency bandwidth (i.e.,
up to a few MHz). Moreover, TMR sensors also provide
direction-sensitive outputs so that both the radial and tangential
components can be obtained using one sensor unit. By ana-
lyzing the stray magnetic fields, the operating condition of
the stator windings can be estimated effectively. The location
of the inter-turn short-circuit fault can be accurately detected
by the implementation of 24 TMR sensor units. This new
approach to online inter-turn short-circuit fault diagnostic
through stray magnetic field sensing can achieve the intelligent
and reliable health monitoring of stator winding for PMSMs.

This paper is organized as follows. The PMSM model with
the inter-turn short-circuit fault and the operating principle
of short-circuit detection are presented in Section II and
Section III, respectively. The simulation analysis using finite
element analysis was performed in Section IV to predict the
stray magnetic fields of the faulty motor. Section V demon-
strates the experimental validation of the proposed approach
using a PMSM testbed under various operating conditions.
Section VI finally addresses the conclusion of this work.

II. PMSM MODEL WITH INTER-TURN SHORT-CIRCUIT

A PMSM model with the inter-turn short-circuit fault in sta-
tor winding concerning the dynamic and steady-state equations
is presented in this section. Fig. 1 depicts the general PMSM
model with the inter-turn short-circuit fault in phase a. Phase a
is divided into the healthy part (a;) and the faulty part (a2)
due to the inter-turn short-circuit fault. As shown in Fig. 2,
the winding-coil insulation gradually deteriorates due to the
high voltage and thermal pressure and then an inter-turn short-
circuit fault inside the stator slot occurs. The shorted coils do
not provide a zero resistance path. Instead, the short-circuit
fault spot is generally modeled by a fault resistor R with the
short-circuit fault current i ¢ [31].

More specifically, an inter-turn short-circuit fault model
for PMSMs with parallel-connected winding configuration is
illustrated in Fig. 3. Here, a1, a2, a3z, by, ba, b3, c1, c2, and ¢3
are the stator windings of each phase; u,, up, and u. denote
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Parallel-connected winding with inter-turn short-circuit fault in

the voltages of three-phase windings; i,, ip, and i. denote the
phase currents; ip1, ip2, and igy denote the current of the
remanant healthy winding (a1), other windings (a2 and a3)
and the fault resistor (Ry), respectively. Without the short-
circuit fault, i,1, ip2, and igy are i,/3, 2i,/3, and zero,
respectively. When a short-circuit fault occurs, the impedance
in the winding a; decreases, then i,; and i, change in
both the magnitude and phase, and a non-zero igy is induced
consequently.

For an inverter-fed PMSM, the phase currents can be simply
expressed as

iq = —Iysin@ + Iy cos0 (D
ip = —lIgsin(@ — 2z /3) + Iz cos( — 2z /3) 2)
ie=—1I, sin(6+27r/3)+ Iy cos(9+27r/3) 3)

where I; and 1, denote the d-g axis currents in a synchronous
rotating reference frame, respectively.

According to the previous literatures [ 10], [32], the magnetic
flux linkage of the a-phase winding with the inter-turn short
—circuit fault is expressed as

Aath ipl _me/2
Aa2 = Aa3 | = Lsm ip2 + —Lm /2
Aalf Lf (x—l)Lm/Z

X L(ip +ic) (4

where Aq2, Aa2, Aqain, and Aq1y denote the flux linkage of
winding a;, winding a3, the healthy and faulty parts of
winding ay, respectively, Lgy, is a coefficient matrix of winding
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coupling factors, x denotes the healthy turn ratio of winding a;
(x =1 — Ng,/Ny), and L, denotes the phase self-inductance.

Using the Eq. (4), the overall voltage dynamic equation of
a parallel-connected PMSM with the inter-turn short-circuit
fault is obtained as

Ug ipl ipl
Ug ip2 d ip2
up | =R, | ip | +Lp—| ip
Uc ic di ic
0 if if

—x sin6

—sinf

+wkg | —sin(@ — 27 /3) 3)

—sin(@ + 271'/3)
(x —1)siné

where Rp and L, denote the coefficient matrixes of wind-
ing resistance and winding inductance coefficients (including
self-inductances and mutual inductances among windings),
respectively; @ and kg denote the angular velocity and the
back EMF constant, respectively.

Moreover, the steady-state equations for a PMSM with
parallel-connected winding are also developed using the
Laplace transform, with i, and i ; expressed as

ip1 = a1sinf + as cosd (6)
if = p1sin€ + prcosd (7

where a1, a2, f1, and f> denote the coefficients of the sine
and cosine function.

Substituting Eq. (6) and Eq. (7) into Eq. (5), the phase
voltage equation can be given as

Ug ip2 —sinf
up | =Ry | ip | +wkg | —sin@ — 27 /3)
Ue i (x —1)sind
ipl
a|ir
+L,— | i 8
P dt l.b (8)
Le
if

Here, Rp: and L, are the submatrix of Rp and L, respec-
tively.

By multiplying the rotor flux linkage terms with the winding
current, the torque equation can be given by

T:;glqu—g(l—x)kgsinﬁ(if—ipl) 9)

From the above equations, the inter-turn short-circuit in a
PMSM can be theoretically analyzed using the dynamic model
and then the short-circuit fault can be detected accordingly.
However, the location of the short-circuit fault cannot be
detected by the phase currents and phase voltage values.
A new approach to inter-turn short-circuit fault detection and
localization through stray magnetic field sensing is proposed

in this work and will be introduced in the following Section.
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Fig. 4. An 8-pole SPMSM topology and the possible flux paths.

III. PRINCIPLE OF SHORT-CIRCUIT DETECTION THROUGH
STRAY MAGNETIC FIELD SENSING

In this Section, the magnetic equivalent circuit (MEC)
method is employed to analyze the behavior of the stray
magnetic field and its relationship to the inter-turn short-circuit
fault in a surface-mounted permanent magnet synchronous
motor (SPMSM). Fig. 4 depicts the cross-section of the
simplified SPMSM topology and the possible flux paths. The
stray leakage flux (®y;) originates from the stator current
and radiates outside the stator yoke, thus it can provide
the information about the stator currents as well as winding
healthy conditions. When a short-circuit fault occurs inside
the stator winding as shown in Fig. 4, the stray leakage flux
behind the stator slot suffers from the changes in magnitude,
which can be detected by using a sensitive TMR sensor.

More explicitly, the MEC model for the PMSM can be
illustrated as Fig. 4. Here, F denotes the MMF source due to
the stator windings in one slot, ®,, denotes the flux source of
the permanent magnet, Ry, R, Ry, Ry, R;, R; and represent
the reluctance corresponding to stray leakage, rotor core, air-
gap, stator core, stator teeth, magnet-to-magnet leakage and
magnet-to-rotor leakage, respectively. The expressions of the
above-mentioned reluctances have been given in [29], [33]. For
simplification, the generalized MEC model shown in Fig. 5(a)
can be simplified as Fig. 5(b). @ originates from the stator
windings and its leakage path consists of part of the stator
tooth, the stator slot and the air-gap, thus it depends on both the
MMF source and the permanent magnet flux. Assuming that
the air-gap flux (@) per pole is known and remains constant,
the stray magnetic flux is only dependent on the MMF source.
Thus, @g; changes with the MMF sources due to the inter-turn
short-circuit fault occurrence.

In order to detect and locate the inter-turn short-circuit
faults inside the stator windings, the stray magnetic-flux-
density (By;) distribution can be measured by N TMR sensors,
which are uniformly distributed outside the PMSM stator yoke.
Define the magnetic flux density ratio &, as:

kn = BMafp, (10)

where By , and By, denote the stray magnetic flux densities
(in RMS value) of the healthy PMSM and the test PMSM
possibly with inter-turn short-circuit fault, respectively, and n
denotes the serial number of N sensors, which corresponds
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Short-circuit fault

Fig. 5. (a) Generalized MEC model for SPMSM and (b) its simplified model.

TABLE I
SPECIFICATIONS OF SPMSM MODEL

Parameters Value Unit
Pole/slot 8/36 --
Rated phase current 8.1 A
Rated speed 1500 rpm
Rotor inertia 4.7x10° kg-m?
Back EMF constant 170 V/1000rpm
Winding coil resistance 0.65 Q
Winding coil inductance 5.86 mH
Number of turns per coil 65 --

to the location of each sensor. When all of the measured k,
are equal to 1, the stator windings operate under the normal
operation condition; otherwise, the windings suffer from the
faulty operation with short-circuit faults. Therefore, by finding
the abnormal pattern of the measured ratio k,, the inter-turn
short-circuit faults can be detected and located.

1V. FEM ANALYSIS

To validate the analytical stray magnetic field model for
the inter-turn short-circuit fault detection, an SPMSM model
with 8-pole/36-slot was chosen as the test motor in the
simulation, as shown in Fig. 6. In order to accurately obtain
the stray magnetic field distribution, totally 24 magnetic-field-
sensing points (i.e., S1~S24) were set in the simulation, which
corresponded to 24 TMR sensor units uniformly distributed
outside the stator yoke for sensing both radial and tangential
components of stray magnetic field. The specifications of the
test motor are shown in Table I. The FEM model of the
test motor was simulated by the commercial software JIMAG
Designer 14.
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Fig. 6. SPMSM model in simulations: (a) Cross-section view. (b) 3D view.

The test motor with parallel-connected distributed windings
was fed by the three-phase voltage source in the simulation,
as shown in Fig. 7. Two winding short-circuit faults at different
locations were alternatively set by controlling the switches S}
and S>. When the switch 7 is turned on, the winding ap is
shorted by a fault resistor Ry. Similarly, when the switch §;
is turned on, the winding a7 is shorted by the fault resistor
Ry. The winding a; and a7 are located at two different places
with a 180-degree difference, as illustrated in Fig. 6(a). The
resistance of the fault resistor Ry in the simulation is 0.02 Q.

Fig. 8 shows the simulated flux vector distribution of the test
motor which rotated at 1500 rpm. It can be observed that the
stray magnetic flux @y, originated from the windings in stator
slots and leaks outside the stator yoke. Hence, the changes
in the phase currents and winding healthy conditions led to
the change of ®. Fig. 9 shows the simulation results of
winding currents (i.e., iz, i42 and i,3), fault resistor current
(iry), radial components (B,4q) and tangential components
(Byan) of stray magnetic field at the four sensing points (i.e.,
S1, S7, S13 and S19). Since the windings a;, a> and a3
are series-connected in the same branch, i,;, i,> and ig3
are initially the same. A large igy with sine waveform was
rapidly induced with the same frequency of 10 Hz as the
winding currents when the winding a; was shorted by the fault
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Fig. 8. Flux vector distribution showing the existence of stray magnetic flux
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resistor R . Meanwhile, i,; rapidly dropped with the winding
aj shorted; whereas i,> and i,3 increased and also remained
same. On the other hand, the four sensing positions S1, S7,
S13 and S19 are 90-degree different so that B,,4 and By, at
these four positions are of the same phase, respectively. It can
be easily found that B,,4 and B;4; also changed corresponding
to the occurrence of short-circuit fault. Thus, it is feasible to
detect the inter-turn short-circuit fault in stator windings by
sensing the stray magnetic field.

V. EXPERIMENTAL VERIFICATION
A. Testing Platform and TMR Sensing Technology

To experimentally verify the effectiveness of the proposed
short-circuit fault detection approach, a 3.3-kW 8-pole/36-slot
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SPMSM was installed on the testing platform as the test motor
(see Fig. 10(a)). Its main specifications and parameters are
given in Table I. The SPMSM was fed through space vector
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Fig. 11.
currents (iq, ip and ic), (d) fault resistor current igy, (e) radial outputs, and (f)

control using an adjustable-speed motor drive. The motor was
also coupled with a high-speed flywheel and a generator to
adjust the load level in experiments. During the experiments,
the phase currents (i.e., iy, ip and i.) of test motor as well
as the fault resistor current (igy) were monitored by four AC
current probes (Tektronix TCPA300).

The three-phase parallel-connected winding configuration of
the test motor is illustrated in Fig. 6 and Fig. 7. In order
to simulate the inter-turn short-circuit faults in test motor,
the winding a; and a7 were alternatively shorted by the fault
resistor Ry in experiments by controlling the switches S; and
S>, same as in simulation. Three electrical taps were extracted
outside the motor cover to connect the switches and as fault
resistors for producing the short-circuit faults (see Fig. 10(a)
and Fig. 10(b)). The aluminum housed resistors (from Arcol
HS series [34]) with maximum tolerance of £10% were
chosen as the fault resistors in the experiments. The resistance
values of the fault resistors were also measured by a Keithley

Measured results under transient test with the winding a; shorted by a fault resistor of 0.022 Q: (a) rotation speed w, (b) load torque 77, (c) phase

tangential outputs.

2450 SourceMeter before the experiments. By directly using
or series-connecting the fixed-value resistors, the resistances
of the fault resistors in the experiments were in the range from
0.022 to 1.003 Q.

The motor cover was drilled in order to mount 24 TMR
sensor units close to the stator yoke surface for measuring the
stray magnetic field, as shown in Fig. 10(b). The size of holes
(i.e., 10 x 20 mm) can be possibly further reduced due to the
compact size of TMR sensors (i.e., 3 x 3 x 1.45 mm SOT
package). The distance between the TMR sensors and stator
yoke surface is approximately 2 mm. It should be noted that
the installation of TMR sensors can be completed during the
fabrication stage of a new PMSM.

Two TMR sensors (i.e., TMR2001 [35] and TMR2503 [36]
from Multi-Dimension Technology) were mounted on a PCB
for constituting a sensor unit to measure the stray magnetic
field outside the motor stator. The detailed parameters of
two TMR sensors and the signal amplification gain are listed
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TABLE 11
SPECIFICATIONS OF TMR SENSORS IN EXPERIMENTS

Parameters TMR2001 TMR2503 Unit
Sensitive direction horizontal vertical --
Field sensitivity 80 10 mV/V/mT
Saturation field -25&4 =70 & 70 mT
Non-linearity 1.2 0.5 %FS
Hysteresis 0.04 <0.1 mT
Offset voltage -10~10 -20~20 mV/V
Operating temperature —40 ~ 125 —50 ~ 150 °C
Package SOT23-5 SOT23-5 -
Amplification gain 10 50 -
(a) 20 R=00220
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10} (R <) MR 05130%
0

~0.00 005 010 PXE 020 025 030
= 2.
Healthy =00220
Ay (R Ly R 05130 R
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_ L
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R =0.022Q

A A R
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HA A A A
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-30
0.00 0. 05 0. 10 0. 15 0. 20 0. 25 0.30

Time (s)

Fig. 12.  Measured Igy with short-circuit faults in winding a;: (a) @ = 150
rpm, without load, (b) @ = 150 rpm, 77, = 5 N-m, (¢) @ = 300 rpm, without
load, (d) @ =300 rpm, 77, =5 N-m.

in Table II. Each TMR sensor utilizes a push-pull Wheat-
stone bridge composed of four unique TMR elements. The
typical magnetic-field-sensitivities of TMR2001 sensor and
TMR2503 sensor are 80 mV/V/mT and 10 mV/V/mT, respec-
tively. Moreover, the sensitive direction of TMR2001 sen-
sor is horizontal to the sensor package, whereas that of
TMR2503 sensor is perpendicular to the surface of sensor
package. As the enlarged figure in Fig. 10(b) shows, the PCB
with two sensors is arranged in parallel to the surface of motor
stator yoke. Hence, the TMR2001 sensor and TMR2503 sensor
were used to measure the tangential (B;,,) and radial (Byqq)
components of the stray magnetic field, respectively. The volt-
age outputs of TMR sensors were amplified by the differential
instrumentation amplifiers (AD620) and then filtered by a
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Fig. 13.  Measured Igy versus Ry (a) winding a; Shorted and (b) winding
ay shorted.

low-passer filter in order to eliminate the noise interface from
the motor drive. The output signals were finally recorded by
the 16-bit Data Acquisition unit (National Instrument NI-6225)
with the sampling rate of 2 kS/s.

B. Experimental Results and Discussion

The transient test was performed to verify the proposed
inter-turn short-circuit detection approach. During the transient
test, the test motor with the constant rotation speed of 150 rpm
encountered a short-circuit fault in the winding a1, which was
shorted by a fault resistor Ry of 0.022 Q. The measured
results under transient test are shown in Fig. 11. The test
motor initially rotated at 150 rpm with load torque (77) of
approximately 5 N-m; the stator windings operated under
the normal condition, with the phase currents balanced at
approximately 2.69 Agys and the fault resistor current (igy)
equaled to zero; the TMR sensors generated the uniform
outputs with frequency of 10 Hz, which corresponded to
the radial and tangential components of the stray magnetic
field (see Fig. 11(e) and Fig. 11(f)). Here, only the outputs
of the four TMR units (i.e., S1, S7, S13 and S19) among
24 sensors are demonstrated in Fig. 11. When the switch §;
was turned on at r = 1.082 s, the winding a; is shorted by the
fault resistor and the winding turned to the faulty operation.
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Fig. 14. Measured results of k, with the winding a; shorted: (a) (e) @ = 150 rpm, without load, (b) (f) @ = 150 rpm, 77, =5 N-m, (¢) (g) @ = 300 rpm,
without load, and (d) (h) @ = 300 rpm, 77, =5 N-m.

While the test motor rotated at approximately 150 rpm,
the load torque suddenly dropped to around 3 N-m and
then increased gradually with large torque ripple. The phase

currents also gradually increased and a large fault resistor
current (igry) of 10.3 Agrys was induced with the same
frequency as the phase currents (i.e., 10 Hz). On the other
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Fig. 15. Measured results of k, with the winding a7 shorted: (a) (e) @ = 150 rpm, without load, (b) (f) @ = 150 rpm, 77, =5 N-m, (¢) (g) @ = 300 rpm,
without load, and (d) (h) @ = 300 rpm, 77, =5 N-m.

hand, the outputs of the sensor units such as S7, S13 and results; whilst the outputs of sensor unit S1 almost remained

S19 also suffered from the sudden changes corresponding unchanged. When the switch S; was turned off at t = 2.5 s,
to the short-circuit fault, which matched with the simulation the stator winding a; recovered to the normal condition,
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and igy and sensor outputs remained the same as the initial
condition. Thus, it was verified that the stray magnetic field
was sensitive to the phase current change due to the inter-turn
short-circuit fault. Hence, by sensing the stray magnetic field
with high-sensitive TMR sensors, the inter-turn short-circuit
fault can be rapidly detected.

By connecting different fault resistors (R ) to the windings
aj and ay, the fault resistor currents (igy) under short-circuit
faults with different severity were also investigated. The value
of igs in this work were used to represent the severity level of
short-circuit fault. Fig. 12 shows the measured results of igy
when the winding a; was shorted by different fault resistors,
which operated under conditions with different rotation speeds
(i.e., @ = 150 rpm and @ = 300 rpm) and load levels
(i.e., without load and with constant load 77 = 5 N-m). igy
did not occur for a healthy winding a;; whereas igry with
the quasi-sine wave was induced when the winding a; was
shorted. The frequency of igy was the same as the phase
currents, which corresponded to the rotation speed (w) of
the test PMSM. The relation of igy with Ry, w, and T
was illustrated in Fig. 13. As we can see, Fig. 13(a) and
Fig. 13(b) show the measured igy in RMS value when the
windings a; and a7 were shorted, respectively. Although the
windings a; and a7y were located at two places with the
180-degree difference, they possessed the same parameters
such as winding resistance, inductance and turn number, and
thus the values of igy with windings a; and a7 shorted by the
same fault resistors were nearly same. It can also be found
that smaller Ry, higher w, and higher 7, lead to higher iry
and thus higher severity of short-circuit faults.

The stray magnetic field distribution outside the stator yoke
was measured by the 24 TMR sensor units. In this work,
the radial components of the stray magnetic field were used
to locate the inter-turn short-circuit fault as they were more
sensitive to the short-circuit fault comparing to the tangential
components [29]. Fig. 14 and Fig. 15 demonstrate the mea-
sured magnetic flux density ratios k, (based on Eq. (10)) in the
radar charts with the windings a; and a7 shorted, respectively.
In this work, the angle resolution is 15 degree as 24 sensor
units were used to measure the stray field of 360-degree. It can
be seen that not all the measured values of k, were equal to
1 when the windings a; and a; were alternatively shorted by
the fault resistors with resistances from 0.022 to 1.003 Q.
The measured k, under four faulty conditions with shorted
windings a; and a7 exhibited the 180-degree difference but
the similar magnitudes under all four operating conditions
(see Fig. 14(a)-(d) and Fig. 15(a)-(d)). As the double layer
8-pole/36-plot winding configuration with a coil span of 4 slot
pitches was applied in the test SPMSM, the shorted winding
produced the abnormal stray field distribution among an angle
span. As illustrated in Fig. 7, there are three series-connected
in each branch so that the short-circuit of winding a; the
changes of currents through the winding a; as well as the
windings a; and a3. Similarly, the short-circuit of winding a7
the changes of currents through the winding a7 as well as the
windings ag and ag. Thus, the stray magnetic field distribution
changed corresponding to the currents changes in multiple
windings when the windings a; and a; were shorted. So there
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existed more than one peak in the magnetic flux density
ratio distribution due to the distributed winding configuration
of the test SPMSM, as demonstrated in Fig. 14(a)-(d) and
Fig. 15(a)-(d). Hence, A fault-localization algorithm was
developed in this work to process the measured values of
k, and to accurately locate the short-circuit faults in stator
windings. Its detailed description is shown in Algorithm 1.
According to the analysis of k, distribution, the short-circuit
fault location was recognized by finding an angle span con-
taining the peak (where k, > 1) between two adjacent valleys
(where k, < 1).

Using fault-localization algorithm, although under operating
conditions with different rotation speeds and load levels, the
short-circuit faults in the windings a; and a7 were accurately
localized, respectively. The short-circuit fault in shorted wind-
ing a; was localized between 225 and 255 degree; whilst the
fault in shorted winding a; was localized between 45 and
75 degree. The accuracy of fault-localization in the experi-
ments was limited by the number of TMR sensors outside
the motor yoke. It can be deduced that more sensors will
provide the stray magnetic field distribution with higher spatial
resolution and thus more accurate fault-localization results.

Moreover, the severity of short-circuit faults can also
be estimated by the measured values of k,. As shown
in Fig. 14(e)-(h) and Fig. 15(e)-(h), smaller Ry led to higher
severity of inter-turn short-circuit faults, and the measured
values of k, also increased with the severity. Hence, the fault
severity can be estimated from the measured values of &, at
the fault positions.

Algorithm 1 Short-Circuit Fault Localization

1) Acquire 2000 sampling points periodically from each
sensors for obtaining the values of By, (in RMS value);

2) Upload the pre-determined values of By ,;

3) Calculate the values of k;;:
ky = BM.n By, =12, .24

4) Update the normal values from the array of k,: let k,
becomes into one if 0.98 < k,, < 1.02;

5) Find the upper boundary of fault location:
if k, > 1, ky41 < 1 and k,—3 < 1, then let U equals to
n;

6) Find the lower boundary of fault location:
if k,—1 <1, k, > 1 and k,43 < 1, then let L equals to
n;

7) Compute the angle span containing the winding location
of short-circuit faults: 15L < Span < 15U.

As a final remark, it should be noted that the pro-
posed approach provides a promising solution to the online
inter-turn short-circuit fault detection for PMSMs. Comparing
to the MCSA-based detection techniques [11], [13], [14],
the proposed approach is capable of accurately localizing the
short-circuit faults in stator slots. The severity of short-circuit
faults can also be estimated according to the changing rate of
the stray magnetic field. Moreover, the sensitive TMR sensors
with compact size allow the easy installation and replacement
outside the motor stator yoke, surpassing the bulky search
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coils that suffer from the complicated and time-consuming
installation for magnetic field sensing [25], [26], [37]. This
proposed approach allows the online fault diagnostics, with the
PMSMs under test remaining operating. It is also worthwhile
to highlight that the detection method though stray magnetic
field sensing is applicable for various PMSMs with concen-
trated or distributed winding configurations.

VI. CONCLUSION

This paper presents an approach to inter-turn short-circuit
fault detection for PMSMs by sensing the stray magnetic field
outside the stator yoke. Both FEM simulation and experimen-
tal results have been presented to substantiate the successful
application of the proposed approach. TMR sensors have been
used for measuring the stray magnetic fields, which ensure
the easy installation, low cost and compactness. The short-
circuit fault localizations under diverse operation conditions
have been demonstrated in the experiments. Thus, this pro-
posed approach through stray field sensing provides a new
perspective on the online inter-turn short-circuit diagnostics
for electric machines.
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