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Abstract: Interturn short circuits are a common fault of permanent magnet synchronous motors
(PMSMs). This paper proposes a new method to detect the interturn short-circuit fault (ISCF) of
a five-phase PMSM. The method first takes the command voltage and measured current of each
phase winding as the original signal and then obtains the delay signal orthogonal to the original
signal via Hilbert transform. Then, the generalized instantaneous reactive power of each phase can
be calculated from the orthogonal voltage and current signals of each phase. Finally, the influence of
the ISCF on the generalized instantaneous reactive power of each phase is analyzed under different
working conditions. By comparing the difference in the generalized instantaneous reactive power
of each phase, it can be determined which phase winding has the ISCF. The proposed method is
verified by simulated and experimental results.

Keywords: fault detection; five-phase PMSM; generalized instantaneous reactive power;

Hilbert transform; interturn short-circuit fault (ISCF)

1. Introduction

The five-phase permanent magnet synchronous motor (PMSM) has been widely used
in fields with high reliability requirements due to its small size, high power density, simple
structure, and strong fault tolerance [1,2]. However, during long-term operation, a PMSM
is liable to experience various types of faults; an interturn short-circuit fault (ISCF) is one
of the most common types of faults. Failure in timely detection may lead to phase-to-phase
short circuits and permanent magnet demagnetization, eventually completely damaging
the motor. Therefore, interturn short-circuit fault (ISCF) detection is highly necessary [3-6].

At present, there are three major approaches for the detection of ISCFs in PMSMs.
The first approach is the signal-based method, which involves analyzing the selected sig-
nal and determining the characteristics of the ISCF [7-9]. This method mainly involves
stator current analysis, stator current Parker’s vector analysis, and g-axis current analysis.
Through frequency analysis of the collected current signals, a fault characteristic quantity
can be determined to detect whether there is an ISCF [10-12]. Glowacz A. proposed a
technique for fault diagnosis based on the recognition of currents. The original method
of feature extraction called Method of Selection of Amplitudes of Frequencies—Ratio 15%
of maximum of amplitude (MSAF-RATIO15) was analyzed. A classification of feature
vectors was then performed using the Bayes classifier, Linear Discriminant Analysis (LDA),
and Nearest Neighbor classifier [13]. The second approach is the model-based method,
which relies on mathematical models and machine parameters [14-16]. State estimation
and parameter estimation are mainly adopted to identify faults. Wu E. calculated the stator
three-phase current by using the estimated reverse electromotive force and compared
it by employing the actual value of the current to judge whether an ISCF occurred [17].
Shichuan D. proposed a fault diagnosis method based on the cost function of a model pre-
dictive control (MPC) system [18]. In this method, the ISCF was diagnosed by monitoring
the DC component and the second harmonic component of the cost function in the MPC
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system. The third approach involves knowledge-based methods using artificial intelli-
gence technology, neural networks, pattern recognition, and other methods to achieve fault
monitoring. This method provides a fast and accurate simulation of the machine, multiple
training algorithms, and the diagnosis of all possible interactions between predictor values.
However, it is very difficult to collect a sufficient amount of data under the considered
conditions [19,20].

Despite progress, ISCF detection methods still face numerous hurdles to overcome [21,22].
First of all, some of the detection methods are aimed at the steady-state operation of the
PMSM, and the detection effect is not obvious when the PMSM is in transient opera-
tion [23,24]. Sarikhani A. proposed a method that uses an open-loop physics-based back
electromotive force (EMF) estimator to detect an ISCF under steady-state operations [25].
Secondly, some methods can only detect whether the motor has an ISCF and cannot deter-
mine which phase winding has the ISCE. Moon S. proposed a fault index (FI) that shows
the severity of the ISCF based on the faulty-winding model (FWM) but cannot determine
the faulty phase [26]. In the fault-tolerant control of a multiphase PMSM, it is necessary to
detect which winding has the ISCF under different working conditions.

In this paper, an ISCF detection method based on single-phase generalized instan-
taneous reactive power theory for a five-phase PMSM is presented. This study aims to
not only detect the ISCF but also determine which phase winding has the ISCF under
different working conditions. Through theoretical analysis, it is found that the generalized
instantaneous reactive power of the phase winding with an ISCF will be lower than that of
the other healthy phases. According to this feature, which phase winding the fault occurs
in can be detected.

The rest of this paper is organized as follows. Firstly, the five-phase PMSM healthy
model and faulty model are briefly introduced, and the influence of the ISCF on stator
current and electromagnetic torque is analyzed. Then, the principles and properties of the
Hilbert transform and single-phase generalized instantaneous reactive power theory are
described. Furthermore, the influence of ISCF on the generalized instantaneous reactive
power of each phase is analyzed under different working conditions. Finally, this model is
verified by a simulation and experimental results.

2. Model Analysis
2.1. Five-Phase PMSM Healthy Model

The motor studied in this paper is a new type of five-phase PMSM with no electro-
magnetic coupling and low thermal coupling between windings and was developed from
the traditional five-phase PMSM with 20 slots and 22 poles. The profile diagram and stator
winding expansion diagram are shown in Figures 1 and 2, respectively. By adding small
teeth and placing an insulation board on both sides of the small teeth, low thermal coupling
and no electromagnetic coupling between the windings of each phase can be realized [27].
To observe the situation where there is no electromagnetic coupling between each phase
winding after adding the small teeth, the current excitation is only applied to the A2 phase
winding, and the magnetic field distribution of the stator is shown in Figure 3. Due to
the existence of small teeth, the armature reaction magnetic field has no cross link with
other phase windings, which indicates that there is no electromagnetic coupling between
each phase winding of the motor. When the ISCF occurs in the winding of a certain phase,
the magnetic field generated by the short-circuit current will not generate electromagnetic
induction with other windings, which will improve the fault-tolerant control performance
when the ISCF occurs.
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Figure 2. Stator winding expansion diagram.

4
Figure 3. The magnetic field distribution of the stator.

When the five-phase PMSM is healthy, the phase voltage balance equation matrix can
be expressed as

d
Uss = Risg + Ld

where R and L are the phase resistance and phase inductance, respectively; usg, iss, and es
are, respectively, the phase voltage, phase current, and phase permanent magnet reverse
EMF matrix:

i5s + e5s 1)

uss = [ upn ug uUc Up UE ]T )
iss= [ i ip ic ip iz ] 3)
ess=[ea e ec ep eg }T 4)

When the amplitude of the fundamental component of the permanent magnet flux
at each pole is ®p,, and the number of turns of each coil is N, the effective value of the
fundamental component of the permanent magnet back EMF in each phase winding can
be expressed as

E = 2V2wkgky NP, (5)

where w is the fundamental electric angular velocity; and k; and k, are the distribution
coefficient and short distance coefficient, respectively.
The electromagnetic torque of the five-phase PMSM can be expressed as

Te = %(iAEA + igeg + icec + ipep + iEEE) 6)



Energies 2021, 14, 434

40f17

where py, is pole pairs of the five-phase PMSM.

2.2. Five-Phase PMSM Faulty Model

Assuming that the ISCF occurs in phase A, the equivalent circuit diagram of the motor
is shown in Figure 4. The reference directions of the voltage, current, and back EMF are
given, where iy, ip, ic, ip, and i represent the instantaneous value of the stator current of
each phase; up, up, uc, up, and ug represent the instantaneous value of the stator voltage
of each phase; ¢ represents the permanent magnet back EMF on the short-circuit coil;
en represents the permanent magnet induced EMF on the remaining healthy coils; g, ec,
ep, and eg represent the instantaneous value of the back EMF of each healthy phase; R and
L represent the resistance and inductance in the healthy phase; if represents the current
flowing through the short-circuit turns; is represents the short-circuit current; R¢ and L¢
represent the short-circuit coil resistance and inductance, respectively; Ry, and Ly, represent
the resistance and inductance of the remaining healthy coils, respectively; Rs represents
the contact resistance; and M represents the mutual inductance between the short-circuit
coil and the remaining healthy coil in the same phase.
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Figure 4. The equivalent circuit of the five-phase PMSM with ISCF.

Each physical quantity in phase A satisfies the following relation when the ISCF occurs:

din  dif

Up = isRs‘f‘Lh?"‘Ma‘f’iARh"‘eh @)
. . di di

isRs = ifR¢ + Lfdftf + Md—f + e 8)

eA = ef+ep (9)

in=if+1is (10)

The voltage equation for the other four-phase windings is the same as Equation (1).
At this point, the electromagnetic torque of the five-phase PMSM can be expressed as

Te = % (iAeh + iges + igeg + icec + ipep + iEeE) (11)
After substituting Equations (9) and (10) into Equation (11), we obtain

Te = %[(iAEA + igeg + icec + ipep + zEeE) — iSEf] (12)

It can be seen from Equation (12) that the electromagnetic torque includes two terms
when the interturn short-circuit fault occurs in phase A. The first term is the same as
Equation (6), which is equivalent to the electromagnetic torque jointly generated by the
five-phase windings in a healthy motor. The second term is related to the permanent
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magnet back EMF of short-circuit turns and the magnitude and phase of the current
flowing through the contact resistance.

3. Single-Phase Generalized Instantaneous Reactive Power Theory Based on
Hilbert Transform

3.1. Principles and Properties of Hilbert Transformation

Hilbert transformation is the theory that defines the relationship between the real and
imaginary parts of analytic functions. The analytic function can be expressed as

z(t) = x(t) +jy(t) (13)
where
y(t) = h(t) = x(t) (14)
where "*" stands for convolution with time, x () can be any function, and h(t) is defined as
0 t<0
h(t) = - 15
) {t/n t>0 (15)

By using Equation (13)—(15), y(t) is expressed as

y(t) = /Oth(r)x(t—r)dr (16)

According to Equation (16), y(t) can be obtained by the integral of the real part’s
instantaneous value, and the calculation time can be ignored mathematically. Therefore,
from a mathematical point of view, there is no delay time between the real and imaginary
parts of the constructed analytic function [28].

The amplitude-frequency and phase—frequency characteristics of the Hilbert trans-
form are shown in Figure 5.

‘H (w)‘u ZH (o) &

1

v
]

=y
N

0
(a) (b)

Figure 5. Amplitude-frequency and phase—frequency characteristics of Hilbert transform: (a)
amplitude—frequency characteristics; (b) phase—frequency characteristics.

The Hilbert transform is equivalent to a 90° phase shifter, and its essence is that the
positive frequency part of the voltage and current will shift after transformation. The real
part of the analytic function is the original signal, while the imaginary part is the signal of
the phase shift of the original signal of 90° the real part and the imaginary part are mutually
orthogonal [29].

The voltage and current signals of phase A are respectively defined as

Up = 2 V2Upu, sin(nwt — @k,,) (17)

in= 2 V2Ia, sin (nwt - (pfAn) (18)

where 7 is the harmonic number; Uy, and I, are the effective values of the n-th harmonic
voltage and current of phase A, respectively; and ¢}, and gogn are the initial phase angle
of the n-th harmonic voltage and current of phase A.

Figure 6 shows the orthogonal signal of phase A obtained by Hilbert transform.
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(a) (b)

Figure 6. The orthogonal signal of phase A obtained by Hilbert transform: (a) Voltage signal of phase
A; (b) current signal of phase A.

3.2. Principles and Properties of Single-Phase Generalized Instantaneous Reactive Power Theory

The theory of instantaneous reactive power was first proposed by Akagi in 1983 [30].
By transforming the three-phase static coordinate system to a two-phase static system,
the three-phase signal was converted into a two-phase orthogonal signal to calculate the
instantaneous reactive power of the three-phase system:

q = upgiy — Ugig = g+4q (19)

where § corresponds to the instantaneous reactive power generated by the interaction of
the fundamental wave components in the voltage and current, which is the DC component;
and g corresponds to the instantaneous reactive power generated by the interaction of the
harmonic components in the voltage and current, which is the AC component.

This theory does not apply to calculating the instantaneous reactive power of a single-
phase circuit. However, the voltage and current orthogonal signals constructed by Hilbert
transform can be used to calculate the generalized instantaneous reactive power of phase A:

qa = (uaiiar — Uariai)/2 (20)

When the five-phase PMSM is healthy and only the fundamental components of phase
A are considered, the orthogonal signals of the current and permanent magnet back EMF
can be obtained as shown in Figure 7.

(a) (b)

Figure 7. The orthogonal signals of the current and permanent magnet back EMF: (a) current signal;
(b) back EMF signal.

The voltage equation can be expressed as

|:uA1r:|_R|:1:A1r:|+Ld[1:Alr:|+[eA1r:| (21)
UAL NG dt | iau €Ali

By substituting Equation (21) into Equation (20), the following can be obtained after
calculation and simplification:

ga1 = wLIZ; + Earlaz Sin(ﬁoiu - (PeAl) (22)

where ga1 represents the fundamental wave generalized instantaneous reactive power of
phase A, which is obviously a DC value. E 4 is the effective value of the fundamental back
EMF of phase A, and ¢, is the initial phase angle of the fundamental back EMF of phase
A, which can be determined according to the position between the direct axis of the rotor
and the axis of phase A.

Qualitative analysis shows that, when considering the existence of harmonic compo-
nents, such as the interaction between the fundamental voltage and the third harmonic
current or the interaction between the third harmonic voltage and the fundamental cur-
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rent, the second harmonic generalized instantaneous reactive power will be generated.
Therefore, g5 can be expressed as

qa =10qa +qa (23)

From the above analysis, it can be seen that when various harmonics are consid-
ered, the single-phase generalized instantaneous reactive power theory based on Hilbert
transform has the same properties as the three-phase instantaneous reactive power theory
proposed by Akagi. In Equation (23), 7, corresponds to the generalized instantaneous
reactive power generated by the interaction of the fundamental wave components in the
voltage and current, and 44 corresponds to the generalized instantaneous reactive power
generated by the interaction of the harmonic components of the voltage and current.

4. Analysis of the Method for Detecting the ISCF
4.1. The Theoretical Analysis

Only the fundamental component is analyzed. When the ISCF occurs in phase A,
Equation (8) and Equation (9) are substituted into Equation (7), and then the orthogonal
signal of the voltage of phase A can be expressed as

UALr i1y d
= R¢| . + (L +M)—
{ UATL; } f{ ify } (Ln )df

iAlr
LA

d [ in, eAlr
+(ijLM)dt[ i1 + Al 4)

where

[ if1y ] _ l V2l sin(wt — ¢fy) ] (25)

—V2Ij cos(wt — ¢ly)
where I;; and ¢}, are the effective value and the initial phase angle of the fundamental
current in the short-circuit coil, respectively.

When an ISCF occurs, the generalized instantaneous reactive power of phase A can be
expressed as

if1;

qa1 = RfIfllAl sin((pi“ — @lﬂ) + (U(M + Lf>1flIA1 COS(quAl - q);l) ( )
26
+w(M+ Lyp)I3; + Ea1la1 sin(¢ly; — ¢%;)

By calculating the inductance value and resistance value of phase A, when the speed
n is equal to 10 r/min, w(M + L¢) is approximately equal to R;. Because the inductive
reactance is proportional to the motor speed, when the rotational speed 7 is greater than
100 r/min, w(M + L) is much greater than R;. According to the trigonometric functions,
when (q)fM — (ph) is between 37t/4 and 37/2, and n is greater than 100 r/min, the sum of
the first two terms in Equation (26) must be negative. The first two terms are the main
factors affecting the change of the generalized instantaneous reactive power, while the
latter two terms do not change obviously before and after the ISCF. The generalized in-
stantaneous reactive power expressions of the other healthy phase windings are consistent
with Equation (22) before and after the ISCF. Due to the absence of the first two terms in
Equation (26), the generalized instantaneous reactive power of the healthy phase windings
will not decrease obviously even if the amplitude and phase of the back EMF and the cur-
rent of the healthy phase windings change after the ISCF occurs. Therefore, by comparing
the changes in the generalized instantaneous reactive power of each phase before and
after the ISCF with Hilbert transform, it can be determined whether the motor has an ISCFE.
If the generalized instantaneous reactive power of a certain phase has a certain decrease in
amplitude, that phase can be considered the fault phase.
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4.2. Simulation Analysis of ISCF Detection under Steady-State Operation

The main parameters of the five-phase PMSM are shown in Table 1.

Table 1. Parameters of five-phase PMSM.

Parameter Value
Rated power Py 6.3 kW
Rated speed ny 600 rpm
Rated current Iy 22 A
Stator resistance R 0.1638 O
Stator inductance L 3.5 mH
1st PM flux linkage g 0.121 Wb
3rd PM flux linkage 3 0.0051 Wb
The number of turns per coil N, 25
Pole pair pn 11
Half of small teeth « /180 rad

The ratio of the number of short-circuit turns Ny to the total number of turns in a coil
N, is defined as the shorted turn ratio { = Ns/ N, which is strongly related to the severity
of the ISCE. The generalized instantaneous reactive power expressions of each phase can
be expressed as

qa1 = (Uatiiarr — UALriaLi)/2
qs1 = (uB1iip1y — UB1riB1i) /2
qc1 = (uciiicty — uciricii)/2 (27)
qo1 = (

qe1 = (ug1iiEl, — UE1ip1) /2

Up1iipty — Upirip1i) /2

The waveform of the generalized instantaneous reactive power of each phase is shown
in Figure 6 at (= 0.4, T, = 60 N - m, and n = 600 r/min, where Ty, is the load torque before
and after the ISCF occurred in phase A at the time of 1 s. The magnitude of the phase
difference ((pix1 — (pél) in (27) is shown in Figure 8.

1500

o 4y 4 qc —dp e
)
% 1000 | ) My Ao A A A A AT N ]
ST RANRARRG AL
v >
2
£ = 500+
[
[}
~

0 1 1

0.6 1.0 1.4 1.8

t/s
Time

Figure 8. The waveform of generalized instantaneous reactive power.

Figure 9 shows that when the ISCF occurs under this condition, the ((pgl - cpél)
remains between 37t/4 and 37t/2. According to Equation (26), compared with other healthy
phases, the generalized instantaneous reactive power of phase A decreases significantly.
Then, by observing the generalized instantaneous reactive power of each phase, it is
possible to detect which phase has the ISCF.
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Figure 9. The magnitude of <q)g1 — (Ph)~

It can be seen from Figure 10 that when the { is fixed, the (¢'y; — ¢}, ) decreases with
an increase of the R, and ((Pixl - cpél) increases with an increase of the  when the R; is
fixed. Moreover, according to the theoretical analysis in the previous section, it can be
seen that only when the (¢'y; — ¢}, ) is kept between 37t/4 and 37/2 must the generalized
instantaneous reactive power of phase A be reduced. Figure 10a shows that when only
one turn of the coil is short-circuited, and the R is less than 0.015 Q, (¢, — ¢i;) will
be between 37/4 and 37/2, and the generalized instantaneous reactive power of phase
A will be reduced. According to Figure 10b, when the N; increases and { is greater
than 0.2, (¢, — (ph) is always in the range of 37t/4-37t/2. At this time, the generalized
instantaneous reactive power of phase A decreases obviously, the ISCF can be detected
more accurately, and the fault phase winding can be determined.

260

180

=02 — (=04
g = 10 . &< 20 =032 — (=052
g =S \
£ = ¢=0.04 g e
5§ 1000 rps Ll 180\
P _
g § —¢n2 £ 140
S ~—
£ 00 o £
20 L L L L 100 : : L 1 ] L
0 001 002 003 004 005 0.06 0.07 0.08 0.09 0.10 0 001 002 0.03 0.04 0.05 006 0.07 0.08 0.09 0.10
R/Q R/Q
N . Contact resistance
Contact resistance
(a) (b)

Figure 10. Change of ((piAl — (pél) with ¢ and Rs: (a) { < 0.2; (b) > 0.2.

To reflect the variation of the generalized instantaneous reactive power of phase A
under different short-circuit turns, contact resistance levels, motor speeds, and load torques,
the per-unit value of the generalized instantaneous reactive power of phase A is used in
the following analysis:

ga1 = 59a1/(9a1 + 981 +9c1 +9p1 + 9E1) (28)

where g7, can represent the reduction of the generalized instantaneous reactive power
in phase A. To improve the accuracy of fault detection, the reason for the decrease in the
generalized instantaneous reactive power of phase A when it is less than 0.95 is defined as
the fault of the interturn short circuit.

4.3. Analysis of the Influence Factors on the ISCF Detection of a Motor under
Steady-State Operation

Figures 11-14 show the variation of ’17&1 for contact resistance, short-circuit turns,
motor speed, and load torque. Figure 9 shows the variation of g} ; with Ng when the speed
and load are constant and R; is different. It can be seen from Figure 11 that when R; is
constant, with an increase of N;, the value of 4 ; becomes smaller, and the detection effect
becomes increasingly obvious. When Rs is 0.1 (), and N; is more than 5, g7;; will be less
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than 0.95. When R gradually decreases to 0.01 (), the fault can also be detected when the
Njs is one turn.

1.0
© 0.9
2 0.8
sz v
= 5 07
o T~
TS 06
& 05

04 1 1 1 1 1 1 L 1 1 1 1

1 2 3 4 5 6 7 8 9 10 11 12 13
NS
Short turns

Figure 11. Change of g}, with Ns(n = 600 r/min, T;, = 60 N - m).
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z A e 07 £=032
g E g << 0.6 ¢=0.40
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~ &
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.001 .01 1 1. 1 ’ e e E—— —
0.00 0.0 0 0 0 0.001 0.01 0.1 1.0 10
R /Q
/e R /O
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Figure 12. Change of g}, with Rs: (a) < 0.2; (b) { > 0.2.
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Figure 13. Change of g}, withn (Rs= 0.1 (), Ty, = 60 N - m).
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0.9 =02 —— (=032
08 4 =0.52
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4./(pu)

0 10 20 30 40 50 60 70 80
7, /N-m
Load torque

Figure 14. Change of g}, with Tt (Rs= 0.1 (), n = 600 r/min).
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Figure 12 shows the variation of g}, with Rs when the speed and load are constant,
and N is different. It can be seen from Figure 12a that { is less than 0.2; only when Rs
is less than 0.1 Q) can the value of g}, be less than 0.95. This is because the number of
short-circuit turns is small, and the motor is still close to a healthy state. The inductance and
back EMF in fault phase A show little change, so the calculated generalized instantaneous
reactive power of phase A also has no obvious change compared to the healthy phase.
The detection effect is poor at this time. Figure 12b shows that when ( is greater than 0.2,
with deterioration of the ISCE, Rs gradually decreases. Here, the short-circuit phenomenon
is very obvious.

Figure 13 shows the variation of g, with n, where Rs and Ty, are constant, and {
applies different values. When ( is a constant value, the inductive reactance value in the
fault phase increases in direct proportion to # and is much larger than Ry, so the sum of
the first two terms in Equation (28) is negative, and the generalized instantaneous reactive
power of phase A decreases significantly compared to the other healthy phases.

Figure 14 shows the variation of g} ; with the Ty, where Rs and 7 are constant values,
and the ¢ applies different values. When the load torque is less than 10 N-m, ‘721 is greater
than 0.95 and close to 1. Therefore, the change of the generalized instantaneous reactive
power in phase A is very small, and the detection effect is not obvious. As the load torque
increases, the load current also increases. According to Equation (28), the reduction of
the generalized instantaneous reactive power in phase A is positively correlated with the
load current. The g7, is between 0.45 and 0.95, so the generalized instantaneous reactive
power of phase A decreases significantly. At this time, the fault phase can be determined
by comparing the difference in the generalized instantaneous reactive power of each phase.

Finally, the ISCF detection in the process of starting the motor, stable operation,
and braking is simulated. The simulation conditions are as follows:  is 0.4, Rs is 0.1 (),
and the given speed is 600 r/min. When the motor runs up to 0.3 s, the given speed
command is set to 0 to make the motor brake, and the Ty, is always 20 N-m during the
whole operation process. It is thus verified that the ISCF can be detected by comparing
the generalized instantaneous reactive power of each phase. Figure 15 shows the variation
between the actual speed and given speed. Figure 16 shows the waveform curve of the
generalized instantaneous reactive power of each phase. Figure 17 shows the waveform of
the generalized instantaneous reactive power of each phase when the motor is started in
several different states.

800 n

— n
600 —n
400 |
200

Speed
n/(r/min)

-200 ' ‘ ‘
0 0.1 02 03 04

t/s

Time

Figure 15. The variation of the actual speed and given speed.
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0
-400

-800 | L L
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—4r — 4 9c — 4o qx

Per-unit value
g/Var

Figure 16. The generalized instantaneous reactive power of each phase.
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Reactive power
q/Var

Reactive power
q/Var

Figure 17. The generalized instantaneous reactive power of each phase: (a) = 0.2, Rs = 0.1,
n=600r/min, Ty, =60 N-m; (b) { = 0.2, R = 0.1, n =600 r/min, Ty, =40 N-m; (c¢) { = 0.2, R = 0.1,
n=400r/min, T}, = 60 N-m.

Considering the influence of contact resistance, short-circuit turns, motor speed,
and load torque, it can be seen from Figures 11-17 that when an ISCF occurs, the generalized
instantaneous reactive power of the fault phase will be reduced to a certain extent compared
to the other healthy phases, and the fault phase can be determined by using this feature.
This method is suitable for both steady and dynamic operations of the motor.

5. Experiments

To verify the feasibility of the online diagnosis method for ISCFs proposed in this paper,
the experimental system shown in Figures 18 and 19 was established. Figure 20 shows the
stator winding structure of the five-phase PMSM. The load torque here is provided by the
magnetic powder brake. The current signal and the voltage signal obtained by inverse
transformation of each winding can be transmitted to the host computer through CAN
(Controller Area Network) bus data communication. Then, the data can be exported and
processed to establish the waveforms.

Figure 21 shows the flow chart of the ISCF of the five-phase PMSM. When the speed
in the experiment is 120 r/min, and a five-turn coil around the 12th tooth in phase A is
short-circuited, the contact resistance is 0.1 2, and the load torque is 20 N-m; the waveforms
in the 20 electrical cycles (1.00-1.40 s) in the experiment were then selected. The current
signal and the voltage signal obtained by the inverse transformation of each winding
are shown in Figure 22. Figure 23 shows the A-phase current signal and voltage signal
obtained by sampling and the signal waveform after the Hilbert transform. Figure 24
shows the current and voltage signals after Fourier analysis. As can be seen from Figure 24,
compared with the original signal, the amplitude of the signal after the Hilbert transform
is almost unchanged.
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Figure 20. Stator winding structure of the five-phase PMSM.
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Figure 21. The flow chart of the ISCF of the five-phase PMSM.
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Through the above method, the current and voltage under different conditions can
be obtained; then, the per-unit value of the generalized instantaneous reactive power of
phase A can be calculated. Figures 25-27 show the variation of g, under the experimental

conditions, where the contact resistance Rs= 0.1 Q).
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Figure 25. Different short-circuit turns (I, = 20N - m, n = 120 r/min).
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6. Conclusions

This paper proposed an ISCF detection method based on single-phase generalized
instantaneous reactive power. The main innovation is that this method can not only detect
the ISCF but also judge which phase winding the fault occurs in. The orthogonal signals
of the current and voltage signals of each phase can be constructed by using a Hilbert
transform, and then the generalized instantaneous reactive power of each phase can be
calculated. In this paper, the change of the generalized instantaneous reactive power of
each phase under different operation states was analyzed in detail. It was found that the
generalized instantaneous reactive power of the fault phase is lower than that of the other
healthy phases. The proposed ISCF detection method was experimentally verified under
different ISCF situations, rotor speeds, and load torques. Finally, the experimental results
demonstrated that the proposed method can successfully detect an ISCE.

The early detection of ISCF will be studied in the future. It is hoped that the method
proposed in this paper can be improved. Currently, when the number of short-circuit turns
is less than five, the ISCF can be detected timely and accurately.
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