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Abstract: Inter-turn short-circuit faults can lead to further faults in motors. This makes monitoring
and identifying such faults particularly important. However, because of interference in their working
environment, fault signals can be weak and difficult to detect in permanent magnet synchronous
motors. This paper proposes a method for overcoming this by extracting the inverter harmonics as an
excitation source and then extracting characteristic of fault measurements from the negative sequence
voltage. First of all, a model of permanent magnet synchronous motor faults is established and a fault
negative sequence voltage is introduced to calculate the fault indicators. Then the high frequency
harmonic excitation in the voltage is extracted. This is injected into the original voltage signal and the
high frequency negative sequence component is separated and detected by a second-order generalized
integrator. Simulation results show that the proposed method can effectively identify inter-turn
short-circuit faults in permanent magnet synchronous motors while remaining highly resistant to
interference. The method is especially effective when the severity of the fault is relatively small and
the torque is relatively large.

Keywords: permanent magnet synchronous motor; inter-turn short-circuit fault; inverter harmonics;
negative sequence voltage; fault identification

1. Introduction

Permanent magnet synchronous motors (PMSM) are widely used in modern industrial settings.
However, the long-term use of such motors can lead to faults [1], the faults of permanent magnet motors
are divided into electrical faults, mechanical faults and magnetic faults. Stator faults in electrical faults
have a higher probability, and inter-turn short-circuit faults are the most common. Due to overload
and overheating, the stator winding insulation is easily damaged, resulting in a short circuit and a
large circulating current in the short path [2]. Among these faults, the early indications of inter-turn
short-circuits in the stator winding can be especially hard to detect, but, at the same time, if they are
not suppressed, they can cause more serious ground faults and interphase short-circuit faults [3,4].
This makes it very important to monitor and identify inter-turn short-circuit faults quickly before they
result in greater harm.

Existing inter-turn short-circuit fault detection methods include using: stator current Park
vectors [5]; negative sequence currents [6]; current harmonics [7]; the back electromotive force [8];
motor parameters [9]; high-frequency injection [10]; a zero sequence voltage [11]; and artificial
intelligence [12,13]. Each of these methods offer certain advantages. However, current-based
methods are easily affected by load, an unbalanced voltage and motor asymmetry. The accuracy of
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back electromotive force and motor parameter methods depends on the specific motor parameters.
The zero-sequence voltage method is not easily affected by load and unbalanced voltage, but
it needs appropriate measurement hardware that can introduce measurement errors. Artificial
intelligence-based approaches have even higher hardware requirements and need large amounts
of data. The eddy current testing method can be used to further accurately locate the fault of the
motor [14,15].

To enhance the capacity of diagnosis algorithms to deal with interference, some approaches have
tried injecting high-frequency excitation into the voltage to monitor the high-frequency response of
motor faults. However, the frequency of the injected excitation is low, which results in high-frequency
noise and leaves it susceptible to stator asymmetry [10,16].

Another approach is to switch sequences to monitor transient current changes. This can eliminate
the risk of misdiagnosis caused by motor asymmetry [17], but it increases the complexity of the
modulation strategy. The effective excitation generated by the inherent high-frequency harmonics of
the inverter produces a high-frequency source. The common-mode voltage is then monitored online
to detect the zero-sequence voltage generated by the motor when the fault occurs. Although this
method avoids motor asymmetry-related issues and has no hardware requirements for measuring the
zero-sequence voltage, characteristically, the monitored changes are relatively weak [18].

Under a three-phase static coordinate system, the negative sequence voltage can be divided
into the normal negative sequence voltage and the negative sequence voltage caused by inter-turn
short-circuit fault. This can effectively eliminate the influence of the negative sequence voltage caused
by non-fault factors, with the characteristic quantity for the fault being larger than that extracted
from a zero-sequence voltage [19]. However, an actual working environment is typically complex
and the early fault characteristics of an inter-turn short-circuit in a permanent magnet synchronous
motor are usually weak and easily covered by other signals. The fluctuation of the torque will also
produce abnormal vibration and acoustic noise. They can reduce motor performance and efficiency
that may result in a negative effect on the normal operation. Variable load, motor asymmetry and an
unbalanced voltage can also hamper detection, resulting in misdiagnosis. This makes it important to
select a characteristic quantity that is only related to the fault and to enhance the fault characteristic
signal as much as possible to avoid the influence of interference. To be able to monitor inter-turn
short-circuit faults online and measure their high frequency characteristic signal, it is necessary to have
an algorithm with a simple structure that involves minimal calculation.

This paper looks at how to solve the problem of inter-turn short-circuit fault signals in permanent
magnet synchronous motors being weak and difficult to detect. Taking into account the potential
interference generated by motor asymmetry, unbalanced voltage and the working environment, the
proposed method uses inverter harmonic as an excitation source. The high frequency harmonic
excitation is then extracted before re-injecting the original voltage signal. As it is difficult to extract a
specific high-frequency negative sequence voltage in a three-phase stationary coordinate system, the
fault’s negative sequence voltage is introduced in a two-phase stationary coordinate system to calculate
its characteristics. Then the high-frequency fault negative-sequence voltage signals are separated out
and detected by a double second-order generalized integrator to complete the fault diagnosis. At
the end of the paper the results of a simulation are presented that confirm the effectiveness of the
proposed method.

2. Mathematical Model of an Inter-Turn Short-Circuit Fault

Figure 1 shows a model of an a-phase inter-turn short-circuit fault in a permanent magnet
synchronous motor. The short-circuit current, i, is current generated by the short-circuit loop and
R¢ is the short-circuit resistance. R¢ is used to model the inter-turn short circuit loop in the windings.
The broken winding a is divided into two parts which are the healthy part al and the faulty part a2.
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Figure 1. Model of an a-phase inter-turn short-circuit fault in a permanent magnet synchronous
motors (PMSM).

The voltage equation for an inter-turn short-circuit fault in a permanent magnet synchronous
motor can be expressed in an abc static coordinate system [19,20] as follows:

[vabc] = [RSO] : [iabc} + %([LSO] ' [iabc] + MPM,abC]) (1)
—[Ro] - [FP] - ui¢ = ([Lso] - [FP] - ui¢)
Ry 0 0 .
where, [vzpc] = [ 02 o 0c |l =[ fa i ic | [Rol=| 0 Ry 0 |[FP}=[1 0 0],
0 0 R
Lm+L  —iLm  —3Llm cos 0
[LSO] = _%Lm Lm+ L _%Lm ’ [/\PM,abc] = Apm COS(G - ZTT()
—3Lm  —3Llm  Lm+L COS(G + %ﬂ)

[Vabe), [iabe] are the three-phase voltage and current matrices, respectively, [Ry] is the stator
resistance matrix, Ry is the stator resistance, [Lgo] is the stator inductance matrix; Ly, is the self-inductance;
L, is the leakage inductance; and u is the short-circuit ratio, which can represent the severity of the
inter-turn short-circuit. N is the number of coils in the phase winding; n indicates the number of turns
in a coil; N is the number of short-circuited turns in a coil. So, u = N¢/ (nN). App abe is the flux matrix.

T T
When the fault occurs in phase b or phase ¢, [FP] = [ 010 ] or [FP] = [ 0 01 ] .
The fault current equation [16] will then be:

u(vg — v
Z.f - - ( 2 1'1) ’ (2)
u(1—u)Ro + R¢
where, v, is the motor’s neutral point voltage.
When the motor is running stably and the speed is constant, the fault phase voltage is:
Ua = 04 08 6 — vqsin 6, 3)

When the fault initially arises, v, is much larger than vy, so, v, in Equation (2) can be ignored.
When this is combined with Equation (3), an accurate if can be obtained. If the motor is operating at a
variable speed and there is an unbalanced voltage, if will be affected.
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By performing a coordinate transformation on the fault model, the voltage equation, dq, can be
obtained, as follows [21]:

[ 04 ]:[ Ro+pLa —wlq H iq ]+[ eds ] 4
Uq— s wLq Ro + qu iq eqf !
where, eqf and eqf are disturbances caused by the fault; and p is the differential operator.

®)

[ eds ] _ Zu[ Ry cos Oif + Lap(cos Oi¢) + wLq sin Oig ]
3 7

eqf 3" =Ry sin 0if - Lqp(sin 0if) 4 wLq cos O

3. Fault Diagnosis

The effective excitation source of the switching harmonics is analyzed and a corresponding fault
negative sequence voltage is used as the response signal to derive the fault indicator expression.

3.1. Effective Harmonic Switching Excitation

Under space vector pulse width modulation (SVPWM), there is a large amount of harmonic in the
multiple frequency band of the carrier frequency, f.. As switching between harmonics with frequencies
of f. + 2f; and f; + 4f; can generate rotating voltage vectors and provoke a response in the motor [18],
this harmonic can be used as an effective excitation source for fault diagnosis. The fault diagnosis is
performed by measuring the corresponding response. This effectively avoid the influence of motor
asymmetry on the diagnosis.

By performing a fast Fourier analysis of the output voltage of the inverter, the harmonic content
can be obtained, as shown in Figure 2. The ordinate is the ratio of the measured harmonic value to
the DC bus voltage. The carrier frequency, {., is 20 kHz and the fundamental frequency;, f;, is 100 Hz.
Note that the amplitude of the harmonics at f. + 2f; and f. + 4f; is large, making these harmonics
particularly useful as effective harmonic excitation sources.

0.06]

0.04

Magnitude

0.02

0 5 10 15 20 25 30
Frequency/kHz

Figure 2. Inverter voltage spectrum under space vector pulse width modulation (SVPWM).

3.2. Fault Signal

The voltage in the two-phase stationary coordinate system can be expressed as follows:

[vocﬁ] :[ O 0p ]T: [’Ilﬂocﬁ][vlabc]
SRR ©)
2 2
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where, [vaﬁ] is the voltage matrix.
The positive and negative sequence voltages in stationary coordinates can be expressed as follows:

[vap | = [Tacp ][00 7] = %[ :I _1q ][chfs], )
o] = [T lienct =3[ 2 1 [ous) ®

where, g denotes a 90 degree lag in phase § = €73 .[o. ] and [v4pc 7] are the positive and negative
sequence voltage matrices in the abc static coordinate system, respectively.
Similarly, the following can also be obtained:

[ioe ] = %[ - ]["w]f ©)
=3 2y 1 Jfos) @
By combining Equations (1), (6), (7), (8), (9) and (10), one gets:
O™ = %Roio{ ¥ Z(%Lm n Ll)d%_ - %Rouif - %(%Lm + Ll)d(;‘;f), (11)
Vga = %(Roig_ + ;(%Lm + L1)d;—ﬁt_), (12)

To obtain the negative sequence voltage caused by the inter-turn short-circuit fault, the overall
negative sequence voltage can be divided into a normal negative sequence voltage and a fault negative
sequence voltage, as follows:

[Uocﬁ,a_] = [chB,h,a_] + [Uocfi,f,a_]/ (13)

where, [Uocfs,h,a_] is the normal negative sequence voltage; and [Uocﬁlf’a_] is the fault negative
sequence voltage.

Similarly, if there are faults in the other two phases, the negative sequence voltage can be obtained
in the two-phase stationary coordinate system. It will be found that the normal negative sequence
voltage across all three fault phases is equal. It can be expressed as:

_ . dig~
Ox,habec = %(Roloc + %(%Lm + Ll) ldt )

-1 . _ ., 3(3 dig™\ (s (14)
Vg habe = 3(Roip™ + z(sz + LI)T

where Uy b abe s U habe are the normal negative sequence voltage when there is a fault on the «f3 axis
for all three phases.
The fault negative sequence voltage for «3 axis can be obtained from Equation (13).

_ . d(ui
Vofa = %(—%Romf - %(%Lm + Ll)—(gf))
_ . d
Vo fbp = %(%Romf + %(%Lm + Ll) ) , (15)
d(ui

Vofe = %(%Rouif + %(%Lm + Ll) dtf )

—
-

uig

Q.
=

S
=
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Uﬁ,fla_zo
_ . d(ui
op.ta” = 3~ ERouis - P(3Lm +1)242) | (16)

_ . d(ui
U fa = 1(§Rouzf + g(%Lm + Ll)%)

where vy 27, Vafb s Vafc s UBfa - UBEb »Upic are the fault negative sequence voltage when there
is a fault on the «f3 axis for all three phases respectively.

3.3. Fault Indicator

In this research, only specific high-frequency harmonics and the negative sequence voltage of «
axis are considered. Let us set the fault current as:

ir=1I Sin(eh + Qn), (17)

where, It is the amplitude of the fault current 6, is the initial phase angle of the fault current; and 6y, is
the electrical angular position of the specific high-frequency harmonics.
The amplitude of the fault negative sequence voltage for phase a is:

1 3 2
Unfa = gulf \/R02 + whz(ELm + Ll) , (18)

where, wy, is the angular velocity of the specific high-frequency harmonics.

Similarly, the amplitude of the fault negative sequence voltage for phases b and c can be obtained.
These are equal to and half of phase a, respectively.

When the fault first arises, If is proportional to the rotational speed wm [21]. To reduce the influence
of the rotational speed on the fault indicator, the fault indicator, FI, for phase a can be obtained as
follows:

pr= M _ 30nta , (19)
@m Wm \/RO2 + CL)hz(%Lm + Ll)2

As there is a zero-sequence voltage, the fault indicator measurement can vary greatly according to
the load and the rotational speed. Any voltage imbalance can also have an effect on the fault indicator.

It is therefore necessary to use the variation of the fault indicator AFI is used to reduce the impact
of factors that are not related to the fault. AFI is the difference between the present fault indicator
measurement and the fault indicator measurement that is obtained when the motor is in a healthy
condition:

AFI = FI; - Fly, (20)

4. Fault Signal Measurement and Diagnosis

In the initial stages, the characteristics of an inter-turn short-circuit are weak. Therefore, it is
necessary to amplify the fault negative sequence voltage. First, a coordinate transformation has to be
carried out for the input voltage, then the specific high-frequency components of v4 and vq can be
extracted. As these high-frequency components can produce a response in the motor and increase the
corresponding high-frequency fault current, the extracted high-frequency components are injected into
the original voltage signal to increase its excitation. In the two-phase stationary coordinate system,
the high-frequency fault negative sequence voltage signal is separated and detected by the double
second-order generalized integrator and the fault index is calculated finally. Figure 3 shows the basic
structure of the integrator.
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Figure 3. Basic structure of fault diagnosis.

A double second-order generalized integrator with a simple structure was employed to separate
the positive and negative sequence components [22], thus minimizing the amount of calculation
necessary. Figure 4 shows the basic structure of the integrator. The phases of the outputs y and g are
orthogonal, and wy is the angular frequency of the strobe signal.

v=

Y
—

Figure 4. Basic structure of the second-order generalized integrator.

The transfer functions for the two outputs to the input x, are:

yls) kaos
Y(s) = x(s)  s2+ kawos + wo?’ @)
oG P - (22)

x(s) 82+ kwos + wp?’
where, k is the damping factor and can be used to adjust the bandwidth; Taking w to be 40,400 Mrad/s,
the Bode diagram of the transfer function, Y(s), is shown in Figure 5.
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Figure 5. Bode diagram of the transfer function, Y(s).
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It can be seen from Figure 5 that the second-order generalized integrator can effectively extract
the high-frequency component w( at 40,400 Trad/s to realize the bandpass filter function [23-25].
The function Y(s) exhibits a band-pass filtering characteristic, and the amplitude gain at wy is 0,
indicating that Y(s) has no attenuation on the input signal at wp; The phase frequency characteristics
of Y(s)” at wg pass from positive 90 degrees to negative 90 degrees indicates that Y(s) has no phase
delay to the input signal at wp. By increasing the value of k, the bandwidth of the bandpass filter can
be increased, but the ability to suppress other harmonics is reduced. To ensure a suitable speed for
diagnosis, the bandwidth was set at k = 0.1.

The diagram of using the double second-order generalized integrator to separate the positive
and negative sequence are shown in Figure 6. As the integrator has the function of a bandpass filter,
a positive and negative sequence voltage with specific high-frequency components can be selected.
The high-frequency negative sequence current can be extracted using the same method. Thus, it
can be substituted into Equation (14) to obtain the normal negative-sequence voltage. The normal
negative sequence voltage will change according to the negative sequence current. When there is
an unbalanced input voltage or motor asymmetry, there will be a negative sequence voltage and
negative sequence current, at which point the corresponding normal negative sequence voltage can
be calculated. The fault negative sequence voltage can then be obtained by subtracting the normal
negative sequence voltage from the separated negative sequence voltage. The fault negative sequence
voltage is only related to the corresponding inter-turn short-circuit fault, so, there is no risk of the
voltage imbalance and motor asymmetry influencing the fault diagnosis.

v, v, — >

» SOGI ’ oy

Vs Vs

» SOGIL -
A%

R S

Y8

Figure 6. Positive and negative sequence separation generated by the double second-order
generalized integrator.

5. Experimental Simulation

A simulated model of a surface-mounted three-phase permanent magnet synchronous motor
was built in MATLAB/Simulink to explore the possibility of obtaining an early fault diagnosis of an
inter-turn short-circuit. The motor parameters are listed in Table 1 [26].

Table 1. Three phase permanent-magnet synchronous motor parameters.

Parameters Values
Rated power/kW 120
Rated frequency/Hz 100
Rated speed/(r/min) 1500
Pole pairs 4

Stator resistance/() 0.2
Inductance of d axis/mH 8.5
Inductance of q axis/mH 8.5

Leakage inductance/mH 0.7
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The self-inductance, Ly, can be calculated by using the equation Ly, = (Ld +Lq— 2L1)/ 3 [17].
Normally, in surface-mounted permanent magnet synchronous motors, iq is proportional to the
electromagnetic torque, Te. As iq is zero, the change of torque will affect vq and vq. When the fault first
arises, iq will affect the fault current, thus increasing the torque and making the fault current increase
as well.

Figure 7 shows fault indicators under different working conditions. In Figure 7a, the motor starts
at a constant torque, uniformly accelerates to its rated speed, and then operates at a uniform speed.
The inter-turn short-circuit fault occurs after 0.5 s. As the fault current of the model is affected by the
zero-sequence voltage of the inverter, any non-uniform motion and change in torque will result in a
significant change in the fault negative sequence voltage, even if there is no fault. Note from Figure 6
that, when the fault happens, the fault indicator amplitude is larger than the normal state of 0.01.
The average value at this point is 0.018 and AFI is 0.008. During the uniform acceleration stage, when
the speed approaches the rated speed, the fault indicator reaches 0.035. In Figure 7b, the inter-turn
short-circuit fault occurs at 0.2 s while the motor is in a state of uniform acceleration. The fault indicator
is 0.06 and AFI is 0.03. Note that the fault indicator is again noticeably higher than the normal value.
Although the fault indicator increases with the increase in rotational speed, its amplitude changes
little. The motor reaches its rated speed and continues at a uniform speed at 0.3 s. At this point, the
fault indicator is consistent with when the fault occurred at the uniform speed stage. Comparing the
uniform acceleration stage in Figure 6a,b, AFI is 0.03 and the increase in amplitude is significantly
higher than it was in the uniform speed stage, so it is easier to diagnose the fault. In Figure 7c, the
motor is in a constant torque start-up stage from 0 to 0.2 s and the rotational speed reaches 800 r/min
at 0.2 s. The motor rotates at a uniform speed from 0.2 to 0.3 s and the fault indicator value is lower
than it was during the acceleration stage, at 0.01. The inter-turn short-circuit fault occurs at 0.3 s,
the fault indicator increases to 0.03 and AFI is 0.02. However, the average value is not significantly
different from the average value during the acceleration stage, so, at this point misdiagnosis may occur.
At 0.5s, the rotational speed is 1000 r/min and the torque increases to 130 N - m. The fault indicator
now increases rapidly to 0.25 during the uniform acceleration stage. After the rotational speed reaches
1000 r/min, the fault indicator decreases to 0.12, but the value is still significantly higher than it was
during the 0.2-0.3 s stage. Here, AFI is 0.11. It can be seen that during both the uniform acceleration
stage and the uniform speed stage, after the torque increases, AFI increases noticeably as well, which is
helpful for diagnosing the fault. So, at higher torques, the fault detection accuracy is also higher.

Figure 8 shows the fault indicators for different degrees of fault. Among them, the fault indicators
at three different fault levels are AFI, and fault indicator FI is adopted in healthy state. Figure 8a,b
show the fault indicators for different rotational speeds and different torques. It can be seen that the
fault indicator is less affected by the rotational speed. When u is 0.05, the fault indicator AFI is still
higher than the normal FI. With an increase in fault severity, the fault indicator noticeably increases.
The fault indicators for the three different degrees of severity are quite different, which obviously helps
with diagnosis of the fault and being able to determine its severity. In Figure 8b, the fault indicator
clearly increases with the increase of torque. When the degree of the fault is larger, the influence of the
increase of torque on the fault indicator weakens. In the experiment, when the torque was known, the
difference in the fault indicators enabled a judgment as to whether it was a light fault, less serious fault,
or serious fault.
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Figure 7. Fault indicators for different working conditions.
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Figure 8. Fault indicators for different degrees of fault.

Figure 9 shows the fault indicators when the voltage is balanced and when there is a voltage
imbalance for a fault degree of 0.05, with the fault indicator being AFI. Figure 9a shows the maximum
fault indicator for different rotational speeds when the torque is 50 N - m. Figure 9b shows the fault
indicators for different torques when the rotational speed is 800 r/min. A resistance of 0.5 () was
connected in series in Phase B. This made the three-phase voltage for the motor unbalanced. Under the
fixed torque of 50 N - m, when the fault indicator was greater than or equal to 0.02 and less than 0.06, it
was determined to be a light fault. If the fault indicator was greater than or equal to 0.06 and less than
0.15, it was determined to be a less serious fault. If the fault indicator was greater than 0.15, it was
determined to be a serious fault. In Figure 9a, the degree of fault is a light fault, which is in accordance
with the experimental conditions. When the fault appears, there is little difference in the fault indicator
for the two conditions of balanced and unbalanced voltage. As the unbalanced voltage is compensated
for by the normal negative sequence voltage, it does not have a serious effect on the fault indicator.
Thus, it is clearly the inter-turn short-circuit fault that has the greatest effect on the fault indicator.
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Figure 9. Fault indicators when the voltage is balanced and when there is a voltage imbalance.

Figure 10 shows the fault indicators under conditions of motor symmetry and motor asymmetry,
with the fault indicator being AFI. Figure 10a shows the maximum fault indicators for different given
rotational speeds, with a torque of 50 N - m. Figure 9b shows the fault indicators for different torques
when the rotational speed is 800 r/min. Note that, under the two conditions of motor symmetry and
motor asymmetry, in comparison to the indicators for different torques, the indicators for different
speeds have a larger difference, with the maximum difference being 0.012. However, this is still less
than the minimum fault indicator of 0.02 and the fault indicator falls within the range of a light fault.
As the normal negative sequence voltage and higher frequency injection method compensate for and
restrict the motor asymmetry, it does not have a serious effect on the fault indicator. Once again, then,
it is the inter-turn short-circuit fault that has the greatest effect on the fault indicator.

o————————————————— 0. —
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(a) Different speed (b) Different torques

Figure 10. Fault indicators under conditions of motor symmetry and motor asymmetry.

6. Conclusions

This paper has proposed a fault diagnosis method where high-frequency harmonic excitations in
a voltage are extracted and injected back into the original voltage signal. A fault negative sequence
voltage is obtained using a two-phase stationary coordinate system. A high-frequency fault negative
sequence voltage signal is then separated out and detected by a second-order generalized integrator.
This enables fault indicators to be obtained and a fault diagnosis to be undertaken. On the basis of the
experimental simulation, the following main conclusions can be drawn:

(1) The proposed method can diagnose inter-turn short-circuit faults in permanent magnet
synchronous motors and identify weak signals with high degrees of sensitivity and reliability.

(2) The proposed method is highly resistant to interference and is largely unaffected by variations in
speed or torque, voltage imbalances, or motor asymmetry.

(3) Itis easier to detect faults with relatively large torques, especially when the severity of the fault
is less.
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In this paper, the diagnosis was conducted using an SVPWM strategy. Both the applicability of
the method to other modulation strategies and the location of the fault phase remain in need of further
research. The artificial intelligence may be used to enhance the precision by selecting the threshold to
assess fault severity.
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