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Abstract—Rapid and accurate removal of faulty sectors is the
conventional fault tolerance method for highly secure multisector
permanent magnet synchronous motors (MSPMSMs). In this arti-
cle, a new fault diagnosis method for MSPMSMs based on metric
learning (ML) is proposed. Its advantage is that it can complete
fault detection and faulty sector location within 0.1 current funda-
mental cycle, which is faster than previous methods. Meanwhile,
for the faulty sector, 28 types of open switch faults and current
sensor faults can be accurately identified. In addition, since the
fault diagnosis is based on structural characteristics, the proposed
method is independent of system parameters and naturally robust
to the speed and current variation. Particularly, using the consistent
structural characteristics of MSPMSM sectors, an amplitude-trend
distance (ATD) is presented to obviously reflect the difference
of the same phase currents between healthy and faulty sectors.
Subsequently, to ensure the speed of fault detection and high false
alarm immunity, the ATD value under different fault states is
theoretically analyzed, and a reasonable threshold is set. Compared
to traditional ML methods, which requires complex computational
classification methods, four characteristic parameters sector, polar,
close to zero, and sensor flag are developed to locate the faulty sector
and the faulty switch or current sensor. The experiment results on
four-sector permanent magnet synchronous motor (PMSM) verify
the effectiveness of the proposed fault diagnosis method.

Index Terms—Amplitude-trend distance (ATD), current sensor
fault, fault diagnosis, metric learning (ML), multisector permanent
magnet synchronous motor (MSPMSM), open-switch (OS) fault.

I. INTRODUCTION

ULTISECTOR permanent magnet synchronous motor
(MSPMSM) has the advantages of high reliability, high
rated power, low requirement on rated power of power devices,
and simple control algorithm, which can be used to improve
the performance of motor drive system. As a result, MSPMSM
is becoming the more attractive choice for areas with high
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power rating and reliability requirements, including electric
vehicles, aerospace, and offshore wind power generation [1], [2],
[3].

Motor system faults mainly include motor faults, driver faults,
and sensor faults. According to industry statistics, 38% of faults
are happened due to power inverters, and most of the remaining
are reflected in power switch faults [4]. The power switch
fault is mainly appearing as the short switch and open switch
(OS) [5]. The short switch is usually caused by overvoltage,
overheating, or abnormal given signals. Once this happens,
it will cause a large overcurrent in a very short time, which
generally causes devastating damage to the drive. In general,
there are special hardware detection and protection circuits for
short switch. In addition, the current sensor failure distorts the
measurement signal, which can lead to performance degradation
and even damage to other components. The fault modes of the
current sensor mainly include zero-offset (ZO), gain-variation
(GV), signal-loss (SL), and signal-stuck (SS) [6]. There are
many fault-tolerant control methods to achieve motor stabil-
ity and no torque fluctuation operation when the driver has
the OS or the current sensor fault. However, for applications
requiring high performance after failure, fault-tolerant control
methods must know the exact location of the fault in advance.
Meanwhile, with appropriate protection measures, timely de-
tection and fault location can prevent further deterioration of
minor faults and lead to rapid maintenance. Hence, OS and
current sensor faults diagnosis in the MSPMSM system are
essential.

Over the last decades, the fault diagnosis methods for switches
or sensors can generally be classified as model-based meth-
ods, signal analysis methods, and data-driven methods [7], [8].
Model-based methods rely on the drive model to estimate sig-
nals. The difference between the estimated signal and the mea-
sured signal is used to distinguish whether the device is healthy
or not. Observer-based methods, parameter estimation methods,
and parity space techniques are the most typical model-based
method [9], [10], [12].

Drive OS fault will lead to the distortion of current and voltage
signals. Therefore, the fault diagnosis method through signal
analysis is also very popular, which can be divided into the
voltage-based method [13], [14] and the current-based method
[15], [16]. The voltage-based fault diagnosis method needs to
install voltage sensors and related circuits on the original driving
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system. By measuring the voltage difference between the fault
phase and the normal phase, the fault phase can be quickly iden-
tified and accurately located. The average current Park’s vector
method is a representative method of current signal analysis
and diagnosis. By analyzing the average stator current, fault
features are constructed based on the sectors contacted by the
postfault current track, which generally requires a fundamental
wave period for diagnosis [17], [18].

Machine learning technology has made remarkable progress
in recent years. Extensive research focuses on data-driven drive
fault diagnosis [19], [20], [21], [22]. By extracting the mapping
relationship between measurement data and fault labels, the
machine learning-based diagnosis model is trained offline. This
well-trained model can generate diagnostic results based on
input. In [23], manifold feature learning is used to generate fault
features. Then, using the data from the source system, an extreme
learning machine model is trained to diagnose inverter faults.

All the abovementioned methods can realize the fault diag-
nosis of the MSPMSM system, but each has several limitations.
Model-based methods are highly dependent on the accuracy of
model parameters. The risk of a false alarm is greatly increased
when the parameter mutation or system disturbance occurs.
Methods based on voltage signal analysis require additional
sensors, significantly increasing the cost and complexity of the
system. The method based on current signal analysis needs a
relatively long diagnosis time to ensure high detection accuracy,
generally one fundamental period. The data-driven method re-
quires a large amount of historical data for training and a large
amount of computation, which is difficult to be applied in the
Microprocessor.

It is worth noting that in some specific cases, current sensor
and switch faults have the similar fault characteristics. For
example, when the current sensor breaks or two switches of
the same bridge open at the same time, the mathematical fault
expression is similar. At present, few studies have been reported
on the simultaneous identification of switch faults and current
sensor faults. In [24], a method based on normalized average
current is proposed to detect switch and current sensor faults of
permanent magnet synchronous motor (PMSM). It can detect
a variety of switch faults and distinguish current sensor faults
from switch faults, but only applicable to the PMSM equipped
with three-phase current sensors. Basically, in order to save
cost, two-phase current sensors are installed to achieve normal
control. In [25], a random vector functional link network-based
fault diagnosis method for inverter switch and current sensor.

Since each sector of the multisector PMSM drive system can
be regarded as an independent three-phase drive system, each
sector can be independently diagnosed by the abovementioned
methods. However, the consistent and independent structural
characteristics of its subsectors provide a new idea for the design
of fault diagnosis methods. Metric learning is one of the most
attractive machine learning in recent years, which has been
widely used in face verification, fingerprint recognition, and
object quality detection [26], [27], [28]. The core idea of the
algorithm is to design a measure to reflect the similarity degree
between similar and dissimilar samples, and then use support
vector machine (SVM), neural network (NN), or other methods
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Fig. 1. N-sector PMSM drives system architecture.

for sample classification [29], [30]. Based on metric learning,
Euclidean distance (ED) and improved cosine distance are used
to diagnose PMSM drives [31] and multilevel converters [32],
respectively.

This article proposes an online metric learning-based OS
and current sensor faults diagnosis method for MSPMSM to
shorten the fault detection and fault sector location time, which is
extremely important for high-security MSPMSM applications.
The major contributions are made as follows.

1) The new ATD with a known upper limit is designed.

Compared with the traditional cosine distance and ED,
the abnormal current amplitude and trend all lead to a
decrease in ATD. This means a faster drop and a larger
gap before and after faults.

2) To achieve a reliable threshold setting with a small tune
effort, the current characteristics under different faults are
analyzed theoretically, and the maximum and minimum
values of ATD in different fault states are traversed. Based
on ATD and reasonable threshold, fault detection is high
immunity to the false alarm and faster than previous
methods;

3) Compared with the ML-based on high compute burden
classifiers, such as NN or SVM, the feature parameter
sector is designed to locate the fault sector while detecting
the fault. The feature parameters CTZ, polar, and SF are
designed to accurately identify fault switches or current
Sensors;

The rest of this article is organized as follows. Section II
introduces the MSPMSM system and fault diagnosis scheme.
Section III expounds on the proposed ML-based fault detection
and location method. Section IV is the experimental results and
the performance comparison with previous methods. Finally,
Section V concludes this article.

II. STRUCTURE OF MSPMSM DRIVE SYSTEM

The structure of N-sector PMSM with N-paralleled voltage
source inverters (VSIs) is depicted in Fig. 1, which has N-
independent neutral points. Each sector has the same phase
and electrical parameters. The design of MSPMSM winding
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displacement makes the mutual inductance between different
three-phase winding sets become very low and can be ignored
[33]. The magnetic decoupling between sectors means that
each subsector motor can operate independently. Therefore,
the fault of one subsector will only cause a relatively small
part of torque ripple and has almost no influence on other
subsectors. An independent VSI drives each subsector motor.
This approach enables low-power inverters to drive high-power
devices, reducing the overall inverter cost and ease of main-
tenance. When one parallel inverter fails, it does not affect
the other inverter’s dc—ac power conversion. In addition, to
save cost, each subsector motor is equipped with two-phase
current sensors. Because of the neutral constraint, the sum of
the sector three phase currents is zero, which can obtain the
phase current of the other phase.

The control scheme of N-sector PMSM is shown in Fig. 2.
The control method of each subsector motor is the same as
that of the traditional three-phase motor. Since the subsector
motors share a rotor, all control loops share a speed regulator.
Each sector inputs the same given currents, and 2N current loops
output 2N reference voltage vectors. Finally, The N space vector
pulsewidth modulation (PWM) output the PWM signals of the
driver according to the input reference voltage vector and drives
the N sector PMSM.

III. STRUCTURE OF MSPMSM DRIVE SYSTEM

The block diagram of the ML-based fault diagnosis method
for the multisector PMSM drive system is shown in Fig. 3.

A sliding window is designed to collect the phase current of
each sector at time k. The operating rules are shown in Fig. 4.
The ATD measures the similarity of the phase current in different
sectors. In this article, the similarity of phase currents between
the first sector and other sectors is calculated. When the ATD
is lower than the threshold, the Flag is set to 1. If either Flag
becomes 1, the fault is detected. The fault sector can be identified
according to Flag and Table II. After fault detection, CTZ, polar,
and SF are calculated. The CTZ can distinguish whether the
phase has a switch open, and the Polar can distinguish the upper
switch, the lower switch, or the double switch is open. The SF
is used to distinguish the double switch fault of the same bridge
from the current sensor fault. The accurate fault location can be
accomplished through CTZ, polar, SF, and Table III.
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TABLE I
FAULT SECTOR LOCATION TABLE
Sector Flag), Flag; Flags Flag;,
0(healthy) 0 0 0 0
1 1 1 1 1
2 0 1 0 0
3 0 0 1 0
N | 0 0 0 1

A. Similarity Measurements

Generally, there are two ways to measure the similarity of
data. One is ED, and the other is cosine distance (CD). The ED
of the same phase currents in different sectors can be written as

L 1/2
EDz,mn (iw,ma Zz,n) = Z |Za:,m(k) - zw,n(k)|2
k=1
(myn=1,2,3,...,N;x = A,B,C) (1)
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TABLE II
EXACT FAULT LOCATION TABLE
Fault Polaran  Polargy  Polarcy  CTZsn CTZgn CTZcn
T1 - 0 0 1 0 0
T2 + 0 0 1 0 0
T3 0 - 0 0 1 0
T4 0 + 0 0 1 0
T5 0 0 - 0 0 1
T6 0 0 + 0 0 1
TI1T2 0 0 0 1 0 0
TI1T3 - - + 1 1 /
T1T4 - + 0 1 1 /
T1T5 - + - 1 / 1
T1T6 - 0 + 1 / 1
T2T3 + - 1 1 0
T2T4 + + - 1 1 /
T2T5 + 0 1 / 1
T2T6 + - + 1 / 1
T3T4 0 0 0 0 1 0
T3TS + - - / 1 1
T3T6 0 - + / 1 1
T4T5 0 + - / 1 1
T4T6 - + + / 1 1
T5T6 0 0 0 0 0 1
others 0 0 0 0 0
A SL SFx=1
BSL SFp=1
CSL SF=1
ASS SFx=2
B SS SFp=2
CSS SFc=2
TABLE III
FOUR SECTOR SYSTEM PARAMETERS
Parameters Value Parameters Value
Motor sector 4 D-axis resistance 0.0818 [mH]
Inverter sector 8 Q-axis inductance 0.1972 [mH]
Switching frequency  10[kHz] Phase resistance 5.15 [mQ]
Pole pair number 4 Magnet flux linkage 0.279 [Wb]

where i, ., /n is the x phase current in sector m/n. ED can reflect
the similarity of two current sample amplitudes. The larger
value for EDy ynn(iz,m,iz,n) indicates that two-phase currents
are distant and less similar.

The cosine distance of the same phase currents in different
sectors can be written as

Skt Gaym (k) < ian(K))

L L .
J(Eh2,m) - (Sh2,0)
@)
which can reflect the similarity of the two current sample trends.
CDg, mn(iz, msizn) 1S equal to 1 in a perfectly direct linear
relationship. When the relationship is completely inverse linear,

CDx,mn (ix,mv Zx,n) =
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CDy, mn(iz, msiz,n) 18 —1. The less relationship between the two
phase currents, the CDy, 1, (is, m.iz, ) Value is closer to 0.

Rearranging (1) and (2), ED and CD can be rewritten as (3) and
(4). Considering that the two similarity measurement methods
are complementary, the ATD is proposed as (5), shown at the
bottom of the next page. which considers the amplitude and
trend similarity of the two-phase current, and the upper limitis 1.
The ATD,, 10 (is, msiz,n) value of 1 means that the amplitudes
of the two phases are equal and positively correlated. When the
ATDy, (i, m»iz,n) 1s closer to 0, the similarity between the two
phase currents is smaller

CDY, 1 (imims i) = it (i (8) a0 (k)
J(Eh2,m) - (Sh 2.,0)

< 225:1 (iwﬂn(k) i iw,n(k))

< 3)
ED;)mn (iw,ma Zm,n) = ! 1-
L (Sho iem(R) = i (R)?)
4)

B. ATD Value Analysis After OS or Sensor Faults

Current sensor ZO and GV have less impact on the motor
drive system than SL and SS. Fig. 5 shows the comparison
of feedback currents between the faulty and the health sector
under lower switch fault, upper switch fault, double-switch fault,
current sensor SL, and current sensor SS.

The current feedback of the healthy and fault sector can be
separately expressed as (6) and (7), where A is the current
amplitude, w is the electric angular velocity, T¢,y1 is the time
that the fault causes current distortion, and C is the signal bias.
When the switch fault or the current sensor SL appears, C is 0.
In this article, the ratio Z of the sliding window current sampling
frequency f; to the current fundamental frequency f, is 100, and
the sliding window length is L = 10. When the 1/2 sampling
points in the sliding window are the postfault current signal, the
ATD value is calculated as the reference for threshold setting

Ihcalthy (t) = ASiH((JJt) (6)
 [Asin(wt) 0<t < T
Traure (t) = { C, t > Trault M

In Fig. 6, the current amplitude and offset can be expanded
as required. Here, 15 A and £2.5 A are used as examples. The
maximum and minimum values of ATD under different current
amplitudes and biases are traversed, as shown in Fig. 6.

C. Fault Detection and Fault Sector Location

The value of ATD is used to measure the similarity of in-phase
currents in any two sectors. In the healthy state, the same phase
current coincides, which results in the ATD being small. This is
not true when a failure occurs. The current of the first sector is
compared with the other sectors. When phase x of the n sector
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is faulty, ATD,, 1, will be less than the threshold K;,,,, then the
Flag, 1, will be set to 1, which is written as

{0, ATD, 10> Kin
Flagrvlnf{l, ATD, 1 <Kun* ®)

As a result, criterion of sector fault flag can be presented as

Flag,,, = Flaga 1, |Flagp in|Flage, in. 9)
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When a fault happens in any phase, Flag;,, will appear as a
value other than 0. Based on Flag ,,, the feature parameter sector
is designed to preliminarily locate the fault sector, as shown in
Table I. When the fault occurs in sector 1, the fault-phase current
of this sector is significantly different from other sectors, and all
the Flag; ,, is 1. However, when the fault occurs in sector n, the
current of the other sector is very similar to sector 1, resulting
in Flag; ,, as one and all others as zero.

D. Fault Exact Location

Asshown in Fig. 5, after the OS occurs, the fault-phase current
will remain O for some time in each fundamental period. The
closed-to-zero current samples at & instant are defined as (10).
The minimal threshold K. is predefined, |H, (k)| = 1 means
that the i, (k) is close to zero

1 ign(k) > K.
-1 dpn(k) < —K.
0 else

Han(k) = (10)

The percentage of current samples close to 0 in a sliding
window can be written as
1 k
j=k—L+1
If M., (k) is greater than a predefined threshold K, the
characteristic parameter CTZ,, ,, (k) of x phase in the n sector is
set to 1, as shown in the following equation:

0, M,n(k) <K,

CTZy (k) = {1: M) > K

With the CTZ,, ,, (k), the fault can be further located in the
faulty phase. Next, another characteristic parameter is used to
identify whether the broken switch is upper or lower, as shown
in (13). In a sliding window, the ratio of the sum to the absolute
sum of the current samples is defined as N, ,, (k). It represents
the polarity of energy flowing through the x phase of the fault
sector

Nz,m(k>: Z me )/

j=k—L+1

D

12)

Z Hy o (j

j=k—L+1

13)

The percentage of current samples polarity in a sliding win-
dow can be written as

17 Mw,n(kj) > K’Y
Polarz,n(k) = _17 M»L,n(k) < _K’Y (14)
0, else

A value of 0 for Polar,, ,,,(k) indicates that the energy flowing
through the upper and lower switches is equal in the faulty
state, which means that both switches fail. The positive value
of Polar,,_ ,,(k) means that the energy flowing through the lower

2570 (o (k) - ign (k)

ATDa:,mn (iwam’ Zﬂ?ﬂl) =

<1 + (SEL liwm k) — i n(B))

&)

Nl

)xzk (2R £ 2, ()
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switch is less than the energy flowing through the upper switch,
which means that the lower switch fails. On the contrary, the
negative value of Polar, ,,(k) means that the energy flowing
through the upper switch is less than the energy flowing through
the lower switch, which means that the upper switch fails.

It should be noted that when 7'1 and 72 switches fail simultane-
ously, their characteristic parameters CTZ; ,,(k) and Polar; (k)
are consistent with the current sensor A phase SL, and the same
is true when phase B and phase C fail. Therefore, the feature
parameter SF is added, which can be expressed as

SF, n (k)

Llign(k—L4+1)| < K& - &lign(k)] < K,
lign(k—L+1)| > K, & - &lign(k)| > K,

=<2, &
ety n(k—L+1) < K, - &erry (k) < K,
0, else
(15)
errx, n(k) = iz, n(k) —ix,n(k — 1)]. (16)

K, is the sampling fluctuation threshold, which is much
smaller than K,. For current sensor SL and stuck faults, the
current sampling feedback is basically stable at a fixed value.
The fluctuations are much smaller than the sampling fluctuations
caused by diode continuity and electromagnetic interference
when the current sensor is healthy and the switch is opened.

Based on the abovementioned analysis, an exact fault location
table of the fault sector is proposed as Table II, where / is the
unconcerned condition. “Others” in the table means the current
sensor A/B/C GV or ZO. After the fault is detected, the SF, ,, 1
and 2 represent the SL and stuck of the x phase current sensor,
respectively. Then, the exact fault location is completed. If SF,, ,,
is O for ten sampling periods after the fault is detected, the SL and
stuck of the current sensor can be excluded, and the remaining
fault types can be located by CTZ and Polar.

E. Tuning Efforts

The tuning effort is an important feature of any algorithm,
and the solution should have as little tuning as possible. The
proposed fault diagnosis method needs six parameters, including
ratio Z, criterion K, K., K, K, and K,,. In this article, Z =
100 is used for analysis and experiments, which is determined
by the hardware conditions of the experimental platform. A
larger L means faster fault detection and a lower false alarm
rate. However, for lower L, the proposed method still has a great
performance, which is proved by the following experiment. K,
is used for fault detection and is recommended to be (17), where
Aisaconstant. Large A means a short diagnosis time, while small
A means a low false alarm rate. The maximum and minimum
values of ATD after the fault have been analyzed in Section B.
In this article, A is recommended 8, and the Kj;,, is calculated
under different fault conditions, as shown in Fig. 7. Since the
threshold is the largest when the bias is 0, the threshold is set
according to this condition to simplify debugging. A larger 60,0
leads to a more robust fault diagnosis against transients, whereas
a smaller 0., leads to a faster diagnosis. K, is a sign to identify
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the fault phase. In the healthy state, there are very few current
samples close to zero in a fundamental period, but after the OS
or current sensor SL, the current samples will be zero for at least
half a period. K, measures the polarity of the sampling current
flowing through the fault phase. A larger K., means faster fault
classification, and a smaller K., means a lower misclassification
rate. K,, is the sampling fluctuation threshold, and its value is
much smaller than K, based on good hardware design. In fact,
although the proposed fault diagnosis method is designed with
seven feature parameters, only four parameters, 0,cr0, K., K ,
and K,, need to be tuned.

AATDmin + ATD max ATD max + ATD nin
A+1 ATDmax - Alemin

K. = A, sin (ezero) .

Kgim = (17)

(18)

IV. EXPERIMENTAL RESULTS

The following analysis is entirely based on experimental
results, as they better describe the performance of the algorithm
in the presence of nonideal characteristics, such as the differ-
ences between sectors caused by the manufacturing process,
measurement noise, dead-zone effects. The performance of the
proposed fault diagnosis method is evaluated according to some
indicators, such as detection and fault sector location time, and
robustness. Taking A phase of the first sector fault as an example,
five kinds of faults are carried out, including single switch open
fault, two switches open fault in the same phase, two switches
open fault in different phases, SL of A phase current sensor,
and GV of A phase current sensor, which are represented by
T1, T1T2, TIT4, sensor A SL, and sensor A GV, respectively.
The performance of the fault diagnosis method under different
current amplitudes, different sampling frequencies, the current
step, and the speed reference step is also analyzed. The experi-
mental results are represented by FD and FL, which displays the
results of fault detection and exact fault location, respectively.

A four-sector PMSM is implemented in an eight-sector drive
based on TMS320F28377D. The experimental setup shown in
Fig. 8 consists of the four-sector PMSM, dc source, real-time
interface, oscilloscope, controller, and inverter. The main motor
and inverter parameters are shown in Table III. The values of
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0er0, K, K, and A for fault diagnosis are set as 0.05, 0.3, 0.4,
and 8, respectively, while Ky, is online adaptive.

A. Single OS Fault Diagnosis

Fig. 9 shows the diagnosis process of the first sector T1 switch
open-circuit fault. Subfigure 1 demonstrates the three-phase
currents in sectors 1, 2, and 3. The gray area indicates that the
relevant parameters do not need to be calculated, and the display
is only for ease of understanding. The phase and amplitude of
the current in the healthy sector are the same. Due to the baud
rate limitation of the real-time interface, only the second and
the third sector three-phase currents are shown in the figure. In
the healthy state, the current difference between each sector is
very small. When the first sector is faulty, the phase current will
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Fig. 10.  Fault diagnosis process when T1T2 open circuit.

be distorted, which is significantly different from the current
of other healthy sectors, while the phase current of healthy
sectors remains highly similar. Therefore, after the fault occurs,
ATDA 12, ATDg 12, and ATDc 2 decrease significantly and are
below the threshold, as shown in subfigure 2. Because of the
consistency between sectors, the ATDy 13, ATDg 13, ATDc 13
and ATD 14, ATDpg 14, ATDc 14 are also below the threshold
after the fault. In this case, the fault can be detected and located
in the first sector. The percentage of the three-phase current zero
samples in the first sector is shown in subfigure 3. M 5 ; is smaller
than K., which means that phase A is faulty. If the two-phase
switches are open at the same time, their CTZ signal changes
are close to each other, with no more than ten sampling periods.
Therefore, when CTZs 1 = 1, both CTZp; and CTZg,; are
0 for ten sampling periods. Therefore, when CTZA ; = 1, both
CTZg,1 and CTZ; are O for ten sampling periods, which means
that both phases B and C are healthy. Meanwhile, subfigure 4
shows that Polara ; becomes —1 after CTZ4 ;, which means
that the upper switch on sector 1 A phase is open and the fault
classification is complete. The detection and fault sector location
time are 0.08 fundamental waveform cycle. The exact location
time is 0.41 fundamental waveform cycle, shown in subfigure 1.

B. Double OS Fault Diagnosis

Fig. 10 shows the diagnosis process of the first sector T1T2
switches open fault. After the fault occurs, the phase A current of
the first sector is distorted. ATD 4 12, ATDg 12, and ATD ;o are
quickly below the threshold. Flaga 12, Flagg 12, and Flagc 12
are set to 1, while the phase currents of other sectors remain
unchanged, and the fault position is the first sector, as shown
in subfigure 1, 2. In subfigure 3, M4 ; is rapidly lower than
Kz. After that, M ; and Mc ; maintain much higher than the
threshold for ten sampling periods, which locates the fault at
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Fig. 11.  Fault diagnosis process when T1T4 open circuit.

phase A of the first sector. In subfigure 4, Polar ; keeps O in the
half current fundamental period after the Flaga 12 = 1, which
means that the upper and lower switches of phase A are at fault.
The detection and fault sector location time of two switches on
the same bridge is 0.07 fundamental wave cycle, and the accurate
location time is 0.57 fundamental wave cycle.

Fig. 11 shows the diagnosis process of the first sector T1T4
switches open fault. The three-phase current in the first sector
is distorted after the fault, ATD 12, ATDg 12, and ATDc 12 are
quickly below the threshold, and other sectors are almost not
affected by the fault in the first sector, so the fault sector is the
first, as shown in subfigure 1, 2. In subfigure 3, M4 1, Mp 1 are
rapidly lower than K, and CTZ, 1, CTZp ; become 1. When
CTZa1 = 1 and CTZp,;; = 1, CTZc,; is O for ten sampling
periods, which means that A and B phase switch fails has
occurred. Meanwhile, subfigure 4 shows that Polarg ; becomes
one after CTZp,; = 1, which means that the lower switch on
sector 1 B phase is open. Then, the Polar, ; becomes —1 after
CTZx 1 = 1, which means that the upper switch on the sector 1 A
phase is open. Therefore, the fault switches are the upper switch
of phase A and the lower switch of phase B. The detection and
fault sector location time of two switches with different phases
are 0.08 fundamental wave cycles, and the accurate positioning
time is 0.53 fundamental wave cycles.

C. Current Sensor Fault Diagnosis

Fig. 12 shows the SL fault diagnosis of the A-phase current
sensor in the first sector. Different from the OS fault, the feed-
back value of the faulty sensor is forced to be 0 after the sensor
fault. The loss of the current sensor signal will produce large
actual current distortion, which leads to large torque ripple as
well as distortion of the normal sector phase current, but the
phase current coincidence rate between the normal sectors is
still high, as shown in Fig. 1. For the safety of the device, the
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Fig. 13.  Fault diagnosis process when the sector 1 A phase current sensor GV.

current sensor SL experiment is carried out at a lower current
amplitude. In subfigures 2 and 3, ATD4 12, ATDg 12, ATDc 12
rapidly drop below the threshold after the fault occurs, while
Flaga 12, Flagp 12, and Flagc 12 are set to 1. After the fault is
detected, CTZ does not change for ten sampling periods. At the
same time, SF5 ; becomes 1, which means that A phase current
sensor SL. The detection and fault sector location time are 0.06
fundamental wave cycles, and the accurate fault location time is
0.16 fundamental wave cycles.

Fig. 13 shows the GV diagnosis of the A-phase current sensor
in the first sector. After the fault, the feedback value of the fault
sensor is 0.4 times the actual value. Since the feedback current
of phase C is calculated by the feedback current of phase A and
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Fig. 14.  Fault diagnosis process under different current amplitude.

phase B, the feedback current of phase C is also 0.4 times the
actual value. After the transient distortion, the phase current of
the faulty sector and the health y sector still maintain a certain
degree of coincidence, as shown in subfigure 1. In subfigures 2
and 3, ATD, 12 and ATDg 12 quickly fall below the threshold
after the fault occurs, but CTZ, 1, CTZg 1, and CTZ¢; are
much higher than the threshold in the 20 sampling periods after
the fault is detected, so the fault can be identified as a gain or
zero drift fault in one of the sensors. The detection and fault
sector location time are 0.06 fundamental wave cycles, and
the accurate positioning time is 0.26 fundamental wave cycles.
Further identification of the current sensor GV or ZO can be
achieved by current loop output comparison.

D. Performance Evaluation Under Different Sample
Frequency or Current Amplitude

Fig. 14 shows the diagnosis process of the first sector T1T2
switch open-circuit fault when the current amplitude is 9.5 A.
A larger current amplitude means a larger difference between
the faulty sector and the healthy sector. Compared with the
small amplitude, the difference between the set threshold and
one is larger, and the false alarm rate is lower on the basis
of the unchanged diagnostic performance. ATDj 12, ATDp 12,
ATDc 12, CTZA 1, CTZgp,1, CTZc,;1 and Polary 1, Polarg 1,
Polarc; have less fluctuation after failure. The detection and
fault sector time are 0.07 fundamental wave cycles, and the
accurate positioning time is 0.57 fundamental wave cycles.

Fig. 15 shows the diagnosis process of the first sector T1T2
switch open-circuit fault when the sampling frequency is 50
times the fundamental current frequency. The threshold is set to
0.13 after traversal based on different sampling frequencies. The
fault detection and fault sector location time are 0.08 fundamen-
tal cycles, and the accurate positioning time is 0.58 fundamental
cycles. It is worth that due to the large gap between post-fault
and normal ATDy 12, ATDg 12, ATDc 12, well-fault diagnosis
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Fig. 16.  Fault diagnosis process under phase current mutation.

performance can still be achieved through the corresponding
design of the threshold.

E. Performance Evaluation Under Transient Working
Conditions

The current and reference speed mutation are tested to prove
the robustness of the proposed diagnostic method. In Fig. 16, the
phase currents of each sector change from 2 to 5 A at 300 r/min.
In Fig. 17, the reference speed changes from 300 to 500 r/min
under 5 A current amplitude. The transient current fluctuation
and mutation of system frequency almost have no effect on
ATDA 12, ATDpg 12, ATDG 12.

F. Comparison of Previous Methods

For a multisector PMSM system, each sector is regarded as
an independent three-phase PMSM, and the traditional method
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TABLE IV
COMPARISON WITH PREVIOUS METHODS
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Fig. 17. Fault diagnosis process under speed mutation.

is useful for fault diagnosis. In this section, the performance of
the proposed diagnostic method is compared with the previous
methods, such as detection and fault sector location time, ro-
bustness, cost, sensitivity to system parameters, tuning efforts,
and fault category. The results are shown in Table IV. Although
the threshold and feature parameters design has been fairly con-
servative, the proposed method can detect and locate the switch
and sensor fault to fault sector within 0.1 current fundamental
period, which is unavailable before. It is worth noting that for the
multisector PMSM drive, fault-tolerant control is mostly carried
out by removing the fault sector in the case of high security and
control performance. Therefore, as fast as possible detection
and fault sector positioning for multisector PMSM drive is
significant. In addition, the proposed method can identify 21+«N
kinds of switch faults and 7+N kinds of current sensor faults
without additional sensors and circuits. At the same time, the
proposed method does not depend on system parameters and is
robust to speed and current changes. It can be seen from Table I'V,
in addition to the superior performance of fault identification and
fault sector location, the proposed method can achieve a better
performance for the abovementioned indexes, while the previous
methods have one to multiple shortcomings.

V. CONCLUSION

This article proposes an ML-based fault diagnosis method for
OS and current sensor faults, which improves the speed of fault
detection and fault sector location in the MPMSM system. First,
compared with the traditional Euclidean and cosine distance, an
ATD is designed to more obviously reflect the dissimilarity of
the same phase current between the healthy and faulty sectors.
Second, its value under different fault conditions is theoretically

analyzed, which provides a reference for threshold setting and
reduces the tuning effort. The ATD and reasonable threshold
reference ensure high immunity to the false alarm rate. The
detection time of the faults is within 0.1 current fundamental
cycles by using the proposed method, which is far less than
the previous method. Finally, the set of the sector ensures
simultaneous fault sector location and fault detection. The set
of CTZ, SF, and polar can accurately distinguish 28 kinds of
OS and current sensor faults in the fault sector. The proposed
method is easy to implement online without extra sensors and
has a low computational cost. In addition, it does not require
the mathematical model of the motor. The Fault diagnosis is
carried out through structural characteristics, which means that
the method is naturally robust to the speed and current variation.
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