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ABSTRACT The performance of Hybrid Electric Vehicles (HEVs), especially in series architecture, is highly
dependent on the reliability of electric drive-motor systems. Any failure in power semiconductor devices,
such as Insulated-Gate Bipolar Transistors (IGBTs), used in three-phase Voltage Source Inverters (VSIs)
for Permanent Magnet Synchronous Motor (PMSM) drive systems, causes a reduction in the reliability and
leads to unscheduled maintenance of HEVs. This paper aims to present a three-stage combined model-based
and data-driven fault diagnosis approach, the so-called hybrid fault diagnosis approach, to detect, locate,
and clear open-circuit faults in IGBTs used in VSI-fed PMSM drive systems in HEVs. Field-Oriented
Control (FOC), which is a model-based technique, is used to control the electric drive-motor system. The
proposed method, which is based on phase voltage analysis, estimates the current in each phase of VSI using
the normal operating conditions dataset to detect open-circuit faults in IGBTs. Once a fault is detected,
it is located using the faulty conditions dataset and an online data-driven approach, called the Modified
Multi-Class Support Vector Machine (MMC-SVM) algorithm. Thereafter, the faulty IGBT is bypassed by
closing the corresponding backup switch, ensuring the continuous operation of the electric drive-motor
system. The proposed method can accurately and quickly detect, locate, and clear open-circuit faults in
IGBTs without the need for additional sensors. Additionally, it demonstrates robustness against back-to-back
and simultaneous faults in IGBTs used in VSI-fed PMSM drive systems in HEVs.

INDEX TERMS Fault diagnosis, hybrid electric vehicle (HEV), insulated-gate bipolar transistor IGBT),
open-circuit fault, permanent magnet synchronous motor (PMSM), voltage source inverter (VSI).

I. INTRODUCTION

In the past few decades, environmental concerns for fossil
fuel-based transportation infrastructure have caused tremen-
dous interest in more electric transportation infrastructure.
Unlike Internal Combustion Engine (ICE)-based vehicles that
mainly rely on petroleum, a significant portion of consumed
power by Hybrid Electric Vehicles (HEVs) is from different
energy sources, such as batteries, fuel cells, supercapacitors,
etc., along with using electric drive-motor systems [1], [2].
Despite the benefits of HEVs, such as less greenhouse
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gas emissions, less noise pollution, and higher energy
efficiency, failures in their main components, particularly the
Permanent Magnet Synchronous Motor (PMSM), Voltage
Source Inverter (VSI), Energy Storage System (ESS), etc.,
incur heavy expenses and may put the safety of HEVs in
danger [3], [4].

Early-stage failures can be due to overvoltage, over-
current, or overheating in components such as batteries
and/or electric drive-motor systems, and it may be more
difficult to diagnose failures if other factors, such as noise,
vibration, electromagnetic field, frequency, torque, etc., are
involved [5], [6]. Hence, to minimize the computational
burden and fast recovery of the HEV, it is crucial to find
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the source of failure. In particular, the major faults of ESSs,
specifically batteries, in HEVs can be due to (1) over-
charge/discharge, (2) overheating/undercooling, (3) short
circuit/open-circuit of internal cells, and (4) incorrect state
estimation [7], [8], [9]. In addition, (1) abnormal connection
of stator windings, (2) short circuit/open-circuit of stator
windings, (3) short circuit of rotor windings, (4) broken rotor
bars, (5) eccentricity-related faults, and (6) bearing faults
are the main faults of electric motors, particularly PMSMs,
in HEVs [11], [12]. Moreover, (1) short circuit/open-circuit
faults of switches and (2) intermittent gate-misfiring faults
are the dominant faults in electric drive systems, mainly VSIs,
in HEVs [13], [14].

The risk of failure of power semiconductor devices, partic-
ularly Insulated-Gate Bipolar Transistor Bipolar Transistors
(IGBTs), used in VSI-fed PMSM drive systems is high.
This is due to the fact that such devices are exposed
to thermal stress and various harsh environmental and
operating conditions. Fault diagnosis of power semiconductor
devices has been investigated in many research studies.
Short circuit faults in power semiconductor devices occur
rapidly and can cause potential destruction. Using hardware
protection systems, such faults can be cleared in electric
drive systems. A summary of hardware protection systems
for short circuit faults is provided in [15]. The impacts
of open-circuit faults in power semiconductor devices can
potentially lead to VSIs malfunctioning, and consequently
their outage and great economic loss [16]. In this regard,
various fault-tolerant control approaches are presented in
the literature [17], [18], [19], [20], [21] aiming at fast fault
diagnosis.

Open-circuit fault diagnosis approaches can be either
current-based or voltage-based methods. In current-based
approaches, (1) there is no need for additional sensors,
and (2) by employing the existing current sensors in the
control loop, current can be measured to diagnose the fault.
The presented current-based fault diagnosis methods in the
literature can be classified into two major categories: current-
signal-based and current-observer-based approaches. The
current-signal-based approaches are prone to generating false
signals under different transient conditions of electric drive
systems and require a longer time to accurately diagnose
the fault. In particular, in [22], the characteristics of the
current vector trajectory under various faulty conditions are
investigated, and the slope of the current vector trajectory
is used to diagnose faults. The average current Park’s
vector approach is presented in [23] to diagnose VSI faults
in variable-speed AC electric drive systems. The major
drawback of the presented methods in [22] and [23] is
their inability to accurately diagnose faults when the load
current is small. To mitigate the impact of the load current,
normalized current-based approaches, such as normalized
current Direct Current (DC) components approach [24], the
absolute value of the normalized current and the current
zero-crossing detection method [25], and the average value
of the normalized line-to-line current [26] are investigated.
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On the contrary, current-observer-based approaches require
the residual signals, which are defined as the error between
the measured outputs of the system and the estimated outputs
provided by the observer [27], [28]. In [29], a nonlinear
Proportional-Integral (PI) observer is investigated to the DC
component of the fault profiles, and a directional residual
evaluation is presented to isolate faults. A model-based
approach using phasor representation of the residual vector
is presented in [30] to detect and isolate faults in electric
drive systems. An open-circuit fault diagnosis method for
electric drive systems based on the current residual vector is
presented in [31]. In [32], the zero voltage vector sampling
fault diagnosis method is presented using the single DC-link
current sensor. The concept of allelic points and their
functions are presented in [33] to analyze the VSI-fed vector-
controlled electric drives under normal operating conditions
and faulty conditions. The performance of the current-based
methods is highly dependent on the accuracy of model
parameters, and they also, require high computation time for
fault diagnosis.

Unlike current-based methods, voltage-based approaches
are faster in terms of diagnosis speed while there is a
need for additional voltage sensors and/or hardware in real-
world applications. Particularly, in [34], an open-circuit fault
detection approach based on the voltage model analysis is
presented where the voltage measurements are compared
with their corresponding reference values. In [35], a fast
fault detection method with the aim of minimizing the time
interval between the fault occurrence and its diagnosis using a
Field-Programmable Gate Array (FPGA) is investigated. The
presented method requires complex hardware and high imple-
mentation costs. A sectoral diagnosis method using voltage
measurements is presented in [36] to diagnose open-circuit
faults of inverter-fed PMSM drives. The presented method
in [36] utilizes a separate residual between reference and
measured pole voltage values for each of the switches instead
of direct use of the instantaneous difference to improve the
robustness of the presented method against variations of AC
voltage within one cycle of rotation. Additionally, in [37],
an indirect voltage measurement method using high-speed
diagnostic photocouplers is investigated to deal with the
complexity of the fault diagnosis circuit. A Model Reference
Adaptive System (MRAS)-based voltage distortion observer
is presented in [38] to diagnose open-circuit faults in VSI
for PMSM drive. The complexity of design, additional
sensor requirement to measure VSI pole voltage, machine
phase voltage, system line voltage, and/or machine neutral
point voltage, and the cost of implementation are the
major challenges with voltage-based approaches to diagnose
open-circuit faults in VSI-fed PMSM drives.

In addition to model-dependent methods, some data-driven
techniques, such as Neural Networks (NN) [39], Artificial
Neural Networks (ANN) [40], [41], Bayesian networks [42],
Fuzzy Logic (FL) [43], [44], Wavelet Transform (WT)
analysis [45], and hybrid Support Vector Machine (SVM)
and WT analysis [46], [47], are investigated to diagnose
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FIGURE 1. The structure of a three-phase VSI-fed PMSM drive system.

open-circuit faults in VSI-fed PMSM drives. However, chal-
lenges associated with such techniques are the complexity in
design and implementation, high computational burden, and
robustness against external factors, such as noise.

This paper presents a fast online (real-time) fault diagnosis
approach for open-circuit faults in IGBTs used in VSI-fed
PMSM drive systems in HEVs. The proposed approach,
which is a three-stage combined model-based and data-driven
fault diagnosis approach, is capable of quickly detecting
open-circuit faults in IGBTs and accurately obtaining diag-
nosis results to locate and clear such faults without the
need for additional sensors. The proposed method analyzes
the three-phase voltage signals under normal operating
conditions and various faulty conditions, and accordingly,
estimates the current in each phase using the normal
operating conditions dataset to detect open-circuit faults.
Using the faulty conditions dataset and applying a data-driven
approach, called the Modified Multi-Class Support Vector
Machine (MMC-SVM) algorithm with Radial Basis Function
(RBF) kernel function, such faults can be located. Once a fault
is detected and located, the proposed method bypasses such
faults by sending the closing command to the corresponding
backup switches and ensures the continuous operation of
the electric drive-motor system. Various scenarios, including
single, multiple, and simultaneous faults in IGBTs, and also
changes in PMSM operating conditions, are considered to
assess and verify the performance of the proposed method.
Considering the characteristics of the proposed open-circuit
fault diagnosis method, it can be embedded in the existing
VSI-fed PMSM drive systems without extensive changes.

The rest of this paper is organized as follows. A thorough
analysis of IGBT open-circuit faults in VSI-fed PMSM drive
systems is performed in Section II. Section III presents
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the proposed open-circuit fault diagnosis approach in detail.
Results and discussion are provided in Section IV. Finally,
Section V concludes this paper.

Il. ANALYSIS OF IGBT OPEN-CIRCUIT FAULTS IN VSI-FED
PMSM DRIVE SYSTEMS

Figure 1 shows the structure of a three-phase VSI-fed PMSM
drive system using Field-Oriented Control (FOC). The main
role of the control section is to generate the gate pulses
based on the expected voltage and feed them into the VSIL
The output of the VSI is applied to the PMSM windings to
generate continuous current. Each leg of the VSI consists
of two IGBTs, and i* IGBT is indicated by SW;, which
comprises Q; and D;. Each SW is controlled by the gate driver,
which sends gate pulses to the corresponding IGBTs. Using a
three-phase current sensor, the current in each phase, i.e., i,
ip, and i., can be measured. In addition, 6, and w, which are
the rotor electrical angle and the measured angular velocity,
respectively, can be determined using position sensor signal
processing. In Figure 1, Vpc represents the DC voltage across
the DC-link capacitor.

A. PHASE VOLTAGE ANALYSIS UNDER NORMAL
OPERATING CONDITIONS

In the VSI-fed PMSM drive system, switching states
determine the current flow under different conditions, and
accordingly, the output voltage of the VSI varies. Hence, it is
necessary to investigate the output voltage under different
switching states, and for each SW, the switching state can
be either ON or OFF. In this case, Table 1 illustrates
the relationship between switching states of IGBTs and
winding-to-ground voltage of phases a, b, and c, respectively,
ie., V., V]\., and V], under normal operating conditions.
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TABLE 1. The relationship between switching states and the winding-to-ground voltage under normal operating conditions.

State Number | SW; | SW» | SW5 | SW, | SWs | SWe | V. | VI | VE
0 OFF | ON | OFF | ON | OFF | ON 0 0 0
1 OFF | ON | OFF | ON ON | OFF 0 0 Vbe
2 OFF | ON ON | OFF | OFF | ON 0 Vbe 0
3 OFF | ON | ON |OFF | ON | OFF | 0 | Vpc | Vbe
4 ON | OFF | OFF | ON | OFF | ON | Vpc 0 0
5 ON | OFF | OFF | ON | ON | OFF | Vpc | 0 | Vbe
6 ON | OFF | ON | OFF | OFF | ON | Wpc | Vbc 0
7 ON | OFF | ON | OFF | ON | OFF | Vpc | Vbc | Wbc
In a three-phase PMSM with star-connected winding, the For clarity, xV = [X{V Xév ng 17 is considered as follows:

following condition is satisfied by Kirchhoff’s law:
lat+ip+ic=0 ey

In addition, considering the sinusoidal air-gap magnetic
flux distribution, the summation of phase voltage is equal to
zero. Hence, based on Equation (1), the following equation
for the PMSM can be written:

d
Vas + Vos +Ves = Rs(ia +ip+ ic) +LSE(ia +ip+ ic)
+(eas +eps +ecs) =0 (2)

where Vs, Vs, and Vs show the phase voltage of phases
a, b, and c, respectively, Ry and L, are the stator resistance
and inductance, respectively, and egs, eps, and e.s indicate
the corresponding phase back Electromotive Forces (EMFs)
of phases a, b, and c, respectively.

Moreover,

Vas + Vsc
VoG = Vs + Vsc
Ve = Ves +Vse
Vs = /(VaG + VoG + Vi)

Vac =

3

where Vg represents the neutral point S to ground G voltage.
Hence, the phase voltage can be derived as follows:

Vs 2 —1 =11 Vi
Vs | = 3 -1 2 —1|| Vig @)
Ves -1 -1 2 V.o

Considering Equation (4), the relationship between switch-
ing states of IGBTs and phase voltage under normal operating
conditions is shown in Table 2. As a result, the following
equation can be derived:

v =1 (SW1 (SW4 + SWe) — SW(SW3 + SW5)) Vb
v =1 (SW3 (SWa + SWe) — SWa(SW) + SW5)) Vbe

VE = 1s(SWS(SWa + SWa) — SWe(SW1 + SW3)) Ve
)
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XY = SW(SWy + SWe) — SWa(SW3 + SWs)
XY = SW3(SWa + SWe) — SW4(SW; 4 SWs) (6)
dxd = SWs(SWp + SWa) — SWe(SW + SW3)

Therefore, Equation (5) can be written as follows:

1
= ngch (7

=[Vas Vis Vesl'
B. PHASE VOLTAGE ANALYSIS UNDER FAULTY
CONDITIONS
In a VSI, the switching pulses as well as the direction of the
current flow determine its output voltage. Assuming that the
current is positive while flowing into the PMSM winding,
the switching states, the direction of current in each phase,
and accordingly, the voltage of each phase of the VSI can be
determined. Figure 2 shows the current paths of phase a when
an open-circuit fault occurs in Q.

In case of an open-circuit fault in Q;, indicated by
superscript Fsw,, SW1 and SW, are switched OFF. Taking
switching state 4 into consideration, if iy > 0, the current
of phase a flows through D,, as shown in Figure 2(a).
In this case, SW, is sw1tched OFF and SW, is switched ON,

which means V, W =V Fswi =V Fow _ = 0, and accordingly,
F. F F
VaSSWl =Vs Wi =V "'~ 0. On the contrary, if i; < 0, the

current of phase a ﬂows through D1, as shown in Figure 2(b),
which means SW; is switched ON and SW. 2 is switched
N

. Few
OFF. In this case, V;é = Vbe, Vbéw' = VLGW1 =0, and
Fsw, Fsw,

correspondingly, VaSS e /5Vpe, and Vi =Vg =
—1/,Vpc. Using the same procedure, the relationship between
the switching states, the phase voltage, and the current
direction in the case of an open-circuit fault in Q; is derived,
and the results are shown in Table 3, in which the current
direction indicator €, (x represent the corresponding phase)
can be either €, for i, > 0 or ¢, for i, <0, where €, + ¢, = 1.
Considering the results of Table 3 and the state of SWI and
SWQ, which are both switched OFF, the phase voltage V ¢ SW‘

Fsw
Vis ' and Vcs , in case of an open-circuit fault in Q; can
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TABLE 2. The relationship between switching states and the phase voltage under normal operating conditions.

State Number | SW; | SW, | SW3 | SWy | SWs | SWs V% V% VA

0 OFF | ON | OFF | ON | OFF | ON 0 0 0

1 OFF | ON | OFF | ON | ON | OFF | —1/Vpc | —1/3Vpc | 2/3Vpc
2 OFF ON ON OFF OFF ON — 1/3VDC 2/3VDC — 1/3VDC
3 OFF | ON | ON | OFF | ON | OFF | —2/Vpc | AVpc | /3Vpc
4 ON | OFF | OFF | ON | OFF | ON | 25Vpc | —!/Vpc | —!/3Vpe
5 ON OFF OFF ON ON OFF I/3VDC _2/3VDC I/3VDC
6 ON | OFF | ON | OFF | OFF | ON | 15Vpc | 1/Vpc | —2/3Vpc
7 ON | OFF | ON | OFF | ON | OFF 0 0 0

TABLE 3. The relationship between switching states, phase voltage, and current direction in case of an open-circuit fault in Q;.

State Number | SWy | SWy | sws | swy | sws | swe | & | v [ vl | oyi
4 OFF | OFF | OFF | ON | OFF | ON |-% 0 0 0
& | Ve | ='AVpe | —1/3Vbe
o _1 _1 2
5 OFF | OFF | OFF | ON | ON | oFF | 8| ~'Vbc | ='sVbc | %/3Vbc
& | AV | —25Vpe | /AVpe
° 1 2 1
6 OFF | OFF | ON | OFF | OFF | oN |Za | —'/Vbc | */Voc /3Vbe
& | /3Vbc 1AV | —2/3Vbc
o 2 1 1
7 OFF | OFF | ON | OFF | ON | OFF |- /;VDC / SXDC / SZDC
&

fault in phase a, i.e., either an open-circuit fault in SW; or
SWa,, is derived as follows:

Vie = s((SWa + SWo)ew — (SWs + SW3)eg ) Vo
Vpe= Vs = 1/3<SW3(SWs +€5) — SWu(SWs +€_a)) Voc 9
= 1/5(SW(SWs +2) — SWe(SWi +€0)) Vi

Considering x e = [Xf" Xf”

Equation (11) is obtained.

Xf"]T as Equation (10),

(b)
FIGURE 2. The current paths of phase a in case of an open-circuit fault in =(SWa+ SW6)€_“ —(SW3 +S5Ws)e,
Q;:(a) ia > 0, and (b) ia < 0. Xf" = SW3(SWe +€5) — SWa(SWs +€4) (10)
X3" = SWs(SWa+€q) — SWe(SW3 +€0)
be formulated as follows: yFa — [VFa VbFSa V:;a]T _ %XFu Vie (11)
Vg™ = 1 ((SWa+SWedew — (SWs -+ SWs)eg) Vo | o
Using the same procedure and considering €, for i, > 0 and
VFSWI 1 (SW3(SW(, +€,)— SW4(SWs +€a)) Vbe eb for i, <0, where €, + €, = 1, and €. for i, > 0 and €, for
Fe ¢ <0,where €, + €. =1, the phase voltage equations in case
Vs L=14 (S Ws(SW4+€,) — SWe(SW3 + Ea)) Vbe of open-circuit faults in phases b and ¢, i.e., VvFo and VFe, are
(8) respectively obtained as follows:
An open-circuit fault in Q, directly affects switching as =1/ (S Wi (SWe +€,) — SWH(SWs5 + 61,)) Vbe
states 0, 1, 2, and 3. Likewise, the relationship between the - R
switching states, the phase voltage, and current direction in Vis = '/3((SW2 +SWe)ep — (SW) +SW5)€};) Vbc
the case of an open-circuit fault in O, can be derived, which is R .
exactly the same as the results of the open-circuit fault in Q. Ves =1/5 (SWS (SW2+ ) — SWe(SW) +€_b)) Ve
Thus, the phase voltage equation in case of an open-circuit (12)
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Vi = 15(SWI(SWa+2) — SWa(SWs +€0)) Ve
Vi = (SWa(SW2 +) — SWa(SW1 +€0)) Vi

Vi =1 ((SWQ +SWa)ec — (SWy + SW3)6_C) Vbe
(13)
It should be noted that in case of open-circuit faults in
phases b and c, paired switches (SW3 and SW4) and (SW5 and
SWe) are respectively switched OFF. Therefore, they are
omitted from Equations (12) and (13).
Considering xf» = XIF” X; b X? 1T as Equation (14) and
xFe = =[x Xf” X?‘]T as Equation (15), Equations (16)
and (17) are derived.
X" = SWi(SWe +&) — SWa(SWs + &)
F” = (SWa + SWe)ep — (SW1 + SWs)&, (14)
= SW5(SW> +€) — SWs(SW1 + €p)
xf“ = SWi(SWa+&) — SWa(SW3 + &)
1 x5 = SWa(SWa +&) — SWa(SW1 +€.) (15)
X5° = (SWa + SWa)ee — (SW1 +SW3)&

1
fr=1Vig Vig V1 = 3x""Voc (16)

vie=vle vie vial = %XF“VDC (17)
C. ELECTRIC DRIVE-MOTOR SYSTEMS MODELING AND
CONTROL

In order to create a stator flux vector in a PMSM, the
three-phase sinusoidal current, i.e., i, i, and i., should
be controlled. Independent control of three-phase sinusoidal
current requires complex mathematical calculations to trace
and regulate the sinusoidal reference signal. FOC is an
efficient method to simplify such mathematical calculations
by transforming the three-phase stationary system (abc) to
a rotating synchronous with the rotor system (dg). In fact,
FOC decomposes the three-phase stator current into two
main components, i.e., magnetic field generation (d-axis)
and torque generation (g-axis), which can be controlled
separately.

According to Figure (1) and assuming sinusoidal
three-phase distributed winding and by neglecting the effect
of magnetic saturation and leaking inductances, the stator
voltage equation can be written as follows:

Va iq d Ya
Vo | =Rs|ip |+ Vb (18)
Ve c Ve

where V,, V), and V,. are the phase voltage across each stator
winding, and v,, ¥, and ¥, are the magnetic flux in each
stator winding.

In addition,

Ya Laa Lap Lac | ia cos O,
Vo | = | Loa Leb Lic | ib | +¥m| cos@—2) | (19)
Ye Leq Lep Lec | Qe cos(f, + ZTH)
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where Lgq, Lpp, and L. represent the self-inductances of
each stator winding, Lgp, Lac, Lpa, Locs Lea, and Ly, are the
mutual inductances of the stator windings, and v, indicates
the permanent magnet flux linkage.

Applying Park’s transformation, the stator winding voltage
and current equations in the dg-reference frame can be written
as follows:

V4 5| cos 6, cos(6,— 27”) cos(f, + 27”)
Vy | =3| —sinfe —sin(® — ) —sin(f + )
VO 1/2 1/2 1/2
Va
x| Vp (20)
Ve
ia| [ cosbe cos@— ) cos(@,+ )
ig | =%| —sinf, —sin(@, — &) —sin(, + )
i() 1/2 1/2 1/2
lq
X | ip (21)

Deflmng Ly=Li+M,+ sz, Ly=L;+M;— Lm, and
Ly = Ly — 2M,, Equation (20) can be rewritten as follows.

. dig .
Vi=Rsig+Ly _l —NowigL,

1
Vq = Rsiq ~|—Lq—;1 +Nw(igLg + V¥m) (22)

1
Vo = Ryio+ Lo—
dt

where L, and L, are the stator d-axis and g-axis inductances,
respectively, Ly is the stator zero-sequence inductance,
N shows the number of rotor permanent magnet pole pairs,
M; is the stator mutual inductance, and L,, shows the stator
inductance fluctuation.

Correspondingly, the rotor torque 7, is derived as follows:

3
=N (zq(zde W) — dgigL ) 23)
In addition,
do N
E = 7(Te —Bw—Ty,) (24)

where J shows the rotor moment of inertia, B is the viscous
friction factor, and T}, is the mechanical torque.

The stator flux vector is perpendicular to the rotor flux
vector. Hence, the desired value of i; is zero, and accordingly,
the stator reference current in the d-axis, i.e., iy, is equal to
zero. Therefore, Equation (24) can be rewritten as follows:

3.
T, = EN'W’” (25)

Considering Equations (24) and (25), the stator reference
current in g-axis i; can be derived as follows:

L2
7= gy g B+ T + ) (26)
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FIGURE 3. The diagram of the sensored FOC of three-phase PMSM.

Accordingly, the feedforward stator voltage equations can
be written as follows:

dis d
V5 = Rig — Lywig + Ly 24 4 4¥m
dt dt 27)

di
Vi = Ryig+ Lywig +qu—tq + Yo

Figure (3) shows the diagram of the sensored FOC of three-
phase PMSM. Based on the presented closed-loop control,
the reference angular velocity wrs is compared with the
measured angular velocity to determine the angular velocity
error signal. Using a Proportional-Integral (PI) controller,
the angular velocity error is processed and the output is the
reference torque (7%f) to achieve the desired velocity control
performance. The current reference generator is a function of
rotor angular velocity, the reference torque, and the DC-link
voltage of the power converter, and it can generate the stator
reference current in the dg-axis. Once the stator reference
current signals are obtained, the current controller generates
the reference voltage signals in the dg-axis (v}; and "2)’ which
are indeed compensated by feedforward terms to enhance the
system response. The generated reference voltage signals are
transformed into the abc domain as the inputs of the Pulse
Width Modulation (PWM) generator to generate the gate
pulses.

The voltage equation for each phase of the PMSM can be
written as follows:

dig

Vas lq d j’t [
Vps | =Rs | ip +LsE G| ens (28)
Ves ic ﬁ €cS
where
eus sinf,
eps | = —wiy | sin(6, — 57) (29)
ecs sin(0, + 57)
137334

Taking Equations (7), (11), (16), (17) into account, the
phase voltage function can be written as follows:

1
V=[Vus Vis Vesl' = AL (30)

where x =f(x" x"* x" x").

Considering the phase current as the state variables, the
corresponding state-space description of the system is derived
as Equation (31), as shown at the bottom of the next page,
where A, B, and H are the system matrices.

IIl. PROPOSED OPEN-CIRCUIT FAULT DIAGNOSIS
APPROACH

The proposed open-circuit fault diagnosis approach con-
sists of three main stages, namely fault detection, fault
localization, and fault clearance.

A. FAULT DETECTION STAGE

According to Equation (1), under normal operating condi-
tions, the summation of the stator current should be equal to
zero. Since the current measurements may not be accurate,
a threshold ¢ is defined to ensure the correct measurement
of the state variables by the current sensors, as follows:

. +ip+i| <éo (32)

It is indeed not guaranteed that Equation (32) can clearly
determine the proper operation of all current sensors.
Therefore, an effective fault detection procedure requires
additional information in arriving at a decision and detecting
abnormalities or faults.

An open-circuit fault in the VSI-fed PMSM drive system
significantly changes the last term in Equation (31), i.e.,
Hy, and leads to a considerable deviation between the
actual measured and estimated state variables. Using an
observer constructed based on the system’s model under
normal operating conditions, open-circuit faults are detected
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by monitoring the residuals and declaring a fault when they
cross a certain threshold.

Under normal operating conditions, x¥ = x. Considering
Equation (31), the current residual function can be written as
follows:

d . N . N N
E(lx_lx)=A(lx_lx)+H(Xx_X ) (33)
where superscript N and subscript x show the parameters
under normal operating conditions and phase number,
respectively.

An open-circuit fault is detected when |iy — iV | > &4, where
&4 represents the open-circuit fault detection threshold.

B. FAULT LOCALIZATION STAGE

After detecting an open-circuit fault, an online data-driven
approach, called the MMC-SVM algorithm with RBF kernel
function, is used to locate such a fault. The collected
data by the current sensors is affected by many factors,
such as temperature, and indeed, the collected dataset
contains noisy data [48]. The determining factor in the
development of the proposed data-driven algorithm to suc-
cessfully localize open-circuit faults is to properly collect the
data.

The collected dataset contains the real-time three-phase
current signal of the VSI-fed PMSM drive system. Each
column in the collected dataset represents a certain feature.
The redundant data in the collected dataset is removed to
improve the accuracy of the fault diagnosis process and
minimize the computation time. The feature set is normalized
to generate the training dataset, i.e., support vectors, and test
dataset. Since the collected dataset is not linearly separable,
the RBF kernel function is used for training the MMC-SVM
model, as follows [49], [50], [51]:

K(ix,iN) =e(_M

G |'2) (34)
X
where K represents the kernel function, and A is a positive
value.

The term i, — i | shows the squared Euclidean distance
between the actual measured phase current and the phase
current under normal operating conditions. In particular,
under normal operating conditions, i, ~ ixN , and thus, the
difference between two vectors becomes zero. As a result,
the exponential term in Equation (34) becomes approximately
equal to 1. On the contrary, if i, % ify , the difference between
two vectors becomes a large number, and according to
Equation (34), the exponential term becomes roughly equal to
zero. In addition, if a large positive value is considered for A,

the proposed method may misclassify the training dataset
and increase the risk of overfitting. Hence, the proposed
MMC-SVM decision boundary depends on the points close
to a predefined hyperplane, and indeed, the points that are far
away from the decision boundary are ignored. As a matter of
fact, A determines how far the influence of a single training
data reaches and it is a function of the standard deviation of
the collected dataset, as follows:

1
A= 752 (35)
where o is a free parameter and depends on the variance of
the collected data [49].

To deal with large numbers of training samples/features,
the Taylor series expansion of the kernel function is
employed. For clarity, if o = 1 in Equation (34),
Equation (36), as shown at the bottom of the next page, can be
derived. Using the Taylor series expansion, the second term
in Equation (36) can be written as Equation (37), as shown at
the bottom of the next page, in which n represents the length
of the data sequence. Using the dot product, Equation (37)
can be rewritten as Equation (38), as shown at the bottom
of the next page. Therefore, Equation (34) can be rewritten
as Equation (39), as shown at the bottom of the next page.
By defining M, as shown in Equation (39), Equation (40), as
shown at the bottom of the next page, can be derived, which
shows the relationship between the two corresponding values
of the points in two vectors in infinite dimensions. Similarly,
the MMC-SVM model can be trained using any A, and by
testing under different conditions, the corresponding labels
for evaluation can be predicted.

Unlike autoencoders, the proposed MMC-SVM model is a
supervised learning-based approach, and a label is assigned
to each data point in the dataset. Particularly, when an
open-circuit fault is detected, initially, the fault data from
different fault locations are generated, and after training the
MMC-SVM model using Equation (34), a hyperplane is
determined to separate the classes and maximize the squared
Euclidean distance between the closet data points related
to each class and the decision boundary. As a result, the
corresponding labels for all data points in the dataset are
predicted, and the accurate location of the open-circuit fault
is determined.

C. FAULT CLEARANCE STAGE

Figure 4 shows the proposed open-circuit fault clearance
strategy for the VSI-fed PMSM drive system, in which
S1, ..., S¢ are the backup switches in series connection
with backup IGBTs. Under normal operating conditions,

% —Refi, 0 0 iy —, 0 0 eus Voc /s,
jLIh = 0 —R,\'/Lj 0 ib =+ 0 —I/LX 0 eps + VDC/3LX X (31)
f 0 0 =~/ ||, 0 0 —'/u || ecs Voc /31,
A B H
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FIGURE 4. The proposed open-circuit fault clearance strategy for the VSI-fed PMSM drive system.

the backup switches are normally opened and the backup
IGBTs are idle while receiving the gate pulses. Once the
open-circuit fault is detected and located, the faulty IGBT is
bypassed by closing the corresponding backup switch, and
then, the current flows through the parallel path with the
faulty IGBT. Since no reconfiguration is needed, the gate
pulses are automatically modified to ensure a stable and
continuous operation of the VSI-fed PMSM drive system
without major waveform distortions and/or overcurrent
issues. It should be noted that the restoration to normal
operating conditions highly depends on the open-circuit fault
duration and if such a fault persistently exists, fault clearance
and restoration to normal operating conditions may not be
possible.

IV. RESULTS AND DISCUSSION

In order to check the performance of the proposed
open-circuit fault diagnosis method, a PMSM propelling an
HEV in series architecture is investigated. The studied series
HEV consists of an ICE, battery pack, VSI, and PMSM,
in which the ICE drives the electric generator instead of
driving the wheels. Correspondingly, an electric generator
charges the battery pack and supplies power to the PMSM
to move the HEV. If a large amount of power is required,
the PMSM absorbs electricity from both the battery pack and
the electric generator. A DC/DC converter is connected to the
battery pack and feeds the PMSM through a three-phase VSI.
As the ICE only generates electricity for the electric motor,
series HEVs are referred to as Extended-Range Electric

2 i 32, N2 i N
)= (i 2 ix . D
& ZlX) ) ( e (IA; — ) ;((lx)z-i'(tiv)z) i”'N
=e =e et x

K(ix,i)’(\') =e( (36)
Y (Y I () WA () A (W0 (37)
el = \/; \f (i)’ . \/7 (ir)")- ,ﬁi;v,ﬁawz,...,/ga;v) (38)
e(*("ﬂ%z)ze”(“”(’ ?) \/7 \/7 i0?, .. \/7 i)"). ,\/%ix’v,\/;(iiv)z,...,\/g(ix’v)”)] (39)
e(’(irz ): MM[:X,M[(IX)Z M((zx)" M,M ,x,M[(N)z M((zN)" (40)
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TABLE 4. ICE parameters.

Parameters Values
Maximum Power (Pj'?*) 115 kW
Maximum Torque (7,;**) 280 N-m

Gain for ICE Model 178.3
Time Constant for ICE Model 0.1s

TABLE 5. Vehicle parameters.

Parameters Values
Vehicle Mass (M,,) 1100 kg
Gravitational Acceleration (g) 9.8 m/s2
Air Density (p,) 1.2 kg/m?
Maximum Vehicle Cross-Section Area 0.9 m?
Air Drag 0.4 N-s?/kg-m
Rolling Coefficients (cr; and cry) 0.1 and 0.2
Gear Reduction Ratio 9
Wheel Radius (r,) 0.3 m
TABLE 6. Electric drive parameters.
Parameters Values
Maximum Power (P,"%*) 35 kW
Maximum Torque (7,"**) 205 N-m

0.00024368 H
0.00029758 H

Stator d-Axis Inductance (L)

Stator g-Axis Inductance (Ly)

Stator Zero-Sequence Inductance (Ly) | 0.00012184 H
Stator Resistance Per Phase (R;) 0.010087 Q
Permanent Magnet Flux Linkage (y;,) | 0.04366 Wb

Number of Pole Pairs (V) 8

Rotor Moment of Inertia (J) 0.1234 kgvm2
DC-Link Capacitor (Cpc) 0.001 F
Nominal Voltage (V) 352V
Switching Frequency (fsw) 10 kHz
TABLE 7. Battery pack parameters.
Parameters Values
Battery Pack Capacity (Qp) 30000 W-h
Battery Pack Nominal Voltage (Vp) 260 V
Internal Resistance (R;) 0.001 Q
Initial Charge 80.75 A-h
Initial State-of-Charge 70%
Battery Rating 115 Ah

Vehicles (EREVs). A fixed-ratio gear-reduction model is
used to implement the vehicle transmission and differential
systems. The driving inputs, including steering and braking,
and other conditions, such as wind speed and road slope,
are converted into different commands for the generator and
PMSM using a vehicle control system. Overall, the main
objective is to control the torque of the PMSM. Tables 4 to 7
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FIGURE 6. The PMSM reference, measured, estimated, maximum and
minimum torques under normal operating conditions.

show the parameters of the studied ICE, vehicle, electric
drive, and battery pack, respectively.

A. NORMAL OPERATING CONDITIONS

It is assumed that the HEV is accelerating on a straight
road between 0.45 and 2.0 s, and during this time period,
its velocity increases from 0O to 25.8 km/h. For 0.20 s, the
velocity gradually decreases, and at 2.20 s, the brake is
applied, which leads to a reduction in the velocity of the HEV
to 0 km/h. Figures 5 to 7 show the vehicle speed, PMSM
torque, and three-phase current under normal operating
conditions, respectively. It is also noted that under normal
operating conditions, the DC-link voltage is regulated at
338.14 V and the State-of-Charge (SoC) of the battery pack is
slightly increased from 70% to 70.052%. Figure 8 illustrates
the residual current under normal operating conditions.
Performing a series of experiments, &5 = 20 and & =
e~ 10 are selected as the open-circuit fault detection and
location thresholds, respectively. Such values are selected
in such a way as to improve the accuracy of the diagnosis
process, reduce overfitting, prevent the wrong diagnosis, and
minimize the computational burden.

As shown in Figure 9, since no open-circuit fault is
detected, the diagnostic variables, called fault detection flag,
which can be either O or 1, and fault localization flag, which
shows one of the six switches (or multiple switches), are
both zero. The fault detection flag is zero because the current
residuals are less than the predefined open-circuit fault
detection threshold. In addition, according to the exponential
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FIGURE 9. The diagnostic variables under normal operating conditions.

term in Equation 34 and defining A = 0.0576, the difference
between the measured and estimated current signals becomes
very small, and accordingly, the fault localization flag for all
switches is null.

B. OPEN-CIRCUIT FAULT IN SINGLE SWITCH
It is assumed that at + = 1 s, an open-circuit fault occurs in
the first switch (SW;) and persistently exits till the end of
simulation time. Figure 10 shows the three-phase current of
the PMSM in case of an open-circuit fault in SWj, in which
no current limiter is used to clearly indicate the Rate of Rise
(RoR) of the three-phase current. The open-circuit fault in
SW; causes an increase in the current of phases b and ¢ by
78% and 70%, respectively.

Changes in the vehicle speed directly cause a significant
increase in the current of phases b and ¢ by roughly 8 times,
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FIGURE 10. The three-phase current of the PMSM in case of an
open-circuit fault in SW;.

and indeed, if no protection measures are practically taken,
such a destructive increase in the phases current can cause
severe physical damage to the PMSM windings, as well as to
the VSI. As a result of such a fault, as shown in Figure 11,
the PMSM measured and estimated torques significantly
change, and also, the current residuals exceed the predefined
open-circuit fault detection threshold, and correspondingly,
the fault detection flag changes to 1 within 0.01 ms to indicate
the fault occurrence. Figure 12 demonstrates the three-phase
residual current of the PMSM in case of an open-circuit fault
in SWj. Since the MMC-SVM algorithm is trained with a
set of faulty scenarios, using Equation 34, the exponential
terms related to SW, to SWg exceed the fault localization
threshold, and correspondingly, the fault localization flag
shows an open-circuit fault in SWj. Figure 13 illustrates the
diagnostic variables in case of an open-circuit fault in SWj.
The open-circuit fault in SW; is detected and located within
0.5 ms, which is approximately !/isc of the phase current
fundamental wave period.

Once the open-circuit fault in SW; is detected and located,
according to Figure 4, the corresponding backup switch,
i.e., S1, which is in series connection with a backup IGBT,
bypasses the fault, and as shown in Figure 14, clears the
fault. As mentioned earlier, there is a strict time period to
clear the fault, i.e., 2 ms, and if the fault is not cleared
within the mentioned time period, the VSI-fed PMSM drive
system becomes uncontrollable. As an open-circuit fault in
SW) is detected, the fault detection and localization flags
maintain their previous conditions, but the VSI-fed PMSM
drive system restores to its normal operating conditions.
In addition, Figure 14 illustrates that the open-circuit fault
in SW is cleared within 0.5 ms. Figure 15 shows the residual
current after clearing the open-circuit faultin SW;. As aresult
of such an open-circuit fault, the current residuals exceed the
predefined threshold, but the VSI-fed PMSM drive system
continues its normal operating conditions.

C. BACK-TO-BACK OPEN-CIRCUIT FAULTS IN MULTIPLE
SWITCHES

In the second scenario, it is assumed that open-circuit faults in
two switches SWs (an upper arm of phase ¢) and SWy (a lower
arm of phase b) occur at t = 1 s and t = 1.5 s, respectively.
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Such a faulty condition can be handled as two single switch
faults. Based on Equation 25, the electrical torque is a
function of the current in the g-axis. As shown in Figure 16,
the three-phase residual current exceeds the predefined fault
detection threshold. As a result of the open-circuit fault in
SWs, i, increases by 5%, and accordingly, the reference
current changes. Additionally, due to the open-circuit fault
in SW4, i, changes by 20%. The notable squared Euclidean
distance between the corresponding points in the collected
dataset and the actual measurement leads to a successful
localization of the two faulty switches. Figure 17 shows the
diagnostic variables in case of open-circuit faults in SWs and
SWy, in which the two faulty switches are successfully
localized. Once the first two stages, i.e., open-circuit fault
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FIGURE 16. The three-phase residual current of the PMSM after clearing
open-circuit faults in SW5 and SW,.

detection and localization, are passed, the proposed method
attempts to clear the two open-circuit faults by sending the
closing commands to S5 and S4, and as shown in Figure 18,
the first and second faults are cleared within 1 ms. However,
the first and second faults cause 3 kW and 2.5 kW changes
in the mechanical power of the PMSM, respectively, using
the proposed method causes efficient mitigation of such
variations. In addition, no major impact on the DC-link
voltage is observed. Since the stator voltage in the d-axis
highly depends on the i,, large variations are observed in v}.

D. SIMULTANEOUS OPEN-CIRCUIT FAULTS IN SWITCHES

In the third scenario, it is assumed that simultaneous
open-circuit faults occur in two switches SW3 and SWg with
a 0.5 ms time delay. Under such a faulty condition, the
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FIGURE 18. The three-phase current of the PMSM after clearing
open-circuit faults in SWy5 and SW,.

400 — 500 T
i —Pha:
§ 200+ L. %ﬁ!‘“ Phase c]|
U Timels ) ot ashl it

§ . ”‘"I””U.‘."H‘\, 4} 1 Wn
5 0 b
&) A Py
T; o b 'ﬂ
] -200 - |
3
a -400 - |

0 0.5 1 1.5 2 2.5 3

Time [s]

FIGURE 19. The three-phase residual current of the PMSM after clearing
open-circuit faults in SW5 and SWg.

VSI-fed PMSM drive system becomes fully unstable and
uncontrollable. It is due to the fact that open-circuit faults
in SW3 and SWg directly impact the voltage of phases
b and c, respectively, and since the coordination between the
remaining switches is achieved, such faults cause a drastic
increase (x100) in the RoR of each phase current (except
for the faulty arms), and obviously, this leads to severe
damage to the entire electric drive-motor system. Hence, it is
mandatory to clear such faults within a certain time period.
In this case, simultaneous open-circuit faults in SW3 and
SWe respectively at + = 1 s and + = 1.0005 s (0.5 ms time
delay) are investigated. Since simultaneous faults occur in the
mentioned switches, as shown in Figure 19, the three-phase
residual current evidently exceeds the predefined fault
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FIGURE 21. The three-phase current of the PMSM after clearing
open-circuit faults in SW5 and SW.

detection threshold and this implies there is an open-circuit
fault in the VSI-fed PMSM drive system.

In addition, such faults directly affect all three phases’
current, and under such a faulty condition, the squared
Euclidean distance between the actual measured phase
current and the phase current under normal operating
conditions exceeds the fault localization threshold, except for
phases b and c. If no data-driven approach is implemented,
the faulty switches can be localized using the output current
waveform and by checking the switching patterns. Figure 20
shows the diagnostic variables in the case of open-circuit
faults in SW3 and SWg, in which the faulty condition
and locations of the two faults are correctly determined.
After successful detection and localization of the two faults,
the faulty switches are bypassed by sending the closing
commands to S3 and Sg, and the two faults are cleared.
However, the proposed method attempts to clear the two
faults, the three-phase residual current of the PMSM after
clearing open-circuit faults in SW3 and SWg is greater than
normal operating conditions, which is indeed due to the
difficult coordination between the remaining switches and
newly connected ones. Figure 21 illustrates the three-phase
current of the PMSM after clearing open-circuit faults in
SW3 and SWg. It should be mentioned that the scenario of
simultaneous open-circuit faults in switches is a very rare
case and the proposed method is capable of accurately and
efficiently diagnosing such faults.
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V. CONCLUSION

In this paper, a fast online fault diagnosis approach for
open-circuit faults in Insulated-Gate Bipolar Transistors
(IGBTs) used in Voltage Source Inverter (VSI)-fed Perma-
nent Magnet Synchronous Motor (PMSM) drive systems in
Hybrid Electric Vehicles (HEVs) is proposed. Based on the
provided results, the proposed three-stage combined model-
based and data-driven fault diagnosis approach efficiently
and accurately detects, locates, and clears open-circuit
faults in IGBTs without the need for additional sensors.
At the first stage of the proposed fault diagnosis approach,
the three-phase voltage signals under normal operating
conditions and various faulty conditions are analyzed, and the
current in each phase using the normal operating conditions
dataset is estimated to detect open-circuit faults. In the
second stage, the Modified Multi-Class Support Vector
Machine (MMC-SVM) algorithm with Radial Basis Function
(RBF) kernel function, which is a data-driven approach,
is applied to analyze the dataset collected under faulty
conditions to locate such faults. Lastly, at the third stage,
the proposed method bypasses such faults by sending the
closing command to the corresponding backup switches and
ensures the continuous operation of the VSI-fed PMSM drive
system. The proposed method shows robustness against back-
to-back and simultaneous open-circuit faults in IGBTs and
does not rely on variations in the PMSM speed and power.
The performance of the proposed fault diagnosis approach is
evaluated using dynamic simulations in MATLAB. In addi-
tion, the obtained results show that the proposed method
minimizes the computational burden to accurately diagnose
the open-circuit faults in IGBTs and recovers the VSI-fed
PMSM driver system to its normal operating conditions.
Similar to HEVs, since Plug-in Hybrid Electric Vehicles
(PHEVs) and Battery Electric Vehicles (BEVs) have an
electric-drive motor system, the proposed method can be used
to detect, locate, and clear open-circuit faults in IGBTs used
in VSI-fed PMSM drive system in such vehicles.
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