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Abstract—This paper demonstrates the fault tolerance per-
formance of the A-source inverter fed PMSM drive system
for electric vehicles. The proposed topology of the A-source
impedance network is implemented to obtain high gain dc output
for the inverter module. This high magnitude dc output is fed
to the PMSM drive system for electric vehicle applications. In
addition to the design strategies of the proposed system, this
paper presents a fast fault identification and diagnosis strategy
under switch faults occurring in the inverter module. The utilized
method is robust to common converter issues such as load
variations and input power fluctuations. The simulation results
of the proposed fault-tolerant operation have been presented in
this paper. This efficient fault-tolerant operation substantially
improved the reliability of the overall system. The achieved
results demonstrate the effectiveness of the proposed system with
fault-tolerant capability for electric vehicle applications.

Index Terms—A-source network, fault-tolerant, switch faults,
permanent magnet synchronous motor (PMSM) drive, electric
vehicles, inverter.

I. INTRODUCTION

The popularity of electric vehicles has gained the attention
of researchers across the globe. These vehicles are propelled
through electric motors. The most popular choice among
those is permanent magnet synchronous motors (PMSM) as
they possess several advantages like high efficiency and high-
power density [1], [2]. However, for crucial applications,
like electric vehicles, involving high speed and variable load
operations, these drive systems require higher voltage-boosting
control methods. It results in the requirement of larger circuit
components which leads to higher cost. In this regard, several
converter configurations are proposed. The traditional buck-
boost converter topology suffers from drawbacks such as
discontinuous input current and charging current, high filter
equipment requirement and low efficiency. With the devel-
opment in configurations, impedance-source converters were
proposed [3]. These topologies gained the attraction of the re-
searchers with advantages like high voltage output with single-
stage power conversion [4]. Upon integration with the inverter,
impedance(Z)-source inverter (ZSI) gained popularity in motor
drives applications [5]. In the past decade, many improved
configurations of the Z-source networks are proposed with
changes in network components arrangements and integrating
transformers to obtain high voltage output [6], [7]. However,
these configurations are characterized by high voltage stress
on the power semiconductor switches, high current ripple and
high cost which are not suitable for motor drive applications.

In addition to high gain converters, vehicular applications also
consist of inverter modules to convert high dc power to ac
output for the ac motor drives. It is an inevitable fact that
the operation of these motor drives is widely affected by the
switch failures in the inverter module that occurred due to
open-circuit and short-circuit faults. Any failure in the switch
due to open-circuit fault results in the fall of current in the
relevant phase and will lead to the shutdown of the system.
In addition to it, for a short-circuit fault, the current will
be excessively large at the faulted phase. Hence, in order to
ensure the reliability of the system for vehicular applications,
intelligent control with an efficient fault diagnosis strategy
should be developed. Several literature proposed the fault-
tolerant remedies for ac motors [8], [9] and permanent magnet
synchronous motor (PMSM) drives [10]–[12]. However, these
recent fault diagnosis strategies have slow response time and
inefficient in preventing the shutdown of the system. The
follow-up cost due to faults, service continuity failure, and
additional component requirements are a few common con-
cerns to be addressed while designing a fault-tolerant scheme
for vehicular applications. It is required to implement reliable
fault-tolerant configuration to successfully achieve continuous
operation in the event of a fault.

To overcome the above-mentioned issues, an A-source
inverter-fed PMSM drive with fault-tolerant capability has
been proposed in this paper. This drive is characterized by
a high voltage output obtained through a newly developed
magnetically coupled impedance source network, called a
A-source impedance network. The network provides high
voltage gain while operating with a small duty ratio [13],
[14]. Subsequently, the proposed system is configured with
an efficient fault diagnosis strategy with quick detection and
reconfiguration of the circuit to avoid shutdown under the
event of a fault. In this paper, the variation in line-to-line
voltages and the magnitude of output current are monitored for
fault detection. Upon detection of the fault, the gate control is
switched to the auxiliary leg. The faulty leg is isolated and the
auxiliary leg is connected to the motor terminals to facilitate
the continuous power flow. This paper is composed of five
sections. Section II describes the design parameters and control
schemes of the A-source network-fed PMSM drive system.
The proposed fault-tolerant strategy is explained in Section
III. The relevant simulation results are presented in Section
IV. Finally, a conclusion is presented in Section V.



Fig. 1: Proposed System: (a) circuit diagram, (b) operating modes of A-source network.

II. SYSTEM DESCRIPTION

This section aims to describe the design parameters and
control schemes for the normal operation of the proposed
system. The proposed system is shown in Fig. 1a. It consists of
an A-source network to provide high gain dc output from a low
voltage input source, a three-phase inverter module to facilitate
dc-ac power conversion, and Permanent Magnet Synchronous
Motor (PMSM) to drive the electric vehicle.

A. A-source Impedance Network

The low voltage dc input is stepped up to high gain voltage
output through the A-source impedance network. It consists
of one inductor (L), two capacitors (C1 and C2), diode (D),
and autotransformer with primary and secondary windings (N1

and N2). The high-gain dc output is obtained across dc-link
C3 and acts as input to the inverter module. By utilizing the
principle of operation of an autotransformer, high voltage gain
can be achieved through a coupled inductor. The voltage gain
across autotransformer is given as:

V2
V1

= N (1)

where N is called autotransformer turns ratio and is given by

N =
N1 +N2

N1
(2)

V1 and V2 are the input and output dc voltages respectively.
The design specifications for the A-source network are given

in [15]. The maximum range of shoot-through duty cycle (Dst)
for the operation of A-source inverter is given as:

0 ≤ Dst < Dstmax =
1

1 +N
(3)

The voltage gain is determined as:

G =
Voutput
Vinput

=
1

1− (1 +N)Dst
(4)

Fig. 2: Voltage gain Comparison.

The A-source impedance network has two modes of oper-
ation, as shown in Fig. 1b, which are given as follows:

• Shoot-through State: In this mode, the Diode D is OFF,
and the power semiconductor switch is ON. The voltage
across inductor L is given as:

vL = V1 + Vc2 +
N2

N1
.Vc1 (5)

• Non-shoot-through State: In this state, the diode D is
forward biased, and the power semiconductor switch is
OFF. The voltage across capacitors is calculated as:

vc1 =
1−Dst

1− (2 + N2

N1
)Dst

.V1 (6)

vc1 =
(N2

N1
+ 1)Dst

1− (2 + N2

N1
)Dst

.V1 (7)

where Dst is the shoot-through duty cycle
In addition to it, a comparative analysis of the proposed

A-source network with the conventional single-stage power
conversion impedance networks is shown in Fig. 2. It can
be seen that, in comparison to other high gain impedance
networks viz, Z-source and quasi-Z-source networks, the A-
source network provides a high boosting capability.



Fig. 3: Control Scheme of PMSM drive system.

B. Permanent Magnet Synchronous Motor (PMSM) Drive

The two level three-phase inverter module facilitates the dc-
ac conversion for the PMSM drive. The PMSM is modeled in
the rotor reference frame as [16]:[

vds
vqs

]
=

[
Rs + d

dtLd −ωeLq

ωeLd Rs + d
dtLq

] [
ids
iqs

]
+

[
0
ωeφ

]
(8)

where vds and vqs are the voltages in d-and q-axis respectively;
Rs is the stator resistance, Ld and Lq are the inductances of
d-and q-axis respectively; ωe is the angular frequency; φ is
the flux linkage; ids and iqs are the d- and q-axis currents
respectively.

The electromagnetic torque is given as:

Te = 3p
φIqs + (Ld − Lq)idsiqs

2
(9)

where p is the number of pole pairs.
The control scheme of the proposed PMSM drive is shown

in Fig. 3. The input parameter is the rotor speed and the q-
axis current is taken as the output parameter. The estimated
rotor speed is estimated through a low-pass filter (LPF) by
utilizing the stator flux-linkage vector. The motor controller
uses the Park d-q transform which facilitates the elimination of
time-varying inductances and provides better control of motor
currents and torque. The control operation doesn’t provide
any field-weakening. The pulse-width modulation (PWM)
generation for the inverter switches is based on the switching
states. For vehicular applications, the reference torque Tref
is obtained by a speed controller based on a proportional-
integral (PI) controller. It is implemented to limit the maximum
line current of the motor. With variable speed operation, the
modulation of the A-source network is adjusted such that the
voltage is increased and decreased linearly with the speed.
For operations below the rated speed, the dc-link voltage is
kept equal to the input voltage. For operations above the
rated speed, the dc-link voltage is increased linearly with the
speed. In addition to it, the position of the stator flux-linkage
vector is determined for every control cycle to implement
the fault-tolerant control scheme. In order to calculate the
reference flux, maximum torque per ampere (MTPA) control is
used [17]. The maximum-torque-per-ampere (MTPA) control
strategy is the best approach to obtain high efficiency for
operations below the rated speed. The torque and current

Fig. 4: Fault-tolerant architecture.

utilization will be maximum through this control strategy. It
minimizes the copper loss.

III. FAULT-TOLERANT STRATEGY

Fault-tolerant operation is much appreciated in applications
like automotive industries, which requires high-reliability op-
erations. An effective fault-tolerant operation facilitates the
post-fault operation similar to the normal operation of the
motor drive. The fault-tolerant architecture for the proposed
system is shown in Fig. 4. In this paper, the fault-tolerant
operation involves the implementation of the additional leg,
called the auxiliary leg, in addition to the three-phase legs of
the inverter module. The additional leg will be connected to
the overall system in the event of a fault. An improved control
strategy is proposed to detect and localize the fault. It is a well-
known fact that the power semiconductor switches are highly
prone to failures due to open- and short-circuit faults during
long-hour operations. Hence, it will be an effective way to
improve the reliability of the proposed motor drive system by
considering such faults to design fault-tolerant strategies.

In this paper, the simulation studies are performed for the
following case studies of different faults that can affect the
drive’s operation:

1) open-circuit fault in single-IGBT
2) open-circuit fault in phase-leg
3) short-circuit fault in single-IGBT
4) short-circuit fault in phase-leg
The fault-tolerant operation involves; (i) fault identification,

and (ii) Isolation and remedial measures. The fault identifica-
tion method determines the nature of the fault. Upon detection,
the modulation signal of the faulted phase is switched to the
auxiliary leg in order to maintain service continuity.

A. Fault Identification

In order to identify open-circuit fault, the fault detection
is performed by measuring the line-to-line voltage deviations.
The line-to-line voltages under normal operation are given byVabVbc

Vca

 =

 1 −1 0
0 1 −1
−1 0 1

VanVbn
Vcn

 (10)



where Van, Vbn, Vcn are the phase voltages.
During the event of open-circuit fault in IGBT of phase-A,

the line-to-line voltage is given as:VabFVbcF
VcaF

 =

 1 −1 0
0 1 −1
−1 0 1

VanVbn
Vcn

+

−∆Van
∆Vbn
∆Vcn

 (11)

where VabF , VbcF , VcaF denotes line-to-line voltages during
fault.

The voltage deviations under open-circuit fault are given as:

∆Vxy = Vxy − VxyF (xy ∈ ab, bc, ca) (12)

Upon identification of the finite value of voltage deviation,
the fault status is confirmed by generating an error signal.

On the contrary, if the gate signal to the switch is identified
as low while the current across the switch is high, the
condition is identified as a short-circuit fault. The proposed
fault diagnosis logic for identifying the short-circuit fault is
based on the concept that when the gate signal is low, the
current should be zero. Hence, a short-circuit fault is asserted
if the switch current is non-zero for a low gate signal. To
operate the drive at high-current, fast-acting fuses can be added
to the existing architecture for better protection of the circuit
components.

B. Isolation and Remedial Measures
After the fault is detected, the faulty leg or switch is isolated

by using the TRIAC arrangement (Tra, Trb, Trc). The TRIACs
are used to connect the auxiliary leg to the phase legs of
the three-phase inverter module. The isolation of a faulty
leg is implemented by disabling the gating signals to the
faulted phase and the gating signals are routed to activate the
auxiliary leg connection. The normal operation of the system
is resumed. Therefore, the shutdown of the system under a
faulty condition can be prevented by utilizing the proposed
fault-tolerant scheme. As this changeover doesn’t change the
topology of the system, the modulation schemes and control
algorithms remain unchanged. Hence, the cost of the circuit
and the time required for the reconfiguration of the circuit
is very low. Therefore, fault diagnosis is very quick. The
fault diagnosis is achieved in less than one switching cycle.
In addition to it, the unbalancing across capacitor voltages
are prevented by auxiliary leg configuration. This results in
lower voltage stress across the switches. The positive and
negative values of the output voltage of the faulty phase can
be generated using the proposed fault-tolerant control. Hence
the proposed system can operate at a high modulation index.
This feature allows for obtaining high voltage gain through
the A-source impedance network.

It should be noted that the proposed fault-tolerant con-
figuration can handle all the possible switch failures under
open-circuit and short-circuit faults; provided all the switches
doesn’t fail simultaneously. Under the event of faults, the pro-
posed fault-tolerant topology enables the motor-drive system
to maintain a efficient post fault operation without compro-
mising the power output. This advantage makes the system
suitable for electric vehicle application.

TABLE I: Circuit Parameters

Parameter Symbol Value
A-source network

Input Voltage Vin 100 V
Output Voltage Vo 220 V

Capacitance C1 220 µ F
C2 100 µ F

Inductor L 330 mH
Turns ratio N1 : N2 1:2

PMSM Drive
Nominal Speed Nr 3000 rpm

Nominal Current Irated 6.1 A
Maximum Rated DC bus Voltage VDC 300 V

Maximum Torque Tmax 1.65 N-m
Nominal Torque Trated 0.41 N-m
Nominal Power Pout 1.5 kW
Stator resistance Rs 0.02 Ω

Inertia J 100 kg-m2

Magnetic flux φr 0.35 Wb
Number of pole pairs p 3

q-axis inductance Ld 27 mH
d-axis inductance Ld 9.94 mH

Fig. 5: Simulation waveforms under normal operation: (a)
input voltage, (b) output voltage, and (c) output current.

IV. SIMULATION RESULTS

The simulation experiments for the proposed A-source fed
PMSM drive system is carried out to investigate the system
performance. The system parameters are listed in Table I. It is
worth highlighting that the achieved voltage gain is 2 for the
proposed system. It facilitates the high output voltage output
of 220V from an input supply of 100V.

A. Normal Operation

The input voltage, output voltage and output current wave-
forms under normal operation are shown in Fig. 5. The
proposed converter-inverter arrangement provides ripple-free
output to the motor drive system.



Fig. 6: Simulation waveforms under fault-tolerant operation.

B. Fault-tolerant Operation

In this paper, the faults are introduced in the switches of
phase-A of the inverter module. Due to the catastrophic effects
of short-circuit faults in the system, these faults are turned
into open-circuit faults using the fault isolating circuits. The
proposed fault-tolerant strategy is carried out after successful
fault detection. Upon detection, the identification algorithm
is followed to determine the exact fault location. The output
current under the fault-tolerant operation is shown in Fig. 6. It
can be observed that due to single-switch failure only one-half
of the output waveform is obtained whereas for the two-switch
failure of the same leg, the output current in the respective
phase is zero. The fault is detected, and the reconfiguration
configuration of the system is applied. It can be also be seen
in Fig. 6 that due to the proposed fault diagnosis scheme; the
motor current is brought back to the rated value. The service
continuity is maintained during the post-fault operation. The
proposed reconfiguration can effectively avoid the overcurrent
and overvoltage phenomenon. It takes less than one switching
cycle for the diagnosis strategy to track the measured value
of the current. This study is carried out at a high switching
frequency of 10kHz. In the case of lower switching frequency
operation, the fault detection time could be longer. In that case,
high current-rating fuses must be added to the given system for
the protection of the circuit. Due to symmetry of configuration,
the same fault-tolerant configuration can be applied for switch
failures occurring in the other two phases (phase-B and phase-
C).

C. Performance Evaluation for Electric Vehicles

For vehicular applications, the proposed system is subjected
to the New European Driving Cycle (NEDC) to test its electric
energy consumption. All-electric vehicles should comply with
the legislative New European Driving Cycle (NEDC) specified
in current emissions legislation. It is performed to prove the
suitability of the vehicle for real-world driving data. The
driving cycle response of the proposed motor-drive system is
shown in Fig. 7a. It can be observed in Fig. 7a that the motor
precisely follows the reference NEDC driving cycle under the
fault-tolerant operation.

(a) Driving cycle response

(b) Torque response

(c) Speed response

(d) Efficiency Curve

Fig. 7: System responses for electric vehicle application.

Also, the torque and speed response of the proposed motor
system are presented during the fault-tolerant operation in Fig.
7b and Fig. 7c. It is observed in Fig. 7b that the available
torque decreases due to the fault. However, with the proposed
fault-tolerant strategy the motor torque is compensated back
to the rated value and have better behavior in response to the
load variations. In addition to it, it can be seen in Fig. 7c
that the speed curve follows the reference speed during the
fault-tolerant operation. It can be clearly inferred that with the
proposed strategy, the measured speed more accurately tracks
the reference rated speed. The electric vehicles require large
torque during starting, during climbing a slope, and during ac-



celeration. Subsequently, the constant output power is required
during high-speed operations of the vehicle. The speed-torque
characteristics of the proposed motor drive system can satisfy
the demand of electric vehicles requiring large torque at low
speed and constant power at high speed.

In addition to it, the motor efficiency curve is plotted for
the fault-tolerant operation. It can be seen in Fig. 7d that
the motor efficiency is not degraded to a larger value due
to the fault-tolerant capability. The proposed system achieved
an efficiency of nearly 85 % of the normal operation. The
achieved results show that the proposed system is compatible
for electric vehicle applications.

V. CONCLUSION

This paper has discussed the fault tolerance performance of
the A-source inverter fed PMSM drive system. The proposed
system is characterized by high voltage output and a fast fault-
diagnosis strategy. This study provides an efficient solution
for switch failures commonly occurring due to open- and
short-circuit faults in the inverter module. It demonstrates
a fault-tolerant operation which enables the overall system
to be operational after the fault. The compensation strategy
facilitates service continuity in the event of faults. This method
is robust for asymmetrical conditions that might occur due to
load variations and input disturbances. The proposed method
is advantageous in terms of fast detection time and the better
torque-speed response of the motor drive system during fault-
tolerant operation. The proposed system is compatible for
crucial applications of PMSM drive such as electric vehicles.

The proposed system can be extended for other dc-dc con-
verters such as buck-boost, cuk, and several other topologies
of impedance source networks. In the future, the validation of
the theoretical analysis will be performed on the experimental
setup.
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