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Abstract: This paper presents an efficient and fast fault-tolerant control scheme for a bidirectional
Z-source inverter (BiZSI)-fed induction-motor drive system for vehicular applications. The proposed
strategy aims for the fault detection, localization and diagnosis of the proposed system during switch
failures in the inverter module. Generally, power–semiconductor switch failures in inverter modules
occur due to open- and short-circuit faults. An efficient modulation scheme is proposed and design
specifications are thoroughly derived to obtain high voltage gains across the BiZSI network. A
suitably fast detection and diagnosis scheme to isolate the faulty leg and resume the normal operation
is discussed in this paper. The control scheme is provided such that the faulty leg is isolated and the
motor phase is fed from a redundant leg to resume the operation. A feasible localization algorithm
based on experimentally derived values and switching vectors is implemented. In addition, a fast
fault diagnosis method based on current estimation and motor speed variation is designed and
implemented. Moreover, the most important advantages of the proposed strategy include lower
hardware requirements and less harmonic distortion in the output currents. Finally, the simulation
and experimental results are presented to validate the feasibility of the theoretical analysis. An
extensive performance evaluation of the proposed system with fault ride-through capabilities is
performed to prove its suitability for vehicular applications. To validate its merits, the proposed
strategy is compared with similar fault-tolerant schemes currently used in the industry.

Keywords: switch-faults; fault-tolerant; vehicular system; Z-source inverter; induction motor; IGBT

1. Introduction

Modern transportation is currently experiencing major changes due to the develop-
ment of electrified transportation technologies such as electric vehicles [1]. The imple-
mentation of induction-motor drives in vehicular applications has been an important part
of this development. Induction motor drives are widely used across current industries
due to their ruggedness, higher reliability, low price and universal availability. Moreover,
they are preferred by car manufacturers because they become naturally de-excited in case
of inverter fault and can be implemented to improve the safety characteristics of vehic-
ular applications [2,3]. The simplified control methods of induction motors provide high
performance and a fast dynamic response [4]. With advantages such as variable speed
control, and variable frequency control, these drives are still popular. They are driven
by conventional modules of dc–ac power conversion, namely a voltage-source inverter
(VSI) and a current-source inverter (CSI) [5,6]. The implementation of these modules with
induction-motor drives is presented in [7–11]. Due to the disadvantages of two-stage
power conversion, limited ac output, and susceptibility to electromagnetic interference
(EMI) noise, these conventional inverter modules are losing their popularity, especially
in fault-tolerant control applications. A popular converter–inverter topology called an
impedance-source inverter (ZSI) is in high demand due to its single-stage power conversion
capability, and, thus, its high-efficiency [12–15]. It is a two-port network that has inductors
and capacitors connected in an X-shape to couple the dc source to the inverter.
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1.1. Motivation

The Z-source converter overcomes the conceptual and theoretical barriers and lim-
itations of the traditional voltage-source converter and current-source converter. This
network can be used for all dc-to-ac, ac-to-dc, ac-to-ac, and dc-to-dc power conversion.
A comparative study of the VSI-, CSI-, and ZSI-fed induction-motor drive systems was
performed in [16]. These studies validate the advantages of the ZSI over traditional inverter
modules. However, with rising concerns over the safety of applications, the question of re-
liability has received increased attention. This research is of great interest to the automotive
industry, as they follow a strict protocol of ensuring safety procedures during the operation
of motor drives. Hence, the need for an efficient fault-tolerant scheme to cater to the needs
of industries is a demanding challenge . However, the occurrence of faults, due to factors
such as aging, the thermal rise of the windings of motors, and switch failures; is inevitable
in practice. As per the available literature, switch failures contribute to the majority of fault
instances in the drive system. Hence, this study aims to analyse and provide solutions for
switch failures.

1.2. Literature Review

Various solutions based on several domains of control were suggested for fault-tolerant
schemes in the literature. The basic idea of implementing this control involves monitoring
changes in the electrical parameters of the system. Nevertheless, many fault-tolerant strate-
gies for AC motor drives were suggested in [17–24]. In [17], the authors suggested isolation
and reconfiguration of the faulted system based on a knowledge-base block Fault Identifi-
cation System (FIS). The current sensor fault diagnosis based on independent observers is
discussed in [18,25]. Studies [19,20] discussed the fault-tolerant operation and performance
characteristics for six-phase and three-phase drive systems. The control schemes to com-
pensate for DC link capacitor failure is explored in [24]. Furthermore, the performance of
conventional voltage source inverters is studied for permanent magnet drives in [21]. With
the goal of understanding current trends of fault-tolerant systems for vehicular applica-
tions, studies in [22,23] suggested the use of reliability analysis and fault-tolerant control
strategies for electric vehicles. Additionally, surveys based on the effectiveness of various
fault-tolerant schemes for motor drives were presented in [26–30]. These surveys listed a
comparative analysis of the currently practiced fault-tolerant configurations, which include
low-gain modulation schemes.

1.3. Research Gap and Contribution

The above literature highlighted that the conventional converter topologies do not
suffice for the high voltage magnitude required for the motor drives. They also lack the
integration of fast and effective methods for the identification, isolation, and reconfiguration
of faults for vehicular applications. However, due to the ease of implementation, the
majority of the literature suggested or achieved a fault-tolerant topology by implementing a
redundant leg configuration. Additionally, during fault-tolerant control, the speed response
of the motor drive did not receive much attention as a prime aspect. To address the above-
mentioned issues, in this paper, a fault-tolerant BiZSI-fed induction-motor drive is proposed
for switch failures. It is known that in case of motor drive applications, the torque-speed
characteristics are essential. Hence, this study provides a more thorough analysis of the post-
fault capability of the proposed induction motor drive with the mentioned characteristics.
The major contributions of this experimental study are summarized as follows:

1. Design and implement a high-gain improved modulation strategy with economical
network parameters to be fed to a Bidirectional Z-source network without the use of
transformers.

2. Develop an efficient fault-tolerant strategy with suitable control measures to identify
and locate the fault in the corresponding switch, which facilities fast detection, with
a diagnosis time of less than one switching cycle, and validate the suitability of the
achieved results for vehicular applications.



Energies 2022, 15, 6976 3 of 26

3. Evaluate and compare the performance of the proposed system under different oper-
ating conditions.

The proposed system provides excellent speed-torque performance; and with high
power quality output, and it is highly efficient in post-fault operation (explained in
Section 6). The proposed diagnosis strategy is characterized by an improved performance
and quickness in action compared to currently practiced strategies (explained in Section 7).
The authors would like to highlight that this research is unique in the following aspects:

• Design and implementation of a new modulations scheme which outperforms the
previous methods in terms of high output voltage gain and lower complexity in
control scheme that provides excellent speed-torque performance, and with high
power quality output.

• Incorporation of a new fault localization algorithm based on switch vector with a
suitable fault tolerant scheme.

• Inclusion of an improved speed controller with the proposed fault-tolerant strategy
that facilitates a shorter diagnosis and recovery time in comparison with conventional
fault-tolerant strategies implemented in the industries.

The rest of the paper is organized as follows. Section 2 presents the detailed modeling
of the proposed system. It consists of a Bi-directional Z-source inverter and an induction
motor. The proposed fault-tolerant strategy is discussed in Section 3. Subsequently, sim-
ulation results based on the proposed fault-tolerant strategy are presented in Section 4.
The validation of the theoretical discussions is achieved by experimental tests described
in Section 5. The suitability of the achieved results for vehicular applications is discussed
in Section 6. Section 7 presents a comparison of the proposed fault-tolerant strategy with
similar strategies utilized in the current industry to prove the effectiveness of the proposed
strategy. Finally, the conclusion is presented in Section 8.

2. Modeling of the Proposed System

This section aims to discuss the modeling of the overall system comprising of design
specifications suitable for the proposed high-gain modulation scheme of the BiZSI, and
modeling of the induction motor to facilitate fault-tolerant operation. It consists of mathe-
matical analysis of the current estimation parameters and design of the speed control loop
to maintain the speed-characteristics of the motor during post-fault operation. The basic
circuit diagram of the proposed system is shown in Figure 1.

The general system consists of a battery source with a bidirectional switch (IGBT) and
an LC impedance network in an X-shape connected to an inverter module. The whole
arrangement is fed to the three-phase induction motor. Based on the industrial application
of the proposed system, the bidirectional switch is added to facilitate the discontinuous
mode of operation. The bidirectional switch works on command to allow power flow from
source to load and load to source. The four-quadrant operation of the Z-source network
allows bidirectional power flow between the input dc source and the inverter by keeping
the polarity of the dc current on the inverter side while changing the polarity of the applied
voltage. The phase angle φ between the output voltage and the source voltage will be
used to control the direction of the power flow between the input and the load. During
experimentation, the bidirectional flow is achieved by controlling the firing angle of the
inverter corresponding to the rectification and inversion mode. If the firing angle α > 90◦,
the inverter works in the inversion mode, and vice-versa. The detailed modeling of the
proposed system is explained below.
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Figure 1. Generic schematic of a motor control scheme.

2.1. Bidirectional-Z-Source Network

The maximum output across the impedance network can be obtained by an efficient
modulation scheme and selecting suitable design parameters.

2.1.1. Modulation Scheme

The traditional modulation schemes for impedance networks are explained in [31–35].
In order to obtain high gain, the modulation scheme should account for six active states
and converting the zero states into shoot-through states. It facilitates the smooth transition
between the shoot-through and non-shoot through states. The switching logic diagram
of the proposed modulation scheme is shown in Figure 2. It is obtained by comparing a
sinusoidal waveform with a triangular carrier.

These specified switching cycles are selected based on the state-space model of the
impedance network [36]. The state model of the Bi-ZSI for the selection of the proposed
modulation scheme during active and zero states is given as [37]:

L1(
diin
dt

) + M(
di2
dt

) = Vs −Vc1(1− u) + Vc2u

L2(
di2
dt

) + M(
diin
dt

) = Vc2(1− u) + Vc1u (1)

C1(
dVc1

dt
) = −i2u + iin(1− u)− IL0(t)(1− u)

C2(
dVc2

dt
) = −iinu + i2(1− u)− IL0(t)(1− u)

where L1, L2, C1, and C2 are inductances and capacitances of the Z-source network; M is
the mutual inductance; and u defines the command-signal variable.

The command-signal variable u is defined here to represent the state of the inverter,
specifically, whether it is short circuited or not, i.e., u = 1, when the inverter is shortened.
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Figure 2. Proposed modulation scheme.

The selected modulation should account for safe shoot-through states across the Z-
source network. These shoot-through states boost the dc link voltage within the specified
switching cycle. With the requirement of a high voltage gain, the proposed modulation
scheme is obtained with a boosting factor (B) calculated as [38,39]:

B =
π

3− π(1− K)
(2)

The overall gain can be determined as [12,13,40]:

G =
π/
√

3
3− π(1− K)

(3)

where K is the factor to control the shoot-through periods.
For the proposed modulation scheme, the gain G is controlled by varying duty cycle

(D) and modulation index (M). The duty cycle of shoot-through mode is related to the
modulation index as: D ≤ 1 − M. The derived boost factor (B) in Equation (2) shows
that the B can vary in (1, ∞). In the case of a high value of D, the modulation index (M)
should be a small value. However, operating at a lower modulation index can lead to high
total harmonic distortion (THD) and low power quality. The boosting ratio is restricted in
conventional ZSI. The proposed system uses over-modulation in order to facilitate high-
output inverter gain because the amplitude of the modulating sinusoids is higher. This
phenomenon is useful in reducing the Total Harmonic distortion of the output voltage
which is studied in Section 6. However, by utilizing the proposed modulation scheme, a
high gain is obtained by appropriately selecting the factor K in Equations (2) and (3). It is
worth highlighting that due to the proposed modulation scheme, the achieved boost factor
is 2.7.

The efficacy of the proposed modulation scheme is explored against currently utilised
conventional modulation schemes. From Equations (2) and (3), it is found that the voltage
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gain of the proposed Z-source network is dependent on the shoot-through duty cycles,
which are obtained through the modulation scheme. Figure 3 shows a comparison of
the performance of the proposed modulation scheme with that of traditional modulation
schemes in terms of voltage gain.

Figure 3. Voltage gain comparison.

These plots are obtained through a MATLAB/Simulink model of the proposed system.
The results are verified through a comparative study with the published literature [37,41,42].
As mentioned earlier, it is a known fact that the power quality of the output gain is
associated with the modulation index and a ripple-free output can be achieved with a
higher modulation index. It can be seen from Figure 3 that the voltage gain of the proposed
Bi-ZSI is higher than most of the compared topologies within a specified range of the
modulation index. For a higher modulation range of 0.9–1.2, the proposed scheme shows
a higher voltage gain of 2.5–3. Therefore, to achieve the same voltage gain, the proposed
system can operate with higher modulation index which is not possible with the compared
topologies. Furthermore, it is shown in Figure 3 that a linear high-voltage gain is obtained
due to the proposed modulation scheme, which is essential for the high starting torque of
the motor drive.

Furthermore, a comparative analysis of the proposed modulation scheme with the
conventional modulation technique is listed in Table 1 to highlight the advantages and
efficacy of the proposed scheme. Apart from the high boost ability, the proposed scheme
facilitates lower voltage stresses on the capacitors C1 and C2 for the same voltage gain.
This will result in high performance even with components having a small size and low
power rating. Furthermore, the effect of peak value of transient overvoltage is taken into
account. The voltage stress across the IGBTs is low due to the proposed modulations
scheme, which results in reduced values of transients in the system. Additionally, the
capacitor voltage ripples are assessed for the conventional and proposed modulation
schemes. It is achieved by adding a step disturbance of ±0.02 to the modulation index for
a range of voltage gains (0, 10). It is observed that the capacitor voltage ripple is lower with
the proposed modulation technique. The effect of peak transients during shoot-through
cycle is negligible.
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Table 1. Comparison parameters of Modulation Scheme.

Proposed [43] [37] [42] [32] [33]

Number of 3 5 3 4 3/4 3/4
Reference Signals

Boost Factor 2.7 1.5 1.7 2.5 2 2.5

Voltage Gain M
2M−1 1− ( 3

√
3M

2π ) 1
3
√

3−1
4πM

9
√

3M−2π
M

2
√

3M−2
π

3
√

3M−π

Maximum 2G−1
π

9
√

3G−4π
2π − 1 2π

3
√

3M
2G−1

G

√
G

2G−1
- -

Voltage Stress

Peak transient 1.1 pu 2.3 pu 2.4 pu 2 pu 1.0 pu 1.2 pu
Overvoltage

on Upper IGBTs

Peak transient 1.2 pu 2.3 pu 2.6 pu < 2 pu - -
Overvoltage

on Lower IGBTs

Capacitor Voltage Low High High Low Low Low
Ripple
(CVR)

Switching Device Low Low High Medium Low Low
Power
(SDP)

Filter Low Bulky Bulky Low Low Low
Requirement

The integration of a Bi-Z-source converter with the inverter is a vital part of the
proposed system. The Switching Device Power (SDP) of a switching device is an important
parameter for such configurations. SDP is expressed as the function of voltage and current
stress across the switching devices. It is given as:

SDP =
N

∑
i=1

Vi Ii (4)

where Vi, Ii are the peak voltage and current across ith switching device, N is number of
switching device.

The SDP of the proposed system is relatively low by utilizing the proposed modula-
tions scheme. This is because the proposed modulation scheme ensures an excellent voltage
transfer ratio with high power quality. With high power quality, the filter requirement is
also low for the proposed system. This results in design advantages such as stability in out-
put and easily available components in terms of rating. These advantages are of importance
in vehicular systems, since they provide the added advantage of low weight and volume.
This modulation scheme is implemented and tested on a single-phase drive in [40,44]. In
this paper, the above-mentioned modulation scheme is utilized for a three-phase motor
drive application.

2.1.2. Calculation of the Bi-ZSI Network Parameters

The design of inductors (L1 and L2) and capacitors (C1 and C2) is to be done in accor-
dance with the current-handling capacity during the shoot-through states. The purpose of
the inductors is to limit the current ripple, and capacitors are placed to absorb the current
ripple. This is designed to obtain a high-quality fundamental component of the sinusoidal
output waveform. The network inductance L1 = L2 = L and capacitance C1 = C2 = C are
calculated as:

C =
IoTs(2Vm −V0)

2K1Vo(4Vm −V0)
(5)
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L =
VoTs(2Vm −V0)

2K2 Io(4Vm −V0)
(6)

where Vm is the peak value of the line voltage, which is a multiple of the input voltage Vin
given as:

Vm =
MBVin

2
(7)

where M is the modulation index.
According to Equations (2), (3), (5) and (6), the parameters of the Bi-ZSI are calculated

and listed in Table 2.

Table 2. Design Parameters of the Bi-ZSI.

S. No. Symbol Device Parameter Value

1 Vin Source voltage 150 V
2 Vout Output voltage 400 V

2 C1, C2
Capacitors of the

Bi-Z-source 1000 µF

3 L1, L2
Inductors of the

Bi-Z-source 3.3 mH

4 f Line frequency 50 Hz
5 fs Switching frequency 5 kHz

2.2. Induction Motor

The design of fault-tolerant schemes for the complete system is based on rotor-current
estimation and motor-speed estimation. The measurement of the parameters is performed
as follows:

2.2.1. Current Estimation

A three-phase induction motor in the stationary αβ reference frame is given by [45–47]

disα

dt
= −RsL2

r + RrL2
m

σLsL2
r

isα +
LmRr

σLsL2
r

ψrα +
Lmωr

σLsLr
ψrβ +

1
σLs

usα (8)

disβ

dt
= −RsL2

r + RrL2
m

σLsL2
r

isβ +
LmRr

σLsL2
r

ψrβ −
Lmωr

σLsLr
ψrβ +

1
σLs

usβ (9)

dψrα

dt
=

LmRr

Lr
isα −

Rr

lr
ψrα −ωrψrβ (10)

dψrβ

dt
=

LmRr

Lr
isβ −

Rr

Lr
ψrβ + ωrψrα (11)

During the faulty operation, there is a high rise in the sinusoidal components in the
αβ reference frame. To facilitate the fault-tolerant control, the phase currents are measured.
When phase-A current ia is measured and found to be healthy, the observer shifts to other
phases. The detection process goes on until a faulty leg is identified. If an error occurs
in the measured value, the observer shifts the control to the fault-tolerant topology of
the redundant leg. The observed error will be in terms of amplitude and rotation angle.
The error in phase-A is linked to phase-B. The observer tries to converge the error values
between the phases to bring the operation back to the normal value. The estimated states
are given as:

disα

dt
= −RsL2

r + RrL2
m

σLsL2
r

isα +
LmRr

σLsL2
r

ψrα +
Lmωr

σLsLr
ψrβ +

1
σLs

usα + f (eisα) (12)
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disβ

dt
= −RsL2

r + RrL2
m

σLsL2
r

isβ +
LmRr

σLsL2
r

ψrβ −
Lmωr

σLsLr
ψrβ +

1
σLs

usβ + f (eisβ) (13)

dψrα

dt
=

LmRr

Lr
isα −

Rr

lr
ψrα −ωrψrβ + g(eisα) (14)

dψrβ

dt
=

LmRr

Lr
isβ −

Rr

Lr
ψrβ + ωrψrα + g(eisβ) (15)

where eisβ and eisα are current estimation errors, and f and g signify nonlinear functions of
the αβ-axes.

2.2.2. Design of the Speed Control Loop

The proposed fault-diagnosis strategy is modeled in accordance to compensate for the
speed drop during the event of faults. In this regard, a speed control lop is designed and
fault is injected manually to identify whether the speed of the motor is brought back to
rated value. The block diagram of the speed control loop is shown in Figure 4.

Figure 4. Speed control loop.

The electromagnetic torque developed in the motor is given as:

Te = 1.5pImψsis (16)

The dynamic model of the rotor depicting the change of mechanical speed is calculated as:

J
dωm

dt
= Te − Tl (17)

During fault diagnosis, any variation in speed value is characterized by a finite dif-
ference between the rated speed and measured speed. This fault injection signal (∆err) is
obtained by adding a constant positive value to the speed by the user. In this paper, a value
of 10 rpm is added to the speed signal. This value is chosen by regular experimentation by
adding positive values to the speed. The speed control loop shows a maximum deviation
at 10 rpm for the proposed system and becomes unstable after this value. In the event
of faults, the speed control block measures the error in the rated speed and identifies the
dip in the value. Upon identification, the fault-tolerant strategy is implemented and the
machine is brought back to the rated speed operation, which is shown in Section 6.

3. Fault-Tolerant Strategy

The fault-tolerant operation depends on the localization and diagnosis of the fault
scenario. The circuit diagram for the proposed fault-tolerant topology is shown in Figure 5.

The proposed fault-tolerant strategy involves a four-output-pole inverter with the
capability of isolating the faulty pole, while activating the fourth auxiliary pole (called
the redundant leg) to resume the operation in the event of faults. In healthy condition,
the redundant leg is non-operational. In case of faults, the redundant leg disconnects
the faulty phase and restores the operation. This extra leg is connected to an isolation
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circuit arrangement consisting of TRIACs, which isolate the faulty leg. This safety feature
increases the reliability of the entire system. The inserting circuit, which consists of a
TRIACs arrangement, is used to activate the redundant leg upon generation of a command
signal due to a fault. The fault-tolerant approach is meant to maintain identical speed and
torque characteristics for pre-fault and post-fault operation. Additionally, the accuracy and
reliability of the fault-tolerant control should be efficient enough to have a speedy recovery,
facilitating a smooth transition from faulty to normal operation. In this paper, the following
permanent switch failures in the inverter module are considered:

(a) One switch open-circuited in one phase;
(b) Two switches open-circuited in one phase;
(c) One switch short-circuited in one phase;
(d) Two switches short-circuited in one phase.

Figure 5. Circuit diagram of the Proposed system.

The above listed switch failures occur due to commonly occurring faults, i.e., open-and
short-circuit faults. The proposed fault-tolerant operation consists of: (i) fault detection and
localization, and (ii) fault-diagnosis for the post-fault operation which is explained in the
subsequent subsections. Initially, the type of fault (open-circuit or short-circuit) is detected.
Then, the faulty switch is identified and isolated to prevent the progression of the fault in
the system. Finally, the fault diagnosis methodology enables the implementation of the
redundant leg based on the proposed control scheme.

3.1. Fault Detection and Localization

The methods used to determine the nature and location of fault for the proposed
system are detailed in this section. Correct and timely diagnosis can stop fault propagation
over the entire system.

3.1.1. Open-Circuit Fault

The failure of the gate drive of an IGBT is often termed as open-circuit fault. It is
caused by a driver fault or due to lifting of the connecting wires because of a thermal rise
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in the device. It induces the dc component in the stator field and results in a pulsating
torque. The overall torque available to the drive is reduced due to such a fault condition.
Open-circuit faults can remain undetected in the system and degrade its power quality.
Hence, it is necessary to have an efficient strategy to detect such faults quickly.

In this paper, open-circuit fault detection is performed by the normalized dc-current
method, which is based on a diagnostic signature dependent on residuals. In this context,
the residuals are the variables reflecting the deviation between the healthy and faulty
condition. These variables are compared with appropriate thresholds, and the binary
results of the comparisons form a diagnostic signature. The ultimate diagnostics rely on
comparing the actual signatures with a set of reference signatures. Instead of using the
fundamental components as the normalizing quantities, the average absolute values can be
employed to determine the residuals value after comparisons. In healthy operation, the
residuals are close to zero. With an open-circuit fault, the residuals are compared with a
predefined threshold. The non-zero sample currents are considered to localize the fault.
As the characteristics of this technique are independent of load, it is found to be the most
efficient for variable speed drives. Upon the detection of faults, the faulty leg and switch
need to be identified. To achieve this, a measurement of the normalized dc current is
performed.

The fundamental components are obtained as [48]:

Aabc1 =
2∑i

k=i−n+1 Iabcav(kτ)cos( 2πk
n )

n
(18)

Babc1 =
2∑i

k=i−n+1 Iabcav(kτ)sin( 2πk
n )

n
(19)

where i = 0, 1, 2, ∞, τ is the time constant, k is the number of states, n is the number of
samples of currents, Iabcav is the average value of output current, and Aabc1 and Babc1 are
the fundamental components of the output currents.

The two components are essential to validate the low-order harmonic suppression by
the proposed fault-tolerant technique. The normalized dc current is calculated as:

γabc =
Iabcav√

Aabc1
2 +

√
Babc1

2
(20)

which is compared with a threshold value of 0.45 that is derived by a series of experimenta-
tion [49–52].

Under normal operation, the normalized value is equal to zero for a healthy inverter
and close to ±1 in the case of a single fault on a leg. Hence, it is certain that the threshold
value should be; 0 <threshold value< 1. The choice of threshold value is crucial to
implement the diagnostic strategy as proposed in the paper. For instance, if the threshold
is chosen to be 0.8, this method will be able to accommodate large asymmetries between
the positive and negative half-cycles of the currents during transients. The distance of the
threshold from unity, 0.45 (nearly half of unity) as considered, is a safety margin from the
±1 value of the faulty condition.

The sequence of fault detection is shown in Table 3, where γanorm, γbnorm, and γcnorm
are the normalized values calculated from (20). The corresponding switch (S1 − S6) is
located and considered as faulty, if the value specified in Table 3 is not satisfied.
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Table 3. Open-circuit Fault Detection.

Switch γa γb γc γanorm γbnorm γcnorm

S1 ≤0 >0.45
S2 ≤0 >0.45
S3 ≤0 >0.45
S4 >0 >0.45
S5 >0 >0.45
S6 >0 >0.45

3.1.2. Short-Circuit Fault

A high temperature overshoot, overvoltage, and high/wrong gate voltage are a few
causes of short-circuit faults in the inverter module. A short-circuit fault may appear due
to ionization and an uneven high-density current distribution. The high rise of the current
during such faults damages the power semiconductor switches. Additionally, the IGBT
gate-source capacitance will be affected by the short-circuit fault.

In this paper, the gate-voltage sensing method is used to detect and localize the short-
circuit fault. The switch vector method proves to be an efficient strategy due to the presence
of passive components in the proposed circuit. During a fault condition, the capacitance
across the depletion region changes and affects the gate voltage. This lowers the gate
current. Correspondingly, the gate voltage varies, and in turn, the fault can be detected.
The changes in the gate voltage are noted and a fault diagnosis strategy is implemented in
due time. To effectively locate the faulty switch, the switching-state estimation is proposed
in case of a fault occurrence.

The ideal operation of the switches is considered in this operation. The states are
defined for the upper- and lower-leg IGBTs. The switching states with the corresponding
voltage vectors are shown in Table 4. The inverter can be modeled with phase voltage
equations as:

va0 = SaVd (21)

vb0 = 2SbVd −Vd (22)

vc0 = 2ScVd −Vd (23)

where Sa,b,c indicates switching states. The switching state is denoted as 1 if the upper
switch conducts and 0 if the lower switch conducts.

The switching states listed in Table 4 aid in identifying the faulty switch/leg.

Table 4. Switching States and Voltage Vectors.

State Switching State Voltage Vector

1 Sb = 0 Sc = 0 v0 = 2Vd
3

2 Sb = 0 Sc = 1 v1 = Vd
3 + j Vd√

3
3 Sb = 1 Sc = 0 v2 = −Vd

3 + j−Vd√
3

4 Sb = 1 Sc = 1 v3 = − 2Vd
3

Upon locating the faulty switch/leg in the events of open-circuit or short-circuit faults,
the gate signal of the corresponding switch/leg is blocked. The isolation and insertion
circuit are activated to transfer the control to the redundant-leg devices. It should be noted
that the changeover to the redundant leg does not change the topology of the system; hence,
the modulation schemes and control algorithms remain unchanged. The basic flowchart of
the fault-tolerant strategy is shown in Figure 6.
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Figure 6. Flowchart of the Proposed fault-tolerant strategy.

3.2. Fault Diagnosis Methodology

To develop the fault diagnosis, adaptive observers are used to detect the fault occur-
rence. This is based on calculating the state estimation errors given by the observer. By
comparing rotor reference frame Equations (8)–(11) with (12)–(15), the state estimation
errors are obtained as:

deisα

dt
= −RsL2

r + RrL2
m

σLsL2
r

eisα +
LmRr

σLsL2
r

eψrα +
Lmωr

σLsLr
eψrβ − f (eisα) (24)

deisβ

dt
= −RsL2

r + RrL2
m

σLsL2
r

eisβ +
LmRr

σLsL2
r

eψrβ −
Lmωr

σLsLr
eψrα − f (eisβ) (25)

deψrα

dt
=

LmRr

Lr
isα −

Rr

lr
eψrα −ωreψrβ − g(eisα) (26)

deψrβ

dt
=

LmRr

Lr
isβ −

Rr

Lr
eψrβ + ωreψrα − g(eisβ) (27)

The steady state time behaviours of the currents at the rated torque and speed are
normal. In a three-phase induction motor, the stator flux vectors are meant to be a positive
sequence. However, in case of a fault, the motor can continue running on the remaining two
phases. The nature of the stator flux is affected and transformed into the negative-sequence
component. This results in a pulsating torque. The above-modeled observer can estimate
the stator current and rotor flux accurately. To track back to normal values of currents, the
voltages at the redundant leg are compensated. The proposed control scheme to implement
the fault-tolerant operation is shown in Figure 7.

The shoot-through compensation is provided by the feed-forward control facilitated
by the proportional-integral (PI) controller. The gain function can be written as:

G(s) =
(IloadR)(1− 2D) + (Iload − IL1 − IL2)(Ls + Rs)

LCs2 + C(Rs + Rr)s + (1− 2D)2 (28)
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Figure 7. Control scheme of the Proposed fault-tolerant strategy.

The schematic structure of the above-mentioned fault-tolerant strategy and the control
scheme is shown in Figure 8.

Figure 8. Schematic structure of the proposed fault-tolerant scheme.

4. Simulation Results

Several case studies are conducted using MATLAB/Simulink under different operat-
ing conditions to validate the efficacy of the proposed system. The system parameters are
given in Table 2. Firstly, the normal operation of the proposed system is observed. Secondly,
a comprehensive study of the variation in current and voltage under faulty conditions is
analyzed. The case studies of this section are given as follows:

4.1. Normal Operation

The current and voltage waveforms under normal operation are given in Figure 9a. It
is found that due to the proposed control methods, the system provides ripple-free output
to the motor terminals.

4.2. Faulty Operation
4.2.1. Open-Circuit Fault

In this paper, the open-circuit fault is injected on IGBTs of phase-A. The simulation
waveforms for the open-circuit failure of switches in phase-A are shown in Figure 9b. It is
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observed that one-half of the positive cycle is clipped due to the open-circuit fault in the
upper IGBT of phase-A. Alternatively, due to the two-switch failure in phase-A, the output
current is zero.

4.2.2. Short-Circuit Fault

The simulation results of the output current of the proposed BiZSI-fed induction motor
drive system for switch failure due to short-circuit in phase-A are shown in Figure 9c. It
is observed that there is a sudden rise in the peak value of the output current due to the
short-circuit fault in the upper IGBT of phase-A of the BiZSI system. These sudden current
rises are not suitable for high-speed IGBT switching. Additionally, due to the two-switch
failure in the same leg, the current across Phase-A is zero.

Figure 9. Simulation waveforms: (a) normal operation, (b) open-circuit fault, and (c) short-
circuit fault.

The above analysis shows that the motor-drive system is not suitable for operation
during faulty conditions.

4.3. Post-Fault Operation

The major disadvantage of switch failures is that they introduce high transients result-
ing in either zero or unbalanced three-phase currents. These variations in the currents are
not recommended for the motor drive system. Hence, with the variable speed and load
conditions of motor drives, the fault detection and protection from the high rise of currents
should quickly come into action. Upon the detection of fault, the fault diagnosis strategy
comes into action and the motor current is maintained to the rated value. The proposed
current compensation approach, as described in Section 3, results in service continuity,
even in the event of faults.

The high current transients during short-circuit faults are not suitable for the proposed
low-voltage experimental setup in the laboratory and such faults are turned into open-
circuit faults by the isolating circuit. They are handled by the proposed diagnosis method.



Energies 2022, 15, 6976 16 of 26

Hence, the fault-diagnosis characteristics are shown only during open-circuit switch failure.
The output current response under fault-tolerant operation is shown in Figure 10.

Figure 10. Simulation waveform of output currents during fault-tolerant operation: (a) Single-switch
failure, (b) Two-switch failure.

5. Experimental Results

A low-voltage hardware prototype, as shown in Figure 11, is built in the laboratory
to validate the simulation results of the proposed fault-tolerant scheme for the BiZSI-fed
induction motor drive.

Figure 11. Experimental setup.

The high-gain modulation control scheme for the BiZSI is implemented in Simulink
and interfaced to the Labvolt Inverter module with modifications to the internal circuit to
support shoot-through and non-shoot-through states simultaneously. The inverter module
switching section allows 0/5 V pulse signals compatible control unit to be applied to
the gate circuits of the IGBTs. The IGBTs are able to withstand high temperatures with
specifications of 600 V. The ac waveform obtained from the inverter module is fed to the
1.75 kW three-phase induction-machine. The parameters of the machine model are listed
in Table A2 in the Appendix A. The bidirectional switch can withstand a peak voltage of
400 V during reverse flow of power. A dSPACE 1102 board is used to control the inverter.
The interface board between the dSPACE and the inverter provides the control algorithm
for fault-tolerant operation.
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5.1. Normal Operation

The experimental results for the built prototype under normal operation are shown in
Figure 12a.

5.2. Faulty Operation

Similar to the simulation analysis, the faults are injected in the phase-A IGBT of the
inverter module.

5.2.1. Open-Circuit Fault

During an open-circuit fault, the output current waveforms are shown in Figure 12b.
From Figure 12b, it is found that the characteristics of output current waveforms are similar
to the simulation results. The negative half is clipped for single-switch failure in phase-A
and zero current flows during two switch failure in phase-A.

5.2.2. Short-Circuit Fault

The experimental results for the switch failure under a short-circuit fault are shown in
Figure 12c. It is evident from Figure12c that there is sudden rise of current during single-
and two-switch failures due to the short-circuit fault. The motor drive system can be at
high risk with the progression of such faults.

Figure 12. Experimental waveforms: (a) normal operation, (b) open-circuit fault, and (c) short-
circuit fault.

5.3. Post-Fault Operation

The aim of this study is to investigate the efficacy of the proposed fault-tolerant
strategy in maintaining the post-fault characteristics of the motor identical to the normal
operation. Figure 13 demonstrates the output current response of the proposed motor drive
under pre-fault, faulty, and post-fault operation. For the experimental analysis, open-circuit
faults are injected at t = 2 s. Once a fault is detected in the system, the fault diagnostic
strategy will be activated. With the proposed fault-tolerant topology the motor is brought
back to the normal operation at t = 2.1 s. It is worth highlighting that a response time of
100ms, as shown in Figure13, is achieved during the fault-detection and diagnosis operation.
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Though it requires nearly one fundamental cycle, it is acceptable in industrial applications
involving automotives [53,54]. In all, the above experimental tests have validated the
theoretical analysis.

Figure 13. Experimental results under pre-fault, faulty, and post-fault operation (a) single-switch
failure, and (b) two-switch failure.

6. Performance Evaluation for Vehicular Application
6.1. Motor Performance

To demonstrate the effectiveness of the proposed strategy for the motor drives, the
induction motor torque-speed characteristics are plotted and shown in Figure 14. It can be
observed that the motor characteristics under the post-fault operation are identical to the
healthy operation. Hence, it is safe to implement the proposed fault-tolerant scheme for
the considered BiZSI-fed induction motor drive system.

Figure 14. Torque-speed characteristics of the induction motor under fault-tolerant operation.

6.2. Speed Response

The dip in speed of the motor is monitored for the experimental study. The motor
drive operates under the rated speed in the event of faults, and restores back to the rated
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value after implementing the proposed fault-tolerant strategy. The speed characteristics
of the induction motor drive are shown in Figure 15. The speed response of the induction
motor is observed for two instances of the faults for the experimental prototype. In each
event of a fault, the motor is brought back to the rated operation in due time.

Figure 15. Speed response under fault-tolerant operation.

6.3. Harmonic Response

To verify the efficacy of the proposed scheme in terms of harmonics, an analysis of the
total harmonic distortion (THD) magnitudes for the above-mentioned cases is shown in
Table 5. The experimental results indicate that the values of THD are higher, but are under
the acceptable values of IEEE standard 519-2014. The impact of the negative sequence
is reduced and the motor rotates with sufficient field supply. This advantage proves the
suitability of the proposed method for vehicular application.

Table 5. Harmonic Spectrum Results of Load Currents in phase-A.

THD (%)

Case Simulation Experimental

Normal Operation 0.79 1.56
Open-circuit fault 78.06 82.63
Short-circuit fault 45.02 49.60

Proposed fault-tolerant
strategy 1.41 2.36

6.4. Torque Response

The motor performance is evaluated experimentally by measuring the torque response.
The variation in torque is presented in Figure 16. It can be observed from Figure 16 that the
torque decreases in the event of fault. Upon the detection of a fault, the diagnosis strategy
is implemented and the torque magnitude is compensated to the rated value. Therefore,
the motor continues to operate in the event of faults.

Figure 16. Torque response under fault-tolerant operation.
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6.5. Efficiency Curve

The measurement for the power throughput is performed and the efficiency curve for
normal and fault-tolerant operation is plotted in Figure 17.

Figure 17. Efficiency curve.

The effectiveness of the service continuity has been studied through the above-listed
experimental analysis. The motor drive system continues to be in operation, even under
the events of faults. It should be noted that the available output after the fault-tolerant
operation is nearly equal to 80% of the normal operation. The achieved results have
demonstrated the feasibility of the proposed strategy for improving the reliability of the
motor drive system.

6.6. Motor Characterises for Vehicular Application

The speed-torque characteristics of the IM is plotted in Figure 18 for a New European
Driving Cycle (NEDC) in order to prove the suitability of the proposed drive for vehicular
application particularly electric vehicles. The driving cycle is a set of data points which
represents speed-time profile resembling the real-world driving pattern. This driving cycle
plot considers the motor parameter variations in acceleration, deceleration, and braking.
The driving cycle parameters are listed in Table A1 in Appendix A.

It can be seen in Figure 18 that the estimated speed tracks the reference speed with a a
negligible error. Similarly, the torque profile shown in Figure 18 shows that the measured
torque follows its reference generated by the speed PI controller with insignificant torque
ripples during operation. The driving cycle response proves that the IM drive delivers
improved performance in steady state operation over the variables’ speed range. The
achieved results have less ripples for rapid speed-torque variations with negligible steady-
state error.
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Figure 18. Driving cycle response for vehicular application.

7. Comparative Analysis

To validate the potential of the proposed fault-tolerant scheme, a comparative analysis
of the performance of the designed scheme with that of other similar strategies utilized in
the industries is presented in Table 6. It is implied in Table 6 that the proposed fault-tolerant
strategy is efficient and has lower complexity in the circuit design in comparison to other
strategies.

Table 6. Comparative analysis of proposed fault-tolerant strategy with other strategies.

Strategy OC Switch SC Switch Complexity Properties
Fault Covered Fault Covered

[55] Yes Yes Average Able to force common-mode
voltage to zero
Ride-through capability during switch failure

[56] Yes Yes Complex Enabling of the Z-source CHB is required
Hardware complexity

[57] No No Complex Cascaded connection required
Access to neutral point is required

[58] Yes Yes Complex Only for multilevel converter topology
Focused on phase-shift compensation

[59] Yes Yes Average Requires extra hardware
Access to dc-bus mid-point is not required

Proposed Yes Yes Simple Applicable to motor drive
Strategy No capacitor balancing issues

Fast and efficient post-fault strategy
Lower conduction losses

In addition, a comparison of the recovery time for similar fault-tolerant strategies is
plotted in Figure 19 to validate the effectual speedy-recovery characteristics of the proposed
fault-tolerant system.

This comparative study is obtained through simulation studies performed under
identical test conditions performed on two popular converter-inverter topologies and the
proposed system utilized for three-phase inverter-fed induction motor drives:
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(i) Traditional Z-source inverter;
(ii) Cascaded H-bridge inverter.

These topologies are simulated with parameters: three-phase line voltage, V = 230 V,
line impedance = 4%, load = three-phase 230 V, 1 kW induction motor.

Figure 19. Recovery time characteristics of fault-tolerant strategies.

It is clearly inferred from Figure 19 that the proposed fault-tolerant strategy facilitates a
speedy recovery compared to traditional fault-tolerant strategies implemented in industrial
applications. As per simulation studies, the time taken to detect and diagnose the fault
is 0.05 s for the proposed system. On the other hand, the time required to diagnose the
fault in the traditional Z-source inverter system is 1.5 s, while it is 1.75 s for the cascaded
H-bridge inverter system.

Based on the above study, the proposed system has the following advantages for
vehicular applications.

1. The proposed fault-tolerant strategy emphasizes that the post-fault speed character-
istics are not sluggish. In addition, the control scheme offers voltage balancing of
the DC-link capacitors under sudden load variations. This feature specifically suits
high-voltage vehicle drives.

2. The proposed converter topology facilitates a bidirectional flow of power. This added
advantage can recover the kinetic energy of the vehicle during regenerative braking.

3. The obtained results are characterized by a less distorted output. This feature elimi-
nates the problem of harmonic resonances due to the passive LC parameters of the
system. The low harmonic distortion improves the utilization rate of the motor drive.

4. The economical design and implementation of the proposed fault modulation scheme
can supersede the conventional voltage-based method since low-voltage switching
devices with lower conduction losses are used. This results in the low weight and
volume of the proposed experimental prototype.

8. Conclusions

In this paper, an efficient fault-tolerant strategy characterized by speedy recovery for a
BiZSI-fed induction-motor drive, is presented. The proposed modulation scheme provides
high-gain voltage output. The fault-detection schemes for open-circuit and short-circuit
faults are logical and cost-effective. The control scheme facilitates the continuous operation
after a fault occurrence and is suitable for the reliable operation of the induction motor
drive. The detection time and diagnosis duration are minimal to avoid any delays in
operation during switch failures. The control scheme is promising in comparison to other
similar strategies and can be applied to other AC motors. The experimental results validate
the merits of the strategy for the system. The post-fault operation evaluation depicts similar
characteristics as a healthy operation, which makes the motor drive suitable for vehicular
applications. The proposed method is highly safe for crucial applications of motors.
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CVR Capacitor Voltage Ripple
SDP Switching Device Power
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Appendix A

Table A1. Driving Cycle Parameters.

Symbol Parameter Value

S Distance Covered 10 km
v Average Speed 30 km/h

vm Maximum speed 75 km/h
a Maximum Acceleration 2.3 m/s2

a Maximum Deceleration −2.1 m/s2

T Idle Time 170 s

Table A2. Specifications of the Machine.

Symbol Device Ratings

Vs Stator voltage 220 V, 50 Hz
Pm Mechanical power 1.75 kW
N Nominal speed 1380 rpm

Irated Nominal current 0.52 A
J Moment of inertia 0.06 kg.m2

Rs Stator resistance 1.1 Ω
Rr Rotor resistance 1.1 Ω
Ls Stator inductance 170 mH
Lr Rotor inductance 170 mH

Trated Nominal torque 13.3 N.m
p Pole pairs 4
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