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Abstract: In recent years, photovoltaic (PV) systems have emerged as economical solutions for
irrigation systems in rural areas. However, they are characterized by low voltage output and less
reliable configurations. To address this issue in this paper, a promising inverter configuration called
Impedance (Z)-source inverter (ZSI) is designed and implemented to obtain high voltage output
with single-stage power conversion, particularly suitable for irrigation application. An improved
and efficient modulation scheme and design specifications of the network parameters are derived.
Additionally, a suitable fault-tolerant strategy is developed and implemented to improve reliability
and efficiency. It incorporates an additional redundant leg with an improved control strategy to
facilitate the fault-tolerant operation. The proposed fault-tolerant circuit is designed to handle
switch failures of the inverter modules due to the open-circuit and short-circuit faults. The relevant
simulation and experimental results under normal, faulty and post-fault operation are presented.
The post-fault operation characteristics are identical to the normal operation. The motor performance
characteristics such as load current, torque, harmonic spectrum, and efficiency are thoroughly
analysed to prove the suitability of the proposed system for irrigation applications. This study
provides an efficient and economical solution for rural irrigation utilized in developing countries,
for example, India.

Keywords: fault-tolerant; open-circuit fault; short-circuit fault; induction motor drive; Z-source
network; inverter; photovoltaic (PV); Insulated-gate bipolar transistor (IGBT)

1. Introduction

India is an agriculture-based developing country with its major economic contribution from
the agriculture sector. Around 70% of the farming area is dependent on irrigation in rural areas.
This is because monsoon-based cultivation cannot cater the huge demand. According to the All India
Crop Estimation Survey Report 2013-14, above 85% of the farming land is irrigated by the ground
water irrigation system, and the rest is dependent on surface-water irrigation system. Generally,
sources of electric power and diesel engines are used for irrigation to drive motor pumps, but these
sources of energy are still not sufficient to fulfill the demand. With unlimited usage of motor drives,
the energy demand is increasing worldwide leading to a burden on conventional sources of energy.
However, the depletion of conventional sources of energy has attracted power generation from solar
and wind [1-3]. Of these, solar energy is considered to be more effective as harnessing of solar is
much easier than wind power. With limited access to electricity in rural areas, solar-powered irrigation
systems may serve as an alternative for irrigation in off-grid areas. Additionally, the Ministry of New
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and Renewable Energy (MNRE), Government of India supports installation of solar systems in India
with attractive incentives, so that PV modules are now affordable with the relevant subsidies.

However, the low output voltage of PV systems is a matter of concern for motor-pump
applications. To cater for this difficulty, a PV input source is fed through configurations of DC-DC
converter to step up the low voltage of the PV output. Various configurations of PV-fed dc-dc converters
were discussed in [4]. This paper [4] presented a comparative analysis of cascaded converter topologies
for PV systems. The outputs of these converters are fed through inverters to ac motor drives utilized in
pumping applications. Nevertheless, these converters are not sufficient to cater to the higher voltage
output requirement of motor drive applications. Moreover, single-stage power conversion is not
supported by the conventional converter-inverter topologies which is an essential aspect of economical
design. This problems can be overcome by impedance-source inverters (abbreviated as Z-source
inverter, ZSI) [5-8]. It provides extended output-voltage range, lower harmonic distortion, and high
power factor. With the aforementioned advantages, the ZSI module is desirable for PV fed motor-drive
systems for pumping applications. Studies in [9-11] show the behavior analysis of impedance networks
for PV systems. The Z-source inverter topology is suitable to achieve maximum power point tracking
in applications utilizing photovolatics without affecting the gain of Z-source inverter operation.
The suitability of the Z-source inverter is also explored in detail in [12]. The proposed control
in [12] ensures the simultaneous operation of the given topology integrated with the three-Level
Neutral Point Clamped(NPC) Inverter in buck-boost mode and induction motor control. Moreover,
several topologies of Z-source inverter are proved to be suitable for high gain output requirements
such as electric vehicles [13] and induction motor drives [14]. The converter possesses a good tracking
of the reference voltage and disturbance-rejection characteristics.

However, the operation of these drives is prone to get affected by potentially high risks factors.
Once such factor, as suggested by the results from industry statistics, is switch faults leading to
permanent failures of power switching devices. The most common switch faults in inverter modules
are open-circuit and short-circuit faults. The adverse effects of switch faults on motor drive systems
were thoroughly discussed in [15]. Thus, the reliability of operation for such drives is questionable
under the absence of an efficient fault-tolerant scheme. The need of fault-tolerance becomes more
prominent in the case of renewable-sources-fed electric-motor drives. Various modified topologies
are suggested depending on the nature of the applications. Some of the fault-tolerant strategies
are feasible for open-circuit or short-circuit faults, and the literature also discussed other topologies
for multiple faults. In [16-18] the fault-tolerant strategies towards these faults are discussed for
conventional converter circuits. These topologies provide wider control for fault detection and
diagnosis. A few more studies [19-28] suggested protection methods and fault diagnosis techniques
for switch faults. However, the characteristics like complexity of control schemes, high cost of operation
and longer detection time makes them unsuitable for irrigation application. A comprehensive review
of fault-tolerant techniques was presented in [29-33]. Among the suggested methods, addition of a
redundant leg enables efficient control during fault-tolerant operation. The above literature review
suggested that the motor-driven solar water pumping system should be fed through an high-gain
economical power conversion arrangement to reduce cost of the system. In addition to it, the proposed
system should be equipped with an effective fault-tolerant scheme which should compensate for
switch failures occurred in the inverter module. This arrangement eliminates the risk of reduced
volume of water during long-hours operation for irrigation in rural areas.

The major contributions of this paper are summarized as follows:

1.  Design and implementation of a complete efficient irrigation system using a high gain single-stage
power conversion, Z-source inverter (ZSI) and a PV system. With the proposed modulation
strategy, the ZSI can use higher modulation index with lower voltage stress across the switching
devices as compared to the existed noncoupled impedance networks.
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2. Develop a fast fault-tolerant control algorithm and control measures to facilitate continuous
operation during the event of a fault. The fault-diagnosis is achieved effectively within 20 ms
while maintaining nearly rated power during post-fault operation.

3. Analyze the performance parameters of the proposed system to verify its compatibility for
irrigation applications.

In light of the above, an efficient motor-drive system with fault-tolerant capability is proposed in
this paper. With operation at high modulation index, the proposed system has improved power quality.
Moreover, it proves to be an economical solution with less devices required. The economical feature
makes this topology affordable to users in rural areas. The response of fault-tolerant control schemes
under open-circuit and short-circuit faults is investigated for irrigation application. The fault diagnosis
is performed very quickly. In addition to it, due to presence of PV source with battery storage systems,
the pumping operation is independent of frequent power outage and variations in weather conditions.

The remainder of this paper is organized into the following sections. The design of the PV array,
Z-source network and motor specifications for water-pump are described in Section 2. Section 3
describes the proposed fault-tolerant strategy for the system under the faulty modes. The methods of
fault detection and flow of fault compensation control scheme are thoroughly explained in this section.
The relevant simulation results under normal, faulty and post fault operation are analyzed in Section 4.
Experimental results are presented in Section 5 which were obtained for a test bench of 1-kW induction
motor prototype interfaced through dSPACE. The suitability of the proposed system for the irrigation
application is investigated in Section 6. The obtained results shows the validity and effectiveness of
the developed system with fault-tolerant capability for irrigation applications. Finally, a conclusion is
presented in Section 7.

2. System Design Specifications

In the conventional inverter-drive system, the induction-motor drive fed by a PV source operates
with two stages of power conversion: The first stage involves conversion of the low DC output of the
photovoltaic array to a constant DC by a high gain boost converter, and the second stage incorporates
the conversion of a constant DC voltage to a variable voltage and variable frequency supply using VSIs.

In this paper, the two-stage power conversion is replaced by a single-stage conversion with the
ZSI topology. It consists of two inductances and two capacitances connected in the X-shape to facilitate
the power flow. The circuit diagram of the proposed system is shown in Figure 1. It consists of the PV
source, Z-source inverter for high output voltage gain, and motor-pump arrangement for irrigation
application. The PV source acts as input supply for the inverter module. The ZSI network is responsible
for supplying the ac power to the motor-pump arrangement. The switching modulation strategies of
the inverter module, discussed in later part of the paper, are chosen such that the maximum output is
obtained across the load.

2.1. Selection of PV Array Parameters

PV solar cells have nonlinear current-voltage (I-V) characteristics. The output voltage and power
vary with the irradiance and temperature. The operating point is derived from the intersection of the
load line with the PV voltage-current characteristic [34-37]. The PV source was modeled using the

characteristic equation:
9(vpo+ipvRs) _1)
ipp = i —ip(e ¥

)

where iy, is the PV cell current, v, is the cell voltage, i; is the photo-current, 7 is quality factor, i, is
diode current, k is Boltzmann constant, q is the charge of an electron, R; is the cell resistance, and T is
the operating temperature in Kelvin.
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Figure 1. Circuit diagram of the photovoltaic (PV)-fed Impedance (Z)-source inverter (ZSI)-fed motor
drive for pumping application.

The detailed design parameters of the Solar PV array are given in Table 1.

Table 1. Design parameters of Solar PV Array.

Symbol Description Value
Vo Open-circuit voltage of one module 216V
I, Short-circuit current of one module 0.64 A
Vin MPP voltage 600 V
Iy MPP current 145 A
Ns Number of series-connected modules 34
Np Number of parallel-connected modules 25

2.2. Z-Source Network

In the proposed modulation scheme, as shown in Figure 2, the active state is kept intact. It is
achieved by implementing a shoot-through state while operating the power semiconductor switch in
zero-state. This results in high voltage gain due to independent control operation of the active and
shoot-through states. The shoot-through state is applied across all the three arms of the inverter module
to minimize the stress on the power switches. The ZSI proves to be suitable for a PV system using the
implemented modulation technique. The proposed modulation strategy provides advantage of current
sharing and thereby makes the circuit economical, with a requirement of low current rating devices.

In addition to efficient modulation scheme, the selection of inductances and capacitances is vital
for single-stage conversion to obtain high voltage gain.

The PV DC voltage and output ac peak voltage are related as [38]:

M- B-Vyy
Uo = 2 ()
where v, is the output peak voltage, B is the boost factor, M is the modulation index, and V) is the PV
output voltage.
Modulation index is calculated as:

=3 ®)

where, V; is the amplitude of sinusoidal reference waveform and V; is the amplitude of
triangular waveform.
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Figure 2. Proposed modulation scheme.
The boost factor (B) is expressed as:
1
B= 4
2M -1 @)
The inductor value of the Z-source network is calculated by
Ve-D
L=——" (5)
2fsKpILm

where K is the inductor-current ripple. For high gain operation, it should be < 2%.
The capacitor connected in the impedance source network can be calculated as:

C— Itm-D

= = 6
szchink ( )

where K, is the measure of ripple coefficient of the voltage across capacitor, V. is the dc link voltage,
I\ is the peak value of the inductor current and fs is the switching frequency.
From Equations (2)—(6), the calculated parameters of the Z-source network are given in Table 2.

Table 2. Parameters of Z-source network.

Symbol Description Specification

M Modulation Index 0.72

B Boost factor 1.92
Li=L, Inductance 1.3 mH
Ci=G Capacitance 1000 uF

D Duty cycle 0.5

fe Carrier frequency 10 kHz

fst Shoot-through frequency 20 kHz

2.3. Specifications of Motor-Pump Arrangement

An appropriate design of the induction motor plays a important role in the proposed application
of the water-pump arrangement. In order to have sufficient supply of water, the nonlinear relationship
between load torque and motor speed is considered. It is given by

Ty = Kwp? )
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where T7, is load torque, K is the constant of proportionality of the pump, wy, is the speed of the motor.
The specifications of the motor are listed in Table 3.

Table 3. Motor Specifications.

Symbol Description Specification

p Number of poles 6
Py Power 4 kW

N Speed 1500 rpm
Rs Stator Resistance 0.6 Q)

R, Rotor Resistance 0.6 Q)

] Moment of Inertia 0.05 kg-rn2
L Mutual Inductance 0.03H

3. Proposed Fault-Tolerant Strategy

In this paper, the term “fault-tolerant” depicts that the system will continue to operate in a normal
satisfactory manner even after the occurrence of fault. The proposed architecture of the utilized
fault-tolerant strategy is shown in Figure 3.

Fault-tolerant Architecture

Sy

FELEIEEE

& [y

=
Ie¥eleyl<

Figure 3. Proposed fault-tolerant strategy.

3
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The proposed fault-tolerant topology is suitable for switch failures due to open-circuit and
short-circuit faults in the inverter module. The proposed fault-tolerant strategy includes:

(a)  Fault detection and localization
(b)  Fault-compensation for post-fault operation

It incorporates an additional redundant leg to facilitate the fault tolerant operation. With regard
to the PV-source input, the redundant fault-tolerant topology is utilized using external thyristors
to facilitate the transfer of power flow from the faulty leg to the redundant leg. Upon detection of
open-circuit fault, the gate signals of the faulty legs are disconnected and the redundant leg is activated.
In case of a short-circuit fault, the high-rated fuses safeguard the motor terminals and the the current
falls to zero to prevent the motor from being damaged. The redundant leg is normally unused and
comes to operation only during the occurrence of the fault.

3.1. Fault Detection and Localization

In order to activate the proposed fault-tolerant strategy, the nature of fault is required to be
identified. The fault detection is performed by the measurement of variations in output-current
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value or the voltage amplitude. Several detection methods for open-circuit and short-circuit faults
are suggested in literature [39—41]. Upon detection, the location of the fault should be identified.
The capability of a system to identify the location of a fault quickly adds to the speedy recovery of the
system from the events of the fault.

3.1.1. Open-Circuit Fault Detection

In the faulty mode, huge oscillations are introduced in the g-axis current which induce high
torque ripples in the motor drive. Various detection methods for open-circuit faults are suggested in
the literature. Based on the ease of implementation on the experimental prototype, the method of slope
measurement of the trajectory of space vector is utilized to detect the open-circuit fault. It involves
calculation of slope for the trajectory of space vector during operation based on current measurement
of d-q axis (ig, igr). The slope is defined as:

lak — Lq(k—1)

Y= i —ig(k—1) ®

In this method, the faulty phase is identified using the measured slope from Equation (8). In order
to identify the faulty switch in the faulty phase, the polarity of the phase current is examined. A positive
faulty phase current indicates the fault in the lower-switch and a negative faulty phase current indicates
the fault in the upper-switch of the faulty leg. The above-mentioned faulty leg and switch detection
method is shown in Table 4.

Table 4. Detection of faulty phase/switch.

Faulty Switch  Slope Current in Faulty Phase

S 0 -
52 0 +
S3 V3 -
54 \/3 +
Ss -3 -
S(, -3 +

3.1.2. Short-Circuit Fault Detection

Due to the catastrophic consequences of short-circuit faults, the fault detection and isolation of the
faulty leg must be quick. In this paper, the short-circuit fault is detected by gate-voltage compensation
method. In this method, the gate voltage is compared with a reference voltage. The circuit diagram
of the proposed method for short-circuit fault detection is shown in Figure 4. The fault detection
circuit consists of a differential generator in series with a short-circuit fault detector. It measures the
difference between the gate voltage and the reference voltage. In case of a faulty condition, the fault
current is reduced by increasing the voltage across the Zener diode. This method is very fast and can
be easily integrated to a small IC, which results in lesser size and economical solution to build the
experimental prototype.

3.2. Fault Compensation

Once the fault is detected, the fault compensation control scheme should come into the action.
The fault compensation signifies that the diagnosis algorithm should be designed in such a way that it
brings the system back to the normal operation instead of no-operation in event of fault. In case of
the open-circuit faults, the control circuit sends the command and the faulted leg is transferred to the
redundant leg (Sg; and Sgp) with corresponding external thyristors (T, Tz, T3). The fault detection
is fast and the motor receives normal current. Similarly, once the short-circuit fault is detected,
the hardware protection circuit stops the gate signal to all semiconductor switches and protective
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high-rating fuses are inserted in the system. The gate signals are transferred to the new leg and motor
continues to run the same as in case of prefault conditions. The control scheme to implement the
above-mentioned fault-tolerant strategy is shown in Figure 5.

Gate drive

Differential Generator Short-circuit Fault Detector Buffer
signal
M\ R O siznals
R, \l 2
Ring e, VaE Q SR,
Vem AND S i
OP-amp _«M_l
Vee R; Q;
Rinz D Dela
£ R; Vref -
Figure 4. Short-circuit fault detection circuit.
ch
L 51-Ss [ l
! dq N —— S
Modulation >
- > J
Scheme >
aff o
i Z-source
Inverter
Fault- ; :
«]d 1 a
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+03lr enfiguration Vs Induction
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Figure 5. Control scheme of the proposed fault-tolerant strategy.

The proposed fault-tolerant strategy consists of an modulation scheme arrangement, inner-ring
current controller, outer-ring speed controller, phase current measurement module of inverter,
fault-detection and compensation circuit, and the redundant leg. The d-g-axis current of the three-phase
winding of the motor under normal operation is expressed as follows:

ig cos®  sinf ig — w
= X .o s
i —sin®  cosf w
When the phase winding suffers from an open-circuit fault, the current of the respective phase is
reduced to zero. In case of fault in phase-A of the winding, the d-g-axis current changes and is given as:

ig| | cos®  sind i w
ig| | —sinf cos6 w
In the event of open-circuit fault, the motor works in an asymmetric state and the magnetic field

will no longer be round rotating magnetic field. It results in drop in the output voltage. In case of
motor-drive applications, the fault-tolerant strategy is labelled efficient if it is capable of maintaining
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the air-gap magnetic field to be round rotating magnetic field. The fault-tolerant control should ensure
that voltage vectors are kept constant during the normal and post-fault operation. If a short circuit
fault occurs in the switches of phase leg-A, the high rating fuses must blow to prevent the propagation
of fault in the system. The fuses are selected based on integral current square rating [ i%t of the devices.
It should be lower than the rated value of power semiconductor switch. Upon detection of fault,
the gating signals must be transferred to the redundant arm. For desired operation of motor-pump
arrangement, the dip is speed is also considered. The motor speed measurement is performed and the
controllers are tuned in such a way that sufficient current is supplied to the faulty-phase in event of
the fault. The switch over to the redundant circuit must be quick.

A flowchart depicting the structure of the proposed fault-tolerant control scheme is shown in
Figure 6. The fault detection is relatively fast and ensures immunity from the false alarms.

]
Read for input and
output current
waveform
v

Check for output current
trajectory

Fault Detection

Open-circuit Short-circuit
fault No No fault
] v
Identify Faulty Leg Identify Faulty Leg by
by Table IV gate-voltage compensation
l method
Connect L1
redundant leg Check for rated Connect redundant
parameters (Fig.5) leg

Figure 6. Flowchart of the proposed fault-tolerant strategy.
4. Results and Discussion

Several case studies have been conducted using the MATLAB/Simulink® to investigate the
performance of the proposed system under normal, faulty and post-fault operation. The system
parameters are defined in Section 2 of this paper. The relevant case studies are discussed as follows:

4.1. Normal Operation

The objective of this case study is to verify the operation of the proposed system under normal
operation. The output current waveform under the no-fault operation is shown in Figure 7a.
Under normal operation, the two capacitors limit the voltage and current ripple on the inverter
module to provide a sinusoidal output. The maximum capacitor voltage rating is equal to twice the
peak voltage of the energy-storage device. There is no flow of discontinuous current through the
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inductors and capacitors. This results in continuous conduction mode (CCM) operation with a high
reactive power. It can be inferred that the ZSI supplies a less distorted output current, as shown in
Figure 7a, to the motor-pump arrangement.

4.2. Faulty Operation

The propagation of faults from faulty areas to normal areas results in damage to the system
components. It may lead to a complete shutdown of the system. In an electrical system, transients
are introduced in the event of a fault which should be avoided. In this part of the study, the variation
in output current of the system under the switch failures due to open-circuit and short-circuit fault
are presented.

o
0

Output Current (A)

—Phase-A
—Phase-B

1
'y
[
1
1
1
1

A
1

N
N
1
1
1
1
1
1
1\
L

3.‘38 3.4 342 3.44 3.46 3.48
Time (s)
(©
Figure 7. Simulation results of output current: (a) Normal operation, (b) open-circuit fault,
and (c) short-circuit fault.

4.2.1. Case 1: Open-Circuit Switch Fault

An open-circuit fault occurs due to the thermal cycling. For the simulation studies, the open-circuit
fault is implemented in the IGBTs of phase-A. An open-circuit fault is created by turning off the
gate signal of the power semiconductor switch. The output current waveform during this fault is
shown in Figure 7b. It is observed that due to the switch failures occurred due to open-circuit fault,
the corresponding phase current is zero.
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4.2.2. Case 2: Short-Circuit Switch Fault

An IGBT short-circuit fault may occur due to high/wrong gate voltage, due to driver circuit
failure, power supply failure or due to %’ disturbance, and temperature rise or overvoltage stress.
Short-circuit faults are difficult to deal with, as the time interval between the fault occurrence and
diagnosis is very small. The faulty mode induces a nonzero dc component current in the stator winding.
This results in dynamic braking of the motor drive. There are high chances of device failures in this
faulty condition. The motor drive is not suitable to operate in this condition. The output current
waveform is shown in Figure 7c. It can be seen from Figure 7c that there is an high rise in the output
current across the faulty phase. This high current will damage the circuit components and hence is
required to be prevented from flowing in the system.

4.2.3. Case 3: Motor Performance

The motor-pump arrangement is the essential part of the irrigation application. The performance
of the motor is required to be investigated under faulty operation to show the adverse effects of
switch failure in the given system. In this aspect, the variations in torque and speed of the motor are
studied. It can be observed from Figure 8a that under the faulty operation, the electromagnetic torque
is increased due to the fault. The torque tends to show oscillations with high magnitudes which can
lead to torsional vibrations and shaft failures. The operation of the motor drive is not suitable in such
condition. In addition to it, there is a sudden fall in speed of the motor due to fault and hence motor
eventually stops as shown in Figure 8b.

Increase in Torque
(faulty operation)

\
T\

3 pre-fault operation

1 ! 1 1 1 1 1 !
4.31 4.32 433 4.34 435 4.36 4.37 438 4.39

Time (s)
(a)

1600 - Rated Speed . —Fault )

1400 [~ -

g “200 - Rise in speed Fall in speed b
=)

;&OOO* i
N7

1

800

ce

[a% 600 [~ .

S

400 .

200

0

L L L L L L L
0 1 2 3 4 s 6 7 8 9 10

Time (s)

(b)

Figure 8. Motor performance under faulty operation: (a) Torque response; (b) speed response.

From the above analyses, it is clear that the conventional system without fault-tolerant capability
is not suitable for irrigation application.
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4.3. Post-Fault Operation

Based on the above analysis, it is recommended to implement an efficient fault-tolerant strategy
in order to prevent propagation of the faults in the system. The output current waveform for the
fault-tolerant control (FTC) operation under open-circuit fault and short-circuit are shown in Figure 9.
The fault-tolerant operation is shown with a series of events; (i) pre-fault operation, (ii) faulty operation
and (iii) post-fault operation after the implementation of the proposed fault-tolerant strategy.

It can be clearly seen in Figure 9a,b that the faults are introduced at t = 4.38 s and due to
proposed fault-tolerant strategy the faults are cleared at an interval of 20 ms. Upon implementation of
fault-tolerant strategy, the output current characteristics are identical to pre-fault condition. Moreover,
the torque is restored back to the nominal value by utilizing the proposed fault-tolerant scheme. It can
be observed in Figure 9c that torque increases for the fault duration and restores back to the rated
value during fault-tolerant operation. The diagnosis time can be reduced by changing the switching
sequence of the redundant circuit.

Output Current (A)

(@)

“—— Short-circuit Fault —>

— Phase-A
— Phase-B
—Phase-C

Post-Fault
Operation

Output Current (A)

3
432 434 436 438 ) 44 442 444 446

Time (s

(®)

T T
45 Fault duration

Prefault operation «~— post-fault operation ——— |

Torque (N-m)

4.‘34 4.‘36 4.‘38 4.‘4 4.‘42 4.‘44
Time (s)
(©)
Figure 9. Simulation results under fault-tolerant control (FTC) operation: (a) Output current under
open-circuit fault, (b) output current under short-circuit fault, and (c) torque response.

The main advantage of using the redundant configuration for the proposed system is that the
system is able to maintain the dc-link voltage balance under normal and faulty conditions. Due to
the proposed strategy, the output current waveform is ripple-free. The post-fault current and torque
characteristics are identical to the normal operation characteristics. Moreover, the flyback effect is
taken into consideration while implementing the switching sequence. This improves the reliability
factor of the proposed technique for the motor-drive system. The primary goal of utilizing every
voltage output of the source is fulfilled in this fault-tolerant strategy in order to provide the maximum
output to the motor drive for irrigation applications.
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5. Experimental Results

A laboratory prototype has been realized for the implementation of the proposed drive system
under normal, faulty and fault-tolerant operation in this section. The experiments are conducted on a
1kW motor test bed, as shown in Figure 10, in order to validate the theoretical analysis and signify
the performance of the proposed fault diagnosis algorithm. The test bench is operated at an input
voltage of 100 V and output voltage of 300 V. The fault injection and control algorithm are interfaced
through dSPACE control desk software. The fault incidents are manually injected in the drive system.
The faults are introduced in phase-A IGBTs of the inverter module for the experimental studies.

Interface board

Figure 10. Experimental test bench.

5.1. Normal Operation

The output current waveform during normal operation of the proposed system are shown in
Figure 11a. It can be seen that ripple-free waveforms are obtained across the three-phase winding of
the motor. It depicts the continuous conduction mode of the proposed system.

Y VY f\f‘“‘ aas
\/ \Jv ; \r‘,)\/ A// ; \‘!”‘JI“.M/‘/V

0.5 A/div

Output CLllTen( (A)

(a)

< j

= I . 47&»: fault O) |pm4>
BN ~\/~ VYA I A AR y \/'\
= \ | / u M A L A \ / ;\ \ /

8] v \ i \(/ ‘1/ \ ./' \ ot Thesfeir o A/ \ / ‘.“ ".“' \‘/ '

= d foLX / \_ '; 4 x v
é“ " \.‘” / \ I\J \!/ \\J' A "\J, \J \J WAV v \ N

5 P it fault

0.5 A/div

)

' 'n‘\ ; " - v'“.'_,jﬁ\' /\"M\ /‘\ | Post-fault Out lpul -
v \./ "H \J\\‘F

©

0.5 A/div

Output Current (A)

Figure 11. Experimental results: (a) Normal operation, (b) open-circuit fault, and (c) short-circuit fault.
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5.2. Fault-Tolerant Operation

The output current response of the proposed system is observed for the fault-tolerant operation.
To study the faulty conditions, fault-injection is done in the IGBTs of phase-A of the inverter
module. The output current waveforms during pre-fault, faulty and post-fault operation are shown in
Figure 11b,c. It is observed in Figure 11b that due to the open-circuit fault, the output current of the
faulty phase-A is nearly zero. Once the fault-tolerant control is applied, the load current restores back
the motor operation in due time. To investigate the short-circuit fault, the switches in the experimental
setup are kept in ON-state for an infinite period. The output current waveform during pre-fault, faulty
and post-fault operation for the short-circuit fault are shown in Figure 11c. It is observed that the
proposed system restores to the normal operation after diagnosing the fault. The proposed control
scheme provided service continuity at full power in event of faults. The experimental results are
similar to the simulation results and confirms the validity of the proposed fault-tolerant strategy for
the proposed system.

6. Compatibility of Proposed System for Irrigation Application

The achieved performance, detailed in Sections 4 and 5, show that the proposed system has
efficient fault-tolerance capability under switch failures. It is due to the better compensation strategies
implemented under faulty operation. However, the compatibility of the proposed system is required
to be investigated for the irrigation application. In view of this, the proposed system is analysed for
three important factors [42-45]. Firstly, the voltage gain of proposed converter topology is required
to be investigated. Secondly, as an essential component for irrigation, the operation of motor is to
be regulated in such a way that an optimized system efficiency is achieved without any transients.
Thirdly, the motor should exhibit better torque-speed characteristics. In this regard, the characteristics
of the proposed system are demonstrated as follows:

6.1. Voltage Gain

There is a constant and intense demand for reliable, efficient, and small size step-up dc-dc
converter in irrigation applications. To cater this issue, the proposed converter had shown continuous
input current under variable load conditions. The voltage gain of the proposed converter is high
enough to correspond with continuous high voltage applications. The voltage gain by proposed
converter-inverter module is 3, as shown in Figure 12. It is inferred that the proposed Z-source network
configuration provides a high boosting capability. It can also operate with variable and low duty cycle,
which simplifies the design procedure and improves the performance. All of the mentioned features
made the proposed converter topology a good candidate for irrigation application.

DC Input =100 V

AC output =300 V

Voltage (V)

e o S s ]

Figure 12. Voltage waveform of proposed converter-inverter topology.
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6.2. Harmonic Response

The efficient response of the proposed system towards transients is indicated by the percentage
ripple of the output current supplied to the motor drive. The harmonic spectrum under normal
operation is shown in Figure 13a. It is observed that under normal operation the total harmonic
distortion (THD) is 0.42% with a high magnitude of the fundamental component.

Due to faults, the harmonic distortions are also introduced in the system. These distortions results
in high ripples in the load current. Open-circuit faults induce a dc current offset in both normal and
faulty phases. This offset current results in a pulsating torque at the stator current and hence in a
reduction of the average torque for the drive. Additionally, transients are introduced in the system
which deteriorate the power quality of the load current. The harmonic spectrum during this fault is
shown in Figure 13b. It can be seen that the THD in case of the open-circuit fault is significantly high,
with a magnitude of 44.36%.

The short-circuit currents creates unbalancing in the all phases. The transient response during
such fault shows that the load current waveform is highly distorted. The harmonic spectrum during
this fault is shown in Figure 13c. The THD in case of a short-circuit fault is significantly high, with
magnitude of 25.21%.

Nevertheless, with the proposed fault-tolerant control method, the harmonic spectrum is close to
the value that of normal operation. It can be seen in Figure 13d that the THD in case of FTC operation
is negligible, with magnitude of 1.78%.

Fundamental (50Hz) = 94.24,, THD= 0.42% Fundamental (50Hz) = 1.615 , THD= 25.21%

Magnitude (% of Fundamental)
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Figure 13. Harmonic spectrum: (a) Normal operation, (b) open-circuit fault, (c¢) short-circuit fault, and
(d) FTC operation.

Similarly, the harmonic spectrum results under experimental analysis are determined for the load
current of the given system under fault-tolerant operation. The observations of THD for simulation
and experimental analysis are listed in Table 5.

It is worth highlighting from Table 5 that the total harmonic distortions values obtained with
the proposed fault-tolerant operation are within the permissible standards IEEE 519-2014 and proves
that this method is suitable in terms of power quality to implement for the motor drives for
irrigation application.
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Table 5. Harmonic spectrum results.

Condition

Simulation Results

Experimental Results

Normal operation

Open-circuit fault

Short-circuit fault
Post-fault operation

0.42 1.23
44.36 41.23
25.21 22.36

1.78 1.52

6.3. Motor Performance

The achieved results demonstrated that the converter topology and FTC operation can compensate
the current and torque with high power quality which results in improved the drive performance in

fault conditions. The obtained results shows that the motor performance maintains a similar operation
in pre-fault and post-fault operation upon implementation of the proposed fault-tolerant scheme.
Moreover, the rated torque is restored back to the normal value during post-fault operation as shown

in Figure 14a. Similarly, the motor speed, as shown in Figure 14b, gradually increases and reaches to the
rated value with no fluctuations under FTC operation. The achieved torque-speed characteristics are
suitable for irrigation application requiring constant speed operation under variable-load condition.
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Figure 14. Motor performance under FTC operation: (a) Torque response, (b) speed response,

and (c) efficiency curve.

In addition to it, the motor efficiency is analysed in this section and shown in Figure 14c to validate

the characteristics obtained during the prefault and post-fault operation. It can be observed that the
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motor efficiency is significantly reduced during open-circuit and short-circuit faults. However, due to
the proposed FTC method the motor efficiency during post fault operation is maintained nearly equal
to value of no-fault operation of the drive. The proposed drive system with fault-tolerant capability
has exhibited an ability to operate at constant power over a wide speed range with excellent overall
performance, and high efficiency.

The achieved results show that the system is suitable for the application of the motor-pump
arrangement for rural irrigation and is less prone to shutdown with switch failures.

7. Conclusions

In this paper, the implementation of a PV-and ZSI-fed motor drive system with fault-tolerant
capability for rural irrigation is designed and implemented. The proposed modulation scheme for
Z-source inverter enables it to obtain a high voltage gain with a minimum component requirement.
Additionally, a suitably fast and efficient fault-tolerant scheme is presented for the proposed system.
It operates continuously without reduced output power and can be applied for all kinds of motor-drive
applications. The reliability of the proposed topology is validated by simulation and experimental
results. The proposed control scheme can eliminate the harmonic distortion issues related to the
load current during the faulty operation. The motor performance parameters such as torque, speed,
harmonic spectrum, and efficiency curve are presented to prove the system’s compatibility for irrigation
application. The proposed system with a fault-tolerant capability proves to be an efficient and
economical solution to the irrigation problems of the rural areas in developing countries.
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Abbreviations

The following abbreviations are used in this manuscript:

PWM  Pulse width modulation

IGBT Insulated gate bipolar transistor
THD  Total harmonic distortion

PV Photo-voltaic

ZS1 Impedance source inverter

VSI Voltage source inverter

FTC Fault-tolerant Control

CCM  Continuous conduction mode
IC Integrated Circuit

MPP Maximum Power Point
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