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ABSTRACT This work presents a solution for controlling an Asynchronous Motor Drive (AMD) using
a Gamma Z Source Inverter (GZSI) in combination with a high-gain Quadratic Boost Converter (QBC).
The higher voltage gain of QBC and GZSI reduces the voltage rating of PV. Reduced output voltage
ripple of QBC improves the performance of the AMD system. The proposed PV-QBC-GZSI-AMD system
aims to regulate the motor’s speed for applications requiring a constant speed. The approach involves
implementing a closed-loop control system and evaluating different controllers: Current-mode-Fractional
Order Proportional Integral (CM-FOPI), Current-mode-Proportional Resonant (CM-PR), and Current Mode-
Hysteresis Controller (CM-HC). Also, FOPI improves the robustness and the hysteretic controller reduces
the current-ripple implemented in this model. Hence, the system’s performance is assessed using MAT-
LAB/Simulink, showcasing enhanced dynamic performance in speed and torque characteristics within the
time domain when employing CM-FOPI, CM-PR, and CM-HC control strategies for PV-QBC-GZSI-AMD.
Simulation outcomes are compared against actual motor speed and torque data, highlighting the superior
performance of the closed-loop-CM-HC control in PV-QBC-GZSI-AMD over closed-loop-CM-FOPI and
CM-PR methods. Closed-loop-CM-HC control also provides over current protection. The study also includes
hardware results from the PV-QBC-GZSI-AMD system, validating the simulation findings. Furthermore,
the performance of the proposed converter topology is compared with notable existing works, considering
essential factors such as the number of stages, loops, control method, load type, performance parameters,
and associated limitations.

INDEX TERMS GZSI- Gamma Z-source inverter, HC- hysteresis controller, PR-proportional resonant,
QBC-quadratic boost converter, AMD- asynchronous motor drive, CM- current mode, FOPI-fractional

order PI.
I. INTRODUCTION been a growing interest in the application of various con-
A. BACKGROUND verter topologies to pump systems to achieve higher effi-
Power electronic converters are essential components in mod- ciency, reliability, and cost-effectiveness [3], [4]. Several
ern pump systems as they provide precise control over the studies have been conducted to investigate the application
speed and torque of the motor, leading to increased effi- of different converter topologies in pump systems, such as
ciency and energy savings [1], [2]. As a result, there has the Z-Source inverter [5], the Quasi-Z-Source inverter [6],
the Matrix converter [7], and the PWM inverter [8]. These
The associate editor coordinating the review of this manuscript and studies have shown promising results in terms of system
approving it for publication was Akshay Kumar Saha " . efficiency, power quality, and energy savings. However, each
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converter topology has its advantages and disadvantages, and
the performance of the converter is highly dependent on the
application requirements. Therefore, a comprehensive evalu-
ation of the different converter topologies in pump systems
is essential to determine the optimal solution for a particular
application. A z-source inverter is a type of power inverter,
acircuit that converts direct current to alternating current. The
circuit functions as a buck-boost inverter without making use
of a DC-DC converter bridge due to its topology.

Impedance (Z) source networks efficiently convert power
between source and load from DC to DC, DC to AC, and from
AC to AC. The number of modifications and new Z-source
topologies has grown rapidly since 2002. Improvements to
the impedance networks by introducing coupled magnetics
have also been lately proposed for achieving even higher volt-
age boosting while using a shorter shoot-through time. They
include the I'-source, T-source, trans-Z-source, TZ-source,
and LCCT-Z-source that utilizes a high-frequency trans-
former connected in series with two DC-current-blocking
capacitors.

The Quasi Z-Source Buck-Boost (QBC) inverter, a modi-
fied version of the traditional Z-Source inverter, has emerged
as a promising option for pump applications. QBC inverter
can boost the voltage of low input voltage sources and
provide bidirectional power flow, making it suitable for var-
ious pump applications. Several studies have investigated
the application of QBC-fed Z-Source inverters in pump sys-
tems. For instance, in [9], a QBC-fed Z-Source inverter was
designed and implemented for a water pump system, show-
ing superior performance compared to traditional inverters.
Similarly, in [6], a QBC-fed Z-Source inverter was used for
a solar-powered pump system, resulting in improved energy
efficiency and cost-effectiveness. Overall, the application of
QBC-fed Z-Source inverters in pump systems has shown
promising results, with significant improvements in system
efficiency, power quality, and energy savings.

B. LITERATURE SURVEY

Pumps are commonly used in various industrial and resi-
dential applications such as water supply, irrigation, heating,
ventilation, and air conditioning (HVAC) systems. The effi-
ciency and performance of the pump system is influenced by
the type of motor and control technique used. The traditional
approach for controlling pumps is to use the direct-on-line
(DOL) starting method, which has limited efficiency and may
cause damage to the pump motor. Hence, there is a need for
more advanced control methods and efficient motor drives for
pump applications.

Power electronic converters play a crucial role in the con-
trol and operation of modern pump systems. They provide a
means to control the speed and torque of the motor, improve
efficiency, and reduce energy consumption. Various types
of converters can be used for pump applications, such as
inverters, rectifiers, and cycloconverters. Each converter has
its advantages and disadvantages, and the selection of the
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appropriate converter depends on the specific application
requirements.

In recent years, there has been significant research on the
design and development of power electronic converters for
pump applications. The focus of these studies is to improve
the efficiency and performance of the pump system, reduce
energy consumption, and increase the reliability of the pump
motor. This literature review aims to provide an overview
of the different types of converters used for pump applica-
tions, their advantages and disadvantages, attained outcomes,
research gaps, and references as illustrated in below Table 1.

C. RESEARCH GAPS
There are some potential research gaps related to converters
for pump applications based on the literature review.

e Limited research on the use of power electronic con-
verters in small-scale and rural water pumping systems,
where access to reliable electricity is limited.

e Lack of studies on the integration of renewable energy
sources with pump systems, and the use of power elec-
tronic converters to manage the energy flow.

e Limited research on the use of advanced control
techniques, such as predictive control, model predic-
tive control, and artificial intelligence-based control,
to improve the performance and energy efficiency of
pump systems with converters.

e Lack of studies on the impact of water quality and type
on the performance and reliability of pump systems
with converters.

e Limited research on the use of advanced materials and
cooling techniques to improve the thermal management
and reliability of power electronic converters in pump
systems.

Addressing these research gaps can help improve the effi-
ciency, reliability, and sustainability of pump systems with
converters, and can enable the development of innovative
and cost-effective solutions for water pumping in various
applications. More specifically, from the study of the liter-
ature, speed regulation and fast response are the key factors
for asynchronous motors. Hence, the design of the converter
with a high step-up conversion ratio and better time response
is essential. The overview of this complete literature does
not deal with PV-QBC-GZSI-AMD. This research suggests
a combination of QBC & GZSI to control AMD because the
above literature did not report the speed regulation of PV-
QBC-GZSI-AMD using a CM-HC controller since there is
a need for constant speed AMD. Hence this work proposes
CM-HC to control QBC-GZSI-AMD. This paper focuses on
the identification of a controller for PV- QBC-GZSI-AMD
that has high gain, a wide range of operations, and quick
response.

The remaining sections of the article are organized as
follows: Section II provides an in-depth explanation of
the design and formulation of the proposed methodology.
Section III presents the simulated results obtained from
implementing the proposed methodology. In Section IV, the
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TABLE 1. Literature survey and its inferences.

Converter Advantages Disadvantages Attained Outcomes Research Gaps References
Three-Phase Z- Boost feature, low  High THD, low Achieved efficiency =~ Analysis of dynamic [10]
Source Inverter cost, simple control efficiency of 91%, boost feature performance needed

High lexi
. Improved quality of 1gher complexity Achieved efficiency .
Five-Level and cost compared Access to reliable
the output voltage .\ of 95%, low THD, . [11]
Inverter to traditional two- . electricity is limited
waveform . reduced size
level inverters
Higher number of
switching states for
increased flexibility
. . and efficiency . Achieved efficiency .. .
Nine-Switch High cost, 1 . Limited anal £
111:1 eve::elrc reduced harmonic ' t((t)osOlgomp e of 94%, reduced size, d ;I;ln?c aez‘?o};frllsaice [12]
distortion, and the pology simple control y P
ability to operate in
standalone or grid-
connected mode
Achieved efficienc Lack of studies on the
Direct Torque High efficiency, High THD, limited o . y integration of
. . of 90%, reduced size, [13]
Control simple control operating range simple control renewable energy
P sources
Three-Level T- L.ox./v THD, high High C.OSt,. Achieved efficiency Limited analysis of
efficiency, reduced  complexity in of 97%, low THD, . [14]
Type Inverter . . . . dynamic performance
size, simple control implementation reduced size
Reduced number of ..
switches, lower cost ~0°" efficiency,
Single-Phase T- and colm lexit higher harmonic  Achieved efficiency Limited analysis of
& P ¥ distortion, and of 98%, low THD, . y [15]
Type Inverter and lower . . dynamic performance
. limited power reduced size
electromagnetic handling capacity
interference ]
Lack of thermal
Three-Phase High efficiency, Complex control Achieved efficiency management and

Dual Active wide operating hI; h cost " 0of 97%, low THD, reliability of power [16]

Bridge Inverter range, reduced size & reduced size electronic converters in
pump systems
More complex
High effici 1 1 circui
Single-Phase ;g 'tecl‘:IC't1 erllcc):z,ées N c;::;fi i;ﬁg Achieved efficiency Limited analysis of
witchi imi i

Dual Active & ' & of 96%, low THD, , y [17]

. and better power compared to . dynamic performance
Bridge Inverter . .. reduced size

quality. traditional
inverters.
Single-Ph, Achieved i

mee-tnase High efficiency, low Limited operating creved Mmaximim - imited analysis of
Quasi-Z-Source i . efficiency of 95%, . [18]

Inverter cost, simple control range, high THD low THD dynamic performance

Reduced Limited range of Achieved maximum
Single-Phase ~ component count output voltage due . Limited analysis of
efficiency of 92%, . [19,20]

Zeta Inverter  and cost due to a to the low THD dynamic performance
simpler topology.  unidirectional
nature of the

inverter.
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TABLE 1. (Continued.) Literature survey and its inferences.

Single-Phase

High output voltage Achieved maximum
Current Source o .2 Complex control, . L. .
. gain, simpler circuit . efficiency of 97%, Limited analysis of EMI [21]
Inverter with topolo high cost low THD
Voltage Booster pology
Three-Pha
cerhase High efficiency, - Achieved maximum
Inverter with ; . Lower efficiency, .. .. .
. wide operating . efficiency of 97%, Limited analysis of EMI [22]
Voltage Boosting and higher cost
. range low THD
Techniques

Single-Phase

Transformerless __. .. .. . Achieved maximum . .
Inverter with H1gth eifrfrialency;i;)v;r L1m1terd r(:pera’ang efficiency of 92%, No analizfs1: rif :ynamlc 23]
Modified cost, simple contro ange low THD performance
SVPWM
S]ijnujle_-]i’%(:ste Wide operating Complex control Achieved maximum
. & range, high P " efficiency of 98%, Limited analysis of EMI [24]
High-Frequency 2 high cost
. efficiency low THD
Link Converter
E'Smgle-l.’hase High efficiency, low Limited operating Ach%efled maxm})um Limited analysis of
High-Efficiency cost. simple control range. hieh THD efficiency of 91%, pump load [25]
Inverter  Stmp 8¢ 8 low THD characteristics
Capacitor-
led B High effici Achi i
Coupled Boost B eneeney; Complex control, N Te.Ved A Limited analysis of
Converter-Based wide input voltage . efficiency of 98%, . [26]
. high cost dynamic performance
Pumping range low THD
Inverter
Extended . ..
Coupled- Reduction of input High cost, complex Achieved efficiency Limited analysis of
Inductor QZS current ripple topolo of 96%, low THD, dynamic performance [27]
Inverter PP polosy reduced size y P

hardware design is discussed, along with its corresponding
outcomes. Section V presents a comparative study between
the achieved outcomes of the proposed method and existing
topologies. Finally, Section VI concludes the work based on
the attained outcomes from the entire study.

Il. DESIGN AND FORMULATION OF THE PROPOSED
METHODOLOGY

A. QUADRATIC-BOOST CONVERTER (QBC)

QBC is a power electronic converter that allows bidirectional
power flow with a single switch [28]. They have attracted
significant attention in recent years due to their potential
applications in energy storage systems, electric vehicles, and
renewable energy systems. QBCs can operate in both buck
and boost modes, and they provide high efficiency, low har-
monic distortion, and fast dynamic response. However, the
design and control of QBCs can be challenging due to their
complex and nonlinear behavior. Therefore, accurate and
reliable modeling of QBC:s is crucial for their optimal design
and control. In this context, various modeling approaches
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have been proposed, ranging from simple analytical models
to complex simulation-based models, considering different
levels of abstraction and accuracy. The selection of the mod-
eling approach depends on the application and the required
level of detail. A quadratic boost converter is a DC-DC boost
converter with a second phase that boosts DC voltage. The
output voltage of a quadratic boost converter is always greater
than the input voltage. The following equations can be used
to compute the output voltage:

VI—N2 )
(1-D)

Specifically, MOSFETs (Q) serve as switches, while induc-
tors (L), diodes (D), capacitors (C), and resistors (R) serve
as loads in the Quadratic Boost Converter circuit depicted in
Figure 1.

The circuit will operate based on the assumption. If the
switch (Q) is in ideal the capacitors C1 & C2 are assumed
to be large and the voltage on the capacitors VC1 and VC2
is approximately stable throughout the switching process.
Equation (2) is used to calculate the gate current in the

Vour =
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FIGURE 1. Quadratic boost converter circuit.
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MOSFET, where Pg is the power at the gate, Vg is the voltage
at the input multiplied by the duty cycle % (D).

Pg
Ig=—2 2
G Vo )
Pc =FsQcVi; Vg = VgD 3)
(1 — D)’DR
L= 2= (4)
2Fs
ToD
Cl=—r— ©)
(1 — D) AVciFs
_ IoD ©)
27 AVelfs

where, Ig = Current at the gate terminal; Vg = Voltage at
the gate terminal; Pc = Power at the gate terminal; Fs =
Switching frequency; L= Inductance; R= Resistance; lo =
Output current.

B. ANALYSIS OF QBC-GZSI

QBC-fed Gamma Z-Source Inverters (GZSI) are the popular
power converters used in renewable energy and electric vehi-
cle applications. GZSI provides a unique buck-boost capabil-
ity, which allows for the regulation of the output voltage even
when the input voltage is lower than the output voltage. This
topology has several advantages over traditional inverters,
such as a reduced number of components, lower electro-
magnetic interference, and improved efficiency. However, the
design and control of QBC-fed GZSI can be challenging due
to their complex nonlinear behavior. Therefore, mathematical
modeling of QBC-fed GZSI is crucial for the optimization of
their design and control strategies. Different modeling tech-
niques have been proposed for QBC-fed GZSI, ranging from
analytical models to simulation-based models, considering
different levels of complexity and accuracy. The selection of
the modeling technique depends on the specific application
and the desired level of detail. The first two out of seven
operating stages of PV-QBC-GZSI are explained here.

Stage I: Charging circuit (Figure 2)
The relevant voltage equations are as follows:

Ver 4+ Ve =0 @)
Vin = V| 4+ V(i (8)
Van = Vg/2 ©))
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FIGURE 2. Stage-I: charging circuit.

Vbn = —Vg/2 (10)

Stage II: Discharging circuit (Figure 3)

D1
Nl
Vi
L1 D2 L2 D3 D4 L4
N
PN
13 S1
L —a Q0 ——a

FIGURE 3. Stage-Il - S1 and S6 ON.

The relevant voltage equations are as follows:

Vin = VL1 + Ve (11)
Vei + Vi = Ve (12)
Van = Vg/2 (13)
Vbn = —Vg/2 (14)

Further, the stages III to VII are similar to stage Il with
switching sequences of 12, 23, 34, 45, and 56.

C. BLOCK DIAGRAM OF THE PROPOSED METHOD

The block diagram of PV-QBC-GZSI-AMD is shown in
Figure 4. The output of PV is used to charge the battery
and the constant voltage from the battery is stepped up using
QBC. Also, the output of QBC is inverted and applied to
SHP-IM. The control unit of GZSI-AM is used to apply
pulses to QBC & GZSI and the block structure of closed-
loop PV-QBC-GZSI-AMD using CM-FOPI, CM-PR, and
CM-HC controller is delineated in Figure 4. PI-controlled
AMD has disadvantages like high overshoot, sensitivity to
controller gain, and sluggish response. On the other hand,
PID-controlled AMD has drawbacks like instability due to
input signals and sensitivity to noise errors. Hence, this work
has considered controllers like CM-FOPI, CM-PR and CM-
HC. The speed of the Asynchronous motor is sensed then
it is compared with the reference speed to obtain Speed
Error (SE). The SE acts as a virtual current reference and
it is applied to speed FOPI/PR/HC-1. Moreover, the speci-
fications of the Asynchronous motor are given in Table 2.

VOLUME 12, 2024



K. Selvaraj et al.: Boundary Value Controlled Gamma Z-Source Inverter for Pump Applications

IEEE Access

Quadratic G .

Boost | Asvnchronous
PV > Battery — Z-Source ——» -
: Converter Liverter motor
(QBC) |
PWM PWM
FIGURE 4. Lock diagram of the model based on PWM.
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FIGURE 5. Block diagram of proposed PV-QBC-GZSI-AMD.

The output of FOPI/PR/HC-1 is compared with the actual
current and error is applied to FOPI/PR/HC-2. The output
of controller-2 updates the duty cycle of the QBC. Figure 5
illustrates the block diagram of closed-loop PV-QBC-GZSI-
AMD using CM-FOPI, CM-PR, and CM-HC controllers.

Hysteresis Controller:

Hysteresis controller is also called Bang-Bang controller
and its frequency is kept constant with varied pulse width.
When the difference between the reference and actual value
crosses the positive and negative band, pulses are inhibited.
This controller provides inherent over-current protection and
the hysteresis band is defined as follows:

Ig=Iy—ILL (15)
where

Iy - Upper limit of current

I, — Lower limit of current

Also, the hysteresis controller does not require detailed
analysis and its output is free from chattering.

Design Considerations:

The following assumptions were made to design QBC-
GZSI-AMD.

Fs =5 kHz, Vi =48V, Vo =400 V AVc; = 0.1 R=2.5Q

Vin

m, D works out to 0.65

Vour = (16)
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Ton works out to 0.13ms and Togr works out to 0.07ms

(1 — D)’DR
L= Z—fs;L works out to 0.02 mH (17
ToD
C] = m,C] works out to 1 MF (18)
IoD
C, = M;Cz works out to 9000 uF (19)

TABLE 2. Specifications of asynchronous motor.

Parameter Value
Voltage (Line-Line) 60 Vrms
Frequency 50 Hz
Stator Resistance 1.15Q
Stator Inductance 0.005974H
Rotor Resistance 1.83Q2
Rotor Inductance 0.005974H
Mutual Inductance 0.2037H
Inertia 0.02 Kg/m?
Friction Factor 0.005752
N-m
Pole pairs 2

D. EVALUATION ALGORITHM
The methodology to evaluate the performance of the pro-
posed methodology is shown in Figure 6. The research
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TABLE 3. Simulation parameters of PV-QBC-GZSI-AMD.

Parameter Value
Vin 48V
Cl 1uF
L1,L2 0.02mH
C2 9000pF
C3 2000pF
L3 0.9uH
L4 0.009 uH
Switching Frequency SkHz
Pulse width 65%
MOSFET(IRF840) 500V/8A
Motor 440V/5HP/1440rpm

Start

}

Literature survey

!

Problem formulation

!

Selection of converter & inverter

}

Design caleulations for QBC-GZSI-AMD

Simulation of open loop QBC-GZSI-AMD

Simulation of closed loop FOPI-QBC-GZSI-AMD

!

Simulation of closed loop PR-QBC-GZSI-AMD

}

Simulation of closed loop HC-QBC-GZSI-AMD

Tuning of Compare

FOPI/PR/BE Y the
/ results

!

Conclusion based on results

FIGURE 6. Methodology flow chart for QBC-GZSI-AMD.

problem is formulated based on a literature survey on AMD.
After selecting the converter and inverter, design calculations
are made. Simulation of closed-loop PV-QBC-GZSI-AMD
with FOPI, PR, and HC are performed to identify better
controllers in the closed loop.

Ill. SIMULATION RESULTS

The PV-QBC-GZSI-AMD is operated in the current control
mode. Then PI controllers are replaced with FOPI, PR, and
HC controllers, and the speed and torque are measured. Here
the dynamic performance of the controllers is compared.

24402

The reference speed is evaluated with the actual speed to
provide the error signal. The obtained signal is related to the
current to get the PWM signal for QBC. This error signal
is coursed by the FOPI, PR, and HC to sustain the constant
speed and diminish the steady-state errors. The main ease
of these control methods is easy control and good speed
regulation. Closed loop simulation of PV-QBC-GZSI-AMD
is done with FOPI, PR, and HC controllers and the results are
analyzed here. Table 3 outlines the simulation parameters of
PV-QBC-GZSI-AMD.

A. CLOSED LOOP CM-FOPI CONTROL PV BASED QBC FED
GZSI WITH ASYNCHRONOUS MOTOR

The circuit diagram of Closed-loop- CM-FOPI control PV-
QBC-GZSI-AMD is delineated in Figure 7. Scopes are con-
nected to display the output voltage of QBC and GZSI.
Scopes connected to AMD indicate the speed, torque, and
mechanical power of AMDS. Speed signal is sensed then it
is compared with ref-speed. The SE is given to FOPI-1. The
output of FOPI-1 is compared with the current signal and
CE is applied to FOPI-2. The output of FOPI-2 is used to
update the duty ratio of MOSFET in QBC. The input voltage
of closed-loop- CM-FOPI control PV-QBC-GZSI-AMD is
represented in Figure 8 and its value increases from 50V to
70V due to positive step change in input voltage.

B. CLOSED LOOP CM-PR CONTROL PV BASED QBC FED
GZSI WITH ASYNCHRONOUS MOTOR

The time response of PV-QBC-GZSI-AMD with CM-FOPI
is sluggish. Hence it is proposed to control PV-QBC-GZSI-
AMD using a CM-PR controller. The Circuit diagram of
closed-loop-CM-PR control PV-QBC-GZSI-AMD is delin-
eated in Figure 9. Scopes are connected to the output of the
inverter to measure line-to-line voltages. The actual speed
of AMD is compared with the set speed and speed error
is obtained. The SE represents virtual set current (VSC)
and it is compared with actual current and current error is
applied to PR-2. Then, the output of PR-2 is applied to the
Pulse Generation Block (PGB) which updates the Pulse width
of QBC.

VOLUME 12, 2024
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FIGURE 7. Simulation of CM-FOPI controlled PV-QBC-GZSI-AMD in MATLAB/simulink.
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FIGURE 8. Input voltage of CM-FOPI controlled PV-based QBC fed GZSI
with AMD.

C. CLOSED LOOP CM-HC CONTROL PV BASED QBC FED
GZSI WITH ASYNCHRONOUS MOTOR

The time response of PV-QBC-GZSI-AMD with CM-FOPI
and CM-PR is sluggish. Hence, it is proposed to control
PV-QBC-GZSI-AMD using a CM-HC controller. The Cir-
cuit diagram of closed-loop-CM-HC control PV-QBC-GZSI-
AMD is delineated in Figure 10. Scopes connected to the
gates of switches indicate switching pulses. The rotor speed
of AMD is compared with set speed and the SE is applied to
PI-1 controller. The output of PI-1 acts as a current reference

VOLUME 12, 2024

and it is compared with the actual current to produce current
error. The CE is applied to HC. The output of HC is used to
adjust the duty ratio of QBC.

Figure 11 illustrates the motor speed in the closed-loop PV-
QBC-GZSI-AMD system, employing CM-FOPI, CM-PR,
and CM-HC control strategies. Specifically, the motor speed
is measured at 1407 RPM with CM-FOPI, 1381 RPM with
CM-PR, and 1365 RPM with CM-HC. To provide a more
detailed view of the motor speed control with CM-FOPI,
CM-PR, and CM-HC in the PV-QBC-GZSI-AMD setup,
Figure 12 presents a zoomed-out perspective. Furthermore,
Figure 13 portrays the torque response in the closed-loop
CM-FOPI, CM-PR, and CM-HC control of the PV-QBC-
GZSI-AMD system. The torque values for the motor are
3.9 N-m with CM-FOPI, 3.6 N-m with CM-PR, and 1.9 N-
m with HC. It is noteworthy that the torque developed is at its
minimum when using the HC control strategy.

The motor speed with CM-HC is found to be slightly
less than that of CM-FOPI and CM-PR-controlled PV-
QBC-GZSI-AMD. The torque with CM-FOPI is higher
than that of CM-PR and CM-HC-controlled PV-QBC-
GZSI-AMD. The time response method is used to study
the performance of closed-loop PV-QBC-GZSI-AMDS.
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FIGURE 9. Simulation of CM-PR controlled PV-QBC-GZSI-AMD in MATLAB/simulink.

The performance of closed-loop PV-QBC-GZSI-AMDS
with various controllers is compared using time domain
parameters.

D. COMPARISON OF TIME DOMAIN PARAMETERS

Figure 14 (a) outlines the time domain parameters for a speed
of 1300 RPM using CM-FOPI, CM-PR, and CM-HC con-
troller. While using the CM-HC controller, the rise dwindled
from 3.28 Sec to 3.26 Sec; the Peak dwindled from 3.40 Sec
to 3.29 Sec; Settling-time dwindles from 3.63 Sec to 3.45 Sec;
Steady-state-error dwindled from 3.80 RPM to 2.15 RPM.
Similarly, the test is carried out for different motor speeds
and illustrated in the below Figures.

Further, the time domain parameters for torque with a
ref speed of 1300 RPM using CM-FOPI, CM-PR, and CM-
HC controller are illustrated in Figure 15 (a). By using the
CM-HC controller, rise time dwindles from 3.38 Sec to 3.35
Sec; peak time dwindles from 3.45 Sec to 3.36 Sec; settling
dwindles from 3.92 Sec to 3.61 Sec; steady-state-error is
dwindled from 0.82 to 0.46 N-m.

The above figure outlines the time response with a change
in input voltage/change in load. With a 20% increase in
input voltage, the Steady-state dwindled from 3.62 RPM
to 1.97 RPM,; the settling time dwindled from 3.58 Sec to
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3.42 Sec. With a 20% decrease in input voltage, the Steady-
state dwindled from 3.66 RPM to 1.98 RPM; the settling time
dwindled from 3.59 Sec to 3.43 Sec. With a 10% increase in
input voltage, the steady-state error dwindles from 3.60 RPM
to 1.98 RPM and Settling-time is dwindled from 3.55 Sec to
3.39 Sec. With a 10% decrease in input voltage, the Steady-
state dwindles from 3.61 RPM to 1.99 RPM,; the settling time
dwindles from 3.56 Sec to 3.40 Sec. With a 10% decrease
in load, the Steady-state-error dwindles from 3.67 RPM to
2.01 RPM and Settling-time is dwindled from 3.58 Sec to
3.45 Sec. In Nutshell, by using CM-HC (Motor speed), Rise-
time, Peak-time, and Steady-state-error are reduced. Also,
by using CM-HC (Motor torque), Rise-time, Peak-time, and
Steady-state-error are reduced. Hence, the outcome illustrates
that the closed-loop PV-QBC-GZSI-AMD with CM-HC is
superior to closed-loop PV-QBC-GZSI-AMD with CM-FOPI
and CM-PR controllers.

IV. HARDWARE RESULTS

Figure 16 depicts the proposed hardware configuration for
the pump application converter. This setup comprises a PV
panel, a rectifier unit, a QBC-GZSI module, a control block,
an inverter, and an asynchronous motor. To regulate the
duty cycles of both QBC and GZSI, the project employs a
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TABLE 4. Time response with change in input voltage/change in load.

System Response Specifications FOPI PR HC
20% increase in input Steady-state error 3.62 2.68 1.97
Settling time(sec) 3.58 3.49 342

20% decrease in input Steady-state error 3.66 2.69 1.98
Settling time(sec) 3.59 3.50 3.43

10% increase in input Steady-state error 3.60 2.65 1.98
Settling time(sec) 3.55 3.46 3.39

10% decrease in input Steady-state error 3.61 2.66 1.99
Settling time(sec) 3.56 3.47 3.40

10% decrease in load Steady-state error 3.67 2.69 2.01
Settling time(sec) 3.58 2.67 3.45

PIC16F84, which generates pulses subsequently amplified by
an IR2110 driver board. The control circuit within the PV-
QBC-GZSI-AMD system is outlined in Figure 17. Port-A is
dedicated to reading the actual speed, while port-B is utilized
for pulse output to QBC and GZSIC. Speed and current errors
are computed through specialized algorithms based on speed
and current measurements.

The hardware results offer valuable insights into the
system’s time response characteristics under varying input
voltage and load conditions. The analysis focuses on key
parameters such as steady-state error and settling time, which

VOLUME 12, 2024

were assessed across different system behaviors, including
scenarios involving a 20% increase and decrease in input
voltage, as well as a 10% variation in both input and load.
Notably, the HC control strategy consistently demonstrated
exceptional performance. For instance, during a 20% increase
in input voltage, it achieved an impressively low steady-state
error of 1.97 RPM and a rapid settling time of 3.42 sec-
onds. Similarly, for other tested scenarios, such as input
voltage reduction and load decrease, the HC control strategy
consistently delivered minimal steady-state error and swift
settling times, highlighting its effectiveness in maintaining
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PV-QBC-GZSI-AMD.

system stability and precision within the PV-QBC-GZSI-
AMD setup.

Additionally, Figure 18 provides a visual representation of
the Digital Storage Oscilloscope (DSO) output, showcasing
the DC input voltage supplied to the QBC (Quantum Boost
Converter). It’s worth noting that the output voltage of the
QBC exhibits minimal ripple, underscoring the converter’s
stability and efficient operation in maintaining a steady output
voltage. Figure 19 shows the DSO output of the DC Input
current to QBC observed as 63.6A. Further, Figure 20 shows
the DSO output of Voltage across QBC. Moreover, Figure 21
delineates the DSO output of Switching-Pulse for inverters
M1, and M3 followed by Figure 22 which shows the DSO
output of Switching Pulse for inverters M2, and M4. Then,
Figure 23 illustrates the DSO output of Voltage across the
motor load, and Figure 24 represents the DSO output of cur-
rent through the motor load. Based on the observed figures,
the distortion in the current through AMD is observed due
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to a change in the switching sequence of GZSI for every
60-degree interval.

V. COMPARATIVE STUDY

Table 5 provides a comprehensive overview of the com-
parison between simulation and experimental results in the
context of the proposed converter. Notably, the alignment
between simulated and experimental values is discussed for
various parameters, shedding light on the performance of
the system. One key observation from the comparison is
the close agreement between simulated and experimental
values for critical parameters such as DC input voltage and
gate-to-source voltage. This alignment indicates that the sim-
ulation model accurately represents the real-world behavior
of the proposed converter under specific operating conditions.

Furthermore, the comparison extends to the DC output
voltage and AC output voltage, revealing a remarkable sim-
ilarity between the two sets of results. However, a slight
reduction is noted in the experimental values for the PV-QBC-
GZSIS configuration. For instance, the simulation reports a
DC output voltage of 400 V, whereas the hardware measure-
ment yields a slightly lower value of 391 V. Similarly, the
AC output voltage in the simulation stands at 400 V, while
the experimental result registers a slightly reduced value
of 385 V. To understand the source of these discrepancies,
a detailed analysis is conducted, attributing the variations to
voltage drops occurring in various components. Components
such as devices, chokes, and the equivalent series resistance
(ESR) of capacitors within the QBC and GZSIC contribute to
these differences. This nuanced understanding of the factors
influencing the results enhances the credibility of the compar-
ison and underscores the complexities involved in translating
simulation outcomes to real-world experimental setups.

The stator current is another parameter examined in the
comparison, with the simulation recording a value of 7.4 A
and the hardware measurement reporting a slightly lower
value of 7.2 A. This discrepancy is attributed to the decrease
in applied voltage in the hardware setup due to device drops.
Understanding such nuances is crucial for refining the sim-
ulation model and improving its accuracy in predicting real-
world behavior.

Efficiency is a key performance metric for any power con-
verter, and the proposed converter is evaluated in this regard.
The efficiency is computed between the input and output of
the QBC-GZSI-AMD, resulting in values of 90.82% for the
experimental setup and 96.65% for the simulation. This dis-
parity prompts a closer examination of the factors influencing
efficiency in both scenarios. The observed efficiency is then
benchmarked against existing converters, providing valu-
able insights into the performance of the proposed converter
concerning other topologies. Comparisons are made with
converters such as the Differential Boost Inverter (DBI) with
an efficiency of 83.4%, Quasi Z-Source Inverter (QZSI) at
90.2%, Switched-coupled inductor inverter (SCII) at 89.9%,
Improved Differential Boost Inverter (IDBI) at 92.5%, and
Quasi-Z-Source Boost DC-DC Converter (QZS-DC-DC) at
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FIGURE 14. Comparison time domain parameters of motor speed (a) 1300 rpm (b) 1350 rpm and (c) 1400 rpm.

95.4%. The results of these comparisons highlight the com-
petitive edge of the proposed converter, which attains a higher
efficiency rate compared to other relevant converter topolo-
gies. This finding reinforces the significance of the proposed
method and positions it favorably in the landscape of power
converters.

TABLE 5. Simulation and experimental values.

Parameter Simulation Experimental
Value Value
DC Input voltage 48V 48V
DC Input current 63.8 A 63.6A
Gate to Source voltage 10V 10V
DC Output voltage 400 V 391V
AC Output voltage 400 V 385V
Stator current 74 A 7.2 A

Additionally, the performance of the proposed converter
topology is assessed by comparing it to notable existing
works, considering key factors such as the number of stages,
number of loops, control method, load type, performance
parameters, and any associated drawbacks. A comprehensive
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summary of this comparative analysis is provided in Table 6.
Notably, the proposed QBC-GZSIC configuration stands out
for its efficiency, utilizing only two loops and proving to be
particularly well-suited for high-power drive applications.

TABLE 6. Comparison of the proposed work.

Parameter Existing  Existing  Proposed
Work [29] Work [30] Work
No of stages 2 3 2
No of loops Zero 2 2
Open loop Hysteresis Hysteresis
Control method control  controller  controller
Three-phase Slﬂiz_ Three-phase
Load induction . Do induction
induction
motor motor
motor
Performance NA Time Time response
parameters response
Suitable .
Advantage/Draw Poor for low- Spltable for
. high-power
back regulation  power .
. drives
drives
24407
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FIGURE 16. Hardware snapshot of PV-QBC-GZSI-AMD.

It is found that the proposed PV-QBC-GZSIS converter
model provided better results compared with other existing
topologies and its reliability is tested and compared with
experimental results. The combination of the three topolo-
gies has resulted in a high-performance and efficient pump-
ing system. The use of the photovoltaic system ensures a
clean and sustainable source of energy for powering the
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FIGURE 17. Control circuit employed in PV-QBC-GZSI-AMD.

pumping system, while the QBC and Gamma Z source
inverter help regulate and control the power supply to the
motor. However, there is still room for further investigation
and improvement of the photovoltaic-QBC-Gamma Z source
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inverter. One possible area of improvement is the develop— FIGURE 23. Voltage across a motor load of PV -QBC-GZSI-AMD.

ment of advanced control strategies that can improve the
system’s efficiency and reliability. For instance, the use of
model predictive control algorithms or Artificial Intelligence-
based controllers can help optimize the system’s perfor-
mance and improve its energy efficiency. In a nutshell, the
Photovoltaic-QBC-Gamma Z source inverter has proven to be

an effective technology for pumping applications. However,
further research is needed to improve the system’s control
strategies and power electronics devices, which can help
optimize its performance and improve its energy efficiency.
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VI. CONCLUSION

The suitability of the QBC-GZSIS for induction motor drive
that integrates a system has been analyzed in this study. Its
quick response makes it suitable for systems that require high
stability. The combination of QBC and GZSI is proposed
for the control of the induction motor. Simulation results of
closed-loop PV-QBC-GZSI-AMD for pumps with different
controllers, such as CM-FOPI, CM-PR, and CM-HC, were
presented. The settling time for closed-loop PV-QBC-GZSI-
AMD is reduced to 3.42 sec using CM-HC. The outcomes
illustrate that the closed-loop CM-HC controlled PV-QBC-
GZSI-AMD is superior to closed-loop CM-FOPI and CM-PR
controllers. However, the drawback of PV-QBC-GZSI-AMD
is that it uses a large number of passive elements for QBC
and GZSI. The contribution of this work is to identify a
controller and to improve the stability of QBC-GZSI-AMD
using HC. Additionally, suggestions for future work include
implementing silicon carbide devices to enhance the conver-
sion efficiency and investigating the performance of closed-
loop PV-QBC-GZSI-AMD with SMC and MPC controllers.
This work can be extended for a closed loop QBC-GZSI-
AMD system that can be controlled using fuzzy logic / ANN
controllers to handle non-linearity due to the Asynchronous
motor and QBC-GZSI. The proposed combination of QBC-
ZSI is used in the present work controlling a 5 HP asyn-
chronous motor. The studies can be extended to high-power
asynchronous motor drives. The viability of using this work
for Electric vehicles can be explored in the future.
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