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ABSTRACT

This paper presents the design and simulation of a PV and battery-operated motor drive system that integrates a Combined SEPIC-CUK Converter and a
Bidirectional DC-DC Converter for efficient power management and voltage regulation. The proposed system effectively coordinates energy flow between a 200
V solar photovoltaic (PV) array and a 180 V, 10 Ah nickel-metal hydride (NiMH) battery, ensuring bidirectional operation with stable DC-link voltage. The
Combined SEPIC-CUK Converter provides both step-up and step-down functionality, maintaining a constant DC-link voltage of 400 V under varying irradiance
and load conditions. A closed-loop PI controller is employed to enhance system stability, minimize transient response time, and ensure precise voltage regulation.
The Bidirectional Converter operates in buck mode during battery charging and in boost mode during discharging, enabling uninterrupted power delivery. The
regulated DC output is supplied to a PWM inverter controlled by Modulation Index (M) to produce a balanced three-phase AC voltage for motor drive applications.
Simulation results confirm that the proposed hybrid configuration achieves high efficiency (above 90%), low harmonic distortion, and stable dynamic performance.
This system demonstrates a reliable, compact, and sustainable power solution for renewable energy-based motor drives and standalone hybrid applications

Keywords: Solar PV, boost converter, PID controller, bidirectional dc—dc converter, three-level t-type inverter, electric vehicle, MATLAB/Simulink,
renewable energy.

INTRODUCTION

Sustainable energy systems are increasingly essential for achieving clean and efficient power utilization. Among renewable sources, solar photovoltaic
(PV) systems are widely used due to their modularity, reliability, and low maintenance cost [1]. However, PV output varies with irradiance and
temperature, requiring efficient power conversion and control to maintain voltage stability [2]. Conventional DC-DC converters and inverters suffer from
high switching losses and limited voltage regulation [3], [4]. To overcome these limitations, this work proposes a hybrid configuration combining a
SEPIC-CUK Converter with a Bidirectional DC-DC Converter for stable and efficient energy transfer [5]. The system maintains a 400 V DC-link from
a 200 V PV source while managing bidirectional power flow with a 180 V, 10 Ah nickel-metal hydride (NiMH) battery [6]. A Pl controller ensures
voltage stability, and a PWM inverter with Modulation Index (MI) control provides a balanced AC supply for motor operation [7]. The proposed design
offers high efficiency, low harmonic distortion, and reliable performance for renewable-powered motor drive systems [8].

PROPOSED SYSTEM

The proposed system integrates a 200 V solar PV array with a 180 V, 10 Ah nickel-metal hydride (NiMH) battery through a Combined SEPIC-CUK
Converter and a Bidirectional DC-DC Converter to maintain a constant 400 VV DC-link [9]. A PI controller is employed to regulate voltage and ensure
efficient bidirectional power flow during charging and discharging [10]. The regulated DC voltage is then fed to a PWM inverter with Modulation Index
(M1) control), which generates a balanced three-phase AC output to drive the motor efficiently [11].
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Fig. 1 Block diagram of proposed system
Energy Storage Integration

A Bidirectional DC-DC Converter (BDC) connects the 180 V, 10 Ah nickel-metal hydride (NiMH) battery to the common DC-link, ensuring continuous
power supply under varying generation and load conditions. During high irradiance periods, the BDC operates in buck mode to store excess solar energy
in the battery. Conversely, during low irradiance or transient conditions, it switches to boost mode, maintaining voltage support by discharging the battery
to the DC bus. This configuration enables smooth and efficient bidirectional power flow between the PV array and the battery, achieving uninterrupted
load operation. The converter employs MOSFET-based synchronous switching, which significantly improves overall system efficiency by reducing
conduction and switching losses [2].
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Fig. 2 Bidirectional converter
DC-Link Stabilization and Control

The regulated DC-link voltage acts as the intermediate power bus between the converters and inverters. A DC-link capacitor bank ( Cdc ) smooths high-
frequency ripples generated by the converters and switching transitions. The voltage across this capacitor is continuously monitored by the P1 controller,
which adjusts the boost converter duty cycle to keep the DC-link constant. Additionally, the bidirectional converter current feedback loop limits
charge/discharge rates, extending battery lifespan and maintaining safe operation under transient load conditions.

PWM INVERTER

The inverter converts the 400 V DC-link voltage into a balanced three-phase AC output suitable for motor drive applications. The PWM inverter with
Modulation Index (M) control is chosen over conventional single-level inverters due to its:

» Reduced switching and conduction losses, improving inverter efficiency.

» Lower total harmonic distortion (THD) achieved through precise pulse-width modulation.

» Enhanced voltage utilization and smaller filter size requirements [3].

The inverter employs sinusoidal pulse-width modulation (SPWM), where a variable modulation (MI) ranging from 0 to 1 is used to control the output
voltage and frequency. The reference sine wave is compared with a high-frequency triangular carrier signal to generate gate pulses for the switching
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devices. The inverter output is filtered using an LC filter to eliminate high-frequency harmonics and produce a pure sinusoidal waveform. This ensures
smooth torque and speed control of the motor, providing efficient and reliable operation under all load conditions.
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Fig. 3 SPWM control and gate signal generation
Filter and Load Connection:

An LC output filter is employed at the inverter output to remove high-frequency switching harmonics and deliver a near-sinusoidal voltage to the load.
The filter is designed with a cutoff frequency of approximately 1 kHz, ensuring low harmonic distortion without introducing dynamic lag. The inverter
output, after filtering, supplies a three-phase induction motor load, which operates smoothly under varying voltage and load conditions. The system can
also support resistive, or hybrid loads in standalone operation. The overall design achieves a total harmonic distortion (THD) below 3%, voltage ripple
less than 1%, and an overall efficiency greater than 90%, ensuring reliable and high-quality power delivery for renewable-based motor drive applications.

Control Coordination
All subsystems in the proposed system are synchronized through a central control strategy to ensure stable and efficient operation.

e The outer voltage control loop maintains the 400 VV DC-link voltage using a PI controller, providing fast dynamic response and minimal
steady-state error.

e  The inner current control loop governs the bidirectional converter’s charging and discharging current, ensuring safe battery operation and
smooth energy flow.

e  The PWM inverter control unit operates according to the DC-link reference voltage, regulating the modulation index (MI) to maintain
consistent AC voltage amplitude under varying load conditions.

This hierarchical control approach ensures both voltage stability and power balance across the PV source, battery, and motor load, making the system
highly reliable against solar irradiance fluctuations and transient load variations [4].

DESIGN OF PROPOSED SYSTEM

Boost Converter

A DC-DC converter is an essential electronic circuit that transforms a source of Direct Current (DC) from one voltage level to another. These converters
are crucial in renewable energy systems, battery-powered equipment, portable devices, and embedded systems where the available voltage must be
stepped up or down to meet the needs of the load. The basic principle involves temporarily storing energy in inductive or capacitive elements and then
releasing it at the required voltage level, controlled via high-speed switching.

Design of Inductor
L = Vin*D (11)
A ILXFs

AIL = 2% of output current. L = 83.3Mh
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Design of Capacitor

C =Joud (1.2)

Fsx AVO

AVo= 1% of output voltage C = 15 pF
SEPIC-CUK CONVERTER

The Combined SEPIC-CUK Converter interfaces the 200 V PV source with the DC-link, providing both step-up and step-down voltage operation for
stable output. This hybrid configuration maintains a 400 VV DC-link voltage under varying solar irradiance while minimizing current ripple and switching
losses. It ensures continuous input and output currents with improved efficiency and voltage gain. The converter operates under PI control, achieving fast
response and high stability for renewable-powered motor drive applications [5].
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Fig. 4 SEPIC-CUK CONVERTER
Design of Inductor
L D (1.3)
A
I XFg
Al = 2% of output current.
L1=1L2=3.75mH
Design of Capacitor
C = loutxD (1.3)
Fsx AVo
AVo= 1% of output voltage
C1=C2=3mH
Design of Resistor
R= VovoRo 15)

R=1000hm
3.3 PID Controller

The boost converter is governed by a closed-loop control scheme incorporating a PID controller that regulates its duty cycle. The measured DC-link
voltage is compared with a reference value, and the resulting error signal is processed using the control law.
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Standard continuous-time control law
1
V @® =K [e@@+ _Jel)dt+ T O oo et et e et et eee e it e e e s e
L, ® p[() Fif() Rl (1.6)
Equivalently (with separate constants)
vV o®=K e(t)+Kfe(t)dt ........................................................................................................................................ (L7)
Pl P i

Compute Proportional Term K,

1

T (18)

3.4. Bi-Directional Converter

The bidirectional DC-DC converter (BDC) connects the DC link with an auxiliary energy-storage device. Its main function is to maintain power continuity
and balance energy flow between the PV source and the load. Buck Mode (Charging): When the PV array produces excess power, the BDC steps down
the DC-link voltage to charge the storage element. Boost Mode (Discharging): When solar output drops, it reverses direction and steps up the storage
voltage to sustain the DC link. The converter employs complementary PWM signals to control its switches, ensuring seamless transition between both
operating modes. This bidirectional energy flow not only stabilizes the DC bus but also extends the system’s operational flexibility and storage utilization
efficiency.

Duty cycle calculation

Dyuck _ vy
O (112)
V)
Dpoose = 1 — V:S ............................................................................................................. (1.13)

Inductor Design

L = (vbus=Vbat) Dbuck (1.14)
Iixfs

L =0.56 mH

L~1mH

Capacitor Design

C = [0X Dboost
VX fs

C =30.56 Mf
C =~ 33mF

3.5 PWM Inverter

The proposed PV and battery-operated motor drive system, a PWM inverter is used to convert the regulated 400 VV DC-link voltage into a balanced three-
phase AC output suitable for motor operation. The inverter employs sinusoidal pulse-width modulation (SPWM) with a variable modulation index (MI)
ranging from 0 to 1, which controls both output voltage and frequency according to the motor’s load requirements. A high-frequency triangular carrier is
compared with reference sine waves to generate precise gate pulses for the power MOSFETS, ensuring accurate switching and smooth waveform
generation. The inverter’s output is filtered through an LC filter to remove high-frequency harmonics, providing a near-sinusoidal voltage and current to
the motor. This configuration results in low THD, high efficiency, and reliable torque response, making the PWM inverter ideal for renewable-energy-
based motor drive applications

Igc D ;
Coe = z;ffm ......................................................................................................................................... (1.16)

where:

Cdc = required DC-link capacitance (F)

Idc = average DC current drawn by the inverter (A)
D= duty ratio or modulation factor

AVdc= permissible DC-link voltage ripple (V)

fsw= switching frequency of the inverter (Hz)
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4. SIMULATION RESULTS

The proposed PV and battery-operated motor drive system was simulated using MATLAB/Simulink 2022b with a fixed time step of t; = 50 ps. Under
standard test conditions (irradiance = 1000 W/m?, temperature = 30 °C), the 200 V PV array supplied power to the Combined SEPIC-CUK Converter,
which effectively regulated the DC-link voltage at 400 V + 0.5%, achieving a steady-state efficiency above 92%.During transient operation, when solar
irradiance dropped from 1000 W/m2 to 700 W/m2, the DC-link experienced only a 3% voltage sag, and the system recovered within 5 ms, demonstrating
excellent voltage stability. The Bidirectional DC—DC Converter operated in buck mode during high irradiance to charge the 180 V, 10 Ah NiMH battery,
and switched to boost mode during low irradiance to discharge energy back to the DC bus, maintaining the battery SOC between 60-80%.The PWM
inverter, driven by Modulation Index (MI) control, converted the regulated DC voltage into a balanced three-phase AC output suitable for motor drive
operation. The inverter achieved a near-sinusoidal waveform with THD = 2.87%, voltage ripple = 0.48%, and regulation error = 1.7%. FFT analysis
confirmed low harmonic distortion and smooth output voltage. The efficiency of each stage was observed as: SEPIC-CUK Converter = 94.3%,
Bidirectional Converter = 93.1%, and PWM Inverter = 91.8%, resulting in an overall system efficiency of total = 92.6%. The settling time was recorded
at 50 ms, verifying rapid response and strong dynamic performance. Table 3 summarizes the simulated parameters, while Figures 7-10 illustrate DC-link
voltage, battery SOC, and inverter harmonic performance, confirming stable power management and efficient motor drive operation.
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5. CONCLUSION AND FUTURE SCOPE

A PV and battery-operated motor drive system using a Combined SEPIC-CUK Converter, Bidirectional DC-DC Converter, and PWM inverter with Pl
control has been designed and simulated using MATLAB/Simulink. The proposed configuration effectively maintains a constant 400 V DC-link from a
200 V PV source while managing power exchange with a 180 V, 10 Ah NiMH battery. Simulation results demonstrate excellent voltage regulation, THD
below 3%, and overall efficiency above 92%, validating the performance of the system under dynamic operating conditions. The integrated control
strategy ensures stable DC-link voltage, smooth motor operation, and reliable bidirectional power flow. Future work will focus on hardware
implementation using DSP or FPGA platforms, integration of real-time MPPT control, and potential expansion for grid-tied renewable drive and EV
applications.
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