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Abstract— This paper presents the design and development of
a high-efficiency bi-directional buck-boost converter utilizing
Insulated Gate Bipolar Transistors (IGBTs) for applications
requiring seamless energy transfer between sources and loads.
The proposed topology optimizes efficiency through advanced
switching techniques and precise control algorithms,
minimizing losses and improving performance in both buck
and boost modes. A comprehensive analysis of the converter’s
design, including circuit topology, modulation strategies, and
thermal management, is provided. Simulation and
experimental results validate the efficiency and effectiveness of
the proposed design, demonstrating its suitability for
renewable energy systems, electric vehicles, and energy storage
applications.
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INTRODUCTION

This paper presents the design and development of a high-
efficiency bi-directional buck-boost converter utilizing
Insulated Gate Bipolar Transistors (IGBTs) for applications
requiring seamless energy transfer between sources and
loads. The proposed topology optimizes efficiency through
advanced switching techniques and precise control
algorithms, minimizing losses and improving performance
in both buck and boost modes. A comprehensive analysis of
the converter’s design, including circuit topology,
modulation strategies, and thermal management, is
provided. Simulation and experimental results validate the
efficiency and effectiveness of the proposed design,
demonstrating its suitability for renewable energy systems,
electric vehicles, and energy storage applications.

This paper discusses the design and implementation of a
high-efficiency bi-directional buck-boost converter that
utilizes Insulated Gate Bipolar Transistors (IGBTs) to
enable smooth energy transfer between power sources and
loads. The proposed converter enhances efficiency by
incorporating advanced switching methods and precise
control strategies, effectively reducing power losses and
optimizing performance in both buck and boost operating
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modes. The study provides a detailed examination of the
converter’s architecture, including its circuit configuration,
modulation techniques, and thermal management approach.
Both simulation and experimental results confirm the
converter’s high efficiency and reliability, making it well-
suited for applications such as renewable energy systems,
electric vehicles, and energy storage solutions.

Il. SYSTEM ARCHITECTURE AND DESIGN CONSIDERATION

A. System Overview

The proposed bi-directional buck-boost converter is
designed to efficiently transfer power between two DC
sources, enabling seamless energy management in
applications such as battery energy storage systems, electric
vehicles, and renewable energy systems. The converter
operates in two modes:

Buck Mode (Step-Down): Transfers

energy from a high-voltage source to a low-voltage load or
battery.

Boost Mode (Step-Up): Transfers energy from a low-
voltage source to a high-voltage load or grid.

To achieve high efficiency, the converter employs Insulated
Gate Bipolar Transistors (IGBTSs) as the primary switching
devices due to their low conduction losses and high voltage-
handling capability.

B. Converter Topology

The system is based on a non-isolated bi-directional buck-
boost topology, consisting of:

Power Stage: Includes IGBTSs, diodes, and inductors to
facilitate energy transfer in both directions.

Energy Storage Element: A high-frequency inductor is used
to regulate energy flow.

Control Circuit: Utilizes a digital controller (e.g., DSP or
FPGA) for precise switching control and efficiency
optimization.

C. Selection of Power Devices
The choice of IGBT is critical to ensure high efficiency and
reliability. Key parameters considered include:
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Power Stage: Comprising IGBTS, diodes, and inductors to
enable bidirectional energy transfer.

Energy Storage Element: A high-frequency inductor that
regulates energy flow and ensures stable operation.

Control Circuit: A digital controller (such as DSP or FPGA)
manages precise switching control and optimizes efficiency.

C. Selection of Power Devices

Voltage and Current Ratings: The IGBTs must withstand the
maximum operating voltage and current.

Switching and Conduction Losses: Optimization between
switching frequency and conduction efficiency is necessary.
Thermal Management:; Heat dissipation techniques such as
heatsinks and forced cooling are incorporated to maintain
operational stability.

D. Control Strategy
The control system implements a closed-loop feedback
mechanism using:

Pulse Width Modulation (PWM): Ensures precise voltage
and current regulation.

Current Mode Control: Enhances stability and response
time.

Bidirectional Power Flow Management: Maintains efficient
energy transfer between source and load.

E. Efficiency Optimization Techniques

To enhance efficiency, the following techniques are applied:
Soft Switching Techniques: Reducing switching losses
through Zero Voltage Switching (ZVS) and Zero Current
Switching (ZCS).

Optimized Gate Drive Circuitry: Minimizing switching time
and power dissipation.

Advanced Thermal Management: Implementation of heat
sinks, forced air cooling, and thermal interface materials to
dissipate heat effectively.

I1l. OPERATIONAL MODES AND DETAILED CONTROL
STRATEGIES

Before you begin to format your paper, first write and
save the content as a separate text file. Complete all content
and organizational editing before formatting. Please note
sections A-D below for more information on proofreading,
spelling and grammar.

A. Operational Modes:

The bi-directional buck-boost converter operates in two
main modes, enabling efficient power transfer between
different voltage levels.

1) Buck Mode (Step-Down Operation)

In this mode, energy is transferred from a high-voltage
source, such as a battery or DC bus, to a lower-voltage load
or storage system. The converter functions as a step-down
regulator, reducing voltage while maintaining high
efficiency.

Operation:

e When the IGBT switch is ON, current flows
through the inductor, storing energy.

e When the switch turns OFF, the stored energy in
the inductor is released to the load through a
freewheeling diode.

e The output voltage is controlled by adjusting the
duty cycle of the PWM signal.

2) Boost Mode (Step-Up Operation)

In this mode, power is transferred from a low-voltage source
to a higher-voltage load or grid. The converter increases the
input voltage while regulating the output to the desired
level.

Operation:

e When the IGBT switch is ON, current flows
through the inductor, accumulating energy.

e When the switch turns OFF, the stored energy in
the inductor is discharged to the output, raising the
voltage.

e  The output voltage level is determined
by controlling the PWM duty cycle.

Advantages of CMC:

1. Faster transient response compared to voltage mode
control.

2. Improved protection against Over current conditions.
Better noise immunity in power conversion.

3 .Bidirectional Power Flow Control

For applications such as battery energy storage and vehicle-
to-grid (V2G) systems, bidirectional power flow must be
managed efficiently. A dual-loop control scheme is
implemented:

Inner Current Loop: Regulates inductor current to prevent
saturation.

Outer Voltage Loop: Maintains stable voltage output under
varying loads

4. Soft-Switching Techniques for Efficiency Improvement
To minimize switching losses and improve efficiency, the
converter incorporates Zero Voltage Switching (ZVS) and
Zero Current Switching (ZCS):

ZVS (Zero Voltage Switching): Ensures that the IGBT
switches when the voltage across it is nearly zero, reducing
switching losses.

ZCS (Zero Current Switching): Ensures that current through
the switch is nearly zero before turning off, minimizing
power dissipation.

IV SIMULATION AND RESULT

Fig 1. Simulation of buck boost converter
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* |GBT1 and IGBT2 control the direction of power flow.

Fig 3.Buck converter

Fig 2. Boost converter

Simulation Objectives * The inductor stores energy and helps in the voltage
The simulation of a bi-directional buck-hoost converter ~ CONVEIrSION Process. ) o
using IGBTSs aims to: * The diodes prevent reverse current flow during switching.
Verify Efficiency — Ensure minimal losses during energy

conversion. 3. PWM Control Stl’ategy

Optimize Control Strategy — Implement and test control ~ PWM is used to control the switching frequency of the
algorithms like P1, PID, or Fuzzy Logic. IGBTs. We’ll use a simple control loop for PWM

Analyze Switching Performance — Study switching losses, ~ 9eneration.
conduction losses, and overall system efficiency.

Evaluate Dynamic Performance — Test transient response
under load variations.

Ensure Stability — Validate voltage and current stability
during mode transitions.

Performance Analysis

Efficiency Measurement: Compare power input vs. output.
Voltage Ripple Analysis: Ensure smooth DC output.
Switching Losses Calculation: Identify heat dissipation and
optimize switching speed.

Mode Transition Analysis: Validate smooth operation
between buck and boost modes.

V.HARDWARE DSIGN

1.System Overview

The goal is to design a bidirectional DC-DC converter using
IGBTSs that can step up (boost) or step down (buck)

the voltage depending on the direction of power flow. We'll
need to control the switching of the IGBTs and use feedback
for regulating the output voltage.

High-level components:

* IGBTSs (2 per direction for bidirectional control)

* Inductors (for energy storage)

* Capacitors (to filter out voltage ripple)

* PWM control (to regulate IGBT switching)

* Microcontroller ( Arduino or similar for control)
* Voltage/Current Sensing (for feedback regulation)

Fig 5.1. Hardware Design

2. Power Stage Design

For the bidirectional converter, the power stage could
involve using a full-bridge or half-bridge topology.

Let’s go with a half-bridge for simplicity, which has two
IGBTSs and diodes to control the current flow.
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VI CONCLUSION

A high-efficiency bi-directional buck-boost converter using
IGBTSs is ideal for high-power applications like BESS, EVs,
and renewable energy systems. Efficient design requires
optimized topology, soft-switching techniques, proper gate
driving, and thermal management. By implementing
ZVS/ZCS, interleaved  converters, and dead-time
optimization, efficiency can reach =95%. A well-designed
system ensures stable, reliable, and efficient bi-directional
power conversion for various industrial and energy storage
applications. IGBTs are preferred for high-power
applications due to their low conduction losses but require
careful gate drive design to minimize switching losses.
Using soft-switching techniques like zero-voltage switching
(ZVS) or zero-current switching (ZCS) can improve
efficiency. Interleaved or multi-phase topologies reduce
ripple and enhance efficiency. A dual-active bridge (DAB)
topology can be beneficial for high-voltage and high-power
applications.Implementing a robust digital control algorithm
(such as sliding mode control or predictive control)
enhances dynamic response and efficiency.Closed-loop
feedback with current and voltage regulation ensures
bidirectional power flow stability.Proper heat sinking and
cooling strategies (liquid cooling or forced air) are essential
for high-power applications.

REFERENCES

[1] Mohan, N., Undeland, T. M., & Robbins, W. P. (2003). Power
Electronics: Converters, Applications, and Design. John Wiley & Sons.

[2] Rashid, M. H. (2017). Power Electronics: Circuits, Devices, and
Applications. Pearson Education.

[3] Bose, B. K. (2019). Modern Power Electronics and AC Drives. Prentice
Hall.

[4] Lai, J. S., & Peng, F. Z. (1996). "Multilevel converters—A new breed
of power converters." IEEE Transactions on Industry Application

[5] Gupta, A. K., & Khambadkone, A. M. (2006). "A space vector PWM
scheme for multilevel inverters based on two-level space vector PWM."
IEEE Transactions on Industrial Electronics, 53(5), 1631-1639.

[6] Singh, B., Bist, V., & Verma, P. (2015). "A bidirectional buck—boost
converter-fed BLDC motor drive for solar PV array-based water pumping
system." IEEE Transactions on Industrial Electronics, 62(6), 3747-3753.

[7] Rincon-Mora, G. A. (2009). Power Management Integrated Circuits.
Artech House.

[8] Wu, B. (2006). High-Power Converters and AC Drives. John Wiley &
Sons.

[9] Ghasemi, H., & Rashid, M. H. (2020). "A review of bi-directional DC-
DC converters for energy storage systems." IEEE Access, 8, 15007-15029.

[10] Tiwari, P., & Chatterjee, K. (2017). "High-efficiency bidirectional
DC-DC converter for energy storage systems in renewable energy
applications." IEEE Transactions on Power Electronics, 32(4), 2353-2363.

©2025,IJSREM | www.ijsrem.com DOI: 10.55041/IJ]SREM44995 | Page 4


http://www.ijsrem.com/

