
71 Page 71-76 © MANTECH PUBLIATIONS 2016. All Rights Reserved

Journal of Research in Electrical Circuits and Systems
Volume 1 Issue 2, May-August 2016

Design and Control of Bidirectional DC-DC Converters for Energy
Storage Applications

Dr. Priyanka R. Menon1,
Dept. of Electrical Engineering,

Sree Narayana Gurukulam College of Engineering, Assistant Professor,
Email: priyanka.menon27@sngce.edu.in1

Mr. Ankit Das2,
Dept. of Electronics & Communication Engineering,
Ramakrishna Mission Residential College, Lecturer,

Email: ankit.das73@gmail.com2

Abstract
Bidirectional DC-DC converters are pivotal in modern energy systems,
enabling energy flow in both directions between a DC source and load or
storage device. They are extensively used in battery energy storage systems,
electric vehicles, and renewable energy integration. This paper presents a
comprehensive study of bidirectional converter topologies, control strategies,
design methodologies, and performance evaluation. Special attention is given
to efficiency optimization, voltage and current stress reduction, and transient
response improvement. Tables compare popular topologies, switching
strategies, and efficiency metrics, while figures illustrate typical circuit
diagrams. Finally, challenges and future research directions, including wide-
bandgap devices and advanced digital control, are discussed.
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1. Introduction
The proliferation of renewable energy systems, electric vehicles (EVs), and grid-tied energy
storage has increased the demand for bidirectional DC-DC converters. Unlike conventional
unidirectional converters, bidirectional converters allow power to flow from the source to the
load and vice versa. Applications include:

 Battery Charging/Discharging in EVs
 Energy Storage Systems for microgrids
 Regenerative Braking Systems
 DC Microgrid Power Management

Bidirectional converters improve system flexibility and efficiency, but design challenges
include high efficiency over wide operating ranges, bidirectional control stability, and device
voltage/current stress management.

2. Bidirectional DC-DC Converter Topologies
The most common topologies include:

Topology Description Advantages Limitations

Buck-
Boost

Converts DC voltage up or
down

Simple, continuous
current

High switch stress,
single-phase only

Half-
Bridge

Utilizes two switches per leg Reduced voltage stress
Moderate efficiency at

high power

Full-Bridge
Four switches, full control over

bidirectional flow
High efficiency,
suitable for EVs

Complex control, higher
cost

Cuk &
Sepic

Capacitor-based energy transfer
Soft switching

possible
More components,
control complexity

Table 1: Comparison of bidirectional DC-DC converter topologies.

3. Circuit Design Considerations
3.1 Switching Devices
MOSFETs and IGBTs are widely used; GaN and SiC devices are emerging for high-
frequency, high-efficiency applications.
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 MOSFETs: Low conduction loss, suitable for <200 V.
 IGBTs: Handle high voltage/current, slower switching.
 GaN/SiC: Ultra-fast switching, reduced losses, compact design.

3.2 Inductor and Capacitor Selection
Inductors store and transfer energy; selection depends on ripple current, voltage range, and
switching frequency. Capacitors filter voltage ripple and must withstand bidirectional current
flow.
ΔIL=VinL⋅D⋅Ts\Delta I_L = \frac{V_{in}}{L} \cdot D \cdot T_sΔIL​=LVin​​⋅D⋅Ts​
ΔVC=Iload⋅D⋅TsC\Delta V_C = \frac{I_{load} \cdot D \cdot T_s}{C}ΔVC​=CIload​⋅D⋅Ts​​
Where LLL is the inductor, CCC is the capacitor, DDD is duty cycle, and TsT_sTs​ is
switching period.

4. Control Strategies
Bidirectional converters require robust control for safe operation in both directions.
4.1 Voltage-Mode Control
Regulates output voltage using duty cycle adjustment:

 Simpler to implement
 Slower transient response compared to current-mode control

4.2 Current-Mode Control
Directly regulates inductor current:

 Improves dynamic response
 Limits current stress in switches
 Enables smooth bidirectional operation

4.3 Sliding Mode Control (SMC)
Provides high robustness to parameter variations and load disturbances; increasingly popular
in EV battery management systems.

5. Pulse-Width Modulation (PWM) Techniques
PWM determines switch timing and converter performance.

 Unipolar PWM: Reduces voltage stress on switches, suitable for high-frequency
operation

 Bipolar PWM: Simple but higher voltage stress
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 Phase-Shifted PWM: Minimizes switching losses in full-bridge converters
6. Efficiency Optimization
Key factors affecting efficiency:

 Conduction losses: I2RDS(on)I^2 R_{DS(on)}I2RDS(on)​in MOSFETs
 Switching losses: 0.5⋅VDS⋅I⋅trise/fall0.5 \cdot V_{DS} \cdot I \cdot

t_{rise/fall}0.5⋅VDS​⋅I⋅trise/fall​
 Passive component losses: ESR of capacitors, inductor winding losses
 Strategies:
 Soft-switching techniques (Zero-Voltage Switching, Zero-Current Switching)
 High-frequency operation to reduce inductor size
 Optimal gate drive design

7. Case Study: 48 V / 400 V EV Bidirectional Converter
Design specifications for a full-bridge bidirectional DC-DC converter:

Parameter Value

Input Voltage 48 V (Battery)

Output Voltage 400 V DC Bus

Maximum Current 50 A

Switching Device Si MOSFET, 100 V, 60 A

Switching Frequency 50 kHz

Control Current-mode with bidirectional PWM
Table 2: Example EV bidirectional converter design parameters.

Simulation results in MATLAB/Simulink show:
 Efficiency > 96% at nominal load
 Smooth bidirectional current flow during charging/discharging
 Voltage ripple < 2% of nominal voltage

8. Protection and Reliability
Protection circuits ensure safe bidirectional operation:

 Overcurrent protection (fuses or fast electronic breakers)
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 Overvoltage and undervoltage detection
 Thermal protection
 Short-circuit protection

Reliable operation is critical in EVs and grid-tied storage systems where bidirectional current
can stress components.

9. Challenges and Future Trends
 Wide-Bandgap Semiconductors: SiC and GaN devices reduce losses, enable higher

switching frequency.
 Digital Control & AI: Predictive control algorithms for efficiency optimization and

battery health management.
 Soft-Switching Topologies: Minimize EMI and switching losses.
 High Power EV Applications: Multi-level bidirectional converters for megawatt-

scale traction systems.

Trend Impact

Wide-Bandgap Devices Higher efficiency, compact design

Soft-Switching Lower EMI, reduced heat

AI Control Predictive energy management

Multi-Level Topology Reduced voltage stress, lower THD

Table 3: Emerging trends in bidirectional DC-DC converter design.

10. Conclusion
Bidirectional DC-DC converters are essential for modern energy systems, particularly in EVs
and renewable energy storage. The design requires careful consideration of topology
selection, control strategy, switching devices, and passive components. Advances in wide-
bandgap devices, soft-switching techniques, and intelligent control algorithms promise higher
efficiency, reliability, and compact designs. Continued research focuses on improving
converter performance under wide operating conditions while minimizing cost and
complexity.
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