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Abstract
Energy storage systems (ESS) such as battery energy storage,
supercapacitors, and hybrid systems are key enablers in modern smart grids,
electric vehicles (EVs), microgrids, and renewable energy applications.
Bidirectional converters form the essential link between storage elements and
power systems, facilitating controlled energy flow in both charging and
discharging directions. This paper presents a comprehensive review of
bidirectional converter topologies, modeling approaches, control strategies,
and applications in ESS. Both non-isolated and isolated bidirectional
DC-to-DC converter architectures are discussed with emphasis on their
operational principles, advantages, limitations, and system performance.
Design considerations for efficient energy transfer, voltage matching, and
power quality are also covered, supported by tables, schematic 2D figures,
and at least 8-9 references in standard format with page numbers from

recent literature.
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INTRODUCTION

Energy storage systems (ESS) are crucial to modern power infrastructure, enabling load
leveling, renewable energy integration, backup power, and grid stability. In ESS, the
controlled exchange of power between storage elements (like batteries and supercapacitors)
and the grid or loads is achieved through bidirectional converters, which support energy
flow in both directions — from the power source to storage (charging) and from storage to
load/grid (discharging) (bidirectional energy flow). Such converters are indispensable for
battery energy storage systems (BESS), hybrid storage systems, and advanced microgrids
where fluctuating generation and dynamic loads require intelligent power management.
(turnQOsearch?2)

Bidirectional converters typically bridge different voltage levels and manage power flow with
high efficiency and controlled current/voltage profiles. For example, in a hybrid electric
vehicle (HEV) or EV, bidirectional converters coordinate between the battery,
supercapacitor, and DC bus to optimize performance across load conditions. (turnOsearch7)

This paper explores the fundamentals, classification, modeling, control techniques,
practical implementation issues, and applications of bidirectional converters for ESS
environments. It synthesizes state-of-the-art developments, highlighting research findings and

offering contextual insights for engineers and researchers.

FUNDAMENTALS OF BIDIRECTIONAL CONVERTERS

Bidirectional converters are power electronic circuits that allow power flow in two
directions by employing controlled switches (e.g., MOSFETS, IGBTS) that can fix or reverse
the direction of current based on control signals. Comparatively, a conventional
unidirectional converter permits power flow only in the forward direction, inadequately
serving ESS that require both charging and discharging modes. By introducing bidirectional
switches — often realized with anti-parallel arrangements of MOSFETs — power can be

controlled dynamically in both “forward” and “reverse” directions. (turnOsearch?2)

Operating Modes
In a typical bidirectional converter:
e Charging Mode (Forward Power Flow): Power flows from the grid or source into the

storage device, often stepping down or regulating voltage as required.
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e Discharging Mode (Reverse Power Flow): Stored energy is released to the load or grid,

demanding voltage stepping up or appropriate regulation.

Bidirectional converters thus act as both buck converters when delivering power from high
voltage to low voltage, and boost converters when moving from lower to higher voltage.
(turnOsearch7)

CLASSIFICATION OF BIDIRECTIONAL CONVERTER TOPOLOGIES
Bidirectional DC-DC converters are widely classified based on isolation requirements and

structural complexity. Table 1 provides a concise comparison.

Table 1: Classification of Bidirectional Converter Topologies

Topology ) ] Typical
Isolation Typical Structures Key Advantages o
Category Applications
Single-stage Buck/Boost, | EV battery
S Simple, Low cost,
Non-Isolated | No Bidirectional Buck-Boost, _ o management, small
, High efficiency
Cuk, SEPIC, Zeta DC-bus ESS

Dual Active Bridge Galvanic isolation,|| Grid-connected
Isolated Yes (DAB), Push-Pull, high voltage  ||storage, high-power
Phase-Shifted step-up/down ESS

) o ) Integration of Hybrid storage
Multi-Port || Yes/No || Multi-input/output bridges )
multiple sources ||(battery + supercap)

Non-isolated converters are common in compact ESS where galvanic isolation is not critical.
Isolated topologies like DAB provide safety and high step-up ratio but add cost and control
complexity. Multi-port converters support hybrid storage configurations (e.g., battery plus

supercapacitor) enabling finer control of energy flows. (turnOsearch7)

NON-ISOLATED BIDIRECTIONAL DC-DC CONVERTER TOPOLOGIES
Bidirectional Buck and Boost Converter
The simplest form of bidirectional converter is derived from basic buck and boost converters

by replacing unidirectional switches with arrangements that permit two-way current flow
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between energy storage and the DC bus. In forward mode, the circuit functions as a boost
converter when charging storage from a lower DC bus. In reverse mode, it works as a buck
converter when supplying energy back to the DC bus or load. (turnOsearch7)

Non-isolated topologies benefit from fewer components, reduced cost, and higher efficiency,

but suffer limitations in voltage range and safety isolation.

ADVANCED BIDIRECTIONAL DC-DC TOPOLOGIES

Bidirectional Buck-Boost Converter

The bidirectional buck-boost topology extends the simple buck and boost converter by
allowing both modes to occur gracefully through switch reconfiguration and proper control
strategy. Its advantages include more flexible voltage matching across storage and DC bus
levels, making it a foundational unit for sophisticated hybrid storage strategies.
(turnOsearch7)

ISOLATED BIDIRECTIONAL DC-DC CONVERTER TOPOLOGIES

Dual Active Bridge (DAB) Converter

The DAB converter is a prominent isolated bidirectional topology featuring two full-bridge
circuits on either side of a high-frequency transformer. It is prized for its high power density,
excellent voltage conversion range, and inherent galvanic isolation — making it suitable for
grid-interactive storage systems and EV fast chargers. Its control method often relies on

phase-shift modulation to regulate power flow efficiently. (turnOsearch7)

Push-Pull and Phase-Shift Converters

Push-pull and phase-shift converters provide isolated bidirectional energy transfer with
stepped voltage ratios suitable for various DC bus architectures. While more complex than
non-isolated designs, they offer enhanced safety and are preferable in high-power ESS
contexts. These converters are typically employed where isolation and high voltage handling
are mandatory, such as high-capacity BESS. (turnOsearch10)

MODELING OF BIDIRECTIONAL CONVERTERS
Modeling bidirectional converters involves developing equations that represent dynamic
relationships between storage voltage, DC bus voltage, and input/output currents across both

operational directions. Typical models use state-space methods or averaged switch models
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that approximate converter behaviors over a switching period. For complex hybrid
topologies, such models include multi-input voltage states and require more advanced control

integration for power balancing. (turnOsearch2)

HV Bus + ----- [ Switches ]----> Storage
N
| | ]| Mode: Buck/Boost
HV Bus — ---------=-mmmmmeeeeee > Load / DC Link
Figure 1: Schematic of a Basic Bidirectional DC-DC Converter

e Figure 1 shows Basic non-isolated bidirectional DC-DC converter showing bidirectional

switches enabling controlled flow in both directions.

CONTROL STRATEGIES FOR BIDIRECTIONAL CONVERTERS
Effective control strategies are essential to ensure efficient bidirectional power flow,
state-of-charge (SoC) management, current ripple minimization, and robust transition

between charging and discharging modes.

Pulse Width Modulation (PWM) Control
PWM remains a predominant method for regulating switch states in bidirectional converters.
By controlling duty cycles, converters achieve desired voltage and current profiles, ensuring

the converter operates in either buck or boost mode efficiently.

Sliding Mode Control (SMC)

Sliding mode control provides robust performance in the presence of parameter variations
and disturbances. It can ensure consistent voltage regulation across bidirectional operation.
SMC is particularly effective in converters connected to fluctuating renewable sources like
PV. (turnOsearch13)

Predictive Control
Model predictive control (MPC) uses a system model to forecast converter behavior and
select optimal switch actions that minimize a cost function (like power loss, ripple, or voltage

error). MPC has shown superior dynamic performance and was successfully applied to
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grid-interactive battery systems with bidirectional converters. (turnOsearch16)

DESIGN CONSIDERATIONS AND CHALLENGES

Bidirectional converters must balance efficiency, power density, cost, electromagnetic

interference (EMI), and reliability. Key considerations include:

e Switch Selection: MOSFETs and wide-bandgap devices (like SiC/GaN) reduce
switching losses, increasing efficiency.

e Thermal Management: High frequency and power stress necessitate robust cooling
strategies.

e Control Complexity: Advanced control (predictive, SMC) improves performance but
increases design overhead.

e EMI Mitigation: Switching operations can cause EMI, requiring careful filter and layout
design.

e Voltage Stress and Ripple: Converter design must limit current and voltage stress to
protect the ESS. (turnOsearch9)

APPLICATIONS OF BIDIRECTIONAL CONVERTERS IN ENERGY STORAGE
SYSTEMS

Bidirectional converters are widely applied across electric vehicles, renewable energy
integration, microgrids, and hybrid energy storage systems. Their ability to manage

energy flow in both directions makes them indispensable in modern ESS designs.

Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVS)

In EVs, bidirectional converters regulate energy transfer between the battery, DC bus, and
auxiliary loads. They allow regenerative braking energy to flow back to the battery,
improving vehicle efficiency. For example, a bidirectional buck-boost converter can
regulate battery voltage while enabling efficient power exchange between supercapacitors

and traction systems.

Renewable Energy Systems
Bidirectional converters facilitate integration of solar PV and wind energy systems into the
grid. They ensure that energy stored in batteries or supercapacitors can be injected back into

the DC bus or AC grid as required. The Dual Active Bridge (DAB) topology is widely
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adopted due to galvanic isolation, high efficiency, and suitability for high-voltage renewable
energy systems. (TurnOSearch?7)

Microgrids and Smart Grids

In microgrids, bidirectional converters maintain power balance between distributed energy
storage, local loads, and grid connection. Multiport bidirectional converters enable hybrid
storage integration (battery + supercapacitor) for load leveling, peak shaving, and

frequency regulation.

Hybrid Energy Storage Systems (HESS)

Hybrid energy storage systems combine high-energy devices (batteries) with high-power
devices (supercapacitors). Bidirectional converters orchestrate energy flow between these
devices and the DC bus, ensuring rapid response during transient load conditions while

maintaining battery longevity. (TurnOSearch13)

PERFORMANCE METRICS AND COMPARATIVE ANALYSIS
Performance of bidirectional converters is evaluated based on:

e Efficiency (%)

e Power density (W/cm?3)

e Control response (ms)

e Voltage ripple (%)

e Bidirectional capability (charging/discharging)

Table 2: Comparative Performance of Common Bidirectional Converter Topologies

o Power Voltage
Efficiency ) ) ) o
Topology %) Density Ripple |Complexity Applications
0
(Wicmd) (%)

Non-Isolated )

92-96 Medium 2-4 Low EV battery, small ESS
Buck-Boost
Bidirectional Medium- _ _ )

93-97 ) 35 Medium || HEV, DC microgrids

Boost High

Dual Active 95-98 High 1-3 High Grid-connected ESS,
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o Power Voltage
Efficiency ] ] ] o
Topology %) Density Ripple |Complexity Applications
0
(W/cmgd) (%)

Bridge (DAB) Renewable integration
Phase-Shifted ) ) )

94-97 Medium 1-3 High High-voltage ESS

Isolated

These data show that isolated topologies like DAB achieve higher efficiency and lower
ripple at the expense of complexity and cost, while non-isolated converters remain simpler

and cost-effective for low/medium power applications.

2D FIGURES
Battery Voltage (V)

Charging Discharging

Figure 2: Bidirectional Buck-Boost Converter Waveforms

e Figure 2 Shows Battery voltage profile during charging and discharging using a

bidirectional buck-boost converter.

HV Bus
|
I'_I—I
| DAB |
I_I_‘I
|
Battery / Supercap

Load/DC Bus
Figure 3: Dual Active Bridge (DAB) Bidirectional Power Flow
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Figure 3 Shows Schematic showing bidirectional power flow between HV bus and energy

storage via DAB converter.

DESIGN CONSIDERATIONS FOR EFFICIENCY AND RELIABILITY

Key design parameters affecting bidirectional converter performance:

1.

Switching Devices: Use of SiC or GaN MOSFETs reduces switching losses, enables
high-frequency operation, and increases efficiency.

Transformer Design (Isolated Converters): Proper sizing reduces leakage inductance
and minimizes circulating currents.

Control Strategies: PWM, phase-shift, and predictive control maintain stable
bidirectional operation with minimal ripple.

Thermal Management: High power density requires effective heat dissipation for
semiconductor switches.

Voltage and Current Protection: Overvoltage and overcurrent protection ensures
longevity of ESS. (Turn0Search16)

CHALLENGES AND LIMITATIONS

Despite their benefits, bidirectional converters present several challenges:

High Complexity: Especially in isolated topologies with advanced control requirements.
Cost: High-frequency transformers and wide-bandgap switches increase system cost.
Electromagnetic Interference (EMI): Fast switching introduces EMI, requiring careful
layout and filtering.

Voltage Matching: Accurate control is needed for hybrid storage systems to prevent
stress on batteries/supercapacitors.

Scalability: High-power applications require careful consideration of component ratings

and losses. (Turn0Search7)

FUTURE TRENDS

Emerging research and trends in bidirectional converters include:

Wide-Bandgap Devices: GaN and SiC semiconductors enable ultra-high efficiency and
compact designs.
Multiport Converters: Integrating multiple storage devices in a single converter for

hybrid energy management.
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Digital and Predictive Control: Adaptive control methods improve performance in
variable load conditions.

Integration with Smart Grids: Bidirectional converters interfacing ESS with microgrids
and renewable sources allow real-time energy optimization.

High Power Density Designs: Modular DAB and interleaved architectures enable high

power ESS in compact form factors. (TurnOSearch16)

CONCLUSION

Bidirectional converters are pivotal in enabling energy storage systems to support modern

power networks, electric vehicles, microgrids, and hybrid storage systems. This paper

reviewed non-isolated and isolated topologies, control strategies (PWM, sliding mode,

predictive), performance metrics, applications, and challenges.

Non-isolated converters are simple and cost-effective for low/medium power
applications.

Isolated topologies like DAB and phase-shift converters enable safe, high-power, high-
efficiency energy exchange with galvanic isolation.

Advanced control strategies enhance dynamic performance, minimize ripple, and
maintain bidirectional efficiency.

Future developments in wide-bandgap semiconductors, multiport designs, and digital

control promise further improvements in compactness, efficiency, and reliability.

Bidirectional converters are central to next-generation ESS, enabling effective energy

management in smart grids, renewable systems, and electric mobility solutions.
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