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Abstract—Fuel cells are gaining prominence in clean energy
systems because of their high efficiency, low emissions, and
quiet operation. Despite these advantages, their inherent slow
dynamic response and load-dependent output voltage present
significant challenges for direct integration with electrical loads.
To address these limitations, DC-DC converters are indispensable
for effective power conditioning. However, existing converter
topologies often involve trade-offs between efficiency, control
flexibility, and system reliability. This paper presents the design,
implementation, and experimental validation of a two-stage DC—
DC converter specifically designed for fuel cell applications. The
proposed architecture allows independent control of each stage,
enabling precise voltage regulation, improved dynamic response,
and stable power delivery under variable load condi- tions.
Comprehensive simulation studies, supported by hardware
prototype testing, confirm the converter’s high efficiency and ro-
bust performance, thereby establishing its suitability for practical
clean energy deployment.

Index Terms—DC-DC converter, fuel cell, interleaved boost
converter, phase-shifted full bridge converter

[. INTRODUCTION

The growing demand for clean and sustainable energy
has accelerated the adoption of fuel cells in transportation,
stationary, and portable power applications [1]-[5]. Fuel cells
are widely recognized for their high efficiency, low emissions,
and silent operation, making them an attractive alternative to
conventional energy sources [6], [7]. Despite these advantages,
the electrical characteristics of fuel cells present integration
challenges. Their output voltage is inherently low, highly
dependent on load conditions, and nonlinear in nature, which
limits direct utilization in most power electronic systems [4],
[8]. To overcome these limitations, DC-DC converters play a
crucial role in power conditioning the fuel cell output to meet
the requirements of various loads and grid interfaces [9], [10].
By stepping up the low voltage to a suitable level, ensuring
stable voltage regulation, and providing improved transient re-
sponse, these converters enable effective utilization of the fuel
cell. In addition, they enhance overall system performance by
supporting hybrid operation with energy storage devices such
as batteries or supercapacitors, thereby improving reliability
and efficiency in practical applications [11].

Various DC-DC converter topologies have been proposed
and investigated in the literature for fuel cell applications [12]—
[18]. These topologies are broadly classified into non-isolated
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and isolated converter structures, depending on whether gal-
vanic isolation is provided between the fuel cell and the load.

Non-isolated converters, such as boost and buck—boost
configurations, offer high efficiency and compact design. How-
ever, they are limited in achieving high voltage gain and
often exhibit significant input current ripple [19]. To overcome
these issues, multilevel boost converters have been proposed to
enhance voltage gain [20], [21], while multiphase interleaved
boost converters mitigate input ripple and thereby reduce fuel
cell degradation [22]. Several interleaved topologies have also
been reported and reviewed [12]. Despite these advancements,
the absence of galvanic isolation exposes systems to ground
faults and reduces reliability. To address this, isolated topolo-
gies such as full-bridge, half-bridge, and resonant converters
are used which provide galvanic isolation and improved safety,
but at the expense of higher circuit complexity, component
count, and implementation cost [13]. Thus, the choice between
non-isolated and isolated converters involves a trade-off among
efficiency, reliability, and compactness.

In a single-stage converter, the required output voltage is
typically regulated by controlling the gate signals through
PWM, phase-shift, or frequency modulation, depending on the
operating requirements [23]. However, relying solely on this
single control variable may not provide sufficient flexibility to
accommodate wide source and load variations. Furthermore,
although the literature extensively addresses the progression
from design to realization and testing, most reported works
remain limited to laboratory-scale prototypes, with limited em-
phasis on the development and validation of field-deployable
systems.

This paper presents the design, realization, and testing of a
two-stage DC-DC converter specifically intended for fuel cell
applications. The proposed topology enables enhanced con-
trol flexibility through independent regulation of both stages,
while ensuring high efficiency and reliable operation under
varying load and operating conditions. The design method-
ology incorporates analytical modeling, simulation studies,
hardware implementation, and experimental validation. The
results demonstrate that the developed converter not only
satisfies the operational requirements of fuel cell systems but
also exhibits strong potential for deployment in practical clean
energy applications.
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Fig. 1: Block diagram of Hybrid Energy System

II. SYSTEM DESCRIPTION AND DESIGN

A typical fuel-cell embedded hybrid energy system is shown
in Fig. 1, where the fuel cell and other power sources such
as solar PV and/or wind turbine are connected to the DC bus
through power electronic converters. As the dynamic response
of the fuel cell is relatively poor and renewable sources exhibit
uncertainty, buffer energy storage in the form of a battery is
required. The load is supplied through an inverter, while the
power management system ensures coordinated control and
communication among all subsystems.

The design inputs for the proposed two-stage DC-DC
converter are derived from the specifications of fuel cell
stack and the battery. Being a Polymer Electrolyte Membrane
(PEM) fuel cell, the measured open-circuit voltage of a single
cell is 0.96 V, which drops to 0.60 V at rated power. In a
modular configuration with four stacks, a total of 620 cells
are connected in series, resulting in a fuel cell output voltage
that varies between 372—595 V from no-load to rated power.
Under overload conditions, the stack voltage may decrease
further due to increased current demand. Considering these
operating conditions, the input voltage range for the two-stage
DC-DC converter is selected as 250-600 V.

On the output side, the battery has a nominal voltage of
288 V, with variation between 225-330 V from discharge
to charge states. This defines the required DC-DC converter
output voltage range. Based on the rated power of the fuel cell,
a 46 kW DC-DC converter is required. To achieve modularity
and ease of control, two identical 23 kW converters operating
in parallel are proposed. The key specifications of the DC-DC
converter are summarized in Table L.

TABLE I: DC-DC Converter Specifications

Electrical Parameters  Ratings
Power 2 X 23 kW
Input Voltage 250-600 V
Output Voltage 225-330 V
Output Voltage Ripple <1%

Efficiency 90%

To ensure low input ripple current and high efficiency,
an interleaved boost converter is connected at the fuel cell
stack side. The boost stage regulates the DC bus voltage to
600 V. Furthermore, safety and fault tolerance are critical re-
quirements in end-use applications, making galvanic isolation
mandatory. This is achieved using a full-bridge converter. The
schematic diagram of the overall system is shown in Fig. 2.
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The design of a two-phase interleaved boost converter
is discussed in [24]. For a three-phase interleaved boost
converter, the critical inductance and the minimum output
capacitance required to satisfy the voltage ripple specification
are calculated using

3 Dmax (1 - Dmax)2 R
2fs

C 2 IO Dmax
3 fs AVieq

where R is the equivalent load resistance, /o is the output
current, fs(12 kHz) is the switching frequency, Dmax is the
maximum duty cycle, and AV;q is the allowable peak-to-peak
voltage ripple. Substituting the design values, the calculations
yield a duty cycle of Dmax = 0.583 and an output current of
lo =38.3 A. From (1) and (2), the required critical inductance
per phase is 198 pH, while the minimum output capacitance
is 103 pF for 1% voltage ripple. This value also satisfy the
ripple current requirement.

For the phase-shifted full-bridge (PSFB) converter, the
boundary inductance and the minimum output capacitance
required to satisfy the ripple specification are expressed as

(1 —2Df) R
Lb=
4fs
(1 —2Det) Vo
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™ 32V Lf2

M

Lcrit,phase =

@

(€)

)

where Det denotes the effective duty cycle (phase-shift power-
transfer window, 0 < De < 0.5) and R is the load resistance
with a switching frequency of 25 kHz. Using the design
parameters with the lowest power considered as one-tenth of
the rated load, near the battery full-charge voltage of 330 V,
the required boundary inductance and minimum capacitance
from (3)—(4) are calculated as 55 pH and 10.6 pF, respectively,
ensuring compliance with the voltage ripple specification.

III. SIMULATION

To validate the analytical design and verify the steady-
state as well as dynamic performance of the proposed two-
stage DC-DC converter, detailed circuit-level simulations are
carried out in PSIM. The simulations are performed using ideal
device models and the design parameters derived in Section II.
The overall objective of the simulations is to examine the
operating waveforms, verify compliance with specifications,
and evaluate the controller performance under different load
conditions.

A. Stage 1: Interleaved Boost Converter

The first stage, a three-phase interleaved boost converter,
is simulated with an input voltage of 250 V, an inductance
of 230 uH per phase, and full-load power of 23 kW. Fig. 3
shows the simulated waveforms of the gate signals, inductor
current, and output voltage. The results confirm that the
converter operates in continuous conduction mode (CCM).
The inductor currents are phase-shifted by 120°, resulting in
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Fig. 2: Schematic of two-stage DC-DC converter

effective cancellation of ripple at the input and output. The
measured output voltage ripple is less than 0.5%. These results
validate the analytical design.
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Fig. 3: Simulation results of the interleaved boost converter

B. Stage 2: Phase-Shifted Full Bridge Converter

The regulated 600 V DC bus from the boost stage is
supplied to the second stage, a Phase-Shifted Full Bridge
(PSFB) converter. The effective output power is controlled
by adjusting the phase shift between the leading and lagging
legs of the full bridge. Fig. 4 illustrates the simulated gate
signals, transformer primary voltage, output inductor current,
and output voltage for a phase shift of 56°. It can be observed
that the applied transformer voltage varies according to the
phase shift, and the resulting inductor current and output
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voltage exhibit smooth waveforms with voltage ripple less than
0.5%. This demonstrates the suitability of phase-shift control
for regulating power flow in the proposed system.
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Fig. 4: Simulation results of the Phase-Shifted Full Bridge
(PSFB) converter
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C. Closed-Loop Performance with CC—CV Charging

On the output side, the DC bus is interfaced with a battery
energy storage system that requires charging in constant-
current (CC) and constant-voltage (CV) modes. To achieve
this, the overall two-stage converter is operated under closed-
loop control. PI controllers are implemented for both current
and voltage regulation, as shown in Fig. 5.
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Fig. 5: Closed-loop control structure for the proposed two-
stage DC-DC converter

Io (A)

80

- |

Vo Vo_ref (V)

400

300 |- A 7
200
100

)

50m 0.1 0.15

Time (s)

Fig. 6: Closed-loop response: voltage, current, and load vari-
ation

The corresponding dynamic response under varying load
and voltage conditions is shown in Fig. 6. The results indicate
that the proposed control strategy ensures stable operation
for different load conditions. Further, it can also be operated
CC mode by having reference current generation instead of
calculating from voltage loop.

IV. HARDWARE REALIZATION, TESTING, AND RESULTS

The proposed two-stage DC—DC converter has been realized
in hardware to validate the design and simulation results. The
block diagram of the hardware setup is shown in Fig. 7, which
consists of both power and control circuits along with auxiliary
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subsystems. The corresponding realized hardware is illustrated
in Fig. 8.
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Fig. 7: Block diagram for hardware realization of the two-
stage DC-DC converter

Fig. 8: Realized two-stage DC-DC converter prototype

The power stage comprises a three-phase interleaved boost
converter, a phase-shifted full-bridge (PSFB) inverter, a high-
frequency transformer (HFT), and a secondary-side rectifier
with an output filter. The boost converter employs three par-
allel legs with MOSFET switches and ferrite-core inductors,
sharing the input power equally and minimizing current ripple
through interleaving. The PSFB stage regulates the power flow
via phase-shift modulation and enables zero-voltage switching
(ZVS). A custom-designed HFT with litz-wire windings pro-
vides galvanic isolation while reducing AC losses. The rectifier
and LC filter stage ensure a low-ripple DC output suitable for
battery charging.

The control stage is built around a microcontroller that
coordinates both converter stages under closed-loop operation.
A current-mode controller regulates the DC bus voltage on
the boost side, while the PSFB is controlled using phase-
shift modulation. Constant-current and constant-voltage (CC—
CV) charging is achieved through PI controllers. Isolated gate
drivers and auxiliary SMPS supplies provide reliable operation
of the power stage, while feedback sensors ensure accurate
control and fault protection.
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To evaluate performance, the converter was first tested
independently at its rated capacity using a grid-connected
rectifier as input and a resistive load at the output. Incre-
mental load steps were applied to examine the response, and
key parameters such as input/output voltage, current, ripple,
efficiency, and voltage stability were measured. The recorded
step-load response is shown in Fig. 9, confirming that the
system maintains stable operation across varying loads.
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Fig. 9: Experimental step-load response of the proposed con-
verter

A long-duration heat run test was then performed by oper-
ating the converter continuously for 12 hours at rated power.
As illustrated in Fig. 10, the system exhibited good thermal
stability and sustained efficiency, validating the robustness of
the hardware design.
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Fig. 10: Heat run test results over continuous 12-hour opera-
tion

Finally, system-level validation was carried out by inte-
grating the converter with a practical fuel cell and battery
bank. The overall performance under this hybrid configura-
tion, including both steady-state and transient responses, is
summarized in Tab.. II. The results confirm that the proposed
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converter ensures reliable power transfer and effective in real-

world applications.

TABLE II: Converter Performance Data

Parameter Value
Input Voltage, Vi, (V) 365
Input Current, i, (A) 62.5
Input Power, P, (W) 228125
Output Voltage, Vou (V) 290.2
Output Current, Ioy (A) 72.1
Output Power, Pyy (W) 20923
Efficiency (%) 91.71

Output Ripple (mV, p-p) 680

V. CONCLUSION

This paper presented the practical design and implementa-
tion of a two-stage DC-DC converter for fuel cell applications,
progressing from analytical calculation and simulation to com-
plete hardware realization and testing. The proposed converter
architecture effectively minimizes voltage ripple, provides
galvanic isolation, and supports flexible control of both source
and load dynamics. Zero-voltage switching (ZVS) in the PSFB
stage significantly reduces switching losses, contributing to
enhanced efficiency. The system was comprehensively evalu-
ated through step-load response tests, long-duration heat runs,
and integration with a real fuel cell and battery bank. Results
confirm that the converter achieves stable operation, efficient
power transfer, and reliable closed control operations.

Future work may focus on further optimization of the
system to increase power density, enhance control strategies,
and improve overall conversion efficiency.
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