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Abstract—The transition to sustainable transportation
has positioned hydrogen fuel cells as a key solution for
heavy-duty vehicles, offering high efficiency, sustained
power output, and rapid refueling capabilities. DC-DC
power converters play a crucial role in adapting the fuel
cell’s output voltage to meet vehicular requirements. This
paper compares three converter topologies: the three-
phase interleaved boost converter (3-IBC), its coupled-
inductor version, and the six-leg floating interleaved boost
converter with coupled inductors (FIBCCI-6L). MAT-
LAB/Simulink simulations assess current ripple perfor-
mance, highlighting trade-offs in efficiency and component
size for heavy-duty fuel cell applications.

I. INTRODUCTION

In light of escalating environmental imperatives and
evolving regulatory frameworks, the transportation in-
dustry is at a pivotal juncture, as evidenced by the rapid
transition from conventional diesel-powered vehicles to
more sustainable alternatives such as battery-electric and
hydrogen fuel cell vehicles [1].Fuel cell technology in
heavy-duty vehicles excels in delivering sustained power
output and operational efficiency, especially under sig-
nificant loads and prolonged usage. The rapid refueling
capabilities, comparable to those of diesel, minimize
downtime, enhancing productivity across transportation
sectors. These properties establish fuel cells as a superior

choice for applications requiring extended range and
reliability, aligning with stringent environmental regu-
lations and efficiency mandates [2].Subsequent to the
deployment of hydrogen fuel cell technology within
heavy-duty transportation platforms, the critical role of
DC-DC power converters emerges as a cornerstone for
optimizing vehicular energy management systems. These
power devices are indispensable for elevating the typi-
cally lower voltage output from fuel cells to meet the
higher voltage requirements of the vehicle’s electrical
subsystems. Selecting the ideal DC-DC converter for fuel
cell electric vehicles hinges on critical factors such as
high efficiency, power density, reliability, affordability,
and minimal current ripple. These factors are essential
to enhance vehicle performance, prolong component
durability, and ensure cost-effectiveness [3].

Numerous topologies of DC-DC converters have
been employed in fuel cell electric vehicles, each tai-
lored to meet specific performance and efficiency re-
quirements. In [4], [5], [6], the authors have utilized
interleaved boost converters (IBC). These present various
advantages such as decreasing input current ripples,
which is highly recommended when using a fuel cell
[7].In these topologies, the precise determination of the
number of phases is essential. Although increasing the
number of phases effectively reduces current ripple, it
also requires larger number of magnetic components,
a significant drawback in transportation systems where
minimizing size and weight is critical [5] Beyond the
IBCs, the floating interleaved boost converter (FIBC)
has been identified as an improvement, retaining all the
advantages of the IBC while offering superior voltage
gain [8]. To further improve efficiency and minimize
the size of magnetic components [9], the structure was
modified by incorporating coupled inductors (CI) in
place of uncoupled inductors.

This paper provides a comparative analysis of 3-
IBC in both its uncoupled and coupled (cascaded cyclic)



forms, as well as FIBCCI-6L, which serves as a di-
rect enhancement of the previous models. This study
explicitly focuses on their application within fuel cell
systems, particularly in heavy-duty applications. Simu-
lations were conducted in open-loop configuration using
the SimPower Systems tool in MATLAB/Simulink to
evaluate the performance of these three topologies. The
comparison focuses on current ripple performance and
fault tolerance across the different architectures.

II. STUDY AND MODELING OF THE 3 TOPOLOGIES OF
DC-DC POWER CONVERTERS

A. The 3-IBC Topology

The topology is illustrated in Fig. 1 topology
of IBC converter with its operating principle thor-
oughly explained in [10]. The primary components in-
clude switches S1, .59, S3, diodes D1, Do, D3, inductors
Ly, Lo, L3, and an output smoothing capacitor C. The
load resistance is represented by R, the input voltage by
Ve, and the output voltage by V,. Each phase operates
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Fig. 1. 3-IBC

with the same duty ratio d and a phase shift of 120°
between them. The voltage expressions for this topology
are expressed in (1).
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B. The 3-IBC Topology with CI

There are various coupling structures available for
multiphase converters. The cascade cyclic structure was
chosen among them because it is more compact than
other configurations that require a large number of
transformers, such as the combinatorial cascade structure
[11]. This design is also simpler to implement, as it
can be assembled using standard cores. Furthermore,
using separate transformers is beneficial in the event of a
failure, as any saturation will be localized to the specific
affected phases.

The Fig. 2 presents a 3-IBC with cascade cyclic Cls.
It includes the same components as mentioned for Fig. 1
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Fig. 2. 3-IBC CI

but differs in the inductor configuration. Each inductor
is divided into two parts, where the first part of L is
coupled with the first part of Lo, the second part of Lo
with the first part of L3, and finally the second part of L3
is coupled with the second part of L, giving rise to what
is called a cyclic cascade configuration. The coupling
between each pair of inductors is an inverse-coupled
configuration. This configuration ensures the cancellation
of the DC fluxes, which are generated according to the
average currents in the inductors. Additionally, it reduces
the ripple currents in the inductors [12]. The voltage
equations for this topology are given in (2).

Via 2Ly —May1 —Ms3 d i1
Vig| = |[—Mi2 2Ly —Ms o iL2 ()
Vi3 —My3 —Moz 2L3 ir3

M represents the mutual inductance and is preceded by a
minus sign (-), indicating inverse coupling. The coupling
coefficient is given by k = %

C. The FIBCCI-6L Topology

The topology shown in Fig. 3 presents the proposed
FIBCCI-6L. It is composed of two modular sections:
the upper section is a non-floating version of the 3-IBC,
while the lower section is a floating version of the 3-
IBC. To maintain equilibrium between the top floating
module and the bottom non-floating module, the number
of phases must be paired.

This topology is characterized by a floating output
and an interleaved input, which effectively reduces both
current and voltage stress. The operating principle of the
2-leg floating boost converter is thoroughly explained
in [8]. By analogy, the same operating principle applies
to the 6-leg Floating Interleaved Boost Converter, except
that in this case, the phase shift is 60°. The voltage
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Fig. 3. FIBCCI-6L

expressions in this case are defined in (3)
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IIT. ANALYSIS OF THE 3-IBC wITH CI

The three switches in Fig. 2 operate under the
same duty cycle, each phase-shifted by 75/3. Across
all duty cycle ranges, there are eight operational modes,
according to the ON/OFF state of the power switches,
shown in Table I.

According to Kirchhoff’s law, when the main
switches are in the on-state, the voltage across the
inductor winding equals the input voltage. Conversely, in
the off-state, this voltage is determined by the difference
between the input and output voltages in (6)

‘/LOn = ‘/Fc

(6)
VLOH - Vi:C - VO

To ensure system balance and symmetry of the
magnetic core, Ly = Lo = L3 = L and M2 = My =
Moz = M3zy = Mz = Mz = M.
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Fig. 4. Inductor current waveforms for phase
the full range of duty ratios.
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TABLE I Operational Modes

Mode S1 S2 S3
Mode 1 | ON | OFF | OFF
Mode 2 | OFF | ON | OFF
Mode 3 | OFF | OFF | ON
Mode 4 | ON | OFF | OFF
Mode 5 | ON | OFF | ON
Mode 6 | OFF | ON | ON
Mode 7 | ON ON ON
Mode 8 | OFF | OFF | OFF

dipy _ QL=—M)Vi1+MVi+MVis

dt 412 —-2LM—2M?2 ’
dips _ MVii+QL-—M)Vi2+MVis 7
dt 4L2—2LM—2M? ’
dirs _ MVpi+MVys+(2L—M)Vis
dt 4L2—2LM—2M? .

Based on (7), the time derivative of the inductor
currents can be expressed as follows:

Throughout the first operation mode (Mode 1), the
switch S7 is ON and the switches S5 and S5 are OFF,
which means

Vii = Vrc (8)

Vie=Viz3 =Vrc -V, 9

From (7), the derivative of the inductor current in the
first phase can be expressed as

dipi(t) M — 2L +2Ld + Md
- . Vi (10)
dt 2(d—1)(—2L?+ LM + M?)
Knowing that,
diry
Vi = Leql? (11)
From (10), Leq; can be written as below
2(d — 1)(—2L* + LM + M?
Legt = (d—1)( ) (12)

M —2L +2Ld+ Md
Using the same method, the equivalent inductance
for phase 1 in other modes can be obtained as follows
Mode 2

2d(—2L? + LM + M?)
2Ld — M + Md

Leq2 = (13)

Mode 3
2d(—2L? + LM + M?)
2Ld — M + Md

Legs = (14)

Mode 4
2(d — 1)(—2L* + LM + M?)
Leqs = 1
a4 oLd — 2L + Md (15
Mode 5
2d(—2L* + 2M + M?)
Legs = 1
4 oLd — 2L + Md (16)
Mode 6
2d(—2L? + LM + M?)
Legs = 1
a6 oLd — 2M + Md an
Mode 7
Leqr = 2(L — M) (18)
Mode 8
Leqs = 2(L — M) (19)

The differential values of inductance L across dis-
tinct operating modes of the converter are the primary
determinants of the observed variations in the slopes of
the current waveform. For each duty ratio, equivalent
inductances can be expressed as a function of operating
modes.

¢ Duty ratio > %
As shown in Fig. 4a, there are 4 operation modes.
The transition between these modes occurs in the
sequence of modes 4, 7, 6, 7.5, and 7.

o % < Duty ratio < %
In this instance, Fig. 4b, the operation modes tran-
sition through modes 1, 4, 2, 6, 3, and 5.

¢ Duty ratio > %

In this case, Fig. 4c, the operation modes shift

between modes 8, 1, 8, 2, 8, and 3.

Fig. 4 presents the current waveform of the first
phase across different duty ratio ranges. The equivalent
inductances of phases 2 and 3 for each duty ratio can be
determined following the same steps.

Similarly, for the FIBCCI-L6 (Fig. 3), the analysis
builds upon that of the 3-IBC with CI. This is justified
as the FIBCCI-L6 essentially consists of two 3-IBC CI
modules, where the three inductors in the non-floating
section operate independently of the floating section,
maintaining behavior consistent with the 3-IBC CI.

A key aspect that differs in this analysis is the
ideal voltage gain, defined by Eq. (20), which applies
specifically to the Floating Interleaved Boost Converter:
Vo 14D
Vo 1-D°

As previously indicated, the FIBC exhibits a superior
voltage gain relative to both the coupled and uncoupled
versions of the IBC. This assertion is substantiated
by Fig. 5, which clearly demonstrates the comparative
performance metrics.

M(D) = (20)
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Fig. 5. Comparative performance metrics of IBC and
FIBC.

IV. NUMERICAL SIMULATION AND COMPARISON OF
THE BEHAVIOR OF THE PROPOSED TOPOLOGIES

Numerical simulations were performed in MAT-
LAB/Simulink to evaluate and compare the performance
of three topologies: the 3-IBC as the baseline, the 3-IBC
with CIs as the first enhancement, and the FIBCCI-6L
as the second enhancement. Initially, the converters oper-
ated under standard conditions. To assess fault tolerance,
an open-circuit fault was simulated in phase 1.

This type of fault is particularly critical in hydrogen
fuel cell systems [13] , where consistent and reliable
power delivery is essential. Such faults disrupt elec-
trical flow, potentially causing voltage fluctuations that
compromise fuel cell efficiency and reliability. This is
especially crucial in applications requiring an uninter-
rupted power supply, such as electric vehicles. The rated
parameters of the converters are listed in Table II.

TABLE II Converters Rated Parameters

Parameters Value Unit
Output Voltage (V,) 800 \
Input Voltage (Vi) 176 \%
Switching Frequency (fs) 80 kHz
Inductor (L, r1,) (122, 0.2) | (uH, mQ)
Capacity (C) 80 uF
Coupling Coefficient (k) 0.3 -
Tolerated Output Voltage Ripple (AV}) <10% -
Tolerated Input Current Ripple (Alf.) <10% -
Duty Ratio (IBC, FIBC) (0.75, 0.63) -

The integration of coupled inductors not only con-
tributes to the reduction in the size of magnetic com-
ponents, - the decrease in the size of the magnetic
component is indicated by the reduction in the amount
of energy stored in inductors across the three topologies,
as shown on Fig. 7 and improves overall efficiency, but
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Fig. 6. Fuel cell Current waveform

also demonstrates superior fault tolerance compared to
the reference structure.

In the healthy operating mode, the variation in input
current ripple, as depicted in Fig. 6, is relatively minor
across the three configurations. However, a significant
distinction emerges when examining the inductor current
ripple, as illustrated in Fig. 9

Notably, a 63.98% reduction in current ripple was
achieved with the use of the FIBCCI-6L. This differ-
ence is particularly pronounced under faulty conditions.
Among the topologies evaluated, the reference converter
exhibited the least favorable performance metrics. In
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contrast, the two converters incorporating coupled in-
ductors outperformed the reference, with only a slight
difference observed between them.

The detailed values depicted in the waveform graphs
are explicitly outlined in Table III, further validating
the effectiveness of coupled inductors in mitigating cur-
rent ripple, especially under fault conditions, thereby
strengthening the overall robustness of the converter
system.

TABLE III Performance Metrics in Different Modes
(a) Healthy Mode

3-IBC | 3-IBC CI | FIBCCI-6L
Al (A) 443 3.11 1.12
Al (A) | 13.35 6.18 4.81
Al (A) | 0.09 0.09 0.0592

(b) Faulty Mode

3-IBC | 3-IBC CI | FIBCCI-6L
Al (A) 14.54 8.85 6.14
Al (A) 12.77 6.21 5.20
Alou (A) 0.4 0.4 0.4

Additionally, it is important to highlight that the
variation in the output current Fig. 8 remains negligible
in both healthy and faulty modes, reinforcing the con-
sistency and robustness of the output current across all
configurations. Furthermore, the presence of a nonzero
current at ¢ = Os is due to the initial condition on the
capacitors voltage, set at Voo = 400V,

When a fault occurred in the first set of inductors
(non-floating module) within the FIBCCI-6L configu-
ration, the second set of inductors (floating module)
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Fig. 8. Output Current waveform

remained unaffected. This observation -as shown in
Fig. 9c- underscores the independent operation of the
two modules, a feature attributed to the modular design
of the system, which employs a mirror-effect principle
to balance currents between the floating and non-floating
components. However, the introduction of a fault in the
non-floating module disrupted this balance, as the fault
was not mirrored in the floating module, resulting in a
transient current imbalance.

To address this, a deliberate fault was introduced in a
phase of the floating module at 0.005s. As illustrated in
the Fig. 10, this intervention enabled a partial restoration
of the current balance between the two modules. To fur-
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Fig. 9. Inductors Current waveform for different fault
scenarios

ther validate this behavior, the simulation was extended
to include the impact of a second fault. This exten-
sion provided additional insight into the system’s fault-
tolerant behavior, demonstrating that the currents tend to
rebalance even under compounded fault conditions.

By redistributing the current flow, the system demon-
strated its inherent self-regulating capability to adapt
and maintain operational stability under fault condi-
tions. Despite the transient imbalance caused by the
initial fault, the overall system performance remained
unaffected. This robustness and fault-tolerant design of
the FIBCCI-6L configuration highlights its ability to

maintain consistent performance under fault scenarios,
making it a reliable solution for applications that demand
high stability and resilience.
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Fig. 10. FIBCCI-6L Healthy and Faulty Mode (2 Faults)

V. CONCLUSION

The results clearly indicate that the 3-IBC is sur-
passed in performance by the two proposed topologies.
Although the performance metrics of the two new con-
verters are relatively close, the FIBCCI-6L exhibits a
marginally better performance than the 3-IBC CI. This
improvement substantiates the selection of this particular
structure as the most optimal choice. Furthermore, this
preference is reinforced by the long-term vision of
integrating an energy storage system within the same
converter framework, which is particularly feasible with
the selected topology. Additionally, the experimental
validation and control implementation of these structures
are planned as part of future work to further confirm and
optimize their performance.
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