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Abstract—This work is part of a project focused on optimizing
the use of fuel cells in heavy-duty transportation systems. It
introduces a novel six-phase floating interleaved boost converter
(6-FIBC) with coupled inductors, along with its tailored non-
linear control strategy, designed for fuel cell hybrid systems in
heavy-duty applications. The proposed 6-FIBC topology lever-
ages interleaving techniques and coupled inductors to minimize
current ripple, enhance voltage balancing, and boost efficiency.
The accompanying non-linear control ensures accurate voltage
regulation, stable current sharing, and adaptability to dynamic
load variations, optimizing the overall performance of the fuel
cell system. Simulation results validate the effectiveness of the
proposed structure and control strategy in ensuring system
stability, enhancing energy conversion efficiency, and improving
overall reliability. Experimental validation is planned to confirm
the practical feasibility of the proposed approach.

Index Terms—Fuel Cell, Hybrid Electric Vehicle, DC-DC
Power Converter, Boost, Coupled Inductors, Non linear Control.

I. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are a
promising technology due to their high energy density and
low environmental impact [1]. However, their integration with
power electronic converters poses challenges such as dynamic
load handling, voltage ripple management, and efficiency
optimization, especially in high-power applications like trucks
and ships [2]. To address these challenges, floating interleaved
boost converters (FIBC) have emerged as an attractive solution
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for fuel cell systems. Their multi-phase structure reduces input
current ripple and distributes power evenly across phases,
thereby improving system efficiency and reliability [3], [4],
[5].

This study proposes a six-phase floating interleaved boost
converter (6-FIBC) with coupled inductors, a novel topology
designed to overcome these limitations. The coupled inductors
further enhance efficiency by improving magnetic coupling,
reducing core losses, and minimizing current ripple [6]. The
6-FIBC topology provides superior performance in terms of
voltage regulation and energy conversion efficiency, making
it particularly suitable for high-power applications in fuel cell
hybrid systems.

In addition to the advanced topology, this work introduces
a nonlinear flatness-based control strategy tailored to the 6-
FIBC. Flatness-based control enables precise regulation of
system states, such as inductor currents and capacitor voltages,
while offering dynamic adaptability to varying and cyclic load
conditions, as typically encountered in fuel cell applications.
This control approach is particularly effective in avoiding
current transients during rapid changes in load demand. Unlike
conventional linear control methods, which rely on local
linearization and may struggle with the system’s nonlinear
behavior, flatness-based control explicitly incorporates the
system’s intrinsic dynamics, thereby enhancing robustness and
stability under both transient and steady-state conditions. It
also facilitates feedforward control design, improving dynamic
response and minimizing overshoot. While the interleaving
and magnetic coupling within the 6-FIBC architecture are
primarily responsible for reducing input current ripple, the pro-
posed control strategy ensures accurate tracking of reference



trajectories and maintains voltage regulation across interleaved
phases [7], [8], [9].

This combination of an innovative converter topology and
advanced control methodology addresses critical challenges in
fuel cell systems, including efficient power transfer, reduced
energy losses, and reliable operation. Simulation results vali-
date the effectiveness of the proposed system, demonstrating
its capability to achieve superior voltage regulation, balanced
current sharing, and enhanced efficiency under dynamic oper-
ating conditions.

The remainder of this paper is organized as follows: Sec-
tion II presents the proposed six-phase floating interleaved
boost converter (6-FIBC) with coupled inductors, including its
topology, mathematical modeling, and the associated nonlinear
flatness-based control strategy. Section III provides simulation
results to evaluate the system’s performance under both steady-
state and dynamic load conditions. Finally, Section IV con-
cludes the paper and outlines directions for future experimental
validation.

II. 6-PHASE FLOATING INTERLEAVED BOOST CONVERTER
WITH COUPLED INDUCTORS

A. Presentation of the converter

To satisfy the requirements of the specification, this study
utilizes a 6-FIBC with coupled inductors as shown in Fig.1.
The design includes two cascaded modules: a non-floating
interleaved module at the top and a floating module at the
bottom. Both modules operate with a three-phase interleaved
boost converter [10], sharing a common input voltage and
dividing their output across the load.

Fig 1. 6-FIBC

The system includes the main switches (S1 to S6), diodes
(D1 to D6), coupled inductors (L1 to L6), output capacitors
(C1, C2), and load resistance (R). The input voltage (vfc) is
provided by the PEMFC, with the output voltage (vo) divided
across vc1 and vc2.

The proposed 6-FIBC is sized for a Ballard 63 kW FCgen-
LCS stack, which serves as the elementary unit of the Ballard
FCwave module, a high-power fuel cell system designed for
demanding applications [11]. This ensures full compatibility
with the selected PEMFC system.

With an input voltage ranging from 176 V to 224 V and
an output voltage of 800 V, the converter steps up the fuel
cell voltage to meet the DC-link requirements of the vehicle’s
powertrain, ensuring stable operation despite input variations.
The interleaved architecture minimizes current ripple, reducing
stress on the fuel cell and enhancing system efficiency.

If adaptation to other power levels is required, the passive
component values— inductors and capacitors—must be ad-
justed accordingly, while the converter topology and control
strategy remain unchanged, making it scalable for various fuel
cell applications.

B. Converter Modeling

Through the application of Kirchhoff’s law, the expressions
governing voltage and current within the circuit are

vo = vc1 + vc2 − vfc

i1 = iL1 + iL2 + iL3

i2 = iL4 + iL5 + iL6

ifc = i1 + i2 − io

(1)

Where i1 is the current flowing through the non-floating
part, and i2 flows through the floating part. Here, iLn for n =
1...6 represents the current through inductor Ln (1 to 6).

Assuming symmetry in the converter, the parameters are
equalized as follows to maintain balance across all phases and
ensure uniform power distribution

L1 = · · · = L6 = L

C1 = C2 = C
(2)

When a switch Si (where i = 1, . . . , 6) is ON (ui = 1), the
input source charges the inductor, and the capacitor supplies
the load.

vLON
= vfc (3)

When Si is OFF (ui = 0), the input source and inductor
together charge the capacitor and supply the load.

vLOFF
= vfc − vo (4)

In the 6-FIBC, inductors are coupled to enhance current
sharing, reduce ripple, and improve overall efficiency. Instead
of employing six independent inductors, mutual inductance is
introduced between phases to influence the inductor behavior.
A cascaded cyclic coupling scheme is implemented, following
a structured pattern where each inductor is divided into two
parts, with each part magnetically coupled to the next in the
sequence, except for the first and last inductors, which are
linked together to complete the cyclic structure. This coupling
strategy ensures balanced energy distribution, enhances ripple
cancellation while maintaining circuit symmetry.

Based on the coupling structure and the symmetry assump-
tions, the dynamic behavior of the system can be written in
compact matrix form as shown in equations (5a), (5b), and
(5c).



i̇L1

i̇L2

i̇L3

 =

 2L −M −M
−M 2L −M
−M −M 2L

−1

(vfc − (I − d1)vC1)

(5a)

i̇L4

i̇L5

i̇L6

 =

 2L −M −M
−M 2L −M
−M −M 2L

−1

(vfc − (I − d2)vC2)

(5b)

C · v̇C1 = (1− d1)
T · i1 − io

C · v̇C2 = (1− d2)
T · i2 − io

(5c)

Where

i1 =

iL1

iL2

iL3

 , i2 =

iL4

iL5

iL6

 ,

d1 =

d1d2
d3

 , d2 =

d4d5
d6

 , I =

1 0 0
0 1 0
0 0 1


M represents the mutual inductances, and for maintaining

the symmetrical balance of the circuit like all the other
parameters.

M is preceded by a minus sign (−), which refers to the
inverse coupling. The coupling coefficient is given by k = M

L .

C. Converter Control

The control strategy for the 6-FIBC with coupled inductors
comprises a power control loop and a current control loop, as
shown in Fig. 2. The power control loop generates reference
currents, while the current control loop adjusts the duty cycles
to ensure balanced and efficient operation.

Fig 2. Control Block Diagram

1) Outer Control Loop: This loop regulates the output
voltages Vc1 and Vc2 of the 6-FIBC with coupled inductors
by managing the electrostatic energy stored in the output
capacitors C1 and C2. The control variables Pe1 and Pe2 are
used to achieve this regulation.

The electrostatic energy terms yo1 and yo2 are selected as
flat output candidates, satisfying the first flatness condition,
and are defined as

yo1 =
1

2
C(v2c1 + v2c2) = ϕ(x)

yo2 =
1

2
C(v2c1 − v2c2) = ϕ(x)

(7)

Where x =
[
x1 = Vc1, x2 = Vc2

]
The second flatness condition is verified by expressing the

states as functions of the flat outputs

vc1 =

√
2yo1
C

vc2 =

√
2yo2
C

(8)

To establish the relationship between power and flat outputs,
the derivatives ẏo1 and ẏo2 are utilized as defined by the
following equation

ẏo1 = Po1 − Pch1

ẏo2 = Po2 − Pch2

(9)

Where

Po1 = (Pe1 + Pe2)

Po2 = (Pe1 − Pe2)
(10)

and Pch1 and Pch2 are defined as

Pch1 = (vc1 + vc2) · io
Pch2 = (vc1 − vc2) · io

(11)

Pe1 and Pe2 represent the electrostatic power delivered to
the output capacitors C1 and C2, respectively, as shown in
Fig. 1.

Then, the sum of input powers at the input of each stage
can be obtained thanks to

Pin1 + Pin2 = 2Pmax

(
1−

√
1− Poref

Pmax

)
(12)

where

Pmax =
V 2
e

4 · (2r/6)

Poref = Po1 + Po2 (13)

In practice, this expression is not used in the implementa-
tion. Instead, the fuel cell power is directly set to the reference
value, i.e., Pfc = Po1−vfc.io, under the assumption that Joule
losses are negligible and are compensated by the integral term
in the control loop.

Trajectory Tracking for the flat outputs yo1 and yo2 is
achieved with control laws



Po1 − (Pch1 + Pch2) = ẏo1 = ẏo1ref + kv1(yo1 − yo1ref)

+kv2

∫
(yo1 − yo1ref) dt = 0,

Po2 − (Pch1 − Pch2) = ẏo2 = ẏo2ref + kv1(yo2 − yo2ref)

+kv2

∫
(yo2 − yo2ref) dt = 0.

(14)
Where Vc1,ref and Vc2,ref are the desired reference voltages

yo1,ref =
1

2
C(V 2

c1,ref + V 2
c2,ref )

yo2,ref =
1

2
C(V 2

c1,ref − V 2
c2,ref )

(15)

and

kv1 = 2ξω0, kv2 = ω2
0 (16)

The control gains kv1 and kv2 were selected to achieve a
critically damped response and minimal overshoot.

Thus, from 10, Pe1 and Pe2 are expressed as

Pin1 = Pe1 =
Po1 + Po2

2

Pin2 = Pe2 =
Po1 − Po2

2

(17)

The input reference currents iref1 to iref6 are computed
based on the distributed powers Pe1 and Pe2. If the total
effective power exceeds the maximum current limit

Imax =
ifc
6

(18)

the currents are all equal to Imax. Otherwise, assuming the
losses are negligible, the reference currents are calculated as

irefi = max

(
0,

Pini

3vfc

)
(19)

This ensures balanced power distribution across the con-
verter phases while maintaining current and voltage regulation.

2) Inner Control Loop: This loop uses the inductor currents
iL1 to iL6 as flat output candidates, grouped into two sets

IL1 = [i1, i2, i3]
T , IL2 = [i4, i5, i6]

T (20)

These currents satisfy the flatness conditions, enabling the
duty cycles (D1, D2) to be expressed as functions of the
inductor currents and their derivatives. The dynamics of the
inductor currents are described as

dIL1

dt
= L−1[vfcI − rtIL1 − (1−D1)Vc1]

dIL2

dt
= L−1[vfcI − rtIL2 − (1−D2)Vc2]

(21)

where
I = [1, 1, 1]T (22)

and

L =

 2L −M −M
−M 2L −M
−M −M 2L

 (23)

and

D1 = [d1, d2, d3]
T , D2 = [d4, d5, d6]

T (24)

A second order control law is defined to ensure a good
reference tracking

d

dt
(Iref − il)+Ki1(Iref − il)+Ki2

∫
(Iref − il) = 0 (25)

Hence, the duty cycles are calculated through

DD1 = I +
1

Vc1
[ri− vfc · I + L

diref

dt
+ LKi1(Iref − Il1)]

+ LK2i

∫
(Iref − Il1) dt,

D2 = I +
1

Vc2
[ri− vfc · I + L

diref

dt
+ LKi1(Iref − Il2)]

+ LK2i

∫
(Iref − Il2) dt.

(26)
Where

ki1 = 2ξω0, ki2 = ω2
0 (16)

In contrast to conventional linear control methods based on
frequency-domain analysis (e.g., Bode plots), the proposed
nonlinear flatness-based control computes system inputs via
differential parametrization [12], inherently constraining sys-
tem poles along a desired trajectory to ensure stability. This
removes the need for loop-shaping, as stability is instead
evaluated through closed-loop response and reference tracking.
The control architecture comprises two decoupled loops: a fast
inner loop regulating inductor currents and a slower outer
loop managing capacitor voltages. This structure improves
disturbance rejection by allowing the inner loop to stabilize
current dynamics before outer-loop intervention. Furthermore,
system behavior remains independent of the operating point
[13], ensuring robust performance under varying conditions.

III. SIMULATION RESULTS

To evaluate the performance of the proposed controller,
simulations were conducted using MATLAB/Simulink, with
the converter specifications summarized in Table I.

The simulations were performed using a continuous-time
solver to accurately capture system dynamics, while real-time
implementation will involve discrete-time control on a digital
signal processor (DSP). Given that both control loops operate
with sampling frequencies significantly higher than their re-
spective bandwidths—approximately ωs/10 for the inner cur-
rent loop and ωs/100 for the outer voltage loop—discretization



TABLE I
CONVERTERS RATED PARAMETERS

Parameters Value Unit
Output Voltage (Vo) 800 V
Input Voltage (Vfc) 176 V
Switching Frequency (fs) 80 kHz
Inductor (L, rL) (122, 0.2) (µH, mΩ)
Capacity (C) 80 µF
Coupling Coefficient (k) -0.3 -
Tolerated Output Voltage Ripple (∆Vo) ≤10% -
Tolerated Input Current Ripple (∆Ifc) ≤10% -

effects are expected to be negligible, ensuring stable closed-
loop performance. Furthermore, since the highest frequency
component of the system dynamics remains well below the
Nyquist frequency (ωs/2), the Shannon sampling theorem is
not a limiting factor in this case.

To validate the robustness of the system under load dis-
turbances (regulation performance), multiple step changes in
the load current were introduced. Fig. 3 shows the resulting
voltage response.

Fig 3. Voltage response under load variations

As shown in Fig. 3, the proposed control strategy maintains
tight voltage regulation despite abrupt changes in load demand.

The capacitor voltages vc1 and vc2 remain balanced around
480 V, while the total output voltage vo quickly returns
to 800 V with minimal overshoot and a fast settling time.
The input current ifc adapts effectively, demonstrating good
dynamic response and proper power distribution among the
interleaved phases.

Fig. 4 illustrates the inductor current profiles iL1 to iL6.
The interleaved structure enables evenly shared current across
all phases, with a maximum deviation of less than 10%.
Despite load transients, current ripple remains well-contained,
confirming that the control strategy ensures reliable current
balancing.

To evaluate tracking performance (reference-following ca-
pability), the DC-bus voltage reference was deliberately varied.
Fig. 5 illustrates the response of Vdc to a sequence of step
changes in the reference value.

Fig 4. Current response under load variations

Fig. 5. DC bus voltage tracking performance

The output voltage closely follows the reference throughout
all transitions, with minimal overshoot and negligible steady-
state error. This highlights the flatness-based controller’s ef-
fectiveness in dynamic tracking, making it well suited for
applications requiring adjustable DC-bus levels, such as multi-
source energy coordination or varying load conditions.

Additionally, the system does not exhibit a slow startup,
but rather follows a controlled ramp-up process. As shown
in Fig. 5, Vdc increases progressively by tracking a smoothly
rising reference Vdc,ref, ensuring safe and stable initialization
without abrupt voltage transitions.

IV. CONCLUSION

This work demonstrated the effectiveness of the proposed
flatness-based nonlinear control strategy for the six-phase
floating interleaved boost converter (6-FIBC) with coupled
inductors in achieving stable voltage regulation, balanced
current sharing, and efficient energy transfer in fuel cell
hybrid systems. Simulation results validated the controller’s
performance under both nominal and dynamic load condi-
tions, highlighting its robustness, adaptability, and precise



power tracking capabilities. The detailed converter modeling
and flatness-based control design contributed to fast transient
response, low current ripple, and minimal steady-state error.

While this study focused on simulation-based validation,
experimental implementation is planned as future work. The
upcoming experimental phase will enable real-time testing of
the proposed control approach and converter architecture under
practical conditions, providing further insights into hardware
performance, control robustness, and system reliability for
high-power transportation applications.
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