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In remote and hard-to-reach areas, such as mountainous regions, the construction and
maintenance of power lines are costly. As a result, an autonomous energy production system is
necessary, favoring the use of renewable energies like solar panels and wind turbines. The
diversification of these sources has led to their integration with an energy production grid,
supplemented by storage devices and a generator to mitigate power outages. Replacing the diesel
generator with a fuel cell system can ensure complete autonomy of the energy supply. The fuel
cell system meets electricity demands when sunlight or wind conditions are insufficient. This
paper focuses on power management in a dual-source hybrid system comprising a fuel cell and
super-capacitors (SC). The first step involves modeling the fuel cell and the system's various
converters. The second step includes synthesising non-linear control strategies based on the
backstepping approach and energy management using the flatness concept. These strategies
account for the fuel cell's dynamics and constraints. Finally, the results were validated through
simulations using Matlab's SimPower tool.

Copyright: © 2024 Ahmed Moutabir, Adil Barra , Mohamed Rafik and Abderrahmane Ouchatti. This article
= is an open-access article distributed under the terms and conditions of the Creative Commons Attribution (CC

BY 4.0) license.

1. Introduction

The urgency of addressing energy and environmental challenges has accelerated the development of
renewable energy technologies. Integrating these technologies with conventional energy sources has driven
advancements in various industrial sectors, particularly in stationary energy production.

Hydrogen fuel cells stand out as a green and environmentally friendly energy source [1, 2]. They
operate by converting chemical energy directly into electrical energy through hydrogen oxidation,
bypassing intermediate thermal or mechanical processes [3]. This results in highly efficient, scalable, and
silent devices that power everything from portable electronics to vehicles and large power grids.

The unique characteristics and behaviour of fuel cells, influenced by various operational parameters,

have spurred significant research and interest [4]. This research has led to several modelling methods for
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fuel cells [5]. Among the different types of fuel cells, the Proton Exchange Membrane Fuel Cell (PEMFC)
[6] and the Solid Oxide Fuel Cell (SOFC) [7, 8] are the most commonly used. Our study focuses on the
PEMFC due to its wide power range, high efficiency, and cost-effectiveness.

Electricity generation is increasingly focused on renewable energies due to their technical and
economic advantages, particularly in decentralised systems. The high costs of building and maintaining
power lines make renewable energy solutions even more appealing in remote and hard-to-access locations
like mountains, islands, and deserts. In these areas, autonomous energy production systems become crucial.
These systems often incorporate solar panels and wind turbines to harness locally available renewable
resources [9, 10]. They typically include storage devices and backup generators to ensure a continuous
power supply and address potential interruptions.

A fuel cell system can replace a diesel generator to achieve total energy autonomy. This system
ensures electricity is available when renewable sources like sunlight and wind are insufficient. During
periods of excess energy, the surplus is used to produce hydrogen through electrolysis, which is then stored
and used by the fuel cell system when needed. This setup is part of a hybrid energy grid that combines
renewable photovoltaic and wind power sources, as illustrated in Figure 1.

In applications requiring high voltage from the fuel cell, two approaches are commonly used:
employing a high-duty-cycle step-up converter or implementing cascaded converters. Within this hybrid
system, a boost converter is used with the fuel cell to handle high voltage requirements, while a buck-boost
converter manages voltage from the super-capacitors. This configuration ensures compatibility and
efficient energy management across different sources [11-13].

Several types of controllers have been developed to control the various static converters used. Linear
control methods such as Proportional-Integral (PI) control and approximation methods using Lyapunov's
first law are still employed for non-linear systems and provide acceptable results regarding stability
conditions. However, the pursuit of higher performance has led to the adoption of non-linear control
strategies. At this level, notable approaches include the backstepping approach [14], sliding mode control
[15], and passivity-based control [16].

Flatness is often employed to manage power in hybrid systems, as it can meet the desired objectives.
A flatness concept has usually been used to manage power in hybrid systems [17-19], as it can meet the
desired objectives.

In the literature, research has been conducted on Energy Management Systems (EMSs) that
incorporate hybrid setups combining Fuel Cells (FCs) and Super-capacitors (SCs). These studies explore
how integrating these different energy storage technologies can enhance efficiency, optimise performance,
and lower costs across various applications, such as electric vehicles, renewable energy systems, and grid

stability.
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Figure 1. Autonomous hybrid system

Siangsanoh, et al. [20] proposed an architecture where the closed-loop control systems utilise an
indirect-sliding mode approach for managing the inner current loop alongside energy control for the outer
loop. The indirect-sliding mode technique ensures robust current regulation by creating a sliding surface to
which the system state converges, while the outer loop optimises energy management and system
efficiency. This combined strategy aims to enhance precision and performance in the system's operation.

In Ghavidel and Mousavi-G [21] study, a robust observer-based control method stabilises the DC-
bus's voltage and ensures optimal energy source performance (FC and SC). Additionally, a fuzzy algorithm
is proposed for managing the Energy Management System (EMS) of the Hybrid Energy Storage System
(HESS).

Tian, et al. [22] introduced an Adaptive Neuro-Fuzzy Inference System (ANFIS) for efficiently
managing power distribution between fuel cells (FCs) and batteries, commonly used in electric vehicles
(EVs). The ANFIS approach integrates neural networks and fuzzy logic to control the power flow
adaptively, ensuring optimal performance and efficiency in the energy management of EVs.

Li, et al. [23] investigate reinforcement learning (RL) for optimising energy management in fuel cell
hybrid systems. The study introduces the challenges and potential benefits of applying RL to such systems.
It then models the components of the hybrid system, including fuel cells and energy storage units.
Furthermore, implementing RL algorithms is detailed, focusing on dynamically managing energy
distribution and storage to enhance system efficiency and performance.

Moreover, a hybrid power management approach is proposed by Mounica and Obulesu [24] that
combines an Adaptive Neuro-Fuzzy Inference System (ANFIS) with the Equivalent Consumption
Minimization Strategy (ECMS). This method leverages artificial intelligence (Al) to optimise power
distribution among energy sources. By integrating ANFIS and ECMS, the approach aims to enhance the
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efficiency and effectiveness of power management in systems with multiple energy sources.

Recently, metaheuristic optimisation algorithms have emerged as a promising approach to improving
the performance of energy management systems (EMS). Djeriouli, et al. [25] propose a strategy using the
Grey Wolf Optimizer (GWO) to manage energy in a hybrid fuel cell (FC) and super-capacitor (SC) system
for electric vehicles (EVs). The main goal of this approach is to extend the fuel cell's lifespan by minimising
harmful transient currents.

Rezk et al. [26] also present a comparative analysis of various energy management strategies for
hybrid renewable energy systems (RES) involving FCs, SCs, and batteries. This study contrasts traditional
methods with metaheuristic approaches, specifically the Mine Blast Algorithm (MBA) and the Salp Swarm
Algorithm (SSA), to evaluate their effectiveness in managing energy.

In this work, the backstepping approach and flatness concept have been combined respectively to
control the inner loop of the system and manage the power flows.

Integrating differential flatness with the backstepping approach provides a more refined and efficient
control design, resulting in smoother operation and reduced chattering compared to sliding mode control.
This makes it particularly advantageous for managing complex systems like hybrid power sources where
precise and stable performance is crucial.

On the other hand, compared to fuzzy logic control, the proposed method provides a more precise
and systematic approach for the control design, with better handling of nonlinearities, formal stability
guarantees, and optimised performance. In contrast, fuzzy logic control offers flexibility and intuition but
lacks the same level of formal rigour and optimisation, making the former more advantageous for complex
hybrid systems requiring high precision and stability.

Finally, while differential flatness with backstepping provides structured, guaranteed control
solutions, optimisation algorithms offer adaptability and versatility but may lack formal stability
assurances.

The paper is structured as follows: the first section introduces the topic, while the second section
details the models for the system components, including the fuel cell and converters. The third section
focuses on developing various control strategies employed in the system. In the fourth section, the
performance of these control strategies is demonstrated through numerical simulations conducted with

Matlab/Simulink, followed by a discussion of the results.
2. Materials and Methods

2.1. System Modeling

This section describes the hybrid system, followed by the modeling and sizing of its constituents,
namely the fuel cell and the converters.
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2.1.1. Hybrid System Structure

The hybrid system depicted in Figure 2 integrates a primary power source, the fuel cell, with super-
capacitors as storage components. The two-converter architecture is advantageous as it allows for
independent control of the converters and the energy flows they manage.

e DC-DC Interleaved Boost Converter: Connected to the fuel cell, this non-reversible converter reduces the
current ripple.

e DC-DC Buck-Boost Converter: Linked to the super-capacitors, this reversible converter facilitates both
the storage and the release of energy.

This configuration provides several benefits, including enhanced efficiency by adjusting the voltage
and current, dynamic energy management that enables quick responses to changes in energy demand,
increased component lifespan through optimised operation, straightforward integration of new energy

sources or storage systems, and reduced energy losses, thereby minimising losses during conversion.
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Figure 2. Hybrid system
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2.1.2. Fuel Cell Model

The Proton Exchange Membrane fuel cell (PEMFC) is an electrochemical converter. It is composed
of two electrodes called an anode and a cathode. The following basic chemical reactions in the anode and
cathode (oxidation and reduction) describe the behaviour of the fuel cell.

H, » 2H" + 2e~

1 1
502+2H++Ze‘—>H20 @

Globally, the electrochemical operation principle of a PEM fuel cell is described by the following

chemical reaction:
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H, +%02 - H,0 (2)

e The PEMFC (Proton Exchange Membrane Fuel Cell) model is fundamentally based on the
electrochemical reactions that convert chemical energy into electrical energy. This model is typically
divided into two main components:

e The Fluidic Model focuses on the behaviour of gases and fluids within the fuel cell, including their flow
and interactions. It helps to understand how reactants (such as hydrogen and oxygen) are transported
through the fuel cell and how water and heat are managed.

The Electrical Model describes the electrical aspects of the fuel cell, including the generation of
electrical power from the electrochemical reactions and the cell's internal resistance.

The thermal model is not the primary focus here since the PEMFC operates as a heat pump at low
temperatures. For simplicity, we assume a uniform temperature across the fuel cell, neglecting the

complexities associated with thermal variations.

Curent Temperature Inletflows Geometry
i Fluidic model
Partial pressures
Po,Pr, et Pr.0
v Y

FElectric model

| ‘.

Fuel cell voltage Outlet flows
Figure 3. Block diagram of a PEMFC model

To establish the electrical model of the PEMFC, we will follow the approach described by the

following descriptive diagram of the energies involved:

Ohmic losses

Absorbed Energy > Useful

: 1
(Gibbs energy) - Q Y :}

Activation losses Concentration losses

energy

Figure 4. PEMFC energy balance
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The output voltage of a Proton Exchange Membrane Fuel Cell (PEMFC), which represents the useful
electrical energy generated by the cell, can be expressed as follows [26]:

Veets = Enernst = ) 105565 = Enernse = Vace = Vonm = Veone 3)
where Eyernsts Vace» Vonm and V,,ne represent the open cell voltage, the activation potential, the ohmic
potential, and the concentration potential.

Veett = Enernst — [61 + &2.T + &.T. In(Cop,) + ¢4 nGicen)] = licen- Ry + R — [=B.In(1 = [ /Jmax)] (4

Where:

1
Enernst = 1,229 — 0,85.107%.(T — 298,15 ) + 4,31.107°.T.|In(Py,) + EZn(Poz)] (5)

The parametric coefficients &;, &,, & and &, are derived from experimental data, with their

values identified and calculated in [26].
Using Matlab software, the PEM fuel cell model has been simulated with the set of parameter values

depicted in Table 1. The Voltage-Current (V-1) and Power-Current (P-1) characteristics are shown in Figure

5. 100 . y —— 1120
3 s Maximum Power
;. §-120¢n 2
i s S ' ' Point (MPP) |
80 Operating Point a6
2 :(50A,70V) ‘ ;
Q S—'
=0 1.
- -
5 z
> e
w 40 - w
= -—
= =
w m
[ e
0- | L l ! 1 1 L 1 1 J 0
0 20 40 60 80 100 120 140 160 180

PEMFC cell current (A)

Figure 5. Fuel cell Voltage-Current (V-1) and Power-Current (P-1) characteristics

The operating point of the fuel cell is selected to optimise efficiency. It is positioned within the linear
region of the Voltage-Current characteristic curve, avoiding the maximum power point where losses are
significant. This choice helps minimise inefficiencies and maximise overall performance.

To optimise the use of the fuel cell, its power must satisfy the following conditions:

Premin < Pre < Premax (6)

This condition must be required by software describing the evolution of the fuel cell current and

delivering its reference value.
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The flowchart in Figure 6 represents the algorithm for delivering the fuel cell reference current as a

function of the output power demand. The range of power variations guarantees good efficiency.

Table 1. Fuel cell parameter values

Parameters Values Parameters Values
Hydrogen and oxygen partial pressures: Py,, Po, 2.10°Pa Water contents of the membrane: 23
Parametric coefficient: &, —0,922 Kelvin temperature: T 343K
Parametric coefficient: &, 0,00312 Current density maximum value: J,ax 2A/cm?
Parametric coefficient: &, —9,92.107> Activation area: A 120cm?
Parametric coefficient: , 7,4107>  Membrane and contact resistors: Ry + R¢  0,4.107%02
Cell number: n 100 Fuel cell voltage: Vgc 70V
Minimum fuel cell power Pecmin 2kW Maximum fuel cell power Prcmax 6kW

[ Begin ]

[ Meagre of £ ]

[ Caleulate - I, = € ]

VFe

Yz

[ Iec,op = Fromin ] [ Ierrer = FUPL) ] [ Ircpy = romax ]

Figure 6. Flowchart determining the reference current of the Fuel cell

2.1.3. Interleaved DC-DC Boost Converter Modeling
We define the following DC-DC interleaved boost converter model by applying the Kirchhoff laws.

( ipc = i1 + 52
dipy ,
Li——=Vpc— (A —p)Vy —11ip,
i odn (7
L2 ,
L, ar Vic— (1 — p)Vye —1aip

Uiy = (= pip + (1 — wp)ip
2.1.4. DC-DC Buck-Boost Converter Modeling

For this converter, two operating modes are defined:
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e  Boost mode: igc > 0

Ly——=V¢r — 13icr — (1 — v
374t sc — T3isc — ( U3)Vqc (8)

izboost—mode = (1 - ‘u3)isc
e Buckmode: ig- <0

Ly—— = Ver — 13ice — U4V,
374t sc — T3lsc — UaVyc 9)

lzbuck—mode = ,Ll4_lSC

Consider a binary variable k defined by:

{1 SiiSC >0
0 siiger <0

The following equation expresses the global duty ratio for the Buck-Boost converter denoted 5,

Hzs = k(1 —u3z) + (1 — ku, (10)
Then, the Buck-Boost global model is defined by:
diSC .
Ly ar Vsc — 134Vac — 13isc (11)
The DC bus is defined
dVq . . .
Cdcd—tc = (1 —upiy + (1 —ux)ip + ussise — lgc (12)
Finally, the average model of the hybrid system is given by:
( __(1—u1)x _n Vpac
1= —L1 4 L 1 L
=_(1—uz) 2 Vpac
2 L2 4 L2 2 L2
. Uz T3t X5
$ X3 = L, X4 I x3 + L (13)
x =—(1_u1)x _(1_u2)x Ex _
4 Cdc 1 Cﬁc 2 Cdc 3 dc
. 1

* X1,Xx,, X3, X6t xcare respectively the average values of the following quantities i;4,i;,, iscVacet vge
which represent the inductance currents respectively denoted L,L,, Lsand the DC bus voltage. To these

values correspond the following references: Xi,ef, Xaref) Xarefs Xarer aNd Xs.or Which respectively

represent the reference currents of the different inductances I, o Isc,p the bus reference

ILzref’
voltage Vg.r.rand the super-capacitors reference voltage Vscrer.

e uy,u,and ug,are respectively the average values of the duty cycles pq, u, et ps,.
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2.2. Control System Strategies

2.2.1. Control Objectives
This section aims to develop and analyse control and energy management strategies that can be able to satisfy
the following objectives:
- Impose the desired power according to the proposed consumption profile.
- Ensure the global stability of the system.
- Guarantee the output voltage tracking the desired reference value.
- Ensure the robustness of the system.
- Generate the input reference current within the fuel cell current limits and dynamics.
2.2.2 Hybrid System Control Design
For the inner loop, one will use the backstepping approach, which consists of designing stabilised
controls for non-linear dynamic systems [27, 28]. The system is decomposed into 1st order progressively

stabilised subsystems using Lyapunov theory. The process is completed once the control objectives are

achieved. The error vector and its derivative are defined by:

Zy Ly(xg — xlref) 7 Ly(xq — xlref)
7 = Zz | _ Ly(xz — Xoref) = Zy _ Ly(Xy — Xoref)
Z3 L3(x3 — X3ref) Z3 L3(%3 — X3pef)
& Cac(xs — x4ref) Z4 Cac(s — 9.547‘91‘)

One considers the quadratic Lyapunov function and its derivative defined as follows:
1

ro_ Y a2 2. 2. 2 ,_1 o T, ; : ; :
V= >z Z=§(Zl +z5 + 23 +Z4)$V=E(Z Z+ 27 Z) = 21721 + 237y + 7323 + 747, (14)

Consider the positive integers kq, k,, k3, k, and choose:

21 = —k121 + Z4
22 = _kzzz + Z4_
23 = _k3Z3 (15)
Z.4 = _k4Z4 - Zl - ZZ
The error vector Z is therefore defined by:
Zl _kl 0 0 1 Z1
s 22 _ 0 —kz 0 1 Z2 —
z={2 1=l o i o |\z|=Kz (16)
24 —1 —1 0 _k4 Z4’

K is a positive constant synthesis matrix. Z = —KZ is a first-order differential equation with constant

coefficients whose solution is:
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Z(t) = Z(0)e Kt 17)

The tracking error Z tends to zero exponentially after a finite time. This time can be minimised by
increasing K.

The condition: V = —k,z? — k,z% — kyz% — k,z2< 0 guarantees the global asymptotic stability of

the system.

Ly(x; — 552ref) —kyz; + 2,4 (18)
L3(x3 — x3ref) —k3z3

We replace x;,x,and x5 by their respective expressions in equation (10), we deduce the different

Li(%1 — X1per) (—k121 + Z4)

control laws:
( 1 '
u =1- x_4(klz1 —Zy + Vpe = 11Xy — LlILlref)
1 :
{u, =1- x_4(k222 — 24+ Ve —Tax — LZILzref) 19
1 :
\ Uy = x_4 (k323 + x5 — (13 + 15¢) %3 — L315Cref)

The control signals p; and u, with respective average values u; and u, will be generated by

adopting the following scheme:

Sgn
iscref L 1k u
—_— - 3
o S
H3g } L3g
— ] PwAL

v

[

Figure 7. Control Signals u; and u, Computing Block

2.2.3. Energy Management Flatness Concept

The concept of flatness was introduced by Marquez and Fliess [29]. This concept makes it possible
to control the dynamic behaviour of a system using differential algebra formalism.

The selection of this control mode is justified by its capability to manage system trajectories and
transient behaviours analytically. This approach offers several notable advantages:
e Analytical Expression: State and control variables can be expressed directly through the selected flat

outputs, bypassing the need to solve differential equations.
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e Reference Calculation: It allows for using calculated reference values rather than measured ones, which
reduces the impact of measurement noise on the control signals.
e Robust Performance: The flatness-based control approach exhibits excellent robustness to variations
and uncertainties in system parameters.
The main benefit of this strategy is its ability to plan the trajectory of flatness output. By defining this
trajectory, the evolution of state variables and control parameters can be anticipated without solving

differential equations. This also ensures that the system's dynamic constraints, such as current and power

limits, are adhered to by carefully selecting the reference trajectory for the flat outputs.

2.2.3.1. Trajectory Planning
The fuel cell and super-capacitors currents are assumed to be regulated and to follow their references.
They can be expressed by:

(l = I = ﬁ = —PFCTEf
. Psc  Pscrer
isc = Iscrer = E = Vec

where Pr. and Pg. are the fuel cell and super-capacitor powers, respectively.

The DC bus and super-capacitors storage energies are denoted, respectively. y,;. and ys. are

defined by:
1 2
Ydac = P CacVic
- @D
Ysc = E CSCI/S%

The power balance at the common DC bus is given by:

Ppc + Psc — Prc — Psc — Vaclac — Yac = 0 (22)
The energy vector (composed of the flat outputs), the state vector and the control vector are
respectively defined by:

Y=[Wa Yr]" =1 ¥2]"
X =1Wa Vscl" =[Xs xs]"
Y = [Pscref Pracrer]T = [V1 V2]T

where: yr = ygc + Vs
Using the equation (21), one can express the state variables. (x4, xs) asa function of the flat outputs

y1 and y; !
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( o |2vac 201

X4 = Vg = o -l
e = Ve = [P¥sc _ [20r ZYac) _ 202 =71
0T G Csc Csc

Using the equations (20-22), the controls v; and v, can be expressed as a function of the flat

(
I[ g1+ [Py~ Prc,, ]
|

A

(23)

outputs considered:

V1 = 2Psemax |1 — |1 — Pec
max

S —

3 (24)

V2 = 2Ppcmax |1 —

PFCmax
\
Where:

{ VSZC

J Pscmax = Arge

v (25)
_ VYFc
PFCmax - 4rFC

Therefore, one can conclude that the system is flat since the state and control variables are expressed

in terms of the flat outputs considered.

2.2.3.2. Development of Energy Control Laws

Since the system is never perfectly known, open-loop control often leads to the appearance of a static
error on the controlled variable. To ensure that the energies. y,;. and y; are controlled at their reference
trajectories ygcrer and yrrer, ONe Will need to fix the dynamics of the errors. The control laws governing

the evolution of the energy errors (Yacrer — Yac) and (yrrer — yr) and allowing them to converge 0

are given by:
(ydcref = Yac) + klp(}}dcref = Yac) + ky; f(ydcref - ch)dt =0 Eqc T klpgdc + kq; f gqcdt =0
= (26)
Orrer — V1) + KopYrrer — Y1) + ki J-(yTref —yr)dt =0 Er + kaper + Ky f erdt =0

From these equations, one can deduce:

Y1 =Yac = ydcref + klp(ydcref - ydc) + ky; f(ydcref - ydc)dt
(27)
Y2 = V1 = Vrrer + kZp(yTref - }’T) + ki J(yTref - }’T)dt
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In Laplace notation, those expressions become:

s? 4+ kyps+ky; =0
, 1p 1i ~ (28)
s“+kyps+ky; =0
Identifying with the standard expression for a second order, one deduces:
{(klp: kli) = (Zgla)lnf w%n) (29)
(kZp' kzt) = (2§2w2n' w%n)

Where: (&,,&,) are the damping coefficients, and (w1, w,,) the natural pulsations.
The parametersk,,, k,,, ki; and kp; must be chosen strictly positive to ensure the system's
asymptotic stability. The choice of pulses depends on the dynamics of the system components: PEMFC,

super-capacitors and DC bus.
The fuel cell is characterised by slow dynamics, which must be compensated for using the storage

device constituted by the super-capacitors, which have faster dynamics. Based on the dynamic classification

of sources and load, the energy management strategy aims to ensure that each power source is used

optimally.
r Vae i UL,
o el Ea N s Backstepping [
EQU 27 PE. EQU 24 Regu_:aturs us .
T R Frace| v EQU(10) g
Isc
Uz | Low-pass PFC'&: = I Ircrer Livg é
filter h, 7 " Uy E
-] - - Backstepping [~™] =
Fre R I Regulators >
2 +PWM M v
@~
Iroref -
Ips E
e eavi _}:r@i’. b
Yae EQU 27 EQU
FS Lre, 1 X W - Pc_h. 24
Eﬁsr I"“"f
Faeref
Figure 8. Detailed diagram of hybrid system control strategies
The following inequalities can, therefore, be written:
wFC"wZn"wln"wd (30)
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Where: wgc, wa,, wipand w, are respectively the switching pulsation of the PEMFC filter, the
natural pulsation of the super-capacitor energy regulator, the natural pulsation of the DC bus energy

regulator and the sampling pulsation (wy = 21 fy).

Once the flat outputs are stabilised, the whole system becomes exponentially stable because all the
variables in the system are expressed as a function of these flat outputs. To account for the dynamics of the
PEMFC, one uses a second-order low-pass filter of the form:

1

52 2¢rc

+

2
WErc WFC

Frc(s) = (31)

s+1

Figure 8 shows a detailed diagram of the hybrid system's control strategies.

3. Results and Discussions
The hybrid system converter was simulated using SimPower of Matlab-Simulink software with the

set of parameter values in Tables 2 and 3 to verify the theoretical results predicted in the second section.

Table 2. Hybrid system components values

Converter Type Inter Leaved Boost Converter Buck-Boost Converter
Inductances values L; =L, = 10mH L; = 0,5uH
Resistors values r; =r, = 0,150 r, = 0,20
Capacitors values C4qc = 3uF Csc = 140pF

Table 3. Controllers' parameters values and fuel cell characteristics

Spac =1
PEMFC wPAC = 0, 5rd/S
. k; =k, = 8000
Backstepping Controller ks = k, = 9000
§ =5 =07
Wy, = 300rd/s  w,, = 200rd/s
Flatness Concept kqip = 420rd/s k,, = 280rd/s

ky; = 4.10%rd?/s?
k,; = 9.10%rd?/s?

In this section, one will simulate the behaviour of the hybrid system in response to different desired
power levels. The results generated using MATLAB will be employed to validate both the system model
and the proposed control strategies for managing energy flows.

One will start by validating the energy management of the system through the examination of three
distinct operating modes:

e Model: Pyoea < Premin-

e  Mode2: Premin < Pioad < Premax-
e Mode 3: Ppaqg > Premax
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To assess the performance of the differential flatness-based controller in managing the DC bus energy

using fuel cell and SC, simulations using the Matlab/SimPower tool were carried out by modifying the

desired power. The obtained results are shown in Figure 9.

{[— PEMFCPower
-+|—— Desired Power
{|=—— Suparcapacitor Power

Figure 9. Graph representing the different powers involved

At the beginning (t = 0s) and in the absence of power demand (stop mode), the fuel cell operates at its
minimum power of 2000W. This energy is ultimately stored in the super-capacitors, which are in
recovery mode.

At t = 0,5s the power demand rises to 4000W. This power is entirely provided by the fuel cell.
Simultaneously, the power of the SCs decreases to zero (discharge mode).

Afterwards, at t = 1s, the desired power increases to 7000/ . The fuel cell can supply a maximum of
6000W, so the SCs provide an additional 1000W to meet the total demand (discharge mode).

At t = 1,5s, the requested power drops to 1000W. The fuel cell reduces its power from 6000W to
2000W, maintaining its minimum level. The SCs, which transition from discharge to charge mode
absorb the excess power.

Finally, at t = 2,5s, the desired power increases slightly to 2000/ The fuel cell continues to operate
at its minimum power of 2000, while the SCs discharge to balance the system, reaching 0.

It can be stated that energy management utilising the flatness concept in conjunction with the

backstepping approach yields positive results, with simulations validating the theoretical findings. The

flatness-based algorithm enhances system reliability by effectively controlling power flow and managing

energy. This combination proves to be theoretically sound and demonstrates practical effectiveness in

improving system performance through simulation results.
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This hybrid power management strategy effectively maintains energy balance while optimising the
contributions from fuel cells and super-capacitors. By dynamically adjusting power outputs based on
changing demands, the system ensures stable and efficient operation, showcasing the benefits of integrating
these energy storage technologies within a hybrid network. The different signals illustrating the dynamic

behaviour of the hybrid system are presented in Figure 10.

a b
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—— SCvoltage
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Figure 10. (a) PEMFC and SC Voltages; (b) PEMFC Current ; (c) SC Current; (d) Boost Control Signal;
(e) Buck-Boost Control Signal; (f) Output DC Voltage

e Figure 10-a illustrates the voltage curves of the PEMFC and SC. The voltage of the PEMFC exhibits
minimal variation, which supports the decision to restrict its power output. The SC voltage, depending

on its state (charge or discharge), varies around the reference, which is practically defined by:

\/ VSZCmax + VSZCmin
Vscrer = > ~ 50V.

e Figures 10-b and 10-c display the currents for the PEMFC and the super-capacitors, respectively. Both

currents are maintained within the limits specified by the design requirements.
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e The various switch control signals are shown in Figures 10-d (for the interleaved boost converter) and
10-e (for the buck-boost converter). Both signals justify the duty cycle values already calculated.

e Figure 10-f shows the output voltage. One remarks that it tracks its reference very well.
In summary, the hybrid system uses a fuel cell combined with the super-capacitors. Hybridisation of

the fuel cell is necessary to improve its lifetime, expand the system's overall efficiency, and reduce the
stresses to which it is subjected.

The multivariable control of the PEMFC-SC hybrid system is based on the flatness concept combined
with the backstepping approach. The control laws for the DC and total bus energies consist of generating
the SC and PEMFC power references.

The power generation required from the PEMFC must be limited in scope to consider the dynamic
constraints of the fuel cell. This is achieved by using a second-order low-pass filter to which the transfer

function is linear.
The recovered power is used to deduce the reference current. Irc..r Which must respect the limits

of the PEMFC in the interval [Izcmin, Ircmax]-
Platitude control of the hybrid system's power flow and energy management has increased its

reliability. Finally, the super-capacitors play a crucial role in recovering excess energy and returning it

when necessary, optimising overall energy management.

4. Conclusions

This research explores effective energy management in a hybrid system combining fuel cells and
super-capacitors, employing the flatness concept alongside the backstepping approach. The simulations
validate the theoretical framework, revealing significant system reliability and performance improvements.

Key findings demonstrate the system's capability to maintain energy balance and optimise
contributions from both energy sources, ensuring stable operation under varying demand conditions. The
control strategies effectively manage power flow, which illustrates the voltages and currents of the PEMFC
and super-capacitors.

The fuel cell's power output is limited to enhance efficiency and extend its lifespan, while super-
capacitors recover excess energy for optimal management. This research highlights the practical benefits
of these advanced control strategies in renewable energy applications, showcasing the potential of hybrid
systems to provide reliable, autonomous solutions in remote environments and contribute to sustainable

energy demands.
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