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Abstract. Hybrid systems combining fuel cells with battery and supercapacitor storage offer a promising
solution for efficient and flexible energy management. Fuel cells, which convert chemical energy into
electrical energy, provide a clean and sustainable power source but face challenges like slow response times
and limited power density. Integrating batteries and supercapacitors addresses these issues: batteries offer
high energy density and stable power supply over longer durations, while supercapacitors deliver rapid
bursts of energy and quick charge-discharge cycles. Effective power management in hybrid fuel cell systems
is crucial for maximizing efficiency, performance, and lifespan while ensuring reliable energy supply. The
hybrid system consists of a PEM fuel cell, batteries, and a supercapacitor (SC) and introduces a power
management strategy to ensure the supply of the load.

1 Introduction
2 Modeling of the Studied System

Numerous systems based on renewable energy

conversion have been developed and proposed as The global system proposed in Figure 1 combines a
sustainable solutions for generating unlimited and proton exchange membrane fuel cell (PEMFC),
environmentally friendly energy [1-2]. A hybrid power batteries and supercapacitors to supply a standalone
system integrates various energy sources and storage system.

mechanisms to meet demand and manage load

fluctuations. The PEM fuel cell is considered an Fucl cell Battery Supercapacitor

advantageous  energy  solution, especially for
transportation and stationary cogeneration applications,
due to its high efficiency, low operating temperature,
high power density, quick start-up, and durable design
[3].

PEM fuel cells are suitable for portable, mobile, and ||

residential applications. Typically, they are combined DC DC
with hybrid energy storage systems to enhance dynamic lv i 3 t ¢ ¢
performance and extend the fuel cell's lifespan.

This hybrid approach leverages the strengths of each
component, ensuring a reliable and responsive power
system [4]. Batteries handle energy storage and steady-
state power demands, while supercapacitors manage
peak loads and transient conditions. This synergy
enhances overall system performance, efficiency, and
lifespan, making hybrid fuel cell systems suitable for
applications ranging from electric vehicles to renewable !
energy grids. Such systems can significantly contribute Fig. 1. Proposed energy management system
to reducing reliance on fossil fuels and advancing
sustainable energy technologies [5-8]. . .

This study concentrated on energy management 2.1 Supercapacitor Modelling
within a hybrid storage system that includes PEM fuel

cells, batteries, and supercapacitors. Each subsystem was In order .to dep.l ot the response 9f the §upercapa01t0r
modeled and simulated using MATLAB/Simulink. (SC) during rapid charging and discharging cycles, we
adopt the equivalent electrical circuit comprising two

RC branches, as suggested by [15-16] and illustrated in
Figure 2 [20-21].

Energy Management Controller
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Fig.2. SC model diagram

The primary capacitance Cj is contingent upon the
voltage V. It comprises a fixed capacity Cy (in Farads)
and a constant parameter C, (in Farads per Volt),
expressed as C; =C0 + C, V. The R,C) branch governs
the instantaneous response of the supercapacitor during
swift charging and discharging cycles, typically
occurring within a few seconds [8].

The R,C; element constitutes the prolonged branch,
addressing the initial cell over an extended timeframe,
typically spanning several minutes. It characterizes the
internal energy redistribution upon completion of the
charging or discharging process. The parallel resistance
equivalent, denoted as Ry, signifies the leakage current
and is disregarded during the rapid charging or
discharging phases of the supercapacitor.

The circuit presented in Figure 3 is based on the
following equations [8]:

. Isc
Use = Ny_sc Vse = NS,sc(VI +R lsc) = Ny sc (Vl +R ) (1)

Np_sc

2.2 Battery Modelling

The model used in this paper is composed from two
electrical elements: a voltage source and an internal
resistance [17-19]:

Vatt = Ep £ NpareRpate Ipart (2)
State of charge of the battery is given by the following
equation:

S0C (%) = 100 (1 - M) 3)

CBatt

2.3 Fuel Cell Modelling

A proton exchange membrane fuel cell (PEMFC)
functions as an electrochemical device for converting
energy. The voltage across the cell Vpemrc is determined
by the sum of the Nernst voltage FEn.s, activation
overpotential U, concentration overpotential Ueonc,
and resistive or ohmic overpotential Uy [9-14].

Veoemre = Enernest — Vact = Vornm — Veon

Enerst = @1 + @ X (Tppypc — 298.15) + a3 X Tppypc X
(0.5In Poj, +In Py )

Enerst = @1 + @ X (Tppypc — 298.15) + a3 X Tppypc X
(0.5InPoj, +InPy;) %)

Vact = B1 + B2 X Tppmrc + B3Tpgmre X In(j X 5 X 1073)

+B4 X Tpgmpc X InCp, (6)
Vorm = Ipgmrc X (R + Rs) (7
Vion = =B (1 -2 ®)
Jmax
Ry, = 1=m ©)
cell
T, =
m 1 T 2 1 2.5
191.6[1+0.03x(”SE—M;C)+0.062x(%"’3’FC) x(’}E—Ml’l’C) ]
ce ce
1 T —303
[(AHZO/sog)—0.634—3x(—PSEc’:’;C)xexp[4.18x(7PTE£”EFA§FC )”
(10)

In this context, C;, ~ represents the oxygen
concentration within the cathode region, where f3;
denotes specific constants, and S...;; indicates the active
area of the cell. The term R, represents the equivalent
contact resistance for electrode conduction. Teryr-
signifies the absolute operating temperature of the stack,
with @; representing corresponding constants.

3 Energy Management Controller

The energy management strategy outlined in this
study aims to harness the rapid charging and discharging
capabilities of supercapacitors, thereby alleviating the
strain on fuel cells caused by sudden power
requirements.
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Fig. 3. Chart of the fuel cells/supercapacitor combination system.

The batteries come to supply the load demand when
the available fuel energy is not enough, while the
supercapacitors act in sudden and positive variation of
the load power. Based on various tests conducted, the
system functions in one of the depicted modes illustrated
Figure 3.
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4 Results and Discussion

960

In this section, the obtained results using |
MATLAB/Simulink are presented and extensively j
discussed. The simulation outcomes stem from the
overall system depicted in Figure 1. The load power is
set to 960W. We can see that the load power profile is a
series of steps shifted in time with different amplitudes.
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Fig. 6. Battery and Load powers.

Figure 7 shown below points out the battery state of
charge during 10 seconds of simulation. We can notice

100} i that battery state of charge was constant during the first
o 5 seconds of simulation and this is due to the high load
00 1 2 3 4 5 6 7 8 9 10 demand.
Time (s)

Fig. 4. Power load profile.

Figure 5 shows the obtained fuel cell, battery and
supercapacitor powers. In addition to that, the reference sosr

load power is depicted also in figure 5 shown below. s00s |
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0 Fig. 7. State of charge of the battery.

— P —P, ——-P P Figures 8 and 9 show respectively battery voltage and
T T e T A SR current. The battery is feeding the load form 0 to 5.5s
Time (s) and from 6s to the end of simulation. When t is between
Fig. 5. Different powers profile. 5.5 s and 6s, the battery is getting charged with a

reference current equal to 2.5 A.
Figure 6 shows the load power and the battery power on
the same plot. We can notice that the battery gets charged
during the time instant [5.5s,6s].
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Figure 11 and 12 show respectively the supercapacitor

state of charge and its voltage of the 10 simultion
24 . .
seconds. One can see that when the supercapacitor is not
activated, its state of charge remains constant. However,
when it is feeding the load, its state of charge decreases
_ and the slope decrease depends on the level of power
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From figure 10 one can see that The fuel cell supplies 2384 R : ‘
0 1 2 3 4 6 7 8 9 10

the load perfectly until t=3s, when the supercapacitor Time (5
comes into operation as the load increases briskly from

200 to 500 Watts, to ensure continuous supply from the Fig. 12. Supercapacitor voltage.
fuel cell during constant load demand.When the load
demand reaches a peak of 900 watts, the energy
produced by the fuel cell is not sufficient to meet the

demand, so the batteries provide the necessary

Figure 13 mentioned below highlights the
supercapacitor current obtained during the simulation of
the hybrid energy system. One can notice that the
supercapacitor delivers current peaks whose magnitude

compensation.
P depends on the level of the power demand.
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Fig. 10. Supercapacitor and load powers
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5 Conclusion

This paper presents a study of a hybrid system

featuring PEM fuel cells, batteries, and supercapacitors
as a standalone power source. To guarantee a continuous
power supply to the load, an energy management
strategy is devised. The hybrid system's simulation
model was developed using MATLAB/Simulink. The
results validate the proposed energy management
controller and demonstrate the system's efficiency.
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