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Abstract. In this paper, we present a dynamic simulator that uses a proton exchange membrane fuel cell
(PEMEFC). This source, is used as a primary source with a supercapacitor (SC) considered as a secondary
source. This simulator integrates a PEMFC’s dynamic model, validated on the Bahia bench and a semi-
empirical model of SC. The developed model is implemented using the macroscopic energetic
representation tool (EMR). The energy management system (EMS) is based on rule-based power
management, where a low-pass filter splits the power among sources (PEMFC and SCs) using a cut-off
frequency of 0.2Hz, and a controller block that regulates the bus voltage deduced by the EMR’s inversion-

based control approach.

1 Introduction

The world consumption of fossil fuels has been growing
continuously for more than half a century. Fossil fuels
are becoming scarcer by the day. This scarcity is
accompanied today by a feeling of duty towards nature
and the environment. Thus, science is obliged to
remedy, or at least minimize, the harmful effects of the
consumption of fossil fuels and to be able to partially
replace them. In this context, hybrid vehicles with a fuel
cell (FC) are an essential solution for the future. These
vehicles are powered by a FC assisted by a secondary
energy source (SES). This secondary energy source
consists of batteries and/or supercapacitors. The optimal
energy distribution between the FC and the SSE is
obtained thanks to global optimization algorithms that
allow to minimize the hydrogen consumption by FC and
to extend its lifetime. Therefore, in order to develop
hybrid system simulators, it is necessary to couple
dynamic models of the sources and the power
converters.

In the literature, some studies of Modeling and
control PAC use the EMR approach [1-4]. In these
works, the proposed PEMFC models predict the
electrical, fluidic and / or thermal dynamics, they
introduce control loops based on the EMR inverse
control. Other dynamic Models has been proposed,
including equivalent electrical circuit [5].

For supercapacitors, a simplified model is deduced
from the equivalent circuit proposed in [1, 6].
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Regarding energy management strategies at the
hybrid vehicle level, current studies focus on the
architecture for connecting different sources to the
power converters and the load [7, 8], as well as the
control strategies used for EMS in hybrid generators.
Such as filtering of sources [1, 7, 9]. Considering the
same control objective, research works [10, 11] have
analysed the real-time energy management strategies for
hybrid battery-supercapacitor sources in electric traction
applications.

The main objective of this paper is, firstly, to provide
dynamic models of the hybrid source including FC and
SSE such SCs. Secondly, a hybrid simulator allowing
power distribution control among FC and the SSE.
Rule-based algorithms and optimization were
developed. The performance of the algorithms was
evaluated on a ECE driving profile.

2 Materials and methods

The dynamic model of the heat pump has been validated
with the BAHIA test bench. This bench is equipped with
a PEMFC device, with a maximum power of 1.2kW.
This bench allows a variety of experiments [12].

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. The Bahia bench.

The supercapacitor model has been validated with
the Maxwell module : MODO0500 P016 BO1, this
module is characterized with a nominal voltage of
37.8V, a capacity of 305F, and contains 14 SCs cells
connected in series [13].

Fig. 2. The Maxwell module MODO0500 PO16 BOI.
3 Hybrid simulator based on the FC

3.1 PEMFC Modeling

The FC system is a device that directly converts
chemical energy into electrical energy. The operating
principle of a PEMFC is described by a chemical redox
reaction. This reaction makes Hydrogen (Reducing
Fuel) react with Oxygen (Oxidizing Fuel) to produce
water, heat and electricity.

The PEMFC model is developed using the EMR
based on the causal graph, is obtained from the set of
multiphysics equations (1), (2), (3) and (4) below:
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Fig. 3. EMR of the PEMFC.

3.2 Supercapacitor Modeling

The supercapacitor is an electrochemical capacitor with
a high energy density. It allows the storage of static
electrical energy. It does not require any chemical
reaction. In electric traction applications supercapacitors
are used in transient regimes. The simulation model
used the performance evaluation of SC pack, is given by

(5).

Vsc = Rilsc + CoTluVscf Lscdt 5
The developed SC’s EMR is shown in Figure 4
below. The model parameters are Resg = 34mQ, Cy =

305F and Cj; = 10.5075 F/V.
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Fig. 4. EMR of the supercapacitor.

3.3 DC-DC converter Modeling

To integrate the hybrid sources with the load, a two-
converters architecture is adopted, this configuration is
described in Figure 5 [1, 7].
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Fig. 5. Schematic diagram of the two-converter structure.

The FC is coupled with a boost elevator DC-DC
converter, while SC is coupled with a bidirectional DC-
DC converter. Both converters are modeled by ideal
switching devices, represented by equations (6) (7) (8)
(9) (10) and (11). The D parameter represents the duty
cycle. A coupling capacitor is used to connect the FC,
SC and load to a DC bus. The model system is
developed under EMR approach, which is shown in
Figure 6 below:

Vlasrfc = D Vpus and IIGBTfC = Dyclpys (6)
Vigsry, = DscVus and Ligery, = Dsclse (7)
Ite = Lifcf (Vfc - VIGBTfC) dt (8)
I = Liscf(vsc - VIGBTSE)dt )
Vpus = mf(lmarﬁ — Leoupling)dt (10)
Icoupling = lpus — IIGBTSC (11
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Fig. 6. EMR of the power conversion unit.

3.4 Hybrid system control

The control of the hybrid system is done in two stages,
a first stage for local control of the sources which allows
internal current control and external voltage regulation.
The second stage concerns global control of the power
converters, using the EMR inversion-based control.
Figure 7 represents the control of the hybrid simulator;
the blue parallelograms symbolize the control elements.

signal is decomposed into a high frequency component
taken by SC and low frequency used for FC, the cut-off
frequency depends on FC’s capacities, which is
characterised by a slow dynamic response. In addition,
a cut-off frequency was determined by voltage-current
measurements in [7]. The chosen cut-off frequency of
0.05 Hz enables system to avoid abrupt changes in the
FC pack. Moreover, the Bahia bench cut-off frequency
is 0.2Hz [1].

In this study, the power distribution is mainly
evaluated for a cut-off frequency of 0.2 Hz, the FC is
considered as the main source that provides the steady-
state power, while the SC is mainly used to provide
power in the transient regime.
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Fig. 8. Power split between the sources.

4 Results and discussions

The EMR library, developed at the University of Lille,
France [14], is used to build simulation model under
Matlab/ Simulink. The hybrid simulator, is developed
with its local control is presented in Figure 9 below:
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Fig. 9. Simulation model used in Matlab/ Simulink.
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Fig. 7. EMR of the hybrid powertrain.
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The evaluation of the developed hybrid simulator
performances, was conducted under the power profile
calculated from the new European driving cycle
(NEDC) ECE-15, and the mechanical dynamic
parameters of the vehicle described in equation (12) [7].
The profile is scaled to 1 kW to fit the maximum power
of the Bahia bench.

P,=V.[C,.M.g.cosa+ M.g.sina +M.%+%p.5. Ce.V?] (12
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Fig. 10. Power profile used in experimentations.

The simulation results under ECE-15, show that
the hybridization based on FC and SC, allow the
proposed system to assure the power request by

powertrain, in order to accomplish the driving cycle. In
the other hand, this operation was executed without
compromising the DC-BUS voltage Figure 11, which
should be stable, in spite of power request variations.
The bus voltage is regulated using a PI at 36V despite
sudden changes in the power load 300W. The converters
assure power supply and absorption, during periods of
delivery and recovery of energy.

Figure 11 shows SC takes in charge the power
demand in the transient regimes, like acceleration, and
regenerative brakes phases, with negative power
generated by powertrain. The study-state phases are
taken by FC with high power supply.

Moreover, the SoCsc is maintained in the same
range [50%, 100%], which ensure SC’s energetic
efficiency, the SC helps to recover energy, the SOC of
the SC, is maintained between 85 and 97% throughout
the simulation. The results show that SOCsc remains
within safe operating limits, leading to higher use of SC
in transient regimes.

The energy management based on filtering using a
low pass filter with a cutoff frequency of 0.2Hz,
demonstrates that the objectives of the strategy have
been achieved. As the total power required to satisfy the
traction of the vehicle for the driving cycle is delivered
smoothly, the fuel cell provides the bulk of the power
Figure 12, showing maximum utilization of the fuel cell,
compared with SC contribution.
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Fig. 11. Simulation results under ECE-15.
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Fig. 13. Sources voltages.

Figure 13 shows that, the sources voltages respect
the maximum voltage, specified respectively in the FC’s

performances (22V), and SC’s (40V). APPENDIX: Synoptic of Energetic

Macroscopic Representation (EMR)
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Table. 1. Nomenclature. 57, no. 6, pp. 1882-1891, Jun. 2010, doi:
X H. gas at the Anode or 0> gas at the Cathode 10.1 109/TI.E'2009_'2026760' ,
Px Partial pressure at the inlet gas of the electrode x (N/m?) [4] K.S. Agbli, D. Hissel, M.-C. Péra, and I.
Psc « Partial pressure of gas x at the electrode catalytic (N/m?) Doumbia, “EMR modelling of a hydrogen-based
Psx Partial pressure of gas x at the outlet of the electrode electrical energy storage,” Eur. Phys. J Appl.
<GN/”;|Z) ¢ the electrode et (ms) Phys., vol. 54, 10. 2, p. 23404, May 2011, doi:
g« as flow x at the electrode inlet (m?%/s .
q Gas flow x consumed by the reaction (m?*/s) 10.1051/epjap/2010100272.

gxout  Gasflow x at the electrode outlet (m?/s)
Rde x Fluid resistance at the inlet of the gas electrode x

(N.s/m®)

Rds x Fluid resistance at the outlet of the gas electrode x
(N.s/m?)

Cd « Fluidic capacity of the gas electrode x (m*/N)

En Nernst potential (V)

Eo Thermodynamic potential (V)

AE Potential variation (V)

AV Voltage drop (V)

Vm Le potentiel de cellule sans I'impédance d’électrode (V)

Ve Le Potentiel de cellule aux bornes de I'impédance
d’électrode (V)

Vi Fuel cell voltage (V)

AS Molar entropy (J./K/mol)

AS, Molar entropy variation (J./K/mol)
ASn Entropy flow (W/K)

ASan  Entropy flow losses (W/K)

AS Entropy flux released by heat (W/K)

Cc Heat capacity

Tt Operating temperature (K)

|t Operating current (A)

I Limiting current (A)

lo Exchange current (A)

In Internal current (A)

Rt Charge Transfer Resistance (Q)

Rm Ohmic resistance (Q)

Bx Gas stoichiometry coefficient x

R Perfect gas constant (R = 8.3144621 J.mol/K)
Po Atmospheric pressure (Po=101325 Pa)
To Standard temperature (To=298.15 K)
Ne Number of electrons exchanged

Ne¢ Number of stack

F Faraday constant (F= 96485 C/mol)

A Charge transfer coefficient (0 <A< 1)
Csc SC Capacitance (F)

Risk Equivalent series resistance (Q)

Vbus DC bus voltage (V)

lbus DC BUS Current (A)

SOCsc  SC State Of Charge (%)
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