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The increasing adoption of electric vehicles (EVSs) presents a promising
solution for achieving sustainable transportation and reducing carbon
emissions. To keep pace with technological advancements in the vehicular
industry, this paper proposes the development of a hybrid energy storage
system (HESS) and an energy management strategy (EMS) for EVs,
implemented using Proteus Spice Ver 8. The HESS consists of a proton
exchange membrane fuel cell (PEMFC) as the primary source and a
supercapacitor (SC) as the secondary source. The EMS, integrated into an
electronic board based on the STM32, utilizes a low-pass filter algorithm to
distribute energy between the sources. The accuracy of the proposed
PEMFC and SC models is validated by comparing Proteus simulation results
with experimental tests conducted on the Bahia didactic bench and Maxwell
SC bench, respectively. To optimize energy efficiency, simulations of the
HESS system involve adjusting the hybridization rate through changes in the
cutoff frequency. The analysis compares the state-of-charge (SOC) of the SC
and the voltage efficiency of the fuel cell (FC), across different frequencies
to optimize overall system performance. The results highlight that the
chosen strategy satisfies the energy demand while preserving the FC’s
dynamic performance and optimizing its utilization to the maximum.
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1. INTRODUCTION

Global warming, the depletion of petroleum resources, the deterioration of air quality, and many
inquiries into a pollution-free, healthy, and clean environment have heightened scientists’ interest in
developing alternative, sustainable and ecologically clean solutions in recent decades. In emerging
economies, particularly in big cities, the transportation industry is a major source of toxic exhaust emissions
into the environment, such as sulfur dioxide (SOy), nitrogen oxides (NOX) and carbon monoxide (CO),
posing a serious threat to life on our planet. The electrification of vehicle powertrains is commonly regarded
as one of the most promising technologies in the automotive sector for increasing fuel economy (energy
efficiency) and lowering greenhouse gas emissions [1]. The electric vehicle (EV) architecture refers to the
location of the energy storage system and the components of the electric powertrain. This architecture is
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more flexible than a conventional internal combustion engine (ICE) vehicle’s architecture due to the
reduction of the moving parts; the clutch and the conventional transmission system are replaced by a basic
gear ratio, in addition to the simplification of the engine system. An EV is a system that could use a unique
energy source or a hybrid energy storage system (HESS) that combines energy from multiple sources of
different natures taking into consideration the characteristics of each source. The most common energy
sources in an EV are usually the battery, fuel cell (FC) and supercapacitor (SC), besides photovoltaic panels
that are still used in noncommercial and limited editions of electric vehicles [2].

Recently, many research works have been carried out on the topologies and energy management
techniques among the HESS system’s sources. The various topologies and combinations of energy sources,
proposed by researchers, aim to design an efficient, reliable and economical system for an EV [3]. The most
contemporary combination includes the FC-battery-SC, the FC-battery, the battery-SC, the FC-SC and the
photovoltaic panels-Battery “e.g., Tesla Model 3, Honda Clarity and Lightyear One”. The HESS system for
EVs consists of a primary energy source and a secondary source [4], [5]. The main energy source ensures a
long range, while the secondary energy source complements the main source during regenerative braking and
acceleration and improves the performance of the system in terms of cost, lifetime and overall system
efficiency [6], [7]. Currently, most EVs use the battery or FC as a primary source. Unlike the battery that
stores energy for later use, the FC generates energy from hydrogen and oxygen. Therefore, battery
technology remains limited given its low energy density, high cost, and the need for periodic replacement.
For this reason, the FC is used as a main source, due to its high current density, ensuring an extended
autonomy. However, it is constrained by its high cost and its low power density [8]. To balance the load
demanded by the EV, an SC (with or without batteries) can be used as a secondary electrical source [9]-[11],
contributing to tasks such as starting, acceleration, handling excessive energy demand and to recovering
energy during regenerative braking. Since SCs are energy storage systems, they can be instantly charged and
discharged. Many studies have been carried out regarding the modeling and simulation of the HESS systems
[12], [13], with a focus on dimensioning of the primary and secondary electrical sources to extend their
lifespan, reduce sources degradation and minimize the overall system cost [14], [15]; in addition to the
validation of the architecture and topology of the designed HESS system, through the coupling between the
source and the load using direct current to direct current converters (DC-DC) [11], [16]; and finally to
develop an effective energy management strategy (EMS) that maximizes autonomy through efficient EMS
[17], [18].

This paper aims to develop a model of the FC and SC within the Proteus environment. The
developed models are validated by comparing the simulation results to the experimental data collected using
the Bahia bench and a Maxwell SC module. On the other hand, the purpose is to design a HESS system based
on the FC and SC under the Proteus environment. The EMS of the system realized by an algorithm based on
a low-pass filter and implemented in an STM32 microcontroller.

The first section provides a literature review of the architecture of hybrid electric vehicles fuel cells
(HEVFC) and analyzes several works regarding fuel cell and energy storage system development. The
second section is dedicated to the development of models for the FC and SC source, as well as the HESS
system of an EV using Proteus. The third section is devoted to the hardware used to validate the FC and SC
model. The fourth section presents the simulation results of the model developed using the European driving
cycle (ECE-15). And finally, conclusions are subsequently made to represent the comparisons and
suggestions for future work.

2. STATEOF ART
In vehicles utilizing a FC as the primary source and a SC as an auxiliary source, the FC serves to
provide extended range. Conversely, the SC functions to absorb energy during braking and to assist the FC
during start-up, acceleration and peak demand periods, such as those required for electric vehicle loads (e.g.,
air conditioning, pilot lights) [19]. To ensure a consistent and dependable power supply to loads, suitable
EMS are employed to regulate the various sources via DC-DC converters. In the relevant literature, three
distinct topologies have been proposed for this purpose: series, cascade and parallel. Depending on how the
loads are connected to the sources, three possible configurations exist [20]:
— Adirect structure (zero degrees of freedom): which allows the sources to be connected directly to the load
via the DC bus.
— An indirect structure with one converter (one of the degrees of freedom): which allows to associate a
static converter to one of the two sources.
— A structure with two converters (two degrees of freedom): which consists in associating to each source a
static converter.
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In terms of practical implementation, the converter designed for the FC is unidirectional and
commonly operates as a voltage boost converter. Conversely, the converter for the SC is bidirectional in
power and typically a buck/boost converter, dependent on the mode of operation (energy recovery/supply).
Regarding the EMS, numerous studies have investigated energy management techniques for distributing
power between the primary source and secondary sources [21]. Among these techniques, rule-based
algorithms such as low-pass filter-based energy distribution [22], [23], energy allocation by state-of-charge
(SOC) of sources [24], [25], fuzzy logic [26], based on the slope of the road [27] and by optimization through
a multi objective function [28]. The main disadvantage of this type is the lack of adaptability to different
operating conditions: the control parameters will therefore not be optimal afterward. In addition, other energy
management strategies have been studied based on optimization, such as the real-time optimal EMS. This
one is based on the predictive control of the model [17], [29], other types of strategies are based on learning
[30], [31]. Figure 1 illustrates various classifications of EMSs for EVs.

Deterministic strategy

Rule-based
Off-line strategy
Energy Management Optimization-
Strategy based

On-line strategy

Neural network learning

Learning-based

Reinforcement learning

Figure 1. EMS classification of Evs

As a result, several other techniques are based on learning to achieve optimal control. They use a set
of historical and real-time data to train the parameters of the strategy. These techniques are used to control
the converters connected to energy sources. To assess the effectiveness of these methods, it is essential to test
them before implementation. For this reason, researchers often use simulation tools such as Simscape,
LTspice, and Advisor [32], [33]. Otherwise, MATLAB/Simulink remains the most popular simulation
environment [34]-[36]. However, the main drawback of these tools is the lack of microcontrollers or
embedded boards such as photonic integrated circuit (PIC), field-programmable gate array (FPGA), Arduino
and STM32, which are essential for implementation and testing in real prototypes of the EMS power
management algorithm, showing some limitations. On the other hand, the MATLAB/Simulink software
integrates a MATLAB Coder tool that allows to export an algorithm in “C” code and compile it with an
appropriate compiler. However, it is still limited by the size of the file converted by MATLAB Coder which
remains huge compared to the code generated by the integrated development environment (IDE). In addition,
MATLAB allocates dynamic memory for variables, which does not allow the definition of the variable type
[37]. Moreover, this tool does not take into consideration the resources available on a microcontroller to
execute the code (such as RAM). It should be noted that MATLAB is efficient for model validation and
algorithm development, but when it comes to reimplementation from scratch so that they run efficiently on
the microcontroller, additional considerations are required. Moreover, the sensors used in these discussed
simulation tools are modeled as ideal components. However, using the Proteus tool can circumvent these
problems since it is currently (as of 2020) the only electronic CAD tool that allows the design of a complete
electronic system and its simulation, including the microcontroller code. To do so, it includes three modules:
— Visual designer is a diagram capture module or diagram editor (ISIS) that allows to design, test and debug
whole embedded systems within the diagram capture before ordering a physical prototype.

— The simulation module “PROSPICE VSM” is an extension to the PROSPICE simulator that facilitates
co-simulation.

— ARES is a placement-rootage module that allows for the design, simulation, testing and quick production
of professional printed circuit boards (PCBs).
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Proteus is a versatile software that offers a range of features beyond its core modules. One notable
functionality is the “loT Builder”, which streamlines the development and deployment of internet of things
(10T) projects from design to implementation. Additionally, Proteus includes a microcontroller development
environment complete with an algorithmic programming module. Its extensive libraries cater to various
microcontrollers, such as PIC, Atmel ARM, and Cortex AO0/A3/A4 [38]. Proteus also facilitates the
integration of code developed in a specific IDE for microcontrollers by downloading the hexadecimal code,
effectively mimicking the real upload process. With these comprehensive capabilities, Proteus serves as a
valuable tool for diverse electronic design and development projects, empowering users to create innovative
solutions across multiple domains.

Figure 2 illustrates the development steps under Proteus compared with those under
MATLAB/Simulink. The development process with Proteus VSM is shown in Figure 2(a), while the
development process with MATLAB/Simulink is represented in Figure 2(b). Comparing the two processes,
Proteus allows the acceleration of the development time of an electronic board such as the EMS since the
software development intervenes as soon as the schematic is drawn, allowing testing the interaction between
the hardware and the software before the physical prototyping, whereas this is not feasible on
MATLAB/Simulink. In addition, while the algorithm code implemented in the microcontroller on Proteus
can be used directly in the real experiment, when using MATLAB/Simulink, the algorithm code must be
redeveloped on specific compilers to be used on the microcontroller. For these reasons, researchers and
engineers could take advantage of Proteus software to test and evaluate the performance of their algorithm
before the actual implementation. However, the literature has not covered the simulation of a complete HESS
system for EVs under the Proteus software, since the Proteus software does not support the FC and SC
model; although recently, some works have focused on simulating photovoltaic (PV) panels in Proteus to test
the maximum power point tracking MPPT [38], [39]. In this context, the main objective of this paper is to
present a model of a HESS system. This model contains representations of both the FC and SC developed
based on an equivalent electric circuit, a model of the EV load deduced from an ECE-15 driving cycle,
vehicle characteristics developed based on easy VHSIC hardware description language (VHDL), DC-DC
converters, voltage and current sensors, and an EMS which was realized by an algorithm based on a low-pass
filter and implemented in an STM32 microcontroller. The remaining sections of this paper elaborate on the
design aspects of the HESS system under Proteus.

Schematic Capture Software development Proteus VSM Layout PCB System testing
Schematic Software System simulation Printed circuit board Functional prototype
o~
>
:D— sTM3" * PROTELS
CubelDE
Modification of the electronics
(@)
Schematic Capture Layout PCB Physical ft: System testing
Schematic Printed circuit board Software Functional prototype

(o (W (=94

Modification of the electronics

(b)

Figure 2. Design process comparison (a) with Proteus VSM and (b) without Proteus VSM

3. HYBRID ESS MODEL

Figure 3 illustrates the architecture employed in the development of the HESS under Proteus. This
HESS system includes a primary source consisting of a proton exchange membrane fuel cell (PEMFC)
coupled with a DC/DC boost converter. Additionally, a secondary source incorporating a SC is included,
which enables the production and absorption of high powers, this source is connected to a bidirectional
DC/DC converter. These two sources are connected to the load through a capacitor [16]. The control of both
converters is managed by an EMS that facilitates efficient energy management.
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Figure 3. HESS architecture utilized for the model developed under Proteus

3.1. PEMFC model

The FC system is an electrochemical device that converts chemical energy into electrical energy
through a reaction of oxidation-reduction. This process involves the reaction of hydrogen with oxygen, as
represented by (1), producing water, heat and electrical power. The FC system is modeled by a complex
system that enables it to generate its dynamic behavior by modeling various phenomena, including energy
losses, double layer capacity, and the chemical delay due to the hydrogen and oxygen chemical reaction.
Alternatively, there are models based on energy representations such as the Bond graph (BG) and energetic
macroscopic representation (EMR) [34], [35], and models based on neural networks [40], [41]. However, the
disadvantage of these models is the fact that they require a longer computation time. For this purpose,
simplified models based on equivalent electrical circuits, as illustrated in Figure 4, were employed in this
study [42]. RC-type models are shown in Figure 4(a), while RL-type models are shown in Figure 4(b). These
models allow representing a static behavior identical to that of non-linear FC models and provide good
transient behavior. The equivalent electrical circuit used to develop the model in Proteus is of the RC type.

~0; +2H* +2e- - Hy0 + Q(heat) 1)

The equivalent circuit of the FC is depicted in Figure 4, consisting of a voltage source E,,, a shunt
resistor (R,, or R,), a series resistor (R, or R,), and either a capacitor C or an inductor L. The voltage
produced by the PEMFC can be calculated using Nernst voltage and is represented by the (2)-(4) [42], [43].

Ey = 14648 — 4.5107*T + 1.02561078T2 + 9.5210~13T3 — 5.98910~5TIn(T) )
AE = (R.Ty¢/ Ne. F) In(Pscyy/Py) + (R.Tpe/ 2. No. F) In(Psco, /Py)) 3)
Enerst = En + AE (4)

When the PEMFC delivers current, the Nernst potential decreases due to potential losses as described in (5)
and (6) [43]. The final potential delivered by the FC, denoted as Ef., can be determined using (7), while the
specific parameters are listed in Table 1.
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B ) 3 Y
Eqee = —0.848 + T-<2-8610 + 02107%.1n(4) + 4.3105In (1.09106*%?(?)) "
s g (——P0
7.81075. In (5_08106*exp(_$) )) )
thm = Rm[f(: (6)
EfC = Nc(En + AE — Eact) (7)

The FC exhibits a capacitive impedance, which arises from the ionic and electronic charge transfer
phenomena occurring at the diffusion layers and electrode/electrolyte interface. To model this capacitive
impedance in a PEMFC, an equivalent circuit (Rt//C) is commonly employed. To establish the model of the
FC using the Proteus tool, an equivalent electrical circuit was realized with a voltage source parameterized
using a Spice script according to the FC characteristics. Figure 5 illustrates the sub-circuit diagram of the
model presented in Proteus software alongside its corresponding Spice code. The various parameters of the
sub-circuit diagram for the Proteus FC are listed in Table 2.

Rt c Vic R2 L Vfc

T

(@) (b)

Figure 4. Equivalent electrical circuit of FC (a) RC type and (b) RL type

Table 1. Various parameters of the Nernst equation

Parameters Value
Faraday constant F = 96485 C/mol
Perfect gas constant R = 8.3144621 J/mol/K
Operating temperature TO = 298.15K
Atmospheric pressure PO = 101325 Pa
Active exchange surface A = 100 cm?
Number of electrons exchanged Ne = 2
Number of stacks Nc = 24
+
*DEFINE
#---Parametres FC
T =348.15 [ RM
PH = 130000 PEMFC Rm
PO = 100000 + >
N =24
Rm =0.9e-3
Rt =70e-3
c=1
A =100
RT
& =
#---Model constantes e ¢
Ne=2
PO = 100000 FUEL CELL PEM
R =8.31446
F =96485
Vin = (1.4648-((4.56-4)*T)+((1.0256¢-8)* T*T)+((9.52e-13)*T*T*T)-((5.989e-5)*T*In(T))) ™V
Vd = ((R*T/{Ne*F)*In(PHIP0))+(R*T/2*Ne*F)*In(PO/P0))) _ ) N*{Vn-vd-va)
Va = (-0.848+T*(2.86e-3+(2e-4)*In(A)+(4.3e-5)"In(PH/(1.09e6*exp(77/T))})+(7.8e-5) In(PO/(5.08e6*exp(-498/T)))))
*ENDDEFINE

Figure 5. Circuit diagram of the proposed FC model under Proteus
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Table 2. Various parameters of the FC model in Proteus

Parameters Value
Operating temperature T = 348.15K
Pressure oxygen PO = 100000 Pa
Pressure hydrogen PH = 130000 Pa
Charge transfer capacitor ¢ = 5F
Charge transfer resistance Rt = 70e3 Q
Ohmic resistance Rm = 09e73Q
Number of cellules N =24

3.2. Supercapacitor model

The SC is an electrochemical capacitor with high energy density. It allows the storage of electrical
energy with a higher energy density and restores it quickly. Due to this characteristic, it is used in electric
traction applications, to provide the power required in transient conditions. Several works are carried out on
the modeling of SCs. Among these models, there are dynamic energy models, which consider the partition of
the electrostatic energy of the SCs into two energies, one quickly stored and the other slowly stored [44].
Other models of SCs are simplified models based on RC circuit given by the (8) [45]. This model is based on
an ideal capacitor representing the equivalent capacitance of the supercapacitor, to which a series-connected
resistor represents the equivalent resistance of the supercapacitor. The Figure 6 illustrates the equivalent
circuit model of the SC, and the corresponding model parameters can be found in Table 3. The SOC of the
SC is calculated using a code programmed under STM32, enabling the deduction of its value from (9).

1
Vsc = Rsclsc + C_.“SC dt (8)
sc
1
SOCSC = (SOCSC(tO) _—fISC dt) x 100 (9)
Cchmaxsc
>+
” RSC
Rsc
. SC
DEFINE i 8
e
#---Parametres SC 3
Nsc =6 T
Usc = 2,7*Nsc ]
Csc = 350/Nsc c
= *| -
Rsc = 0.094*Nsc b Csc
*ENDDEFINE SUPERCAPACITOR

Figure 6. Proposed SC model circuit diagram in Proteus

Table 3. The different parameters of model SC Proteus
Parameters Value

Equivalent Resistance  Rsc = 0.3Q

Equivalent Capacity  Csc = 300 F

Voltage Vsc = 16V
Number of cells 6 in series

3.3. Load model

The validation of the developed HESS system must be performed using a power profile requested
by the load. This load profile is deduced from the urban driving cycle ECE-15 and the mechanical
characteristics of the EV. This driving cycle has been decomposed into several linear segments over specific
time intervals. This decomposition into linear segments enables the velocity profile to be represented as a
function defined by parts in partial periods, as shown in Figure 7. Thus, the velocity equation V(t) for a
segment passing through points (¢t;, V;) and (t; .1, V;+1) is given by (10).
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Vig1=Vi Vig1—Vi
V(t) — Zit1 l. t+ (I/L _Yi+1 i
tiv1—Vi tiy1-Vi

.t) (10)

The calculated power profile is adjusted by scaling it to 1/200 to match the available power on the
bench. Subsequently, this profile is divided by the bus voltage to determine the required current. It is then
modeled by a “Current Source” block implemented in easy VHDL using (11). The parameters of the equation
in question are shown in Table 4 and the current required by the load is illustrated in Figure 8.

B,=V(M.g.sina +C,.M.g.cosa +MT?/+ ; p.S.Cy.V?) (1)

50 -
Vit)=at+b
a5 With :

. gl

7,
40k e
s b=Vi—at

w
&
T

Vitesse [m/s]
»N
wn
T

N
S
T

i 1 [ ; 1 'y
100 120 140 160 180 200
to Time [s]

Figure 7. The ECE-15 urban driving cycle represented by a function defined on intervals

Table 4. The different parameters of VE

Parameters Value
Vehicle speed ECE-15 cycle (m/s)
Road Grade 0%
Coefficient of rolling resistance 0.02
Aerodynamic coefficient 0.70
Gravitational constant 9.81 m/s2
Air density 1.255 Kg/m3
Vehicle mass 1450 Kg
Front surface 2.5m2
<§L|TRNE =] ve HOL % Easy HDL Generator Properties ? e
Generator Name: Assigned Script  <LOCAL> v
L ‘E Local Script Help.
Analogue Types [ECIF 5>=117 & x<127 THEN ~
Ooc fh = 0.8334%x - 97.508
oo e e & x<124 THEN
Oruse F R0
<[ 6ND — (JFoln h %
= (Fie >= X THEN
OAD O) Audio h 521*x - 60.613
() Exponent
Load current OsFrm 0r521%% 3 04 645
15.8FIL C Random x<176 THEN
©EasyHoL 88 x<188 THEN
ELTF ”'=1xxus.zuﬂzv&wi\)‘hm:
Digital Types. X118 x<=2
10.0 O Steady State EeNDIF
A ‘;‘Slr\gleEdge forat*f
() Single Pulse fh=Rat*fh
5.00 O Clock df=(fh-f)/Step
—" () Pattem . N "
A_' /d A( A’ O EasyHDL OUT=-((f* (M*g*sin(ALPHA) +Cr*M*g* cos (ALPHA) +M*df+0. 5% ro®S*Cx* £ £)) /(Ech*vdc))
B .ZB ‘—| BOUNDSTEP (0. 05/FREQ)
L/ V U [/] Current Source? v
-5.00 E:‘:::ii:’z’ [] Debug this generator?
2.00 50.0 100 150 200 [ Hide Properties? ‘ ancel

Figure 8. Circuit diagram of the proposed load model under Proteus
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3.4. Control strategy

The HESS system’s energy demand is achieved by the reallocation of energy between the different
sources of the system through an appropriate EMS, respecting the characteristics of each source. The strategy
used in this article is the frequency decomposition of the power demand. A low-pass filter is used with a
cutoff frequency f, = 0.2 Hz [35], [46]. The algorithm, implemented in an STM32 microcontroller and
shown in Figure 9, was developed based on these objectives. The configuration and I/O of the STM32 is
given in Table 5. The aims of this strategy are the following: i) meet the EV's power demand, ii) maintain
constant bus voltage, iii) respect the slow dynamics of the FC, iv) recover and store Kinetic energy during
braking on the SC, and v) monitor and maintain the SOC of the SC in its optimal range between 60% and

100%.

Initialize sensor pins, pid parameters, and |

filter parameters

Read sensors (current, voltage) : FC, SC, L |

I

| Calculate : PL, Pfc, Psc, SOC |

Pfc_ref=Power Filtred (PL) ‘

No Yes
Ifc_ref = Pfc_ref / Vfc _mes Ifcref=0 Ifc ref=0
Isc_ref = (IL_ref - Ifc_ref) +(Ifc_ref — Ifc_mes)) x (Vfc_mes / Vsc_mes) Isc_ref = PL_ref / Vsc_mes Isc_ref =0
PWM igbt_FC= PI (Ifc_ref - Ifc _mes)
PWM igbt_SC= PI (Isc_ref - Isc_mes)
[
Figure 9. EMS algorithm
Table 5. The different parameters of STM32
Configuration Value
Clock frequency 72 MHz
Timer 1 (Generate a PWM signal on output pin PA9, PA10 and PA11) 10 KHz
Timer 2 (generate an interrupt every 0.01 ms) 100 KHz
ADC1 (Analog input used to measure a voltage and current from FC, SC and Load)  INO-IN5
UART1 (Used for serial communication PB6 and PB7) 115200

3.5. The whole HESS system

The HESS developed in Proteus contains several blocks, which enable the representation of the
load, various sources and converters as follows: i) a load block developed that enables requesting power
similar to that of an EV; ii) a developed FC block that can deliver power according to these characteristics
programmed in the Spice code; iii) an SC block is developed to provide power according to these
characteristics programmed in the Spice code; iv) a step-up converter block developed based on an insulated-
gate bipolar transistor (IGBT), this block is connected to the FC [47]; v) a bidirectional converter block
developed based on two IGBTS. It is connected to the SC [48]; vi) a coupling capacitor enables the coupling
of the load with the two FC/SC sources.
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The EMS developed in Proteus requires certain measurements, namely the power demanded by the
load and the powers supplied by the sources. The components used for the development of the EMS in the
Proteus tool are the following:

— Three sensor blocks, each block contains a current sensor and a voltage sensor. These blocks measure the
current and voltage required by the load and the currents and voltages supplied by the sources.

— An EMS block based on an STM32 microcontroller that allows the management of the re-distribution of
the energy between the sources and supervises them through the measured parameters: current, voltage
and power.

In addition to the developed simulator, a serial port integration has been incorporated into the
system to facilitate the monitoring of energy generation from the FC and the SC, as well as the energy
demand from the load. This serial port enables real-time data acquisition and communication between the
HESS system and external devices. Figure 10 visually presents the implementation of the HESS within a VE
as realized under Proteus.
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Figure 10. Components of the proposed HESS model in Proteus software

4.  MATERIALS AND METHODS

The FC model developed in Proteus was experimentally validated using the Bahia bench by
comparing the dynamic behavior of the developed model with the experimental results of the bench. This
platform is equipped with 24 PEMFC cells, with a maximum power of 1.2 kW and a nominal current of
65 A, along with an output voltage ranging from 14 to 22 V. The Bahia bench is equipped with a human
machine interface (HMI) that allows configuring the load current and retrieving the voltage provided by the
FC, in order to compare it with the results of the proposed model, as illustrated in Figure 11.

The SC model was validated with a Maxwell SC bank consisting of six SCs connected in series. The
comparison between the charging and discharging behavior of the Maxwell SC module and the model
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developed under Proteus is shown in Figure 12. Experimental data gathered from the PEMFC Bahia test
bench and the Maxwell SC module serve as the basis for validating the FC and SC modules, respectively,
both of which have been developed using Proteus software. This comprehensive validation process ensures
the accuracy and reliability of the proposed models, providing a solid foundation for the HESS and EMS in
EVs.
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Figure 12. Setup for charge and discharge tests of the SC module

5. RESULTS AND DISCUSSION

In order to validate the HESS system simulator developed under Proteus, the first step involves
validating the performance of the energy sources. For the FC, this includes comparing the dynamic and static
behavior of the model with experimental results. Similarly, for the SC, the charge and discharge of the
module are compared with the results obtained from the test bench. Subsequently, the second stage of
validation encompasses assessing the overall performance of the HESS system. This evaluation focuses on
verifying the system’s effectiveness and functionality as an integrated entity.

5.1. Validation of the FC model

With the aim of evaluating the PEMFC model developed under Proteus, it is therefore, necessary to
compare the dynamic and static behavior of the proposed model with the experimental data of the Bahia
bench. For this purpose, we obtained the voltage and current readings delivered by the Bahia bench at a
temperature T;. = 75 °C and a stoichiometry value Cy,. 0> = 2. The measured data were contrasted with the
proposed Proteus model. Considering the experimental results obtained from the Bahia bench in comparison
with its dynamic and static behavior, the PEMFC model proposed in Proteus was validated, as evidenced by
its consistent performance in both transient and steady states, due to the double layer capacity and the ohmic
losses of the PEMFC. The static behavior is defined for a typical ramp current profile of 0-60 A. Figure 13
shows the bias curves of the FC model, compared to the experimental results. To evaluate the model, we
calculated the root mean square error (RMSE) of the model developed in Proteus compared to the
experimental data, resulting in a value of 0.27139. In a steady state, the error is minimal, and the model is
capable of accurately predicting the ohmic resistance phenomenon.

Int J Elec & Comp Eng, Vol. 14, No. 1, February 2024: 110-128



Int J Elec & Comp Eng ISSN: 2088-8708 a 121

The dynamic behavior is defined for a typical pulse current profile from 20 to 60 A. Figure 14
shows the output voltage of the Bahia bench in comparison with the output voltage of the developed model.
According to this figure, the proposed model under Proteus exhibits a dynamic characteristic during the
temporary transient phase, enabling the prediction of the transitions due to the effect of the double layer
capacitor.

5.2. Validation of the SC model

The SC model was validated by comparing the experimental result of the Maxwell SC bank with the
model developed under Proteus, during the charge and discharge of the SC. Figure 15 illustrates a
comprehensive comparison between the setpoint and the response generated by the model. The load
response, as depicted in Figure 15(a), and the discharge response, as portrayed in Figure 15(b), are presented
side by side. Notably, a striking similarity is observed between the responses obtained from the model
developed within the Proteus framework and the corresponding experimental results. The degree of
resemblance between the two sets of responses is remarkably high.
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5.3. Simulation of the HESS system and the EMS

The HESS system simulator, designed under Proteus, provides the power required for the load. This
energy is calculated from the sensors installed on the system (current and voltage), then distributed through a
1% order “Butterworth” low-pass digital filter. This filter is developed in a library under STM32. The
reference power that must be provided by the FC is calculated from the power requested by the load (positive
part) by acting on the cutoff frequency, the rest of the power is provided by the SC. Figure 16 shows the
power demanded by the load and the power to be supplied by the FC source for cut-off frequencies of 0.2,
0.1, 0.05, and 0.02 Hz. The simulation results show that the filter library designed under STM32 allows to
distribute the power according to the real-time data measured on the sensors.
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Figure 16. Comparison of the power distribution for different cut-off frequencies

The performance of the HESS system and the EMS was evaluated by the load profile deduced from
the European ECE-15 driving cycle. The results obtained, as shown in Figure 17, illustrate that the bus
voltage remains constant with minor fluctuations. The bus voltage is regulated with a digital Pl at 48 V
despite a fluctuating power demand of the load.
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The variation in the state of charge as a function of the cut-off frequency is depicted in Figure 18 for
multiple frequencies, namely, 0.2, 0.1, 0.05, and 0.02 Hz. These cut-off frequencies guarantee the
maintenance of the SOC within the recommended range of 65% to 90%, thus ensuring optimal operation of
the SC. However, when the frequency is lower than 0.02 Hz, the SOC falls outside of this range and may
cause operational issues. Therefore, it is essential to select the cut-off frequency appropriately to optimize the
power contribution from the SC and FC sources. To maximize the utilization of the FC, a maximum cut-off
frequency of 0.2 Hz should be selected, while, to reduce the usage of the FC and maximize the contribution
of the SC, a minimum cut-off frequency of 0.02 Hz is recommended. Figure 19 displays the electrical
efficiency of the PEMFC as a function of the cut-off frequency. The results indicate that the electrical
efficiency ranges are between 40% and 70%. During the acceleration phases of the ECE driving cycle
(ascending), the electrical efficiency of the PEMFC increases as the cutoff frequency rises, particularly when
the FC is used alone, achieving maximum efficiency. Conversely, during the deceleration phases of the ECE
driving cycle (descending), the electrical efficiency decreases with the increasing cut-off frequency. These
observations, along with those regarding the SOC, should be considered when defining a limiting cut-off
frequency to ensure optimal operation of the PEMFC. Studies are ongoing to determine the optimal cut-off
frequency for the PEMFC, considering auxiliary components of the FC, such as the air compressor.
However, the primary focus of this paper is to develop a HESS simulator under Proteus for testing energy
distribution algorithms and designing an EMS board. Therefore, a cut-off frequency of 0.1 Hz is used for the
simulations in the remainder of the paper, without attempting to precisely define the optimal frequency
considering the auxiliary components of the FC.
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The simulation results of the HESS system have indeed allowed to verify the efficiency of the EMS
based on a low-pass filtering with a cut-off frequency of 0.1 Hz and demonstrate the achievement of the
objectives of the strategy. Undoubtedly, the total power demanded by the load during the urban driven cycle
is provided without any problem. Moreover, these results additionally demonstrate that FC supplies energy
during the permanent phases and provides the majority of the power demanded. This allows to respect its
slow dynamics. On the other hand, the SC handles the energy demand in transient regimes. Figure 20, shows
a comparison between the power demand (required) and the powers provided by the FC and SC sources, the
results demonstrate that the strategy used ensures the maximum use of the FC, compared to the contribution
of the SC.
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Figure 20. Comparison between the requested power (ECE-15) and the powers provided by the FC and SC

The output voltage of the SC must be maintained around 28.8 V, equivalent to 90% of its maximum
load which is 32 V. The simulation results verified the energy recovery from the actuator to the SC during the
deceleration and braking phases, which guaranteed that the SOC of the SC is maintained in the range [70%,
90%] throughout the simulation, ensuring the energy efficiency of the SC. The results also show that the
SOC of the SC remains within the safe operating limits in the range [60%, 90%], which leads to higher
utilization of the SC in transient regimes. Figure 21 shows the response of the FC and the SC.
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The simulation results presented in this study demonstrate the effectiveness of the proposed HESS
for electric vehicles. Firstly, the blocks of the FC and SC developed under Proteus are validated, and these
models can be used as a library by modifying the characteristics of the SC and FC blocks in the Spice script.
These blocks can be valuable for developing the DC/DC converters of each source while taking advantage of
the Proteus tool which provides the capability to design electronic boards and simulate them prior to
prototype realization. Secondly, the HESS system developed under Proteus has shown that the topology used,
as well as the EMS developed under STM32, allows efficient energy management. Thus, the HESS system
proposed under Proteus can be used either to validate other topologies or to design a new EMS. By using
Proteus for the development and design of the prototype of HESS systems composed of an FC, a SC and/or a
battery, it is possible to reduce the design time since it allows to simulate and validate an electronic design
before the realization of a real prototype.
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Figure 21. Voltage and current responses of FC and SC sources

6. CONCLUSION

A fuel cell hybrid electric vehicle (FCHEV) powertrain incorporates multiple power sources, each
having distinctive energetic properties. This necessitates the careful design of an energy management system
(EMS) to optimize the vehicle's performance in terms of fuel efficiency, longevity and durability. Although
numerous EMSs have been developed for FCHEVS, most are based on static models that do not account for
the variable operating conditions, aging and degradation phenomena that impact drivetrain components such
as fuel cells, batteries and supercapacitors. Studies indicate that insufficient health adaptability could lead to
a 6.5% to 24% increase in hydrogen consumption, depending on the EMS employed. Thus, it is imperative to
focus on the design and modeling of accurate real-time systems and robust simulations, which are vital to
fostering the development of more resilient and efficient systems.

The simulation results serve two main purposes: firstly, the fuel cell (FC) and supercapacitor (SC)
blocks, developed and validated using Proteus, can be utilized as versatile library models with adjustable
characteristics in the Spice script, facilitating the creation of customized DC/DC converters for each power
source while leveraging Proteus for electronic board design and pre-prototyping simulation. Secondly, the
HESS system, developed within the Proteus framework, demonstrates remarkable energy management
efficiency, thanks to the chosen topology and the carefully designed EMS using STM32. Given this
encouraging outcome, the proposed HESS system in Proteus holds the potential to validate alternative
topologies or serve as a foundation for designing a novel EMS. Utilizing Proteus for developing and
designing HESS prototypes, comprising an FC, SC and/or battery holds the potential to significantly reduce
design time by simulating and validating electronic designs before constructing physical prototypes.

The Proteus-based simulator significantly contributes to the testing and simulating power electronic
designs for HESS, as well as validating EMS algorithms. Once parameterized, this versatile simulator allows
for direct microcontroller implementation, providing various testing and simulation possibilities before
constructing a physical prototype. This streamlined approach facilitates efficient development and
optimization of HESS and EMS designs.
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Future research will focus on incorporating proton exchange membrane fuel cell (PEMFC) lifetime
prediction methods into a C code library, which can then be integrated into an EMS. This approach will
facilitate more effective control and management of PEMFC performance throughout its lifecycle.
Additionally, further investigations will be conducted to expand the current understanding of PEMFC
technology and explore new potential applications, driving innovation and advancements in the field of
sustainable energy solutions for transportation.
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