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Abstract- This paper presents a simulator of a Hybrid
Energy Storage System (HESS), using the Macroscopic
Energy Representation (MER). The simulator is
developed for electric automotive applications, powered
by various energy sources. The Fuel Cell (FC) and/or
battery are used as primary sources, the Supercapacitors
(SC) and/or battery are secondary sources. The simulator
allows to evaluate the energy management between
different sources in order to optimize the energy use and
increase the autonomy of the main source. The
developed simulator has been implemented and validated
under Matlab/Simulink.

Keywords: Electric Vehicle, Energetic Macroscopic
Representation, Hardware-in-the-Loop, Multi-Physics’
Modelling.

1. INTRODUCTION

Nowadays, with the purpose of reducing fuel
consumption and exhaust emissions related to means of
transport, electric vehicles (EV) and hybrid electric
vehicles represent one of the most efficient solutions.
These technologies are based on multisource electric
systems, which use fuel cells and/or batteries as a primary
source [1], SCs and/or batteries as a secondary source.
Moreover, in order to enhance the performance of the
main source, power management strategies are used, in
order to increase the main source reliability [2] and [3].
However, before applying a new strategy on a real
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vehicle, the development and wvalidation has to be
performed on simulators that allow to emulate the
vehicle's real behavior [4-7]. Such as the software-in-the-
loop (SIL) simulators that are built upon the dynamic
model of the vehicle and the electrical sources [8] and
[9].

The second type are the hardware-in-the-loop (HIL)
simulators. In recent years, HIL simulation [10] has been
a key tool for experimentation and validation of models
and prototypes. HIL simulation consists in introducing a
hardware part into a digital simulator, in order to validate
the designed architecture, or to improve the simulation
accuracy, through the introduction of real phenomena
[11] and [12].

In this context, this paper proposes a HIL simulator of
an EV scale model. Indeed, the developed HIL simulator
is made of two coupled DC motors, the first one allows to
simulate the vehicle applied loads, and the second one
allows to simulate the vehicle propulsion motor.

2. HIL DEVELOPMENT

The developed HIL simulator is composed of two DC
motors, the first motor is a generator that allows to
emulate the vehicle mechanical characteristics,
generating a resistive torque profile, identical to that
produced by the vehicle mission profile. The second
motor is a DC motor that represents the vehicle's
propulsion motor [13] illustrated in Figure 1.
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Figure 1. Synoptic scheme of the EV simulator
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2.1. Vehicle Dynamic Emulator

The vehicle mechanical parts emulator, should,
through an interface, generate a resistive torque 7, equal
to the torque generated at a given vehicle speed V. The
emulator is represented by a direct current motor used as
a generator; the motor torque resistive 7., will be
adjusted via a servo structure [14]. The DC generator is
represented using Equations (1)-(6). The EMR model of
the generator is shown in Figure 2.
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Figure 2. EMR and deduced control of DC motor/generator

Based on the fundamental principle of dynamics, the
EV modelling is presented by the following direct
dynamics Equation (7) [15]:

dv

M= " =F, —F,, (7

Vehicle studies have shown that resistance forces can
be categorized into three distinct forces when the vehicle
is traveling at a speed 7 in Equation (8):

- Rolling resistance forces is induced by the tire reaction
on the road surface,

- The drag force produced by the air friction on the
vehicle body,

T Ve
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- The force of gravity, related to the vehicle's mass and
the road's inclination.
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The resistive torque Equation (9) applied to the motor
is then given by [16]:
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The dynamic vehicle emulator developed with the
EMR technic, is presented in Figure 4.
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Figure 3. Schematic of resistance forces acting on moving vehicle
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Table 1. The different characteristics of the reduced EV model

Variable| Designation Value
|4 Vehicle speed (m/s) IECE-15 cycle
M Vehicle mass 10 Kg
g Gravitational constant 9.81 m/s?
a Road Grade 0 rad
C, Coefficient of rolling resistance 0.010
C, Aerodynamic coefficient 0.30
p Air density 1.255 Kg/m?®
S Front surface 2.5x10* m?
R Wheel radius 0.0203 m

2.2. Propulsion motor

The propulsor motor is represented by a DC motor
powered by a DC-DC converter. The model of the HIL
simulator with EMR is given in Figure 5.

3. RESULTS AND DISCUSSIONS
The HIL simulator of the vehicle, has been
implemented in MATLAB-Simulink, using the EMR
library developed at the University of Lille, France. The
HIL simulator of the vehicle developed with the control
layer, is presented in Figure 6.
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Figure 5. EMR and deduced control of the HIL simulator
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Figure 6. MATLAB-Simulink model of the studied HIL

In order to validate the efficiency of the developed
EV simulator, simulation tests were performed. The
simulation  tests were carried out in the
MATLAB/Simulink environment with a model of a
typical electric vehicle, which use a motor power of 100
W and a voltage supply of 24 V, the vehicle parameters
as shown in Table 1. The used driving cycle is ECE-15
urban driving cycle, of the European NEDC driving cycle
[17], as shown in Figure 7.

The ECE-15 cycle takes 200s. Each cycle consists of
a speed acceleration, a constant speed level and a
constant deceleration. The Figure shows the acceleration
of the ECE-15 cycle, where the power peaks can be
noticed during the acceleration phases. In addition, the
behavior of the EV provides the possibility of energy
recovery during the deceleration phases, represented by
negative power. This power can be used for sources
charging in order to optimize the EV range.

17



International Journal on “Technical and Physical Problems of Engineering” (IJTPE), Iss. 51, Vol. 14, No. 2, Jun. 2022

—Reference speed ECE-15 (NEDC)
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Figure 7. Speed of the ECE-15 cycle
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Figure 8. Acceleration of the ECE-15 cycle

Various results of the simulation can be analyzed,
such as vehicle speed, torque and power of both engines.
The Figure 9 shows that, the vehicle speed follows the
reference during urban cycle. The Figure 10 shows the
torque generated by the DC motor, used to overcome the
resistive force of the generator, ensuring that the desired
reference speed is respected.

A comparison of the torque and power profiles of the
motor and the generator shown in Figures 11 and 12,
demonstrates that when the vehicle accelerates during the
driving cycle, the motor drives the generator, stopping the
positive motor torque and negative generator torque.
When the vehicle decelerates, the generator torque is
positive while the motor torque is negative, which allows
the current to be reinjected into the motor battery
(regenerative braking).

The HIL simulator of the EV, was developed with
EMR, and simulated using Matlab/Simulink, to evaluate
the system behavior and the energy performance. One of
the applications of HIL simulator, is to study the energy
management between different sources. It can be used to
compare different control strategies in a given cycle.
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Figure 9. Simulation HIL speed
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Figure 10. Simulation motor and generator torque
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Figure 11. Simulation motor and generator current
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Figure 12. Simulation motor and generator power

6. CONCLUSIONS

This paper proposes a HIL simulator of an EV’s scale
model. This simulator uses two coupled DC motors. The
first one represents an emulator of the EV mechanical
part, while the second one represents the powertrain of
the vehicle. This HIL simulator is developed with EMR
approach under Matlab/Simulink, and has been validated
with the NEDC cycle. Experimental results have shown
that the developed HIL simulator is working successfully.

Finally, this work represents a first step in developing
a HESS micro system, including a PEM fuel cell
considered as primary source and a battery/SC used as
secondary source. The objective of this simulator is to
design an efficient energy distribution strategy between
the sources (EMS) and to examine its reliability, so that it
can be used in a real vehicle.VE.
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Synoptic of Energetic Macroscopic Representation

APPENDIX
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NOMENCLATURES

1. Acronyms

MER Macroscopic Energy Representation
HESS Hybrid Energy Storage System

FC Fuel Cell

SC Supercapacitors

EV Electric Vehicle

HIL Hardware-In-the-Loop

SIL Hardware-In-the-Loop

2. Symbols / Parameters
U, : Voltage supply
1., : Load current

U ot /gen - Motor/generator voltage

1,01/gen : Motor/generator current

Toot/gen - Motor/generator torque

Vot /gen : Motor/generator speed

E, o1/gen * Electromotive force motor/generator

V.. : Reference speed

V.. : Vehicle speed
T, : Resistant torque
F,, : Force resistance
F oo - Wheel force

REFERENCES
[1T] S. Kart, H. Uzmus, N. Genc, “Modelling and
Simulation of Extremum Seeking Control for PEMFC”,
International Journal on Technical and Physical Problems
of Engineering (IJTPE), Issue 33, Vol. 9, No. 4, pp. 21-
25, December 2017.
[2] T.X. Dinh, et al., “Modeling and Energy Management
Strategy in Energetic Macroscopic Representation for a
Fuel Cell Hybrid Electric Vehicle”, Journal of Drive and
Control, Vol. 16, No. 2, pp. 80-90, June 2019.
[3] B. Vural, et al., “Fuel Cell and Ultra-Capacitor
Hybridization: A Prototype Test Bench Based Analysis
of Different Energy Management Strategies for Vehicular
Applications”, International Journal of Hydrogen Energy,
Vol. 35, No. 20, pp. 11161-11171, October 2010.

19

[4] M. Haidoury, H. Jbari, M. Rachidi, “Modeling and
Control of Fuel Cell Supercapacitor Hybrid Source Based
on Energetic Macroscopic Representation”, E3S Web
Conf., Vol. 297, p. 01049, 2021.

[5] S. Mohon, A. Venkitakrishnan, B. Ayalew, P. Pisu,
“Development of an Electric Vehicle Hardware-in-the-
Loop Emulation Platform™, 15th International Conference
on Advanced Vehicle Technologies, The 10th
International Conference on Design Education, 7th
International Conference on Micro and Nano systems,
Vol. 1, p. VO0ITO1A002, Portland, Oregon, USA,
August 2013.

[6] P. Fajri, R. Ahmadi, M. Ferdowsi, “Test Bench for
Emulating  Electric-Drive  Vehicle Systems Using
Equivalent Vehicle Rotational Inertia”, IEEE Power and
Energy Conference at Illinois (PECI), Champaign IL, pp.
83-87, February 2013.

[7] A. Archela, D. Guilherme Toginho, L. Flavio de
Melo, “Torque Control of a DC Motor with a State Space
Estimator and Kalman Filter Applied in Electrical
Vehicles”, Applied Electromechanical Devices and
Machines for Electric Mobility Solutions, A. El-Shahat,
M. Ruba (Eds.), Intech Open, 2020.

[8] A.R. Sadat, A. Pashaei, S. Tohidi, M.B.B. Sharifian,
“A Novel SVM-DTC Method of in-Wheel Switched
Reluctance Motor Considering Regenerative Braking
Capability in Electric Vehicle”, International Journal on
Technical and Physical Problems of Engineering (IJTPE),
Issue 29, Vol. 8, No. 4, pp. 19-25, December 2016.

[9] M. Haidoury, H. Jbari, M. Rachidi, “Fuel Cell
Dynamic Model Based on Macroscopic Energetic
Representation”, IIMPE Journal, Vol. 9, No. 3, p. 8, Mar.
2021.

[10] J.P.F. Trovao, M.A. Roux, E. Menard, M.R. Dubois,
“Energy and Power-Split Management of Dual Energy
Storage System for a Three-Wheel Electric Vehicle”,
IEEE Trans. Veh. Technol., Vol. 66, No. 7, pp. 5540-
5550, July 2017.

[11] S. Jeschke, H. Hirsch, M. Koppers, D. Schramm,
“HiL Simulation of Electric Vehicles in Different Usage
Scenarios”, IEEE International Electric Vehicle
Conference, pp. 1-8, Greenville, SC, USA, March 2012.
[12] Y. Zhu, H. Hu, G. Xu, Z. Zhao, “Hardware in the
Loop Simulation of Pure Electric Vehicle Control
System”, International Asia Conference on Informatics in

Control, Automation and Robotics, pp. 254-258,
Bangkok, Thailand, February 2009.
[13] O.A. Mohammed, N.Y. Abed, ‘“Real-Time

Simulation of Electric Machine Drives with Hardware in
the Loop”, International Journal for Computation and
Mathematics in Electrical and Electronic Engineering
(COMPEL), Vol. 27, No. 4, pp. 929-938, January 2008.
[14] B. Tabbache, Y. Aboub, K. Marouani, A. Kheloui,
M.E.H. Benbouzid, “A Simple and Effective Hardware in
the Loop Simulation Platform for Urban Electric
Vehicles”, The First International Conference on
Renewable Energies and Vehicular Technology, pp. 251-
255, Nabeul, Tunisia, March 2012.

[15] C. Depature, W. Lhomme, A. Bouscayrol, “Teaching
Electric Vehicle Drive Control Using Energetic



International Journal on “Technical and Physical Problems of Engineering” (IJTPE), Iss. 51, Vol. 14, No. 2, Jun. 2022

Macroscopic Representation”, World Electric Vehicle
Symposium and Exhibition (EVS27), pp. 1-8, Barcelona,
Spain, November 2013.

[16] M. Chouhou, F. Gree, C. Jivan, A. Bouscayrol, and
T. Hofman, “Energetic Macroscopic Representation and
Inversion- Based Control of a CVT-Based HEV”, World
Electric Vehicle Journal, Vol. 6, p. 0251, 2013.

[17] C. Husar, et al., “Comparison of Energetic
Macroscopic Representation and Structural
Representation on EV Simulation under Simcenter
Amesim”, Vehicle Power and Propulsion Conference
(VPPC), pp. 1-6, Hanoi, Vietnam, October 2019.

BIOGRAPHIES
Mohamed Haidoury was born in
Chefchaouen, Morocco in 1985. He
received the Engineer degree in

electromechanics from the National High
School of Arts and Crafts, (ENSAM-
Meknes), Morocco in 2012. He obtained
the Master's degree in science and
technology, specializing in science and information
systems from ENSAM Paris-tech center Aix-en-
Provence, France in 2013. Currently, he is pursuing the
Ph.D. with the laboratory Modeling, Information
Processing and Control Systems (MTICS), National High
School of Arts and Crafts (ENSAM-Meknes), Meknes,
Morocco. His research focuses on the modeling and
control of a multi-source system and application to the
traction of electric vehicles.

20

Hatim Jbari was born in Benslimane,
Morocco in 1986. He received the
Engineer degree in Electromechanical
Engineering in 2012 from the National
High School of Arts and Crafts
(ENSAM-Meknes), Morocco, and a
Master degree of engineering in electric
vehicle engineering from Paris Institute of Technology,
France. He is currently a Ph.D. student in electrical
engineering in ENSAM-Meknes. His research interests
are in the energy management systems and algorithms,
modeling and control of multi-physical systems and
electric vehicle engineering.

e

Mohammed Rachidi was born in
Boujaad, Morocco. He received the
= Engineer degree from Mohammadia
i School of Engineers (EMI- Rabat),
™ Morocco, in 1995 and the Ph.D. degree
‘\*L ‘ from National High School of Arts and
Crafts (ENSAM-Meknes), Moulay Ismail
University, Meknes, Morocco, in 2017. Since 1997, he
has been working at National High School of Arts and
Crafts (ENSAM-Meknes), Moulay Ismail University,
Meknes, Morocco, where he is a Professor in the
Department of Electromechanical Engineering. His
search interested power electronics and control of
electrical machines.

v

Es



