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Abstract – The recent technological advances related to embedded systems, and the increased requirements of the Electric Vehicle 
(EV) industry, lead to the evolution of design and validation methodologies applied to complex systems, in order to design a product 
that respects the requirements defined according to its performance, safety, and reliability. This research paper presents a design and 
validation methodology, based on a hardware-in-the-loop (HIL) approach, including a software platform represented by Matlab/
Simulink and a real-time STM32 microcontroller used as a hardware platform. The objective of this work is to evaluate and validate 
an Energy Management System (EMS) based on Fuzzy Logic Controller (FLC), developed in C code and embedded on an STM32 
microcontroller. The developed EMS is designed to control, in real-time, the energy flow in a hybrid energy storage system (HESS), 
designed in an active topology, made of a Li-ion battery and Super-Capacitors (SC). The proposed HESS model was organized using the 
Energetic Macroscopic Representation (EMR) and constructed on Matlab/Simulink software platform. The evaluation and validation of 
the developed algorithm were performed by comparing the HIL and simulation results under the New European Driving Cycle (NEDC).

Keywords: Fuzzy Logic Controller, Hardware-In-the-Loop, Hybrid Energy Storage System, STM32 microcontroller

1.  INTRODUCTION

All around the world, the transportation sector is the 
main contributor to urban pollution [1]. Public health 
studies in different countries have demonstrated that 
the increase in air pollution concentrations is associ-
ated with an increase in the mortality rate, particularly 
in urban areas. The electric vehicle (EV) seems to be 
an efficient solution to overcome this public health 
problem, a technology that is encouraged by govern-
ment policies, to support and generalize this means 

of transport that ensures zero-CO2 emissions. Mean-
while, several manufacturers have focused a large part 
of their development program on this industrial seg-
ment, with the aim of accelerating the total insertion 
of the EV in the car fleet during the next years.

Therefore, EVs are currently facing several challeng-
es, especially those related to the range and lifetime 
of the main source of energy provided by batteries [2]. 
In fact, industrial companies and scientists are con-
fronted with the challenge of finding solutions to EV's 
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limitations, taking into account the constraints related 
to its performance required by the users. In this case, 
the adoption of a HESS-based architecture with the 
integration of SCs [3,4], and the implementation of an 
EMS ensuring efficient energy management between 
energy sources, allowing optimization of the efficien-
cy of the battery lifespan and the vehicle autonomy.

According to the literature, EMS is a key element to 
optimize the EV battery lifespan and autonomy. In-
deed, there are three main approaches to energy man-
agement algorithms: EMS-based optimization algo-
rithms, algorithms based on artificial intelligence, and 
rule-based algorithms [5,6,7]. The authors in [8,9] pro-
pose a rule-based EMS, applied to the management of 
the energy flow in a HESS in a full-active topology [10], 
ensuring the supply of the EV's powertrain. The EMS 
presented in this work is based on a Fuzzy Logic Con-
troller (FLC), which supports two inputs represented 
by the SC’s state of charge and the power ratio related 
to the maximum battery power. Thus, the objective 
of this study is to control the SCs as an energy buffer, 
and to support the power pulses, in order to improve 
the battery performance and optimize its lifespan. 
Another work presented in [11], uses a fuzzy control-
ler that supports the same inputs mentioned previ-
ously. This work ensures the same objectives with the 
criterion of minimizing the Root Mean Square (RMS) 
of the battery current. In [12], the authors present a 
work that is based on two fuzzy controllers, managing 
the distribution of the power demanded by the pow-
ertrain, between the battery and the SCs in a HESS’s 
full-active topology. The first fuzzy controller supports 
the estimated source’s states of charge using the Kal-
man filter, the energy sources, and the required power. 
The second one determines the power required by the 
battery, where the inputs are based on the power cal-
culated by the first block of the fuzzy controller, and 
the power estimated via the Kalman filter. The objec-
tive of this work is to minimize the power pulses that 
the battery should support. 

On the other hand, the evolution of EVs has to take 
into account constraints related to costs and develop-
ment times, in order to optimize the time to market of 
this technology. Hence, the rise of new methodologies 
and platforms, designed to satisfy these requirements, 
has been able to optimize the design of complex sys-
tems such as the EV, for instance, the Hardware-In-
the-Loop (HIL) applied to EMSs. Thus, some research-
ers in [13] have proposed a HIL architecture for the 
emulation and real-time control of a boost converter, 
designed in the PSIM software, with a PI cascaded con-
troller on the STM32 microcontroller, to regulate the 
output voltage. The objective of this work is to evalu-
ate the control model through the comparison of the 
HIL results, and the simulation model established in 
the PSIM software. In [14] the authors present another 
HIL architecture based on a real-time simulator of an 
EV, built using the Simulink platform, and a vehicle 

control unit (VCU) designed on a hardware platform. 
The EV model is made of a BLDC engine with a mo-
tor control unit (MCU), and a HESS powering the ve-
hicle. The VCU is connected to the simulator through 
inputs/outputs (CAN bus, RS232, analog/digital I/O) 
using a DSP interface. Another HIL simulation plat-
form applied to the electric vehicle powertrain used to 
emulate the driving cycle is presented in [15]. The pro-
posed architecture is based on two coupled electrical 
machines, the first one is an induction machine that 
emulates the vehicle's traction machine and the sec-
ond one is a DC machine that provides the load simu-
lation. A dSPACE DS1102 board is used as an interface 
between the control established on the Simulink plat-
form, and the power converter assures the control of 
both machines. The authors in [16,17] present a solu-
tion of HIL that aims at the validation of an FLC-based 
EMS algorithm, designed for the control of the energy 
flow in a HESS in a full-active topology, built on the 
Simulink platform. The Atmega microcontroller was 
used in the first work, while the FPGA hardware plat-
form was used in the second work for the same archi-
tecture.

Thus, this paper presents a HIL architecture based 
on an active-topology HESS model, organized using 
the Energetic Macroscopic Representation (EMR) and 
implemented on the Matlab/Simulink software plat-
form. The proposed HESS is designed to supply an EV 
to ensure a maximum speed of 120km/h with a pro-
pulsion power of 70kW. The electric vehicle can pro-
vide a total range of 150km. The HESS’s EMS is used 
for the management and optimization of the energy 
flow using an FLC. The proposed FLC was developed 
in C language, and embedded in the STM32 microcon-
troller. The STM32 is connected in a closed loop with 
the HESS simulation model, to control in real-time, the 
contribution of both sources: SCs and battery.

In a previous work [16], an architecture of a HESS is 
presented. The proposed EMS based on FLC is imple-
mented on an Atmega microcontroller. The output 
of the used FLC is defined by a simplified method 
for computing the Center of Gravity (CoG) abscissa of 
the resulting polygon. The FLC is based on a 3x3 rule 
base matrix. In this work, the rule-based EMS-FLC is 
embedded in the STM32 low-power microcontroller, 
which is a part of the family of ARM-based 32-bit mi-
crocontrollers and has some major hardware advan-
tages over the Atmega microcontrollers 8-bit. It’s also 
popular and widely used in the field of EVs. Moreover, 
the CoG defuzzification method is based on a precise 
value depending on the fuzzy set‘s center of gravity 
of the resulting area. In addition, the proposed FLC is 
based on a 4x5 rule base matrix.   

 Indeed, the objective of this work is to evaluate 
on the one hand, the performance of the developed 
EMS, on the other hand to validate the algorithm of 
the EMS-FLC, via the comparison between the results 
obtained from the HIL and the simulation. 



313Volume 14, Number 3, 2023

The rest of this paper is organized as follows: sec-
tion 2 presents the nomenclature; the description of 
the model and the control of the developed HESS is 
detailed in section 3. Section 4 presents the proposed 
HESS. Section 5 details the EMS implementation 
methodology in the STM32 microcontroller. Section 6 
presents and discusses the experimental and simula-
tion results. Finally, Section 7 concludes the paper. 

2. NOMENCLATURE

CSC SC Capacitance (F)

CoG Center Of Gravity

Ebat Battery energy

EMS Energy Management System

HESS Hybrid Energy Storage System

HIL Hardware-In-the-Loop

ibat battery current (A)

ibat_ref battery current reference (A)

ich_bat DC–DC battery Current converter (A)

ich_sc DC–DC SC Current converter (A)

iDC DC BUS Current (A)

ireq_ref HESS Current reference (A)

isc SC current (A)

isc_ref SC current reference (A)

kcont Battery contribution factor

Pbat_Fil Filtered battery power reference

Pbat_lim Battery power limit

Preq Required drivetrain power (W)

RESR SC Equivalent Series Resistance

RMSE Root Mean Square Error

SC Supercapacitors

SoCsc SC State of Charge (%)

Ubat battery voltage (V)

Ubat_meas Measured battery voltage (V)

UDC DC BUS voltage (V)

Uch_bat DC–DC battery voltage converter (V)

Uch_SC DC–DC SC voltage converter (V)

Usc SC voltage (V)

αbat DC–DC battery converter duty cycle

αsc DC–DC SC converter duty cycle

ηch_bat DC–DC Battery converter efficiency

ηch_sc DC–DC SC converter efficiency

3. HESS MODELING AND CONTROL

The developed system is a 70 kW HESS in full-active 
topology [12], shown in Fig. 1. It includes two energy 
sources: the primary one is represented by the Li-Ion 
battery and the secondary source uses the SCs. The 
100Ah battery and the 5000F SCs are interfaced with 
the DC bus via two bidirectional buck-boost DC/DC 
converters and a principal coupling capacitor. The char-
acteristics of the power sources are shown in Table 1 
and Table 2. The adopted topology has the advantage 
of decoupling the battery and the SCs control, in order 
to control separately the power flow between the elec-
trical sources and the DC bus voltage.

Fig. 1. Scheme of the proposed HESS

2.1. HESS MODELING

•	 Battery:

The complex electrochemical phenomena involved 
in a battery make its modeling highly complicated [18]. 
The simplified model adopted in this study shown in 
equation 1, is characterized by an internal capacity Cbat 
and an internal impedance rbat of the battery pack. 

(1)

(2)

The battery state of charge (equation 2) is the ratio 
of the battery's capacity at any given time to its total 
capacity. The state of charge is an important parameter 
to manage efficiently the battery control:

Table 1. Characteristics of the battery source

Battery Li-Ion cell (3.7V) Symbol Value Unit

SoC Limits SoCbatt [30, 100] %

Energy density ρbatt 160 Wh/kg

total mass Mbatt 314 Kg

energy Ebatt 654 Ah
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The calculation model of the SCs state of charge in a 
given instant t, is presented in equation 4. The calcula-
tion model is based on the ratio of the voltage of the 
SCs at this moment t to its initial voltage.

(3)

(4)

Table 2. Characteristics of the SC’s source 
(GTCAP GTSPP-2R7-508UT)

SC (2.7V) Symbol Value Unit

Capacitance Csc 5000 F

ESR RESR 0.21 mΩ

SoC Limits SoCsc [50, 100] %

•	 DC-DC converter:

The technology of the DC-DC converter adopted in 
this work is a Buck-Boost chopper. This converter al-
lows for ensuring a bidirectional energy flow, in order 
to ensure the power required by the powertrain on one 
side, the recharging of the energy sources on the other 
side, in particular during the braking phases, and the 
exchanges between both energy sources.

Thus, the first part of the chopper model is presented 
in equation 5, represented by the current smoothing 
inductor. This element is characterized by a capacity 
to store energy as magnetic energy, in order to supply 
it when it is required. Thus, providing a quasi-constant 
current profile. The inductor model is characterized by 
an inductance Lsource and an internal resistance rsource. 

(5)

On the other hand, the switch model is presented 
in equations (6) and (7). The adopted approach in this 
case uses an average model with αbat and αsc represent-
ing the duty cycles of both choppers, ηch_bat, and ηch_bat 
are the efficiencies of the DC-DC converters, used in the 
proposed HESS. 

(6)

(7)

•	 Sources Coupling and DC-bus capacitor:

In order to ensure continuous power supplied by 
both sources, the electrical coupling is required. In-
deed, equation 8 shows the electrical model adopted 
in this case, which is based on the nodes law between 
both choppers controlling the power sources.

One of the most important criteria for evaluating the 
HESS performance is the DC bus voltage, which should 
be constant. Thus, integrating a capacitor interfacing 
the HESS and the powertrain allows control and mini-
mizes the UDC voltage fluctuations. Thus, the model of 
the capacitor is presented in equation 9 characterized 
by the internal capacitance Ccpl.

•	 Load equivalent model:

In order to simplify the simulation model, and opti-
mize the computation time. The equivalent load model 
is considered as a controllable current source, where 
the power profile is presented in Fig. 2. The required 
power used in the simulation is extracted from a pow-
ertrain model, with a maximum power of 70 kW. The 
power profile depends on the NEDC cycle speed, with 
a maximum value of 120 km/h.

(10)

Fig. 2. Power requirement profile of the powertrain

2.2. HESS CONTROL

In order to design and establish the control layer, the 
EMR approach was adopted. The Energetic Macroscop-
ic Representation (EMR) was developed by the Labo-
ratory of Electrical Engineering and Power Electronics 
(L2EP) of Lille (France) [18, 19, 20] in the 2000s. This 
formalism allows to the definition of a synthetic repre-
sentation for complex Multiphysics systems, respecting 
a functional description. It is based on integral causal-
ity and power conservation. Thus, three elements that 
represent the subsystems can be distinguished: source, 
energy accumulation, and conversion without energy 
accumulation. Indeed, the establishment of the control 
layer has been carried out based on the EMR inversion 
rules, in order to deduce the maximum control struc-
ture (MCS) presented in Fig. 3.

•	 Supercapacitors (SC):

Characterized by a fast dynamic behavior, SCs have 
the advantage of being able to support frequent pow-
er variations during charging or discharging phases. 
There are several models in the literature, with vari-
able complexity depending on the purpose of using 
these models. However, a simplified model has been 
adopted in this study, shown in equation 3, based on 
an internal capacitance CSC and the equivalent series 
resistance RESR.

(8)

(9)
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Fig. 3. EMR of the proposed HESS

4. ENERGY MANAGEMENT SYSTEM

The EMS or Energy Management System in an EV 
HESS refers to the algorithm implemented in an on-
board electronic control unit, designed to ensure 
power management and vehicle propulsion. Hence, 
EMS represents the control strategy, which takes into 
account the state and model of the vehicle. The EMS 
should control the power distribution between the dif-
ferent energy sources, in order to minimize the solici-
tations which are harmful to the battery performance. 
It ensures the required power response respecting ve-
hicle performance requirements (speed, stability, preci-
sion, and robustness).

Fig. 4. EMS strategy scheme

In fact, this work proposes an FLC-based EMS (Fig. 
4), providing the same objectives mentioned above. 

The designed EMS operates according to the different 
phases of the vehicle driving cycle, which are summa-
rized as follows:

•	 During acceleration:

In this phase, power pulses are generated, which can 
cause battery degradation. Indeed, the EMS should 
engage the SCs to support the power demand of the 
powertrain, since SCs are characterized by their fast 
dynamics to ensure this function, which allows to pre-
serve the battery and optimize its lifetime. 

•	 During quasi-constant speed:

During this phase, the EMS is engaging the battery 
progressively, to provide the powertrain demand. The 
SCs are activated to support high-frequency harmon-
ics. This distribution is provided by the low-pass filter 
as shown in Fig. 4.

•	 During the braking phase:

In order to optimize EV autonomy, the braking phase 
is used as a source of recovered electrical energy. Thus, 
the EMS should activate the chopper of the SCs in or-
der to ensure their recharge and restore them to their 
initial state of charge. This operation allows to the SCs 
control as an energy buffer and ensures their optimal 
functioning in the range of their optimal energy effi-
ciency SoCSC ∈ [50,100] %.

Fig. 5. Membership functions of the proposed 
Fuzzy Logic EMS

•	 During the total stop of the vehicle:

The architecture adopted in the proposed HESS al-
lows the energetic exchange between both energy 
sources. Thus, during a total vehicle stop, the EMS 
should activate the battery chopper in order to re-
charge the SCs, and restore them to their initial state 
(when SoCsc(t)<SoCsc_Init). 

Indeed, the proposed EMS used to satisfy the 
previously mentioned objectives, is based on an FLC-
EMS. Thus, the EMS output function, shown in equation 
11, represents the battery contribution depending on 
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two input parameters that reflect the vehicle state. 
Therefore, the first input parameter represented by 
SoCSC is based on four MFs defining the charging level 
of SCs: LOW, NORMAL, HIGH_SC, and VERY_HIGH. The 
second input parameter is the ratio of the required 
power of the EV powertrain to the battery power 
limit: PLoad_ref / Plim_bat. This parameter allows defining 
the EV driving phases (acceleration/constant speed, 
deceleration/braking, vehicle total stop) according 
to five MFs: Under_ZERO2, UNDER_ZERO1, ZERO, 
NORMAL_P, HIGH_P.

(11)

Table 3. Inference Rules-base of the proposed FLC

SOC_SC

POWER_ 
RATIO LOW NORMAL HIGH_SC VERY_

HIGH

UNDER_ 
ZERO2

BEYOND-
SYSTEM

BEYOND-
SYSTEM

BEYOND-
SYSTEM

BEYOND-
SYSTEM

UNDER_ 
ZERO1

BEYOND-
SYSTEM ALONE ALONE ALONE

ZERO HIGH HIGH HALF ALONE

NORMAL_P HIGH KEEP ALONE ALONE

HIGH_P KEEP HALF ALONE ALONE

In fact, according to the literature, FLC processing in-
cludes three main steps:

•	 The first step is related to the input fuzzification 
(SoCSC and PLoad_ref / Plim_bat), represented by the mem-
bership functions (MF) of the inputs shown in Fig. 5. 

•	 The second step is based on the inference rules 
(Table 1), which are constructed according to the 
objectives defined at the beginning of this section. 

•	 The last step consists of defuzzification based on 
Mamdani's Center of Gravity (CoG) approach, in or-
der to calculate the kCONTR value which defines the 
battery's contribution. This part will be detailed in 
the next section.

5. HESS HIL DEVELOPMENT

The real-time HIL simulator is a validation approach 
that combines a hardware platform, in this case, the 
STM32 microcontroller, and a software simulation plat-
form represented by the proposed Simulink model of 
HESS. The objective of this technique is the evaluation 
of the energy management algorithm embedded in 
the microcontroller. Therefore, the validation criteria 
are based on the control and analysis of parameters 
that reflect the EV performance. Fig. 6 shows the pro-
posed HIL architecture, including the following ele-
ments:

•	 Two Simulink Models of HESS, organized in EMR 
subsystems. The first model uses the Fuzzy library 
block based on MFs and inference rules, which 
are discussed in the previous section. The second 

model uses the Serial Communication blocks with 
a Simulink block scheme, designed to concatenate 
the input parameters, in order to ensure their trans-
fer in a single frame.

•	 The STM32 F411RE microcontroller with 100 MHz 
clock frequency, connected with the computer 
through a USB cable via the ST-LINK debugger/
programmer interface.

Fig. 6. The proposed HESS’s EMS Hardware-in-the-
loop (HIL) architecture

In the first step of the HIL processing, the Simulink 
simulation platform of HESS sends both input param-
eters (SoCSC, PLoad_ref / Plim_bat) via the serial port. Simul-
taneously, the microcontroller proceeds to load the 
Membership functions in the predefined array struc-
ture. Once the frame is received, the first part of the 
program performs the extraction, assignment, and cast 
in the "double" data type of the input variables (SOCSC 
et PLoad_ref / Plim_bat).

After completing the variables loading, the algo-
rithm performs the fuzzification function. This function 
allows to determine the degree of membership of each 
input, the mathematical model of this operation is pre-
sented in equation 12.

(12)

Where, (Xi , Yi) and (Xi+1,Yi+1) are the coordinates of two 
points of the segments which define the MFs triangle. 
The input parameters (SoCSC or PLoad_ref / Plim_bat) should 
satisfy the condition of being in the interval defined by 
this segment.

Thereafter, the function of the inference rules is ex-
ecuted, to define the MFs value of the output param-
eters, based on the decision matrix which is detailed in 
previous work in [17]. The inference rules, in this case, 
are based on the logical operator "and". Each value of 
the MFs-outputs is defined by the minimum value of 
the related input values. 

Once the degrees of membership of the MFs-outputs 
are defined, the defuzzification function is activated. 
This function is designed on the principle of the Center 
of Gravity (CoG) calculation. Indeed, the adopted ap-
proach is based on the decomposition of the MFs-out-
put surfaces into independent sub-surfaces Si (Fig. 7).

The definition of the possible configurations is per-
formed according to the degree of membership value 
calculated for each MFs γi (Fig. 7 and Fig. 8), compared 
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with the intersection points of the triangle Pi represent-
ing the MFs.

Fig. 7. Vertices of the resulting polygons (𝛾i > YP)

Fig. 8. Vertices of the resulting polygons (𝛾i < YP)

Then, this operation allows for defining the configu-
ration and coordinates of each polygon's vertices, and 
then the calculation of the sub-surface’s (Si) CoG which 
is based on equation 13:

(13)

After calculating the CoG abscissae Xi and sub-surfac-
es Si, the resulting polygon CoG is calculated as follows 
(equation 14):

(14)

Thus, the resulting area CoG abscissa defines the val-
ue of the FLC output. It represents the battery contri-
bution, corresponding to the input value and the infer-
ence rules established for the proposed solution. Once 
this value is calculated, it is submitted to the HESS sim-
ulation platform running on MATLAB/Simulink via the 
serial port, before starting a new iteration.

6. RESULTS AND DISCUSSIONS

In order to evaluate the HESS model and verify the 
proposed FLC-EMS algorithm, both simulation and HIL 
models were built and run in the same software plat-
form (MATLAB/Simulink), aiming to ensure the same 
number of computational samples (Fig. 6). The simu-
lations were conducted using the NEDC driving cycle 

with a calculation step of 10-5. The verification of the 
developed algorithm was done by comparing the re-
sults of both models.

Indeed, according to the analysis of Fig. 9, the curves 
of SoCSC and SoCbat demonstrate that the EMS allows con-
trolling the SCs as an energy buffer, and the SCs recover 
their initial SoCSC at the end of each cycle SoCSC(tec) = 
SoCSC(tinit) = 85%. Moreover, the SCs operate in the range 
that is prescribed by the EMS: SoCSC ∈ [65,86] %, which 
ensures optimal energy efficiency of the SCs. Whereas, 
the SoCbat is generally smoothed and shows a limited 
variation. This behavior demonstrates that the battery 
stresses are reduced and therefore an optimization of its 
lifetime. Thus, according to the evaluation of the SCs and 
battery behavior, as is demonstrated by SoCSC and SoC-
bat curves in Fig. 10, the EMS allows the control of both 
sources considering the vehicle driving phases:

•	 SCs operate during acceleration phases (e.g., t ∈ [10, 
14] s, t ∈ [48, 60] s and t ∈ [117, 142.5] s) when power 
demand is fast.

•	 The battery supports the power demand of the 
powertrain during (t ∈ [14, 22] s, t ∈ [60, 84] s, t ∈ 
[142.5, 154] s and t ∈ [162, 175] s) when the power 
profile is approximately constant.

•	 During the braking and deceleration phases (t ∈ [22, 
27] s, t ∈ [84, 95] s, t ∈ [154, 162] s and t ∈ [175, 187] 
s), the EMS engages the SCs to ensure their recharg-
ing from the recovered energy so that they can sat-
isfy the next cycle demand.

•	 During the total stop of the vehicle (t ∈ [24, 27] s, t 
∈ [84, 94] s and t ∈ [175, 187] s), the SoCbat decreases 
gradually while the SoCSC increases to reach SoCSC = 
85%. This demonstrates the possibility of the energy 
exchange between both sources, ensured by the ad-
opted architecture and the implemented EMS.

In addition, Fig. 9 shows the behavior of the DC bus 
voltage UDC. The analysis of the UDC curve shows that 
the value of this parameter is relatively constant dur-
ing the entire NEDC cycle: UDC =163,25 V with ΔUDC_max 
= 0,5V, which demonstrates the robustness of the im-
plemented control and the developed EMS. In fact, the 
EMS ensures a continuous and relatively stable power 
supply, without compromising the driving cycle per-
formed by the vehicle. 

•	 In addition, the power ratio curve shown in the 
same figure demonstrates that the value of the 
power demanded by the powertrain, is kept below 
the battery power limit (PLoad_ref / Plim_bat < 1). This 
characteristic guarantees the reduction of battery 
degradation and the validity of the proposed HESS 
architecture.

•	 On the other hand, Fig. 9 presents the results ob-
tained from the HIL simulations, allowing to vali-
date the developed code of the EMS-FLC embed-
ded in the STM32 microcontroller. Indeed, accord-
ing to the comparison of the curves of the energetic 
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parameters presented in Fig. 9, both types of results 
(HIL and simulation) are in perfect agreement. Thus, 
Table 4 presents the differences calculated between 
both platforms, using the Root Mean Square Error 

RMSE, which presents acceptable differences, due 
to the defined precision (10-4) in the transferred 
data between Matlab/Simulink and the STM32 mi-
crocontroller. 

Fig. 9. Simulation results of the EV HESS for NEDC driving cycle [0,1180 s]

In addition, the power ratio curve shown in the same 
figure demonstrates that the value of the power de-
manded by the powertrain, is kept below the battery 
power limit (PLoad_ref / Plim_bat <1). This characteristic guar-
antees the reduction of battery degradation and the 
validity of the proposed HESS architecture.

On the other hand, Fig. 9 presents the results ob-
tained from the HIL simulations, allowing to validate 
the developed code of the EMS-FLC embedded in the 
STM32 microcontroller. Indeed, according to the com-
parison of the curves of the energetic parameters pre-
sented in Fig. 9, both types of results (HIL and simula-
tion) are in perfect agreement. Thus, Table 4 presents 
the differences calculated between both platforms, us-

ing the Root Mean Square Error RMSE, which presents 
acceptable differences, due to the defined precision 
(10-4) in the transferred data between Matlab/Simulink 
and the STM32 microcontroller.

Table 4. RMSE of HIL and simulation energy 
parameters

Parameters RMSE

SoCSC (%) 3.57 10-2

SoCBat (%) 1.8 10-3

UDC (V) 2.433 10-5 

Preq  /Plim_bat 2.1085 10-17

Sources Contribution (%) 12.1 10-3
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Fig. 10. Simulation results of the EV HESS for ECE-15 driving cycle [0,200s]

7. CONCLUSION

In this paper, a real-time HIL simulation for a 70kW 
full-active topology HESS is proposed. The energy 
management system is provided by a rule-based 
EMS-FLC, validated on MATLAB/Simulink simulation 
platform, developed in C code, and embedded on an 
STM32 microcontroller. Thus, according to the perfor-
mance evaluation based on the obtained results, the 
developed EMS satisfied the conditions set for the con-
trol of both sources (SCs and battery), under the NEDC 
driving phases on the one hand. On the other hand, 
the comparison of the results of the energy parameters 
of both HIL and simulation platforms allowed valida-
tion of the approach adopted during the development 
of the proposed C code algorithm, embedded in the 
STM32 microcontroller.

Therefore, future research will be conducted on a 
real HESS with the same characteristics adopted in 
this study, using the same approach for the design of 
an electronic control unit ECU, integrating the control 
layer and communication interfaces, using the proto-
cols applied in the EVs embedded systems, namely the 
Control Area Network (CAN). 
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