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1. INTRODUCTION

Today, research and development investments are predominantly made by the automotive industry to
create more efficient, safer, and more competitive vehicles. This field is also challenged by increasingly
stringent environmental and safety regulations [1]-[3]. Consequently, this situation requires technological
advancements like engine electrification and the incorporation of ecologically friendly transportation options,
such as electric vehicles (EV) [4]-[6]. However, the complex process involved in EV design depends on various
factors, including performance aspects like range, stability, and durability, as well as the design methodologies
and tools used to manage the complex interactions between components [7], [8].

According to the literature, several studies have been conducted in the field of complex system design,
specifically focusing on dynamics and control. A recent study [9] introduced a three-dimensional dynamic
model of an 8x8 nonlinear wheeled vehicle, developed using the "Universal Mechanism" software for
Multibody system simulations, and included a MATLAB/Simulink model of tire-terrain interaction. This work
aims to evaluate the vehicle’s dynamic behavior and stability during acceleration and braking. Another work
[10] has presented a control model using model predictive control (MPC) for the lateral dynamics of a four-
wheel drive vehicle. The authors used the ADAMS-Car platform for mechanical modeling, and MATLAB for
integrating state space representation with the control model. The primary objective of this study was to
enhance vehicle handling by controlling wheel torque. Preview study [11], a simplified vehicle simulation
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model was developed using the ADAMS platform to compare suspension dynamics with real terrain
experimental results, aiming to identify mismatches between simulation and real data. Preview study [12], a
two-wheeled unmanned ground vehicle (UGV) using a Multibody approach is introduced. The proposed
vehicle integrates a trajectory-tracking motion control, based on extended Kalman filter, and realistic
Simscape/Multibody simulations. Recent work in [13] details a Multibody-based eight-legged robot, focusing
on validating fuzzy controllers for optimal joint control while considering the system's interactions with its
environment.

In the same context, several partners, researchers, and industrial professionals working on land
mobility, aim to overcome EV challenges by developing new architectures and algorithms [14]-[18]. Their
objective is to enhance EV performance and overcome various challenges including limited range and battery
lifespan [19]-[21]. Indeed, a recent work in [22] introduced a 30kW semi-active hybrid energy storage system
(HESS) for an EV, based on batteries and supercapacitors (SC). The system uses a fuzzy logic controller (FLC)
based EMS for real-time control and power filtering. This work aims to improve efficiency and battery lifespan
by minimizing current peaks and voltage drops. Furthermore, the authors in [23], [24] present EV models
powered by a HESS using the energetic macroscopic representation (EMR) approach. These studies aim to
enhance the performance of the proposed architecture through the SC integration and the implementation of an
FLC-based EMS, consequently improving the battery’s lifespan.

This article presents a simulation of a 5 kW EV model, based on a multibody approach. The
mechanical model was developed on SOLIDWORKS and imported into the Simscape/Multibody platform.
The electrical machine based on the permanent magnet synchronous machine (PMSM) and the HESS, were
developed using Simulink and Simscape toolbox. The HESS is controlled by a deterministic rule-based EMS,
which was designed to optimize energy flow. This work aims to evaluate the proposed EV model for more
realistic simulations, and EMS performance, considering the complexity of the mechanical parts. The structure
of the proposed paper is as: i) section 2 presents the proposed modeling and control of the EV, ii) section 3
describes the EV power management system in detail, iii) section 4 presents simulation results and discussions,
and iv) section 5 presents the conclusion of the paper.

2. EV SYSTEM MODELING AND CONTROL
2.1. Description of the studied EV

The studied system is a single-seat EV with a maximum speed of 50 km/h, designed for intra-city
transportation and goods delivery. The EV is driven by a 5SkwW PMSM, supported by a fully active HESS. The
designed HESS includes a Li-lon battery and supercapacitors, combined with two DC-DC converters as shown
in Figure 1.
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Figure 1. Simplified block diagram of the EV powertrain

2.2. Mechanical model

The EV multi-body simulation model was constructed in the SOLIDWORKS computer-aided design
(CAD) environment. Assembly constraints were meticulously applied to maintain the structural integrity of the
system and to define the material properties of each component. The mechanical design of the proposed EV
includes various elements that are essential for its interaction with the road, including mainly dampers, upper
and lower control arms (wishbones), knuckles, wheel discs, universal joints, rims, and tire, as illustrated in
Figure 2. Indeed, the designed vehicle has a total mass of myen = 280 kg and an aerodynamic standard of C,S =
0.7 m2
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Once the EV CAD file is finalized, it can be exported in “.XML” format containing the mechanical
characteristics and constraints in “.STEP” format, then imported into MATLAB to construct the
Simscape/Multibody model. After verifying the model’s integrity, the Simscape blocks are organized and the
terrain is integrated to interact with the wheels, as is shown in Figure 3. The Simscape/Multibody block diagram
of the PMSM shaft, shown in Figure 4, includes the "Revolutel” block, which represents the mechanical
linkage between the motor frame and its shaft. This block is configured with torque 'T" as input and speed 'W'
as output, enabling the integration of mechanical and electrical environments through the PMSM.

In system control, the integral proportional (IP) controller is used to maintain the desired vehicle
speed, by adjusting the PMSM's parameters based on the difference between the ECE-15 speed reference and
EV speed. This adjustment uses IP feedback to optimize the traction force, as in (1). The model operates as a
second-order system described by a linear differential equation with constant coefficients. The IP controller
gains, K, and Kp, are theoretically determined to meet stability, accuracy, and speed of response requirements,
ensuring a closed-loop control system with a damping coefficient of m = 0.7, prioritizing control system speed.

F veh_tr — (vev_ref - Vev_meas)- Cc (t) + Fenv_meas (1)

2.3. PowerDrive model

In this study, the power drive is assured by a PMSM, controlled by a three-phase VSI. The adopted
VSI architecture is based on insulated gate bipolar transistors (IGBTS) as illustrated in Figure 5. The specific
characteristics of the PMSM used in this configuration are illustrated in Table 1.

Table 1. PMSM characteristics

Parameter Value
Nominal power Pn=5kwW
Lg4 inductance 5.65 mH
L, inductance 7.50 mH
Stator resistance R 022Q
Permanent magnet flux 0.31wb

O

Figure 3. Simscape/Multibody model simulation platform ran in mechanics explorer
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Figure 5. Simscape/Multibody model of the PMSM PowerDrive

The approach adopted in this research is based on simplified models of the electromechanical system.
The analytical framework is defined by several key equations: as in (2) describes the relationship between
(speed, traction force) and (wheels speed, mechanical torque). Subsequently, (3) establishes the relationship
between torque and speed output of the gearbox and the electric machine, incorporating the reduction ratio
kgear. Finally, (4) correlates the torque and rotational speed with the currents and voltages of the machine,
providing a foundation for detailed analysis of the control and performance of the electric PowerDrive system.
{Tgear = Ryneet- Fren_tr )
Vey = Ryneet- 2gear
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{ Tem = 77(3/‘f- rgear- Tgear (3)
Qgear = neff-rgear-nem
3 . P .
{Tem = >ployig + (Lq — Ld)lq. ig] = k.g.ig @
€aq = f(idq' Ociect » © » 0em)

In this study, the maximum torque per ampere (MTPA) was adopted. It controls the PMSM by
adjusting torque based on the electrical current iq as demonstrated in (5). This method minimizes power losses
by setting the ig current to zero when the machine operates below base speed. The control of inductance voltages
in the PMSM requires two IP controllers to generate reference voltages Ugq rer (6). The inverse Park
transformation (7) converts Ugq rer 10 Usm_rer TfOr generating pulse width modulation (PWM) signals. These
signals control the IGBTs and coordinate the PMSM’s three-phase voltage by comparing a triangular signal
with Usm_rer, as detailed in Figure 5, to produce correct switching sequences.

, 2Tem
" Splppt(le-La)ial ®)
qu_ref = (idq_ref - idq_meas)' CS(t) + edq_meas (6)
Usm_ref = [P (Helect)]_ludq_ref (7)

2.4. HESS electrical model

The proposed vehicle in this work combines an electric propulsion system and an onboard energy
storage system. One of the main objectives of this study is to design a HESS that combines batteries and SC.
The complementarity between these energy sources allows the improvement of the global performance of the
system. Indeed, the adopted architecture is that of a full-active topology HESS with two parallel DC-DC
converters as it is illustrated in Figure 6.

The first part of the used DC-DC converter is represented by the current smoothing inductors.
According to (8), inductance and internal resistance (Lsource, I'source) are considered as the main characteristics.

a, .
Lypae 5, tbat = Upae + Urpar + "1 batlpat @®

d . ,
Lsc ;isc = Usc + Upsc + T sclse

The smoothing inductors Lpa and Lsc are used to limit the current ripple Aigan at the input of the converter.
Since the converters are identical, the values of the Lya and Lsc inductances are the same, as in (9).

Upc
L =Lee >——"— 9
bat SC 4.f Aipar ( )

On the other hand, the DC-DC converters, are of bidirectional type, each containing four
semiconductors: two MOSFET and two free-wheeling diodes. The MOSFETS switch between the ON and OFF
states to ensure the power transfer from both sources in boost-buck mode. Thus, the switching model is
presented in (10) and (11), where apar and asc represent the duty cycles of the converters, #ch pat, and #cn_pat
represent respectively the DC-DC converter's efficiencies.

{ UL bat = Apas- Upc (10)

leh_bat = Nch_bat- Xbat- lbat

{ U, sc = asc- Upc (11)
lensc = Nen_sc-Asc- Usc

On the other hand, the implemented filter capacitor is used to ensure a continuous supply at the output of the
HESS voltage, to limit the DC bus voltage ripple, as defined in (12).

d . .
CEUDC = lpess — lpc (12)
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The C capacitor is defined in (13).

ipc (13)

4.f.AUpc

Indeed, the implementation of local control should make it possible to keep the DC bus voltage (Upc)
constant by controlling the appropriate current values, taking into account the contribution of each source
(battery, SC). A power-sharing technique is implemented to meet the requirements of the driving profile. Thus,
a first IP controller is used to control the main HESS voltage (Upc), this controller supports a constant voltage
reference Upc = 220 V defined by the EMS and allows to determine the value of the main reference current:
iness_ref fOr both sources as described in (14).

d . .
CEUDC = lphess — lpc (14)

The control scheme shown in Figure 6 describes the architecture used for this mode of operation. Two
current control loops are implemented for (15) and (16), where the battery reference current is defined from
the EMS to determine the contribution of this source according to the driving cycle phases. Whereas the
reference current of the SC is derived from the node law (17). This control scheme makes it possible to
determine the voltages required for the duty cycle calculation (awat and asc), which control the DC-DC converter
switches. This is carried out to satisfy the DC bus requirements of the Upc voltage stability and the main current
ipc demanded by the PowerDrive system.

UL_bat_ref = (ibat_ref - ibat_meas)- Cc(t) + Ubat_meas (15)
UL_SC_ref = (iSC_ref - iSC_meas)- Cc(t) + USC_meas (16)
ihess = ich_SC + ich_bat (17)
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Figure 6. Simscape/Multibody model of the EV HESS
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3. ENERGY MANAGEMENT SYSTEM

Multi-source storage systems are increasingly being used in electric mobility, to support the energy
needs of EVs. These systems, particularly those based on batteries and SCs, combine the advantages of both
technologies. The SCs integration provides high power for short periods, while batteries ensure energy supply
over long periods for quasi-static power demands.

In order to define the contribution of both energy sources, EMS takes into account several factors,
such as the state of charge of the battery and the SCs, the driving cycle profile, and the minimization of battery
stress. Indeed, a deterministic rule-based EMS has been developed to ensure control of energy flow between
the powertrain and the HESS energy sources [25]. The proposed EMS scheme, described in Figure 7, uses an
algorithm that takes as inputs: the EV speed vien and the acceleration Aven to define the driving phase of the
vehicle, the SoCsc , and the SoCpa: to check the availability of energy in both sources, the values of the Upc
voltage, the currents Ipc and Isc to define the power reference. The primary objective of the designed EMS is
to keep the DC bus voltage constant, using the battery for steady-state power supply and the SCs for transient
power supply, more specifically high and fast power demands.

This principle makes it possible to minimize the load on the battery and improve its lifespan while
still providing the powertrain required power. The various scenarios that can be studied are therefore shown in
the flowchart in Figure 8, and the operating mode of the EMS is described as follows:

a) Traction phase: refers to the phase when the vehicle is operating in traction mode, where the storage is
supposed to provide energy. Two situations are possible during this cycle:

- Acceleration phase (Aver> 0 && Vien > 0): when the load power demand is higher than the battery power
limit. The EMS should check if the SoCsc is allowing the SCs to produce energy. In this case, the battery
and the SCs generate the required power. Thus, fast power demands should be supported by the SCs, as
these are characterized by fast dynamics, the battery should be progressively engaged to compensate
for the remaining power. On the other hand, if the SCs are not available (S0Csc<S0Csc_min=50%) [17],
the EMS stops discharging the SCs and the battery provides the entire required power.

- Constant and quasi-constant speed phase (Aven=0 && wven>0): when the load power demand is constant
and the SoCya is available on the battery packs, it takes over the power supply to the powertrain. The
difference in power is used to charge the SCs using (18). The SCs are therefore charged until the stop
charge condition is reached: S0Csc(t) > SoCsc_init=95%.

Pbat_ref = f(SOCSC) = Prax- (%;SOCSC(D) (18)

b) Decelerating and braking: during this cycle, the kinetic energy generated during deceleration is converted
into electrical energy regenerated by the PMSM. The reverse torque observed during braking is caused by
the electromotive force (EMF) induced in the machine, which then creates a reverse current in the DC bus.
This process produces very high magnitude and short-duration power pulses in the HESS. Indeed, the SC
are prioritized for recharging to support high power pulses and then to increase their availability to restore
them to the initial state of charge (SoCsc(t)=S0Csc_init= 95%), enabling a power buffer function.

¢) EV total stop phase: During this period, the EMS should check the SoCsc by comparing it to
(SoCsc_init=95%). If this condition is not met (SoCsc(t)< SoCsc init), the EMS should progressively engage
the battery to charge the SCs according to (19) to restore them to their SOCsc_init. In this case, the HESS
architecture and the implemented control should allow the interchangeability of the energy flow between the
used sources.

Pbat,ref = fsc) = Upc_meas-Isc (19)

Ireq_ref
Ubatt_meas

Phreq f\ +/)'"‘ Isc_ref ‘

T Paare_sit

Figure 7. Block diagram of the proposed EV EMS
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The designed EMS integrates a low-pass filter to split required power reference into a high-frequency signal
supported by the (SCs), and a low-frequency signal designed to be supplied by the battery. This configuration
reduces the high-frequency power demand variations that can impact battery performance.

SoChat > SoChat
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Figure 8. Flowchart of the proposed EMS algorithm

4. RESULTS AND DISCUSSION

The EV model was constructed on MATLAB using Simscape library. The control and the EMS were
organized into subsystems on the same platform, as shown in Figure 9. The coupling between the PMSM and
the mechanical model was performed through the "Revolute™ block of the motor gearbox shaft. The evaluation
of the simulation model is performed using MATLAB/Simulink under the ECE-15 with a sampling time of
10, Table 2 and Table 3 show the battery and SC characteristics respectively.

Therefore, the analysis of the energy parameter curves shown in Figure 10, which reflect the
performance of the EV powertrain, highlights several important observations. Firstly, the comparison of the
vehicle speed response with the setpoint generated by the ECE-15 profile, shows that the response follows the
setpoint during acceleration, constant speed, deceleration, and braking. The obtained results demonstrate the
appropriate choice of IP controller parameters, particularly their ability to minimize overshoot and ensure
acceptable accuracy. The IP controllers meet the requirements of the vehicle design optimally. In addition, the
torque generated by the PMSM is proportional to the speed variation of the vehicle. The stator currents layc are
sine-shaped with slight ripple due to the selected PWM frequency of 20 kHz.

o

Figure 9. Simulation model of the proposed system

Moreover, Figure 11 illustrates the variation of HESS parameters throughout the ECE-15 driving
cycle. The analysis of the curve patterns demonstrates that the SoCsc has variations in accordance with the
machine power demand variations, taking into account the range defined in the EMS design SoCsc€[50, 100]%
to ensure SCs optimal energy performance. While SoCypa is generally smoothed and shows low variation,
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minimizing battery stress and thus optimizing battery life. Furthermore, the power profile of the powertrain
shows variations that depend on the driving phases of the vehicle, with a maximum power value of Pgem max=
3 kW. A key criterion in assessing the robustness of an EMS is the DC-bus voltage stability. Indeed, the profile
of this parameter illustrated in Figure 11 is constant with slight variations that remain below AUpc = 3 V,
demonstrating the reliability of the EMS algorithm and the control implemented in the HESS.

Table 2. Li-lon battery characteristics (3.7V LI-CELLS) Table 3. Supercapacitors characteristics (GTCAP 2.7V)

Parameter Value Parameter Value
SoC limits [30, 100]% SoC limits [50, 100]%
S0Chat init 96% S0Csc init 97%
Number of cells in series-parallel ~ 40-29 Nominal voltage 1485V
Nominal voltage 148 vV Cells number in series 55
Cell capacity 3.8 Ah Equivalent series resistance (ESR) 0.21 mQ
Battery capacity 110 Ah SCs cell capacitance 1500 F
Power limit 5 kW
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Figure 10. Simulation results (PMSM stator currents, electromagnetic torque, and rotational speed)

- Acceleration cycle: te[10, 15]s, t€[50, 60]s and te[118, 143] s: The EV speed response gradually increases
following the ECE-15 speed setpoint, as both parameters are in perfect agreement, resulting in a tracking
error of & ve=0.36 km/h. During this period, the machine receives maximum current reaching 75A in [12,
15] s time interval as shown in Figure 10, developing maximum torque of 69 N.m at a machine speed of
Qem = 200 rpm to reach vyen = 15.7 km/h. According to the mechanical explorer visualization on the
Simscape/Multibody platform, the torque of the PMSM was able to overcome all the resisting torques due
to the vehicle's rolling torque and rotating mass inertia. On the other hand, the fast decrease of the SoCsc,
shown in the curve of Figure 11, reaching a value of SoCsc=95% at t=2s, shows that the SCs are activated
by EMS to satisfy the high powers demanded by the PMSM, while the SoCpa Shows a low decrease,
providing a progressive power contribution to support the following cycle.

- Stabilized speed cycle: te[15, 23]s, t€[60, 85]s, te[143, 155]s and te[163, 176]s: The EV speed still follows
the reference speed, stabilizing at different speeds of wen=12 km/h at te[15,23]s, wen=27 km/h at t€[60,85]s
and wen=48 km/h at t€[143,155]s, with a maximum static error of &5 v=0.15 km/h, and an acceptable
maximum overshoot of 0.15% at t=40 s as shown in Figure 10. During this phase, the machine receives a
current of stable amplitude, lower than the starting current, with a maximum value of 10 A during [145,
150] s. Meanwhile, the torque decreases progressively and remains constant at a value of 10 N/m for a
machine speed of Q.»,=200 rpm. In addition, Figure 11 shows a quasi-constant evolution of the SoCsc and
a faster decrease of the SoCpa. Where the EMS activates the battery to support the constant and quasi-
constant power demand of the powertrain as shown in Figure 11.

- Deceleration/braking cycle: te[23, 27]s, t€[85, 96]s, t€[155, 163]s and te[176, 188]s : The EV speed
decreases progressively in perfect agreement with the setpoint, with a tracking error of &y v=0.36 km/h.

Integrated electric vehicle design and simulation: Combining a mechanical and electrical ... (Hatim Jbari)
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During vehicle deceleration and braking, the electromagnetic force (EMF) produced by the PMSM
generates a reversed electric current compared to the normal operating current of the machine, which also
induces a reversed electromagnetic torque with a maximum value of -60 N.m. This means that the electrical
torque generated during braking opposes the vehicle's progress, providing an effective means of
decelerating and stopping the vehicle. Simultaneously, this reverse current is used to supply the vehicle's
energy storage, optimizing its autonomy.

Vehicle total stop: te[27,50]s, t€[96,118]s, t€[188,200]: According to Figure 11 the curves show an
increase in SoCsc to reach SoCsc _init and stabilize thereafter, at the same time a very small decrease in SOChpat
is noticed. Figure 12 shows that the battery current increases progressively, while the SCs current increases
with a negative value. This demonstrates that the decisions taken by the EMS are perfectly in accordance
with the requirements defined in the algorithm described in Figure 8. Thus, during this phase, the EMS
checks that SoCsc< SoCsc _init to engage the battery to restore the SCs to their initial state of charge (energy
buffer). In addition, the negative value of the SCs current and the positive value of the battery shown in the
curve of Figure 12, demonstrate more clearly this decision taken by the EMS and the energy exchange

possibility between sources.
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Figure 11. Simulation model results (vehicle speed, SoCs, requested power, Upc voltage)
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Figure 12. Simulation model results (HESS and sources currents)
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5. CONCLUSION

In summary, this work presents an implementation and validation of an EV model based on multibody
approach. The proposed simulation model was designed to combine the multibody approach of the vehicle
mechanical model, the PowerDrive system built with Simscape blocks, and the control model with the EMS
built using MATLAB/Simulink. Indeed, the simulation model of the proposed EV, based on
Simscape/Multibody has enabled to offer a realistic simulation of complex multibody systems with fast
modeling, taking into account factors such as geometry, kinematics, and dynamics of the EV components,
which allows a more accurate analysis of the system. In addition, the study has opted for a more complex
architecture on the structural level of the energy conversion system, enables implementation and a more
detailed analysis of the system's performance. The role of each power electronics component has been defined
during the design of the power converters, implemented in the powertrain and the HESS of the proposed
system. Thus, this work has contributed in the optimization of the HESS coupling of SCs with a lithium-ion
battery to supply the EV. The sources complementarity allowed the improvement of the global performance of
the energy storage system by reducing the solicitations on the battery. Future research will focus on the same
model, with greater emphasis on analyzing the dynamics of the proposed electric vehicle (EV) under various
driving scenarios, including uphill and downhill driving, as well as cornering.
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