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Abstract: This paper deals with an energy management problem to ensure the best performance
of the recharging tools used in electric vehicles. The main objective of this work is to find the opti-
mal condition for controlling a hybrid recharging system by regrouping the photovoltaic cells and
fuel cells. The photovoltaic and fuel cell systems were connected in parallel via two converters to
feed either a lithium battery bank or the main traction motor. This combination of energy sources
resulted in a hybrid recharging system. The mathematical model of the overall recharging system
and the designed power management loop was developed, taking into account multiple aspects,
including vehicle loading, the stepwise mathematical modelling of each component, and a detailed
discussion of the required electronic equipment. Finally, a simplistic management loop was de-
signed and implemented. Multiple case studies were simulated, statistical approaches were used
to quantify the contribution of each recharging method, and the benefits of the combination of the
two sources were evaluated. The energetic performance of an electric vehicle with the proposed
hybrid recharging tool under various conditions, including static and dynamic modes, was simulated
using the MATLAB/Simulink tool. The results suggest that despite the additional weight of PV
panels, the combination of the PV and FC systems improves the vehicle’s energetic performance and
provides a higher charging capacity instead of using an FC alone. A comparison with similar studies
revealed that the proposed model has a higher efficiency. Finally, the benefits and drawbacks of each
solution are discussed to emphasise the significance of the hybrid recharging system.

Keywords: battery; fuel cells; gas emissions; hybrid power system; photovoltaic; power management

1. Introduction

The efficiency of the hybrid electric vehicle (HEV) powertrain depends entirely on the
performance of the driving behaviour and the devices used, such as converters, switches,
and motor drives [1]. Apart from the HEV physical components, significant improvements
are being made in HEV software to improve the efficiency of the systems [2].

Generally, an HEV consists of an internal combustion engine (ICE) and a motor for
propulsion. Vehicle manufacturers are focusing on HEVs because environmental safety has
become a global concern. Hydrogen was introduced as a fuel source for vehicles to keep the
atmosphere clean. Fuel cells (FCs) have been considered as a possible solution to replace
traditional gasoline vehicles (GVs) [3–6]. This is due to limited emissions, less reliance on
crude oil, and the heightened fuel economy, which could significantly improve air quality,
energy stability, and climate change. Based on the advantages of FC systems and the
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benefits of renewable energy systems, integrating photovoltaic cells into electric vehicles
can potentially increase their available energy, even if they are on the road [5,7].

Many modelling studies focusing on the transient power characteristics of FC systems
have been conducted, such as [8,9]. In addition, much research has focused on the fuel-cycle
analysis of emissions and the energy consumption of transportation fuels, as found in [10].
However, few studies have examined the efficiency of fuel cell systems in relation to fuel-
cycle emissions and energy consumption [11]. Some studies have analysed hybrid FC and
PV systems, such as [12,13], which aimed to find a simple and efficient control topology.

This study proposes a new multi-source system for EVs that comprises an FC system,
a PV system, and a battery system. It tests and validates whether the integration of PV cells
with the FC solution will be advantageous to solve the constraints of the existing literature.
A hybrid energy source is created for HEVs by combining FC and PV systems, which can be
used to recharge a vehicle. This study aims to optimise the efficiency for improving vehicle
autonomy by coupling these energy sources. Therefore, a power management control
loop was designed to control these two energy sources to help charge vehicles in three
different cases. The results of this study indicate a difference when using a combination of
energy sources and proves that integrating PV cells is profitable, even if additional weight
is introduced [14,15].

Thus, the energy efficiency of the hybrid recharging tool was tested under various
simulation conditions. The importance of this hybrid system was validated by monitoring
the battery’s state of charge (SOC) while the vehicle was accelerating under different values,
and the energetic performance was compared. This analysis also produced statistical results
that classified and organised the proposed recharging solutions according to vehicle speed
and then found the best conditions for each studied recharging solution. Thus, this paper
presents an approach to managing the hybrid energy source in an EV to optimise the
battery charging system. The proposed power management flowchart manages two energy
sources [2] based on predefined rules and is fixed according to the vehicle speed and battery
state of charge [16].

The rest of this paper is organised as follows. After a general introduction, the electric
vehicle model is described, and its internal components are presented in Section 2. Then,
in Section 3, the hybrid recharging tool is described by showing the necessary PV and FC
mathematical equations. Section 4 shows the related results, which study the energetic
performance of the hybrid recharging tool. This is carried out after showing the energy
management block and describing its running mode. Many results are shown in this
section, and a critical discussion is applied for each simulation step. Finally, Section 6 is
intended for resuming this work and presents future endeavours.

2. Electric Vehicle Description
2.1. General Review

An EV is composed of two models, the hybrid version and the pure EV. Figure 1 shows
the two different architectures of the pure electric vehicle model and the hybrid version.
The only difference between the two models is the internal combustion engine (ICE) present
in the hybrid model. The initial pack of components regroups an energy source alongside
the battery system. This block is connected to an electronic power converter to feed the
main electric motor. The function block needs a control system in addition to a calculator
with a high-speed processor to supervise all the processes of energy management and
vehicle speed control [17,18].

Many problems and advantageous descriptions can be found for each of these models
in [19]. Considering the problems of the environment and gas emissions, it is easy to
conclude that the pure electric vehicle field has encouraged researchers to make this
transport solution more efficient. Optimising a motor’s size and improving the bat-
tery technologies by making various recharging solutions are the different fields in this
research sector [20–22].
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Figure 1. Two electric vehicles models: (a) battery electric vehicle; (b) hybrid electric vehicle.

2.2. The Associated Converters in the Electric Vehicle Model

The composition of the EV systems and, particularly, the energy sources determine the
energy transferred through the battery charger. The challenges of designing an HEV involve
particular compositions, including a PV system, a battery system, the mechanical gear
model, the fuel cell generator, the associated converters, and the main electric motor [23].

This study intends to propose a new multi-source system for EVs that comprises
an FC system, PV system, and battery system. A conceptual depiction of the proposed
system is given in Figure 2. The system consists of a DC/DC converter, buck-boost
converter, and DC/AC converter. The DC/DC converter adjusts the electric current
to charge the battery. Generally, the charging topology of electric vehicle applications
comprises front-end (AC-DC) and back-end (DC-DC) converters. In the first stage of
AC-DC converter topology, the power factor correction (PFC) is adjusted while the
DC-DC converter topology controls the voltage level to make it appropriate for EV battery
charging. Mainly, there are multiple DC-DC converters for different applications, and the
desired output power level decides the converter type selection [24]. Some challenging
factors, such as safety, efficiency, cost, switching frequency, and power density, need to be
considered while designing a DC-DC converter for a battery charger for EVs. The DC-DC
converters in EV charging applications can be divided into unidirectional and bidirectional
based on charging systems [24]. The authors in [24,25] discussed several unidirectional
and bidirectional DC-DC converter topologies based on EVs charging systems. The advan-
tages of bidirectional over unidirectional converters, along with their challenging issues,
are examined in detail in [26]. For a bidirectional elevator chopper topology, a double
active switch is needed, while an inductor in the output is not essential, making it less
costly and easy to implement. There are some DC-DC converters, such as a multi-stage
integrated charging solution for EVs, which are more efficient than the one used, but the
cost of the converter is very high [24,26]. Therefore, bidirectional non-isolated DC-DC
converters, including conventional DC-DC converters, are common, with a low cost, high
reliability, fast control, and a wide voltage range in two operating conditions [27]. These
topologies are popularly used with continuous power supplies and hybrid electric cars,
as they provide a high efficiency due to their high static voltage gains and low voltage
stress in both boost and buck mode [24,27].
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Figure 2. Multi-source system for an electric vehicle.

In this application, a single source or both energy sources can be used to charge the
battery. The buck-boost converter is responsible for the charging or the discharging state of
the battery. The charging or the discharging state depends on the electric motor’s energetic
needs. When the electric motor is in the traction phase, the surplus energy from the PV
and the FC sources can be used to charge the battery, whereas, in the discharging state,
the battery can provide the low power to operate the motor. Three possible cases can be
observed, i.e., a recharge using only the PV system, a recharge using only the FC system,
or the hybrid recharge using two energy sources.

3. The main Components of the Electric Vehicle
3.1. Lithium-Ion Battery Model

Numerous battery models can be found in the existing literature, as indicated in these
studies [28,29]. The lithium model can provide optimum performance, and its detailed
function is given in Figure 3 [30–32].
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The battery voltage model, noted by Echarge/discharge [31,33], can be defined in Equation (1),
and this equation is also used to calculate the nonlinear voltage Ebatt. Echarge = E0 − K Q

Q − it × it − K × Q
Q − it × i∗ + A × e(−B·it)

Edischarge = E0 − K Q
Q − it × it − K × Q

0.1 Q + it × i∗ + A × e(−B·it)
(1)

The state of charge can be calculated using Equation (2): SOC = Q(t)
QMax

× 100

Q(t) = Q(0)−
∫ t

0 ηb Ibdt
(2)

where Ib = battery current and ηb = battery performance [34].
These two equations were used inside a battery power model to generate the

equivalent battery power noted by Pbatt. The details of this mathematical model can be
found in [35].

3.2. Electronic Equipment for The Recharging Solution
3.2.1. Bidirectional Converter

The electrical system of an electric vehicle depends mainly on a group of converters.
The buck-boost converter, based on semiconductors, is the most important element inside
this loop. Wide band-gap semiconductors, such as SiC, GaN, and diamond, are needed
for megawatt power applications. Such applications require highly efficient, lightweight,
high-density power converters operating at high temperatures. The specific properties of
various semiconductors are listed in Table 1 [36–38].

Table 1. Semiconductor properties.

Si 4H-SiC 6H-SiC GaAs GaN Diamond

Energy band-gap, Eg (eV) 1.12 3.03 3.26 1.43 3.45 5.45
Critical electric field, Ec (MV/cm) 0.25 2.2 2.5 0.4 2 10

Saturated electron drift velocity, Vsat (cm/s) 1 × 107 2 × 107 2 × 107 1 × 107 2.2 × 107 2.7 × 107

Thermal conductivity I (W/cm-K) 1.5 4.9 4.9 0.46 1.3 22
Electron mobility, µn (cm2/s) 1350 1000 500 8500 1250 2200

Dielectric constant, et 11.9 10.1 9.66 13.1 9 5.5

The key energy source is the battery, which is connected to an electric motor through
a two-quadrant DC-DC converter. The converter has two functions, i.e., a voltage minimi-
sation step and a voltage elevation phase. In addition, they are assured by a buck-boost DC
converter. These operation functions are required, as the storage system has positive and
negative signs, allowing bidirectional energy transfer [39].

The bidirectional DC-DC converter operates in boost mode when the IGBTs related to
the switch “S1” and the diode “D2” are closed, and it is in conduction status. Therefore,
the battery is in discharging mode, and the current of the inductor, iL, has a positive sign.
By merging the equation of the mesh law, the mathematical model of the DC-DC converter,
which operates in boost mode, is given by the differential system as in Equation (3):

diL
dt = − (1−u1)

L Vdc +
Vbat

L − R
L iL

ibat = (1 − u1)iL

(3)

The bidirectional DC-DC converter operates in buck mode when the IGBTs related
to the switch S2 and the diode D1 are closed so that they can conduct. Then, in this case,
the battery is in charging mode and the current of the inductor, iL, has a negative sign. The
mathematical model of the DC-DC converter is in buck mode and is given the same form



Sustainability 2022, 14, 2551 6 of 20

of Equation (3) and by considering u2 = (1 − u1), which represents the control signal of
the second IGBT.

3.2.2. Converter Losses

The power losses of the MOSFET or the IGBT in the switching or the conduction phases,
the corresponding power losses of the diode in the conduction phase, and the inductor
and capacitor equivalent power losses in the DC-DC boost and buck-boost converters
are evaluated in this section. The following formulas that can be used to compute the
equivalent losses in these components were obtained from [40] and summarised as follows:

MOSFET Losses

The drain-source on-resistance (RDS (on)) causes conduction loss in MOSFETs. Changes
in the drain current and junction temperature affect the on-resistance. The voltage drop is
calculated by Equation (4) [40]:

VDS(id, T) = iD × RDS(on)(iD, T) (4)

Equation (5) can be used to express the instantaneous value of the conduction loss:

Pcon,M(t) = VDS(t)× iD(t) = iD(t)
2 × RDS(on) (5)

The MOSFET switching loss is primarily determined by the on and off state energy
losses. The MOSFET switching loss is computed by taking into account the loss associated
with the MOSFET’s on and off states. The on-state energy loss is determined without
taking into account the loss associated with MOSFET reverse recovery. However, the loss
associated with the anti-parallel diode’s reverse recovery process is taken into account
when computing the on-state loss. The switching loss of a MOSFET is calculated as
in Equation (6):

Psw,M =
(

Eon,M + Eo f f ,M

)
fsw (6)

The MOSFET datasheets include the values for the parameters utilised in the theoreti-
cal computation of conduction and switching losses.

IGBT Losses

The conduction and switching losses of IGBTs are estimated in the same way that
MOSFET conduction and switching losses are calculated. The MOSFET drain, source,
and gate are analogous to the IGBT collector, emitter, and base, respectively. The conduction
loss in an IGBT is calculated as follows:

Equation (7) gives the immediate value of the conduction loss associated with IGBT:

Pcon,IGBT(t) = VCE(t)× iC(t) = (VCEO + RCiC(t))iC(t) = VCEOiC(t) + Rcic (t)
2 (7)

Equation (8) is the average value of the IGBT conduction loss:

Pcon,IGBT =
1

Tsw

∫ Tsw

0
VCE(t)× iC(t)dt =

1
Tsw

∫ Tsw

0
(VCEO + RCiC)iC(t)dt = VCEO ICav + Rci2Crms (8)

In this phase, the IGBT switching loss is given by Equation (9):

Psw,IGBT =
(

Eon,IGBT + Eo f f ,IGBT

)
fsw (9)

The IGBT datasheet provided the values for the parameters needed in the theoretical
calculation of the conduction and switching losses.
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Diode Losses

There are two types of losses in a boost converter diode: conduction and switch-
ing losses. The conduction loss and the switching loss in diode can be expressed in
Equations (10) and (11):

Pcon,D = Vf D × I0 (10)

Psw,D = Qc × V0 × fsw (11)

Inductor Losses

The inductor has significant losses, such as conduction and copper losses. Equation (12)
is a breakdown of these losses:

PL = I2
Lrms Rdc (12)

where , I2
Lrms= I2

0 +
∆I2

12
(13)

where ∆I is the ripple current and ∆I2 can be neglected.
Therefore, the inductor conduction loss can be simplified by:

PL = I2
0 × Rdc (14)

Capacitor Losses

The losses in the capacitor can be stated as:

Pc = I2
c × ESR (15)

4. Modelling of the Hybrid Recharging Tool
4.1. The First Recharging Tool: The Photovoltaic Generator

The PV system consists of many solar cells. They are the essential electrical component
used to convert solar irradiation into electricity and can be used in different applications,
including electric vehicles. Many studies have proposed numerous models for the solar
cell, as in [41]. Figure 4 shows a commonly used electrical model of a solar cell [42,43].
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Figure 4. Equivalent solar cell’s electric circuit.

The current, Ic, can be given by Equation (16):

Ic = Iph + Ish + Id (16)

where Ic is the cell current, Iph is the photocurrent generated by the current source, Id is
the current shunted through the intrinsic diode, and Ish is the current delivered by the
parallel resistance.
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The current Iph (PV cell current) can be evaluated by Equation (17):
Iph = G

Gre f

(
Irs−re f +

[
KSCT

(
Tc − Tc−re f

)])
Id = Irs

(
e

q(Vc+Rs Ic)
αkT − 1

)
Ish = 1

Rp
(Vc + Rs Ic)

(17)

The PV generator model depends on the connection types (parallel or series),
and the number of solar cells, Np and Ns, respectively, as shown in Figure 5 and explained
in Equation (18). {

IP = NP IC

VP = NSVC
(18)
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The resistances Rs are considered very small compared to Rp, and based on this
supposition, the model uses Rp = ∞ and Rs = 0. So, the current, Ip, can be given
by Equation (19).

Ip = Np Iph −
[

Np Irs

(
e(

q(Vp)
nβnsTc Ns )−1

)]
(19)

The equivalent given power from this renewable energy generator can be presented
in [44], and the parameter used for calculating this energy is noted as PPV.

4.2. The Second Recharging Tool: Fuel Cell Model

The fuel cell proton exchange membrane [12] uses air and hydrogen as the fuel
sources [45,46]. Equation (20) gives the rates of conversion (utilisations) of hydrogen (XfH2)
and oxygen (XfO2), which are determined in block A as follows:

X fO2
=

nr
o2

nin
o2

=
60,000 × R × T×i f c

2 × z × F × Pair × Vair × y%

X fH2
=

nr
H2

nin
H2

=
60,000 × R × T×i f c

z × F × Pf uel × Vf uel × x%

(20)
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The partial pressures and the Nernst voltage (En) are determined in block B and are
shown in Equations (21) and (22) [12,47]:

PH2 =
(

1 − U f H2

)
x%Pf uel

PH2o =
(

ω f c + 2y%U f O2

)
Pair

PO2 =
(

1 − U f O2

)
y%Pair

(21)


En = 1.229 + (T − 298) × −44.43

zF + RT
zF ln

(
PH2 × P

1
2

O2

)
when T ≤ 100 ◦C

En = 1.229 + (T − 298) × −44.43
zF + RT

zF ln

 PH2 × P
1
2

O2
PH2O

 when T > 100 ◦C
(22)

where PH2O represents the partial pressure of water vapour inside the stack (atm) and w
represents the oxidant percentage of water vapour (%).

Then, the exchange current (i0) and the open-circuit voltage (Eoc) can be
computed based on the Nernst voltage (En) and the partial pressures of gases, as in
Equations (23) and (24) [12]:

Eoc = KcEn (23)

i0 =
zFk
(

PH2 + PO2

)
Rh

e−( ∆G
RT ) (24)

Based on the previously cited reference [12], at nominal operating conditions, the
study uses the polarisation curve while some additional parameters are taken into account.
These parameters include the stack efficiency, composition of fuel and air, supply pressures,
and ambient temperatures. The nominal rates of gas conversions can be computed as
in Equation (25).  X f H2 =

ηnom∆h0
(H2O)g N

zFVnom

X f O2 = 60,000 × R × Tnom × N × Inom
2 × z × F × Pairnom × VIpm(air)nom × 0.21

(25)

All of these equations were used to estimate the given fuel cell power, noted PFC, and
the corresponding mathematical model of this output can be found in [48].

5. Results and Discussion
5.1. Simulation Conditions

The EV model was simulated using the MATLAB/Simulink tools. The proposed
model was validated under different conditions related to the vehicle status and the hybrid
system parameters. Therefore, this section presents and discusses the obtained results using
the proposed models. It concentrates on the control and power management efficiency
concerning electric vehicle speed. The vehicle parameters and the motor and battery pack
specification used in simulations are listed in Tables 2 and 3 [28,41]. Figure 6 shows the
explanatory diagram of the overall system; this figure correlates the mathematical model
with the proposed model.

Table 2. Parameters of the vehicle.

Parameters Symbol Values

Vehicle mass m 1800 kg
Rolling resistance fr 0.01

Air density ρair 1.2 kg × m2

The frontal surface area of the EV Af 2.6 m2

Tire radius R 0.32 m
Aerodynamic drag coefficient Cd 0.41
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Table 3. Parameters of the electric motor and battery pack.

Parameters Symbol Values

Shaft power Pu 50 kW
Pole pairs Pp 2

Resistance of stator Rs 2.63 Ω
Resistance of rotor Rr 2.42 Ω
Mutual inductance M 0.253 H

Rotor and stator self-inductance Ls = Lr 0.214 H
Inertia moment J 0.03 kg m2

Viscous friction f 0.0002 N m × s2

Battery parameters

Battery voltage Vbat 72 V
Rated Capacity Q 68 Ah

Rated Power Pbat 50 kW
Type Lithium battery -
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Given the high costs of a lithium battery, minimising the total energy consumed is
important. A more complex control strategy is needed because, in this case, the energy
stored is small. It is important to detect any variables that need to be sensed, such as instant
battery voltage, battery charge state, instant battery current, initial conditions of the battery,
battery capacitor current, etc. The vehicle’s speed must also be taken into account, as all
the energy is required when the vehicle is going to start. On the other hand, when the
vehicle is operating at high speeds, the fuel cell needs to give important energy to recover
the electric motor’s consumption. To test the hybrid system’s efficiency, a driving route,
as presented in Figure 7a was chosen. Figure 7b gives the corresponding vehicle speed for
the given acceleration form as it is in Figure 7a.
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5.2. Power Management and Control

The electric vehicle (EV) with storage batteries must be recharged daily. A hydrogen
supply is required for those using FCs to supply electrical energy. It is only during the
sunshine cycle that solar energy provides energy for those fitted with PV systems. The
electric vehicle uses batteries for storage, but fuel cell or hydrogen vehicles, solar electric
vehicles, or a combination of solar, FC, and battery can be a competitive option due
to less autonomy. Coordination between the various energy sources includes control
of power management. Several researchers have worked on the energy management
system, and each study was used according to the application. For example, in [49–51],
the authors used fuzzy logic in the ICE, battery application, and optimisation-based energy
management strategy. In [52], the authors studied the topologies and integrated energy
management strategies to improve system power loss efficiency. Most of the research only
used two energy sources in their control algorithm, making the control topology more
complex if a third source was used; that is because updating the fuzzy rules or updating
a neural network controller needs a significant change and an extensive database. In this
study, the presented control topology seems more straightforward than when even three
energy sources were used, as the control tool is based on relays [53].

Based on these studies, the battery bank device was chosen in our work to begin
generating electricity. The fuel cell uses hydrogen to generate electricity, and the photo-
voltaic system at least works to adapt solar irradiation to electrical energy supplied to a DC
bus. The total power is measured as explained in [54] and in Equation (26), and Figure 8
shows a proposed diagram of the hybrid energy storage system and power management
for EV [55].

PMotor = PPV + PFC + Pbatt (26)

When the EV is under partial shading, such as in a garage, parking lot, or any other
type of shelter, the solar radiation’s power will be at its lowest (zero). The battery will
drive the car, and the FC will participate when the acceleration demand increases. The
obtained results of the power evolution for the previously cited simulation conditions are
shown in Figure 9, which confirms Equation (26) and proves the mathematical models and
their description. Figure 9a shows the PV system power for the various acceleration forms,
as shown in Figure 7a. Based on new photovoltaic cell technologies [56,57], the PV can
generate 9W as its maximum energy for the best irradiation factor.
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Figure 8. Energy management strategy technique.

Similarly, the fuel cell power evolution can be found in Figure 9b. It is clear that, even if
the acceleration factor rises, the fuel cell generates more power. In Figure 9d, the motor’s
power evolution is proportional to the acceleration factor, which explains why the motor’s
power increases in the highest acceleration region. Based on Figure 9c, the power needed
from the battery system was evaluated. The battery will contribute significantly only if
the PV system is used as it is in the period with a 0.5 acceleration ratio. However, if the
fuel cell is integrated in addition to the PV system, the given battery power will be less,
and it will be less than 10 KW before the new acceleration ratio is given. Therefore, it is
clear that the battery can provide a maximum given power, reaching 42 KW in the traction
mode. However, in the recharging mode, as it is during deceleration, when the acceleration
ratio is 0, the injected power inside the battery reaches 38 KW at the beginning of this
deceleration mode.

It is essential to mention that the battery specification used in this simulation phase is
as mentioned in Table 3. A value of 50 kW is the rated battery power.

In addition, one of the simulation conditions is related to the non-activation of the
regenerative mode. Similarly, the PV will contribute 100% of its energy in the recharging
phase and cover the shortfall through the use of the FC system. Thus, the battery power
will be harmful as it receives energy from the recharging tool, as shown in Figure 9c.

5.3. Efficiency of a Hybrid System: Dynamic Mode and Static Mode

In this section, it is supposed that the vehicle comportment was simulated for 15 s.
However, for the hybrid proficiency test, it is mandatory to know the SOC status of the
battery for the different vehicle conditions. So, two cases were investigated. The first case
examined the dynamic mode where the vehicle is in motion with variable speed. The
second case is the static mode, which studied the stopped car situation and shows the
recharging system performance. In both cases, the effect of the hybrid system on the SOC
of the battery was observed.
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Figure 9. (a) Photovoltaic generator power; (b) fuel cell power; (c) battery power; (d) power delivered
to the electric motor by the three sources.

5.3.1. Case 1: Dynamic Mode

In this case, the electric vehicle was driven using the electric motor. The primary energy
management strategy in combined systems is stated in many works. Figure 10 shows the
state of charge of the lithium-ion battery. From the obtained results, the hybrid system
can control all energy loops efficiently, as specified by the control of energy management
in Figure 8. The sudden changes in rotating speed at t = 4 s, t = 8 s, and t = 12 s were
made to check the hybrid system’s robustness. The outcomes of the model validate the
proposed hypothesis.
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5.3.2. Case 2: Static Mode

In this case, it was assumed that the electric motor was inactive and the battery was
only being charged. Figure 11 shows the results of the battery SOC for the different charging
systems. In this simulation, the initial value of the SOC was equal to 40.32%, and the energy
gain from each recharging system could be estimated. For the case of the PV system,
the energy gain was 0.48%, as the new battery SOC was 40.80%. For the FC, the final
SOC reached 41.50%, and then the gain was 1.18%. For the combined source (PV + FV),
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the obtained SOC was 42.90%, and the gain was 2.58%. Therefore, it can be concluded that
the FC + PV system is more efficient in energy production.
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5.4. Energetic Performance concerning Each Recharging Method

For the same previous simulation conditions, this section will show the energetic
performance of the hybrid system. The given evaluation was made under the previous
vehicle speeds. According to Figure 10, it was noticed that the zone (zone 4) at t = 8 s and
t = 12 s, a deceleration zone, was fixed, but a regenerative mode was not activated. There-
fore, the energy gain can be evaluated by presenting the percentage gain for each system.
Table 4 shows some statistics and gives an energetic evaluation.

Table 4. Estimated energy gain for each system in the deceleration zone (zone 4).

Energy Gain

PV FC PV + FC

At the beginning of the zone 39.6% 40.17% 40.2%
At the end of the zone 39.71% 40.35% 40.42%

SOC gain 0.11% 0.18% 0.22%

Referring to this case (case 1 and case 2), each recharging technique was tested sep-
arately, and their performance and energetic contribution were evaluated in detail. The
optimum selection can be related to combining the two techniques (FC and PV), as demon-
strated by the given statistics in the case studies. Nevertheless, as the difference is insuffi-
cient, the major energy efficiency can only be assessed if the PV system’s weight is correctly
considered. Based on some research, the evaluation of the influence of the PV system
weight on the vehicle was made, and a comparison regarding its influence is summarised
in Table 5. It is shown that with the new PV system technique [56,57], the PV systems add
more weight to the vehicle, which will slightly affect its performance.

Table 5. Influence of the PV cell weight on the energetic consumption over 100 Km.

With the Weight of PV Without the Weight of PV

Example of vehicle model weight 750 kg 737 kg

Energy consumed over 100 km 14.08 kWh 14 kWh

Consequently, it is possible to say that the benefit of this renewable energy source is
assured. Nevertheless, it is vital to demonstrate that the vehicle speed factor has a significant
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influence on the energetic performance, as is demonstrated in [57–59] and as is shown
in Figure 12, which shows that in a deceleration mode, the PV cells will contribute 100%
to the recharging action. Therefore, the percentage in this figure presents the rate of use
of each charging system for each speed. For example, in Figure 12d, for no acceleration
action (acceleration = 0), the PV cells contributed 100% to the recharging action. Based on
this paper, the proposed solution would help reduce fuel consumption and help charge
electric vehicles efficiently. Table 6 shows the benchmarks for many segmented FC and PV
system research projects and the results presented in the literature. Compared to [6,9,55,60],
the proposed hybrid system uses refined active recharging to produce a high power level
of 4900 watts.
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Table 6. Comparison of different hybrid systems.

References/Parameters Battery Power (W) Number of Sources

Proposed system 4900 3
System 1 [9] 5200 4

System 2 [55] 1440 3
System 3 [6] 4986 3

System 4 [60] 3200 2

In Table 6, a comparison between the contribution of the battery pack for more than
hybrid energy management tool is compared. Initially, it is important to mention that the
battery pack will always be required to help feed the electrical motor with the necessary
energy power. As shown in Figure 9c, in the high acceleration period, the battery con-
tributed 10,540 W at the beginning of the acceleration phase and 4870 W at the end of
the acceleration mode. Therefore, after this test, it was concluded that the battery pack
contributed at least 4900 W, as mentioned in Table 6.

6. Conclusions

This study presents a hybrid recharging tool used for electric vehicles. A complete
mathematical model describing the components used and the approach adopted to recharge
the battery and provide energy to the traction motor is presented. In this paper, the FC,
the PV, or a combination of both was used in the recharging mode. This is why we talk about
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the hybrid recharging system. The battery pack only feeds the traction mode, and when
it is required, the battery is charged through these blocks. The simulated case studies
suggest that additive autonomy can be obtained using this hybrid energy combination for
recharging and driving. The results signify hybridisation’s importance and demonstrate
the potential of hybridisation with renewable energy sources in future hybrid electric
vehicles. Particularly with PV hybridisation, a significant charging gain while stationary
without the need to plug the car into a socket can be useful for regions with higher solar
irradiance. A comparison with previous studies suggests that the proposed recharging
model is significantly effective. The study can be used as a steppingstone to develop further
detailed studies by considering additional variables, such as the cost of the components,
the vehicle weight, the regenerative system, and many others.
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Abbreviations

EV Electric Vehicle
FC Fuel Cell
IPT Inductive Power Transfer
PV Photovoltaic
HEV Hybrid Electric Vehicles
BEV Battery Electric Vehicles
ICE Internal Combustion Engine
GV Gasoline Vehicle
FCV Fuel Cell Vehicle
SOC State of Charge
List of symbols
Eon,IGBT IGBT ON state (J)
Eo f f ,IGBT IGBT OFF state (J)
Eon,M MOSFET on state energy loss (J)
Eo f f ,M MOSFET off-state energy loss (J)
ESR Effective series resistance (Ω)
fsw Switching frequency (kHz)
iC Collector current (A)

ICav Average collector current (A)
ICrms Collector RMS current (A)
iD Drain current (A)
iDrms Drain RMS current (A)
ILrms Inductor RMS current (A)
I0 Output current (A)
Vf D Diode on-state voltage drop (V)
V0 Output DC voltage (V)
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Pcon, D Diode conduction loss (W)
Pcon,M MOSFET conduction loss (W)
Pcon,IGBT IGBT conduction loss (W)
Psw,IGBT IGBT switching loss (W)
Psw,M MOSFET switching loss (W)
Qc Schottky diode junction charge (C)
RC Collector resistance (Ω)
Rdc Inductor DC resistance (Ω)
RDS(on) Drain to source on resistance (Ω)
Tsw Switching period (s)
vCE Instantaneous collector to emitter voltage (V)
vCEO Collector voltage (V)
vDS Instantaneous drain to source voltage (V)
VDS Off condition of the drain to source voltage in (V)
T Cell temperature in Kelvin (K)
q Electron charge (1.602 × 10−19 C)
K Boltzmann’s constant (1.381 × 10−23 J/K)
Irs Saturation current of the diode
Pfuel Pressure of fuel (atm)
Pair Pressure of air (atm)
Vlpm(fuel) Fuel flow rate (l min−1)
Vlpm(air) Airflow rate (l min−1)
x Hydrogen in the fuel (%)
y Oxygen in the oxidant (%)
N Cell number
z Moving electrons
Kc Voltage of nominal operation conditions (V)
k Boltzmann’s constant [J K−1]
h Planck constant [J s]
ηnom Nominal efficiency (%)
∆h0

(H2O)g Enthalpy of water vapour (J mol−1)

Vnom Nominal voltage (V)
Inom Nominal current (A)
ifc FC current (A)
VIpm(air)nom Nominal airflow rate (l min−1)
A Exponential zone amplitude (V)
Pairnom Nominal absolute pressure of air (Pa)
Q Battery capacity (Ah)
Tnom Nominal operating temperature (K)
I* Current of low-frequency dynamic (A)
PH2O Water pressure (bar)
it Available capacity (Ah)
ω Percentage in the oxidant (%)
K Polarisation constant or polarisation resistance (Ω)
B Exponential zone time constant inverse (Ah)−1

E0 Standard voltage (V)
Ebatt Nonlinear voltage (V)
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