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Abstract — The most serious disturbances to occur in electric
vehicles (EVs) are the management of electric energy sources,
which can affect the performance and efficiency of the EV. In
this paper, various renewable sources are proposed for an
electric drive system, equipped with a double stator induction
motor (DSIM) connected to the EV. Overall, this study is
centered on the application of multisource energy storage systems
in EV drive system, mainly photovoltaic power generation system
(PV), battery source (BS), and fuel cell (FC). A Maximum Power
Point Tracking (MPPT) controller for a PV system connected to
BS which ensures an uninterrupted power supply of the EV,
during the steady-state response as well as the temporary
behavior. Simulation results are given to demonstrate the
benefits of the use of various renewable sources in EVs drive.

Keywords— Renewable energy sources (RES); DC/DC
Converter; Direct torque control (DTC); Electric vehicle (EV);
Double stator induction motor (DSIM).

NOMENCLATURE
isa1,2, isp1,2  Stator currents (4)

Vsa1,2, Vsp1.2 Stator currents (4)

Rs1,2, Rr Stator/Rotor resistances (£2)

Wy Rotor angular speed (rad/s)

Lm, Ls, Ly Mutual, Stator, and Rotor inductance (H)

Ji, ky Inertia moment (kg.m?) and viscous friction (N.m.s/rad)
Te, T Electromagnetic/Load torque (N.m)

Crc, Rohm, Reon, Raee  Equivalent electrical capacitance (F), Ohmic,
concentration, and activation resistance ()

I. INTRODUCTION

The production technology of renewable energy devices is
near maturity with high system efficiency being the central
issue for manufacturers and consumers. The solar panel
manufacturers are creating highly efficient panels, whereas
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power converter and semiconductor manufacturers are
creating faster and low-loss switch devices. Similarly, fuel
cells (FCs) manufacturers are creating long life optimized
designs. The development of electrical storage demands
energy storage devices of high reliability to complement
renewable sources [1]-[3].

However, renewable energy sources (RES) are dependent
on climatic conditions and hence cannot be used for
continuous operations. To avoid this disadvantage, a hybrid
configuration of RES can ensure continuous power supply.
Through the blending systems, which complement each other,
an uninterrupted energy supply can be ensured. Thus, the
hybrid systems and their control strategies have been the
subject of extensive research in the area of renewable energy.
Wind, solar, and hydrogen-based power generation are a few
of the most encouraging technologies of renewable energy.
While photovoltaic (PV) and wind energy have achieved great
advances, FCs are emerging as a prospective green energy
source because they have the advantages of zero noise, high
efficiency, and low emission pollutants. These received
worldwide hybrid power systems (HS) are seeking for interest
in recent years. Moreover, it is easier to optimize each
renewable energy source's control process within an HS for
enhanced energy efficiency. Depending on optimal harvesting
power from every source, HS can effectively enhance energy
use and reliability [4, 5].

Currently, the increased demand for environmentally
friendly transport means it has catalyzed development and
research in hybrid electric vehicles (HEVs) to intensify their
energy efficiency and environmental sustainability. One of the
approaches utilized in curbing the use of fossil fuels and
decreasing carbon imprints is adding RES into the powertrain
of HEVs, reflecting the automotive sector’s progression
toward more sustainable and environmentally means [6].

A DC-DC Converter and a Voltage Source Inverter are
two essential elements used by the PV system to operate the
motor drive. The output voltage of the PV system could be
regulated utilizing the Boost Converter before its entry into the
inverter.



The motivation behind this work is that hybrid energy
sources are supplying electric vehicles (EVs). These energy
sources have a vital goal concerning electric drive systems.
Hence, it is important to highlight the use of hybrid sources
that improve the system’s efficiency. In addition, these sources
have a lot of advantages, such as: optimizing power efficiency
for industrial operations, reducing energy costs and enhancing
sustainability. On the other hand, direct torque control (DTC)
is an alternative control methodology that has a significant
interest in the process field due to its simplicity and superior
dynamics, despite its drawbacks of variable switching
frequency, torque ripples, and high flux [7]. This strategy is
used, as a nominal control for double stator induction motor
(DSIM) propulsion EV. Recently, the DSIM drives have been
proposed for EV applications due to their advantages, such as:
reduce torque pulsations, higher system reliability, and good
power delivery per phase.

This study aims at investigating the usage of various
renewable sources in EV applications.

The suggested research is structured into five sections:
Section 2 presents the dynamic model of overall system from
source to load, while Section 3 introduces the DTC strategy.
Section 4 illustrates the simulation results, which demonstrate
the suggested study. At last, Section 5 addresses the
conclusion.

II. MODELING OF THE OVERALL SYSTEM

A. DSIM Modeling

The DSIM mathematical model in the of stationary
reference frame may be expressed as follows:

XaﬁSl.Z = fl (X‘lﬁsl,z )+ GU“ 1.2

Y,

i 0
afs,, — CX”’ﬁSl.z

With Xogsi2, Uspsiz, and Yipsi 2 are the state vector, input
vector, and the output vector, respectively.

The mechanical drive is given by [8]:
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Where J;, T., T; and B, are the total coefficient inertia, motor
torque, load torque, and friction coefficient, respectively, wy,
®ra, and ¢, are the rotor speed and rotor flux, respectively.
B. Mathematical Modeling of a Vehicle

The EV dynamics model is given by the following
equation [9]-[10]:

F = %pCaA(V +V,V + M, gsin(a, )+ C,M,g+ MV (3)

Where F; is the total force exerted on the vehicle, p is air
density, C,, C, are aerodynamic and rolling coefficient, 4 and
M, are frontal area and mass of the vehicle, V and V,, are the
velocity of the vehicle and wind speed, respectively.

C. Modeling of PV System

The PV panel model includes single diode, a series and
parallel resistance. The characteristic of this model is given as
follows [10]-12]:
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Where 1,,, Ii, 1s and Iy, are the output current, photo-current,
diode current, and shunt current, respectively.

q, 4, K, and T are the electron charge, ideality factor of the
diode, Boltzmann’s constant, and the operating temperature,
respectively.
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Fig.1. PV cell equivalent circuit

The electrical parameters of the module used in this study
are listed in Table 1.

TABLE L ELECTRICAL PARAMETER

Parameter Value
Maximum power 4599 W
Optimum voltage 30V
Optimum current 1533 A
Open-circuit voltage 375V
Short-circuit current 17.63 A
Parallel strings 1
Series-linked modules per string 10
Temp coefficient of Voc -0.40 %/deg.C
Temp coefficient of Isc 0.087005 %/deg.C

D. Modeling of Fuel Cell System

The dynamic model of a proton exchange membrane fuel
cell (PEMFC) is based on a chemical reaction between oxygen
and hydrogen. As Fig. 2, depicts the electrical model of the
PEMFC [13]. The two electrochemical reaction results can be
expressed as follows:

H,=2H" +20" (5)

%02 +2H" +20" = H,0 (6)

The static model is given as follows:



Vic = Ey =Veon =Vt =Vom (7
Where: Vec, En, Veon, Vaer, Vorm are the output voltage, the
open circuit voltage, the concentration polarization voltage,
the activation losses voltage, and the ohmic losses voltage,

respectively.

Rohm

Fig.2. Fuel cell equivalent circuit

E. Modeling of the Battery Source

An accurate Li-ion battery model is crucial for predicting
battery behavior under diverse operating situations and for
assessing battery states, involving state of charge (SOC) and
state of health. The electrical model is illustrated in Fig. 3
[14]-[15].
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Fig.3. Battery equivalent circuit
The output voltage is given by [16]:
Ve =Voe =Va =Vay =V, 3

Where: Vg, Voo, Var, Vay, Vo are the output voltage, open
circuit voltage, voltage across Rqi-Ca, voltage across Rair-Cair,
and instantaneous voltage, respectively.

The SOC of the battery is obtained using the integral equation
as follows [17]:

t
1
SOC(t) = SOC, — J' 0dt 9
() ; 3600{013() ©)

With: SOC; ,ip are the initial SOC and the battery cell current,

respectively.

F. DC/DC Step-up converter

A parallel chopper is used as a source-load adapter,
ensuring that the power is supplied by the PV system. Thus, it

is used to increase the generated DC voltage of the module
[18], as shown in Fig. 4.

To optimize the PV system operation in various weather
conditions, we use the MPPT method based on Perturb and
Observe (P&O) technique, which generates a duty cycle for
controlling boost converter.
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Fig.4. DC/DC Step-up converter structure

The output voltage and current equations based on the
ON/OFF switch can be written as follows:

Iout:Iin(l_D)
10
Vout=Vin( 1 ] ( )
1-D

Where: L, Lou, Vin, Vou,, and D, are the input/output current,
input/output voltage, and duty cycle, respectively.

III. DTC STRATEGY

The DTC approach is a reliable control solution for
guaranteeing an induction motor's quick dynamic response. Its
principle operation is based on an instantaneous space vector
theory. It can also be explained by analyzing the stator voltage
equations in the stator flux reference frame [19]. In this
section, to apply the DTC technique, we have used two
switching tables, each one for an inverter. As a result, the
analysis of DTC for the DSIM is similar to that of DTC for an
induction motor, with a modified switching table, as shown in
Fig. 6.

The DTC strategy is based on an extended algorithm:
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Where: Vsq,2and Vg 2 are the stator vectors voltages.

Thus, the stator flux magnitude and its angle are given by:
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The voltage vectors of this strategy are shown in Fig.5.
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Fig.5. Trajectory of stator flux using the selection of suitable voltage
vectors
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With: P;, Pg, Ppy, Prc are the required power, battery power,
photovoltaic power, and fuel power, respectively.

In this study, two scenarios are possible. Firstly: the PV
generator is used to charge the battery and power the load.
Secondly: the load is supplied by the whole energy sources
with integrate FC, if the power of the PV is not sufficient and
SOC < 30%. In both scenarios, the system was operated under
a constant temperature of 25°C and an irradiance of 1000
W/m?. Table 1 illustrates the electrical characteristics of the
PV module used in the specified scenario. To assess the
effectiveness of the suggested study, various simulations are
shown in Figs. 7-10.

The DC bus voltage is kept steady at 400 V, even when
using hybrid power sources, as illustrated in Fig. 7

Fig. 8 depicts the power results of hybrid energy sources
that fed the drive system. In Figs. 8a and b, the evolution of
the fuel cell power and PV power throughout the DC/DC
boost converter fill the need of required power during steep
changes in desired velocity. In Fig. 8c, the progression of the
power supplied onto the battery is clarified as well.
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Fig.6. Schematic diagram of hybrid energy sources supplied an electric drive system

IV. SIMULATION RESULTS

This section demonstrates the overall performance of the
suggested scheme applied to the electric drive system based on
DTC of DSIM powered by various RES. These simulation
results have used nominal parameters of DSIM (see
Appendix). This later is powered by two PWM voltage
inverters. On the other hand, the power management control is
mandatory to make coordination between the various energy
sources. All these sources work to provide DC bus (Fig. 7),
where the total power is calculated as follows:

P, =Py + Ppy + Pr

(13)
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Fig.7. DC bus voltage source
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Fig.8. Power evolution: (a) PV power, (b) Fuel power, (c) Battery power
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Fig.9. Reference, rotor speed, and emulated speed (upper plot),
electromagnetic torque and load torque (lower plot)

The obtained results indicate that precise estimations of
power transfers inside the EV powertrain are attained.

Thus, we have focused on the simulation outcomes of the
electric drive system. However, Fig. 9 shows the results of the
speed, electromagnetic torque, and load torque of the DSIM
and load, respectively. This illustrates that the motor
accelerates with trajectories of the reference speed (rpm) [222,
680, 1140, 700, 235] and for variable values of the load
torque. The rotor speeds follow perfectly the reference value.
The values of the electromagnetic torque depend on the

reference trajectory of motor speed and values of the load
torque.

It is evident, from Fig. 10, that even the rotation speed of
the DSIM changes, the flux kept constant and follows its
reference value stator current. The stator current remains
sinusoidal and assumes the required value.

The obtained results demonstrate that the suggested
method performs efficiency under the specified test
conditions, and the mean square error (MSE) in the rotor
speed is 1.68 rpm.
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Fig.10. Stator flux (upper plot), and stator current (lower plot)

V. CONCLUSION

In this paper, an affective hybrid energy sources method is
suggested for EV applications. This method possesses the
capacity to enhance the sustainability and environmental
cleanliness of transportation network, while simultaneously
encouraging the utilization of RES. Additionally, the drive
system with DTC of DSIM fed by hybrid sources can be used in
industrial applications that require accurate regulation and reliable
operation. The obtained results substantiate the efficacy of the
proposed hybridization strategy in improving the performance,
reliability, and energy efficiency of RES electric vehicles.

Furthermore, this study provides a foundation for the
future investigations, which could concentrate on advancing
the suggested hybrid RES methodology through the
optimization of testing procedures, the enhancement of
measurement reliability, and the evaluation of dynamic
performance across diverse environmental conditions.
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