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ABSTRACT In this paper, proton exchange membrane (PEM) fuel cell electric vehicle is
presented as a solution to overcome the alarming pollution problems caused by the conventional
internal combustion engine vehicles. To improve the performances of the electric vehicle, the
direct torque control (DTC) is applied to the induction machine. It allows us to obtain higher
performances with an increasing dependency of the electrical parameters. The use of the PEM
fuel cells and the introduction of advanced controls to the DTC results in improved performance
of the electric vehicle. The modeling of the whole system is also provided. Obtained results under
MATLAB/Simulink was used the compute the performance values of the electric vehicle.
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1. INTRODUCTION

Currently, most of the world's energy production
comes from fossil energy sources (oil, gas, coal etc.).
Excessive consumption of these energy resources, leads
to the depletion of these reserves and intensifies the
release of greenhouse gases (CO-, CHg, etc.) which cause
the pollution of the atmosphere. With these alarming
consequences, it is necessary to consider the
development of alternative energies. Renewable energy
sources (wind, solar, biomass, geothermal, hydro etc.)
and fuel cell technology are sustainable resources,
offering a competitive ecological quality in terms of cost
compared to conventional energy sources [1].

The PEM fuel cell is considered as a chemical
renewable energy source since it uses Hz and Oz, which
are two abundant chemical elements, to produce energy.
A proton exchange membrane fuel cell transforms the
chemical energy liberated during the electrochemical
reaction of hydrogen and oxygen to electrical energy, as
opposed to the direct combustion of hydrogen and
oxygen gases to produce thermal energy. The name of
chemical source was given due to the reaction which
occurs between O, and H,. Output of the reaction is
electrical energy, and water.

During the past few years, the fuel cell electric
vehicle (EV) gained the interest of industrials, where it is
presented as a clean mean of transportation, with no
harmful emissions and noise. The development of fuel
cell technology offers significant autonomy for the
electric vehicle going up to 400-800 km. Most mobile
applications and particularly automobiles are dominated

by proton exchange membrane fuel cells (PEMFC) [2].
The advantages of the fuel cell allow us to exploit it in
the electric vehicle, such as: higher efficiency; silent
operation compared to internal combustion engines.

In this context, several studies present the drive of the
EV with the fuel cell. Authors studied the electric fuel
cell application, the generation of the hydrogen and the
integration to the smart city [3-4]. However the control
strategy of the electric machine is not addressed.
Different types of machines have been used to move EVs.
Due to the robustness and low-cost, Induction Motors
(IM) have obtained special interests from the industry
since their invention. This development allows the
introduction of the advanced control, such as Direct
Torque Control (DTC), Fuzzy Logic Control (FLC) and
Sliding Mode Control (SMC), which are applied to the
IMs in order to improve their performances [5-26].
Several researchers employed DTC as reported in
literature [5-9, 13-20, 24-25]. In another study, authors
used Pl and Fuzzy Controller to control induction motor
speed [21]. In order to improve performances, some
authors have used a combination of several controllers. A
combination of DTC and FLC was proposed for IM in
[22-23, 26].

In this study, performances analyses of a PEM fuel
cells electric vehicle using direct torque control (DTC)
are presented. The use of this control method allows us
to obtain better performances with an increasing
dependency of the electrical parameters. The simulation
has been carried out using MATLAB/Simulink.
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2. MODELING OF THE PROPOSED SYSTEM

The proposed system is given in Figure 1. It consists
principally of an electric vehicle supplied by proton
exchange membrane fuel cells (PEMFC) and controlled
by DTC control method. Each subsystem has been
modeled separately. The electric vehicle has been
modeled by an induction motor (IM) fed by an inverter.
The global system has been simulated in
MATLAB/Simulink.
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Fig. 1. Proposed PEM fuel cell model

2.1. PEM Fuel Cell Model

A PEMFC is an electrochemical energy converter.
The cell voltage Veewmrc is given as the summation of
Nernst voltage Enemst due to various irreversible loss
mechanisms, activation overvoltage Vau, concentration
or diffusion over-voltage Vconc and resistive or ohmic
over-voltage Vonm as shown in Figure 2 [2, 5, 10, 11].
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Fig. 2. Electrical representation of a PEMFC

Veemee = E V,

Nernest — Yact —

Vohm _Vconc (1)

Enernest = @1 + @2 * (Tpemrc —298.15)
+a3 XTPEMFC (05|n PSZ +1n P:|2

2
Vact = A1+ B2 xTpemrc + B3 X TpEMFC X In(j X5><1073)
+ B4 xTpgmrc xINC* o,
(3)
Vonm = Ipemrc (Rm +Re) (4)
and
R, 'y X €
SceII (5)
Veone = —BxIn (17;]
Jmax (6)

where Ve is activation overvoltage, Vconc IS
concentration or diffusion over-voltage, Vonm is resistive
or ohmic over-voltage, Veemrc is fuel cell voltage, Enernest
is Nernest voltage, a; and B, constants, Teemrc absolute
operating temperature of the stack, P"o, partial oxygen
pressures, Py, partial hydrogen pressures, C"o, 0Xxygen
concentration in the cathode area, Iremrc fuel cell current,

j current density, S constant, R equivalent resistance of
the electron flow, R proton resistance, rm specific
resistance of the membrane, en thickness of the
membrane, Scet membrane active area, A adjustable
parameter in Equation 1 to 6.

Electrical characteristics of PEM fuel cells are
represented in Figure 3 and the parameters of the fuel cell
used in Equation 2 and 4 are summarized in Table 1.
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Table 1. Parameters of the fuel cell

Coefficients Values
o1 1.229
o2 -8.5x10*
o3 4.3085x10°®
B1 -0.9514
B2 3.12x103
B3 -1.87x10*
B4 7.4x10°

2.2. DC/DC Converter Model

The DC/DC boost converter used is inserted between
the source and the inverter. The following equation gives
voltage and current expressions of the DC/DC converter

[2].
1
Voc =775 Ve ()
loc = @a- D)IFC
2.3. Induction Motor Model

The stator voltage equations can be represented in a
stationary reference frame as [1-2, 5, 9]:

. da@,
Ve, = Reyisy + Scx
Sox S "sSax d dt
Dy
V. = Rgpi +
sp sp 'sp dt
do
Vig =0=Ryir, + dtra — o Dy p
o ) d@rﬁ
Vrﬂfoer 'r/i’+ at — @y ¢I’a (8)

Equation (9) gives the electromagnetic torque and rotor
speed equation:
3P . .
Ie= 7(¢sa'sﬂ_ sp 'sa)
392 I,—TI;
dt )
Other parameters are listed in Table 2.
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Table 2. Parameters of the induction machine

Parameters Symbols Values  Units
Shaft power Py 3 kw
Nominal speed N 1430 rpm
Frequency f 50 Hz
Number of pole pairs P 2 -
Stator resistance Rs 1.76 Q
Rotor resistance Rr 1.95 Q
Mutual inductance M 0.183 H
Stator (rotor) self- Ls=L;  0.194 H
inductance
Moment of Inertia J 0.02 kg.m?
Coefficient of f 0.0001 N.m.s/rad

viscous friction

2.4. Methods for Identifying Induction Machine Parameters
Several methods exist to identify machine parameters

(such as stator and rotor resistors, stator and rotor cyclic

inductances and mutual inductance). We can cite:

e Least squares method (knowledge of partial leakage
equivalent scheme and parameter vector).

e Nameplate method, which is a direct method
(knowledge of the rated power factor and the model
of the machine at steady speed).

e Conventional test method, which is based on the
steady-state machine model used in our study.

The steady state phase scheme, also known as

coupled inductance scheme, is as shown in Figure 4.

A
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Fig. 4. Steady state phase diagram
Vi = Ryls + jLswsls + jMwgl,
Re, L . (10)
0= j]_r +jLrwsls + jMwsls

We performed the continuous test on one phase to
determine the stator resistance R, of the machine since
the inductance term is zero.

The test in synchronism at no load allows us to annul
the slip g™, and we will have as equivalent model of the
machine as shown in Figure 5.
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Fig. 5. The equivalent diagram of the machine under
synchronism test
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No need for these power active P, , reactive power

Qo = +/S& + B#, the efficace current I, the voltage
efficace V,.

2 , V2
Po =R I3+ (11)
VZ
Q=1 (12)
7 . RpLs'ws
V=" VRsRp)Z+(Lsws (RF+Rs))? (13)

The current ¢, is very low in this test and the voltage
losses due to the stator resistance are generally neglected
before the voltage V,,, so from the previous equations we
will have the following equations:

_ V%
Po =27 (14)
VSZD
Q=1 (15)

Since the studied machine is a Squirrel-cage Class A
(assumption of equal leakage distribution in the stator
and rotor), therefore: Ly = L, [27-28].

During locked rotor and reduced voltage test (short
circuit), the rotor is locked, so the speed is zero, which
will imply that the slip is at its maximum value (g=1).
The equivalent model of the machine is given in Figure
6.

R, I*
Loy g <
R

Ve % L. v Ry

Fig. 6. Equivalent diagram of the locked rotor test

machine
We have:
— .72 o (L R
P,=R, 14 +V (RF + (erws)“mz) (16)
_ 2. 1 Ry
Ql =V (Ls‘ws (N‘r‘ws)z"'R;Z) (17)
V="Vy— Rsz' Isy (18)
Ls
No=LsG5-1) (19)
« L2
Ry =R, - M_Sz (20)

As the voltage Vg, is low, it is possible to neglect the
currents flowing in R and L before Iy, and the previous
equations become :

P1:(RS+R‘:').1521
Q1=M'ws'1521

(21)
(22)

2.4. Electric Vehicle Model

The vehicle is subjected to forces along the
longitudinal axis. There are types of three forces [1-2, 5]:
-Rolling resistance force Fire due to the friction of the
vehicle tires on the road. It is given as:
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=

tire

=mxgx fro (23)

With: m is the vehicle total mass, g is the gravity
acceleration, fro is the rolling resistance force constant.

- Aerodynamic drag force Feero caused by the friction on
the body moving through the air. Its expression is:

Faeroz(%)xpairfo ><C:d XVZ (24)

With: pair is the air density, Ay is the frontal surface area
of the vehicle, Cqis the aerodynamic drag coefficient, V
is the vehicle speed.

-Climbing force Fsiope Which depends on the road slope.

Fslope =mx g ><Sin(ﬂ)

(25)

With: g is the road slope angle.
The total resistive force Fris given as:
Fr = Ftire + Faero + Fslope (26)
The load torque can be written as:

r 27
T, =F x—= (27)

G

where r is the tire radius, Fris the total force.

By applying the fundamental principle of the vehicle
dynamics, we can deduce the speed vehicle.

m& _r_F

Yok (28)
dt '

where Ft is traction force. Table 3 summarizes the electric
vehicle parameters.

Table 3. Parameters of the electric vehicle

Parameters Symbol Value  Unit
Vehicle total mass m 1300 kg
Rolling resistance force fro 0.01
constant
Air density Pair 1.20  kg/m®
Frontal surface area of As 2.6 m?
the vehicle
Tire radius r 0.25 m
Aerodynamic drag Cq 0.32
coefficient
Gear speed ratio G 5
Road angle slope B 60 °

3. DIRECT TORQUE CONTROL STRATEGY

To keep the DC bus voltage at a constant value when
the speed of the rotor varies, different control techniques
can be used. In our work, the IM is controlled using DTC
strategy, which is a powerful control method for motor
drives. The DTC technique is based on the independently
control of the stator flux and electromagnetic torque.

For this purpose, the selection of the optimal space
vector using a hysteresis controller is required. Similarly,

11

the stator flux, electromagnetic torque developed by the
machine and its position in terms of flux can be estimated
[1-2].

Stator flux and electromagnetic torque are estimated
using the following equations:

t
cD:;oz(t): I(Vsa - Rs* iS(z )dt
0

(29)
t
Qs/;(t ) = j(vs/i - Rs * is/i )dt
0
D, =D, + D, (30)
D
6, = arctan (WJ @31)
458(1

The electromagnetic torque is calculated using Equation
32.

=3P

(32)
° 2

(@, i

sf “sa

_@Sa isﬁ)
The evolution of the stator flux in (af) frame is
divided into six zones i, with i =[1: 6 ] as seen in Figure

7. The space vector applied in each condition is described
in Table 4 [4-5].

Table 4. Switching table for the DTC technique
N 1 2 3 4 5 6

Ho=1 Hr=1 110 010 011 001 101 100
Hr=0 111 000 111 000 011 o001
Hr=-1 101 100 110 010 011 001
Ho=0 Hr=1 010 010 011 001 101 100
Hr=0 000 000 111 000 111 000
Hr=-1 001 001 101 100 110 o010
ABS
Va(011) v1(130)

Vs(001) Vs(101)

Fig. 7. The six voltage vector of the inverter

4. SIMULATION RESULTS AND DISCUSSION

MATLAB/Simulink has been wused in the
development of the DTC of induction motor using the
above equations. The general studied system is
represented in Figure 8.
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Fig. 8. General structure of the proposed direct torque
control

The block diagram of the classical DTC is made under
MATLAB/Simulink. The obtained results are given
below. A vehicle speed profile is chosen to show the
traction, the stop and the braking modes of the EV. The
speed increases gradually from the momentt =9 s.
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Fig. 9. Speed profile of the EV

The electromagnetic torque follows the load torque
developed by the electric vehicle.
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Fig. 10. Electromagnetic torque waveform

The biphase currents are in quadrature form (Figure
11) while the three-phase currents are shifted by 23 in
Figure 12. The currents are alternative and reach a value
of 5.6 A for a load torque of 6.3 N.m.
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Fig.11. Biphase stator currents
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Fig. 12. Stator current waveform with classical DTC

The rotational speed of the induction is maintained to
the reference imposed by the speed regulator (at 100
rad/s), despite the variation in the load applied to the
electric machine. The direct and quadrature flux
components are shifted by n/2 and have amplitude of
1Wb as shown in Figure 13. This amplitude is kept
constant despite load torque variations.
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Fig. 13. Stator flux waveform and its circular trajectory

Although the DTC is insensitive to variations in the
rotor parameters of the machine, the flow and torque
estimation as well as the determination of the PI
controller parameters are dependent on the stator
resistance. This led us to the use of a controller ensuring
total independence of the performances and accuracy of
the technique with respect to the variation of the machine
parameters.

6. CONCLUSION

An electric vehicle powered by the PEMFC is studied
in this paper. The studied system deals the supply and the
control of the electric vehicle using a sustainable energy
and advanced control techniques. The obtained results
show that the fuel cell insures the energy need of the EV.
Firstly, a DTC method has been applied to control
electric vehicle. Obtained results show the performances
of the proposed system.
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