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Abstract:

This paper presents the modeling, control and simulation
of an electric vehicle with four in-wheel 15 kw induction
motors drive 4WDEV controlled by a direct torque con-
trol DTC strategy, where two control techniques are pre-
sented and compared for controlling the electric vehicle
speed: the first one is based on a classical Pl controller
while the second one is based on a fuzzy logic controller
(FLC). The aim is to evaluate the impact of the proposed
FLC controller on the efficiency of the 4WDEV taking into
account vehicle dynamics performances, autonomy and
battery power consumption. When the classical control-
ler can’t ensure the electric vehicle stability in several
road topology situations. To show the efficiency of the
proposed new control technique on the traction system
by 4WDEV. The vehicle has been tested in different road
constraints: straight road, sloping road and curved road
to the right and left using the Matlab / Simulink environ-
ment. The analysis and comparison of the simulation
results of FLC and PI controllers clearly show that the FLC
ensures better performances and gives a good response
without overshoot, zero steady state error and high load
robustness rejection, compared to the Pl controller which
is present an overshoot equal 7.3980% and a rise time
quite important (0.2157 s with Pl controller and 0.1153 s
with FLC). As well as the vehicle range has been increased
by about 10.82 m throughout the driving cycle and that
the energy consumption of the battery has been reduced
by about 1.17% with FLC.

Keywords: electric vehicle, induction motor, Pl controller,
fuzzy logic controller FLC, direct torque control DTC, four
in-wheel induction motors

1. Introduction

In electric traction systems, the overall perfor-
mance of an electric vehicle depends mainly on the
type of drive motor used (as an indispensable part of
the traction drive) for a four-wheel drive electric ve-
hicle (EV4WD). Among the different types of engines
exist in the literature; the induction motor seems to
be the candidate that feels better the main charac-
teristics of the propulsion [1], [2]. Due to their good
performance (low purchase cost, simple construc-
tion, robust, does no. need maintenance, they support
overloads prove to go up to 5 or 7 times the nominal
torque [3], [4], the good dynamic performance of the

torque control). However, these advantages have long

been inhibited by the complexity of the control. This

complexity is mainly due to the following reasons:

- The analytical model of the induction machine is
non-linear.

- Presence of parametric uncertainties and the need
to take into account their variation over time.
From this fact, various control techniques have
been developed to give the induction motor
with precision, flexibility of control and the
quality of electromagnetic conversion. Direct
torque control (DTC) is one of the most popular
control techniques for induction motors [5], [6].
This technique is proposed by I. Takahashi and
T. Noguchi [7] and Depebrock [8] in the late 1980s.
The main advantages of this method are the very
fast torque response to load torque changes, less
dependencies to machine parameters and a simple
control scheme [5], control without modulation
of the width of the impulse (MLI), control of flux
without using controllers of currents, control
without speed sensor is possible since the method
does no need accurate information on the rotor
position angle [9].

In this article, anew method of speed control
based on fuzzy logic controller is proposed for an
electric vehicle with four in-wheels induction motor.
Compared to aclassical PI controller, the proposed
approach has the advantages of simplicity, flexibility,
and high accuracy. Modelling and simulation are car-
ried out using the Matlab/Simulink tool to investigate
the performance of the proposed system. The paper
structure is organized as follows: the main compo-
nents of the proposed pull chain are shown without
section 2. Section 3 presents the DTC control strategy
of induction motor, the mathematical model of 4WD
electric vehicle and electronic differential; as well the
design of the PI and FLC speed controllers is show in
section 4. Regarding section 5, it shows the simulation
results. In the end, section 6 conclusions.

2. 4WD Electric Vehicle Description

The traction chain of the four-wheel drive electric
vehicle 4WDEV is shown in Fig. 1. The power struc-
ture in this traction chain is composed of four in-
wheel induction motors which are supplied by four
three-phase inverters. The lithium-ion battery (Lith-
ium-ion) is the main source of the vehicle. It is cou-
pled to a DC-DC bidirectional power bus (Buck-Boost
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converter) controlled by a PI type voltage regulator.
The DC bus feeds the fourth induction motors through
avoltage inverter (DC-AC converter). However, the
drive motor shaft is coupled to the vehicle wheel via
a power transmission line, each motor equipped with
a fixed ratio gear and attached to the wheel constitut-
ing a driving wheel. This configuration is integrated in
the wheels with fixed gear. The control method used
for each in-wheel induction motor drive is the direct
torque control (Fig. 2). The in-wheel motors are man-
aged by an electronic differential. This system uses
the position of the throttle and the angle of the steer-
ing wheel defined by the rotation of the wheel at the
main position as inputs.

2.1. Traction Induction Motor Model

In This paper three-phase induction motors (IMs)
are used. The induction motor model, with the stator
currents and the stator flux as state variables, in the
stationary (a, §) reference frame can be expressed by
[10]:

di 1

=i —0l,+Kp_ +—o +al

dt T] so risp (psa O_LS r(psﬂ so
di 1

=i, +oi, +Kp,——w0p,+aV

dt nsﬁ riso (psﬁ GLS r(Psﬁ so
d
&:Vm _Rsisa

dt
d(psﬂ .
dt :‘/s/} _Rsls/i
do, 3p, . . B T,
—=— 1., — 1 -, —— 1
dt 2]((psa sp (psﬁ sa) ] r ] ( )
With
R R
n=[ " +—]E K= pa=",
oL, oL oL.L, oL,
MZ
L ()

Where u_, Uy Pow Pop I isﬁ are respectively the
stator voltage, stator flux and stator current vector
components in (@, f) stator coordinate system, w, is
the rotor electrical angular, L, L, M are stator, rotor
and magnetizing inductances respectively, R, R_are
respectively stator and rotor resistances, o is the rede-
fined leakage inductance, T, and T, is electromagnetic
torque and load torque, J, B are the rotor inertia and
fractional coefficient, p is the number of pairs poles.

2.2. Conventional Direct Torque Control Strategy
for One in-Wheel IM

The conventional direct torque control strategy
is developed in 1986 by Takahashi [7]. It is based
on the direct determination of the control sequence
applied to the switches of a voltage inverter. Fig. 2
shows the block diagram of the DTC technique. The
measured speed of the motor is compared with the
reference speed w * the error obtained is processed

by a PI-type controller. The controller produces the
reference torque value T,% The reference flux val-
ue ¢ * is determined from the parameters of the
induction motor. The torque T, the stator flux ¢,
and the flux angle 6 of the induction motor are es-
timated using the measurements of the two stator
phase currents and the DC-Link voltages (Udc). The
estimated stator flux and the estimated torque are
compared with their reference values ¢ * and T, *
respectively. The obtained errors are applied to the
two levels hysteresis controller for flux control and
three levels hysteresis controller for torque control.
The outputs of the stator flux and torque hysteresis
controllers, torque and the stator flux sector (where
Cw is the stator flux error after the hysteresis block,
C,, is the torque error after the hysteresis block and
N, (i=1,..,6) means the sector) are the inputs of
a switching table. This table generates the conven-
ient combinations of the (ON or OFF) states of the
inverter power switches. There are seven possible
switching combinations, with two corresponding to
the zero voltage space vectors which are (000) and
(111). (6 active states V, to V, and 2 states zero V,,
V.). When the stator flux is in sector N, if the torque
and flux errors increase, if the torque error increases
but the flux error decreases V,, are selected. The es-
timated value of flux and its phase angle is calculated
in expression 3, 4, 5 and 6, respectively [11].

t

0, = [V, ~Ri,)dt
0
t

Do = _[(Vsﬂ _Rsisﬂ )dt 3)

0

0, =05, + 0y 4)

0. = artg(q)ﬁ} (5)

Where ¢, ¢, are the a and f axes stator Flux, ¢,is
the stator Flux, 6_is the phase angle.

And the torque is controlled by three-level hystere-

sis. Its estimation value is calculated in expression (6).

T, =%p(¢mi3ﬁ ~ i, ) (6)

3. 4WD Electric Vehicle Dynamic Modeling
3.1. Vehicle Dynamic

Based on the principals of vehicles mechanical
and aerodynamics. The external forces acting on the
vehicle in the longitudinal direction (Fig. 3) [12],
[13], [14] are: the rolling resistance force F,, due to
friction of the vehicle tires on the road; the aerody-
namic drag force F,_, caused by the friction on the
body moving through the air, and the climbing force
F,, that depends on the road slope, the acceleration
force F_,.

The total tractive resistive force F, of the 4WDEV
is the sum of resistive force, as in (7) [14]

F,=F,+F

aero

+F. +F @)

acc
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Fig. 3. Forces exerted on the 4WD electric vehicle

Where the force are given by:
1) The rolling resistance force (F,,) is defined by:

Frp =mgC, cos(a) (8)

2) The aerodynamic drag force (F_ ) is given by:

aero

1
Fuera = EpairAdeszeh (9)

3) The hill climbing force (F,) is: the force on the
vehicle to move up or move upward with a slope

F, =+mgsin(a) (10)

4) The force related to acceleration (F,_) is:

dv
F_ =m—“=m 11
acc dt y ( )

Finally the resisting couple F, is given by

+mgsin(a)

veh

F, =mgC, cos(a)+ 1pm.rAdeV2
2 (12)

The final expression of total resistive torque T, is
given by

T, =R,F;

w " veh

1
=mgC,R, cos(a )+ EpmrAdeR Vv

+mgR,, sin(a) (13)

Where m (kg) is the total mass of the vehicle, g
(m/s?) is the acceleration of gravity; C is the tire roll-
ing resistance coefficient and « (rad) is the road slope
angle; p,,. (kg/m?) is the mass density of air; A, (m?) is
the frontal area of the vehicle; C, is the aerodynamic
drag coefficient and V , (m) is the vehicle speed; R,
(m) is the wheel radius.

3.2. Dynamics of the Driving Wheel

The dynamics of each in-wheel motor drive sys-
tem may be expressed as
do

drtj =T, =By, —Tr {y}:lflii'f Hi#r (14

Jy

J; and B, are the moment of inertia and friction co-
efficient of each motor; respectively and subscripts [f,
rf, Ir and rr mean left-front, right-front, left-rear and
right-rear, respectively.

Where

T, =

R
= 15
? (15)

=1 |:~c:ﬂ

Thin the speed of each in-wheel is given by

. 1
Or_y :]_(Te—lf ~Byo, _TR_IJ‘)
If
. 1
Or oy = ]_(Te—rf ~Byw, =Ty ;)
f
. 1
wr,lr :_(Te—lr _Blrwrilr _TR,Ir)
Ir
a’)r,rr :]i(Te—rr _Brrwr,rr _TR,rr) (16)

Each motor is equipped with a fixed ratio speed
reducer and attached to the wheel constituting a driv-
ing wheel [15]. The gear is modelled by the gear ratio,
the transmission efficiency and its inertia, i.e.

(0]

=Gy
wwheel—ij - k

gear
Twheel—ij = Te—ijkgearn: (17)

Where 7, efficiency of the gearbox; kgear is the
gearbox coefficient.

The total moment of inertia associated with the
vehicle (J,), in the motor referential is given by

]ij:]Wheel+]V+]m—ij
Jy :%m[ R J (1-2) (18)

k

gear

Where J , ., wheel is the shaft inertia moment in-
cluding the motor and wheel inertia, J, is the inertia
moment of the vehicle, A represent the slipping of the
wheel (A is usually low and can be neglected if the ad-
hesion coefficient of the road is high).

3.3. Modeling of Electronic Differential System
(EDS)

The EDS for Electric vehicle with four independ-
ent in-wheels motors is avery complex control
system, it needs the control for different speeds si-
multaneously. Fig. 4(a) is presented the proposed
electronic differential structure, where the left and
right front wheels, the left and right rear wheels are
controlled by using four in-wheel motors. The Induc-
tion motors are preferred due to the high-efficien-
cy, high torque density, silent operation and the low
maintenance favours of the electric vehicle applica-
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Fig. 4. (a) Proposed Electronic Differential, (b) Kinematic Model of the 4WDEV driven during a curve

tion. Two inputs steering angle and throttle position
collectively are decided the speeds of the right and
left wheel (front and rear) to prevent the vehicle
from slipping. For a right turn, the differential has to
keep up a higher speed at the left front and left rear
wheels than the right front and right rear wheels to
prevent the tires from losing traction while turning.
The Ackerman and Jeanted [14] shown Fig. 4(b) can
be used. It shows the kinematic model of the pro-
posed system in a left turning manoeuvre. The rele-
vant parameters are shown in Table 1.

Table 1.Definition of parameters in kinematic model

Elements Name
W, Reference speed of vehicle.
9 Steering Angle (°)
6, Turning angle of left front wheel, (°)
6, Turning angle of right front wheel, (°)
L, Length of vehicle, (m)
d, Width of vehicle, (m)
R Steering radius of center of rear axle
R, Steering radius of inside rear wheel.
R, Steering radius of outside rear wheel.
r Steering radius of center of front axle.
r, Steering radius of inside front wheel.
r, Steering radius of outside front wheel.

Elements Name
Vi Ve Linear speed of left front in-wheel and right
front in-wheel
vV, Linear speed of left rear in-wheel and right
rear in-wheel.

From this model, the following characters can be
calculated

R=—to
tan (&)
d
R =R-2»
2
d
R =R+= (19)

The steering radius of two front in-wheels motor
drive can also be calculated by the geometrical rela-
tionship

r=yL +R°
d 2
r,=yL +R = L3V+(R—7W)
d 2
r,=yL +R; = Lﬁv+(R+?‘”]

(20)

By applying the instantaneous center theorem.
The angular velocity speeds of the two fronts and rear
in-wheels motor drive are given by
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wlr = a)veh ( d tan(é‘)J

d, tan
a)rr: veh 1+T

w

(21)

According to equation (20) and equation (21), the
speed reference of four in-wheels induction motors
are expressed as

2
\/1+(c0t(5)— w ]
CU: If = k earwl; = k earw\jeh -
’ ’ 1+ (cot(6))
2
\/1+(cot(6)+ w j
=k o.=k_ o -
r, ear " rf ear "~ veh
’ ’ 1+ (cot(6 ))2
. d, tan(8)
wr,lr = kgearwlr = kgeara)veh 1 - T
. . d,tan(5)
r r kgeara)lrr = kgeurwveh[1 + T)
(22)
Where k ,, is the gearbox ratio, wveh is the angular

reference speed of the vehicle and a)f a):;, w}, w} are
the speed references of left front wheel, rlght front
wheel, left rear wheel and right rear wheel respec-

tively.

3.4. Synthesis of the Different Speed Controllers
of One in-Wheel IM

The synthesis of a command must be allowed by
the calculation of the instructions to be applied to the
actuators so that the vehicle can perform a specified
movement. A number of different type’s controller
for speed control of an induction motor for this elec-
tric vehicle application that has been investigated. PI
(proportional and integral) and Fuzzy Logic control-
lers were chosen for simulation. The structure of the
speed control is shown as the external loop in Fig. 5.
The steering angle 6 and reference angular speed of
the vehicle w*, are fed to Electronic Differential (ED).
The ED algorithm produces the speed reference of the
front and rear in-wheel motor (v}, w!, v}, wf ).
The reference and actual speed of each in-wheels mo-
tor are the inputs of the speed controller blocks. The
speed error is used in PI and Fuzzy Logic speed con-
trollers. The closed-loop speed controller generates

the reference motor torque TY,.

3.4.1. Pl Speed Controller Design

If we want the effect of external disturbances to
be zero and if the speed is constant. And assume all
the initial conditions are zero. The Laplace transfer
function of (14) can be given as:

os)= 21 (23)
T, i (s) ]ijS + Br;‘
Therefore, the closed PI controller loop is
k s+k
F(s)= L (24)

J;s*+(k,+B;)s+k,

The denominator in equations (24) can be rewrit-
ten as
k +B, k
s? +Ms +—L (25)
/A’
So resonance frequency w, and damping ratio ¢
are given by

[ &= 5 (26)
],-,- k ],]
Therefore, kp and k, can be determined as:
» =®w,J; - B,

To optimize dynamic performance and system sta-
bility, we opt for a closed-loop damping coefficient &
of value equal to 0.7.

The law of PI controller for the four in-wheel in-
duction motors is:

t

T . :kp (a) —wr_ij)+k,j(a)*

i T Or
0

)dt (28)

3.4.2. Fuzzy Logic Speed Controller Design (FLC)

In this section, the PI speed controller is re-
placed by the fuzzy logic controller (FLC). The sche-
matic model of the proposed FLC is shown in Fig.
6. It can be seen that direct torque control (DTC)
method is employed in the given block diagram.
The proposed control system (as shown in Fig. 2)
has two inputs: the first is the desired speed of the
motor (w*, ). The second input is the feedback sig-
nal, which represents the actual motor speed (w, ;).
FLC was applied to this system to control the speed
of the induction motor.

Similar to PI speed controller, the speed error sig-
nal (e) is fed into FLC to determine the measured ro-
tor speed (w, ;). The inputs variables of FLC are speed
error (e) (i.e. equation 29) and rate of change in speed
error (4e) (i.e. equation 29) and the output variable is
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PP
In this control scheme, the Mamdani type, triangu- a
lar membership function MFs (i.e. 7MFs) for the input 5
and output variables, the max-min reasoning method, é
and the centroid method for the defuzzification are g
used [16]. The triangular-shaped membership func- ks
tions for input (e and 4e) and output (T},) variables %
are shown in Fig. 7 and Fig. 8, respectively. The pro- a
posed fuzzy sets (linguistic definition) and MFs for in-

puts and output variables are defined as follows: GN
(Grand Negative), MN (Medium Negative), PN (Small
Negative), ZE (Zero Error), PP (Small Positive), MP
(Medium Positive), GP (Big Positive). Seven member-
ship functions (MFs) are chosen for the inputs (e and
4e) and seven for the output (T},) variable. All the
MFs are normalized to be between [-1, 1].

-0.5

0.5

Fig. 7. Membership functions for the (a) inputs error
(e) and (b) change in Error (Ae)
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The total number of possible linguistic rules used
in the proposed fuzzy logic speed controller contains
forty-nine (49) rules for each output. The resulting
fuzzy inference rules for the output variable T}, are
shown in Table 2.

Table 2. Fuzzy tuning rules

GN MN PN ZE PP MP GP

GN GN GN MN | MN PN PN ZE

MN GN MN | MN PN PN ZE PP

PN MN | MN PN PN ZE PP PP

ZE MN PN PN ZE PP PP MP

PP PN PN ZE PP PP MP MP

MP PN ZE PP PP MP MP GP

GP ZE PP PP MP MP GP GN

The rules the of fuzzy logic system can be ex-
plained using examples:
- If (speed error is MN) and (change in speed error
is GN), then (reference torque variation is GN).
- If(speederroris GN) and (change in speed error is
GN), then (reference torque variation is GN).
The fuzzy rules and surface viewer of the pro-
posed controller are shown in Fig. 9.

Fig. 9. Three dimensional plot of the control surface

3.5. Vehicle Reference Speed Profile

Before calculating the reference torque has been
made of each motor wheel, it is necessary to define

a speed profile that faithfully represents the move-
ments that the vehicle will have to perform. The spec-
ified road trajectory is shown in Fig. 10. This trajecto-
ry is defined by three phases successively. In the first
one the vehicle is moving on the curved road at right
side with speed of 50 km/h, the second phase pres-
ent the acceleration phase’s beginning with 80Km/h
in curved road at left side, and finally the vehicle is
moving up the slopped (climbing) road of 10% under
30 km/h, the speed road constraints are described in
Table 3.

Table 3. Specified driving route topology

Vehicl d
Phase | Time (Sec) Event information ehicle spee
km/h
01 0s < £ < 4s curved r(?ad at right 50 kmy/h
side
Accelerati d
02 | 4s<t<75s ceeleration an 80 km/h
curved road
03 7.5s<t<10s | Climbing a slope 10% 30 km/h
i Y ‘ l‘-l:l‘)L-\-‘I.__
/ L
[ |

Prasel i : i H
mﬁ:ﬁ & s }fﬂlh

Fig. 10. Specify driving road topology

4. Simulation Results

To check and compare the effectiveness of the
different speed controllers (PI and FLC) proposed in
this study. In this section, numerical simulations were
preformed using Matlab / Simulink environment, on
the traction system by an electric vehicle propelled
by four different 15 Kw induction motors integrated
in the front and rear wheels (4WDEV) see the model
in Fig. 2. The aims of the simulation carried out eval-
uated the efficiency of the different speed controllers
(classical PI and FLC proposed) on the dynamics of
the electrical vehicle, a comparison of which was
made between the two. This system has been simulat-
ed by a reference vehicle speed given by the topology
illustrated in Fig. 10. Table 4 summarizes the mechan-
ical and aerodynamic characteristics of 4WD electric
vehicles. The induction motor parameters are given in
Table 5.

In order to ensure and confirm the effectiveness
of the DTC control strategy on the traction system by
4WDEDV. The system has been subjected to a change in
the reference speed according to the topology shown
in Fig. 10. At this stage of operation two turns are im-
posed by the driver on the vehicle chassis by steering
angle, one to the right (phase 01) at time ¢t = 1.7 sec
and the other at left t = 5.5 sec.
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Table 4. Proposed 4WD electric vehicle parameters

Parameters Name Value
Wheel radius, R, (m) 0.32
Vehicle mass, m (kg) 1300
Aerodynamic drag coefficient, C, 0.3
Vehicle frontal area, A, (m?) 2.60
Tire rolling resistance coefficient, C, 0.01
Air density, p, (kg/ m?) 1.2
Gear coefficient, kgm 5
Width of vehicle, d  (m) 1.5
Length of vehicle, L (m) 2.5

Table 5. Induction motor parameters

Parameters Name Value
Rotor Inductance, L, (H) 0.0651
Rotor Inductance, L (H) 0.0651
Mutual Inductance, M (H) 0.06419
Stator Resistance, R (Ohm) 0.2147
Rotor Resistance, R (Ohm) 0.2205
Number of pole pairs, p 2
Motor- load inertia, J (Kg - m?) 0.102
Rated power, J (Kw) 15
Viscous friction coefficient, / (N-m-s) 0.009541

Fig. 11 shows the curve of the steering angle of the
front wheels given by the driver. The positive value
corresponds to a right turn (§ = 20°), and the negative
value corresponds to a left turn (6 = -8°).

30

5
g; 20 + R
v 10} .
2
< [0] \ !
9 -10 +
é Phase 1 Phase 2 Phase 3
A 20 . .

[¢] 2 4 6 8 10

Time [s]

Fig. 11. Steering angle variation

The linear speeds of the front and rear wheels
with PI and Fuzzy Logic controllers are shown in
Fig. 12 (a) and (b), respectively. We assume that the
turns are made at a constant speed, the driver gives
a steering angle 6* which begins to be a steering angle
of the front wheels.

The electronic differential immediately acts on
the fourth in-wheels IMs, decreasing the speed of the
two wheels that are located inside the turn, and in-
creasing the speed of the wheels located outside the
turn. During the first pilot (phase 01), the two left
front and rear wheels located outside the curved right
turn are rotated at higher speeds than the two right

side wheels (front and rear). On the other hand, it can
be seen that the two front right and left rear wheels
rotate at higher speeds than the two left side wheels
during the second turn (phase 02) as shown in Fig. 12.
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Fig. 12. Four wheels speed variation in different
phases (a) PI, and (b) FLC

The comparative study of the speed response
(Fig. 13 (a)) shows that the different controllers
namely the classical PI and FLC, giving almost the
same speed profile, but with a better rise time (con-
vergence of actual speed to reference speed with min-
imum rise time), and zero Overshoot with zero static
error in Fuzzy Logic controller, compared to the PI
controller which present an overshoot equal 7.3980%
and a rise time quite important. The effects of distur-
bances that appear clearly in the classical PI control-
ler (where the vehicle is in a slope road phase 3). Ta-
ble 6 shows the static and dynamic characteristics of
all controllers.

Table 6. Performances of the Pl and FLC in the speed
response

Rise Settling Overshoot Peak

Controller Time Time value Time
(sec) (sec) (sec)
PI 0.2157 0.3235 7.3980 0.3340
FLC 0.1153 0.1918 0.0023 0.5260
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Fig. 13. Vehicle Linear speed (a) and error speed
(b) variation in different phases using Pl and FLC
controllers
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Fig. 14. Aerodynamic torque (a) and vehicle resistive
torque (b) variation in different phases using Pl and
FLC controllers

Aerodynamic torque is reduced with Fuzzy Log-
ic control relatively with PI. 73.42 Nm with FLC and
72.11 Nm by PI (phase 2, see Figure 14 (a)). This val-
ue can be explained because of the large frontal area
in the case of PI versus FLC. It can be seen that the
overall resistive torque is improved in the FLC com-
pared to the PI (See Figure 14 (b)). Table 7 summariz-
es this improvement.

Table 7. Values of the vehicle resistive torque and
aerodynamic torque in different phases

Aerodynamics Vehicle resistive
Phase Torque (Taero) Torque (TR)
PI FLC PI FLC
01 28.21 28.62 8291 82.63
02 73.42 72.11 127.68 127.42
03 10.32 10.16 64.54 64.51
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Fig. 15. State of charge SOC (a) and Power Battery
(b) variation in different phase using Pl and FLC
controllers

Figure 15 (a) and (b) explain the variation of the
state of charge and the power of the battery respec-
tively of this driving cycle. Figure 15 (a) shows how
the SOC in the lithium-ion battery (battery initiali-
zed to 75% at the start of the simulation). The latter
varies with the driving cycle for control methods.
The state of charge of the battery decreases rapidly
at acceleration and on a slope. Energy consumption
is low at Fuzzy logic speed controller relatively with
PI. The SOC variation is between 75% and 73.83%
(difference of 1.17%). Table 8 shows the variation
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of SOC during the driving cycle. Figure 15 (b) shows
the variation of battery power in different phases of
travel where it can be seen that the battery provides
approximately 5.24 Kw (PI controller) and 3.92 Kw
(Fuzzy Logic controller) to achieve the desired speed
in the first phase. The power is the same during phase
2 equal to 9.87 Kw with PI and 9.35 Kw with FLC. The
power delivered (Figure 15 (b)) increases when in the
slope of 10° (phase 3) is equal to 4.60 Kw by PI and
2.11 Kw with FLC. As a comparison, the Fuzzy Logic
speed controller strategy reduces energy consump-
tion compared to the PI. Figure 16 and Table 9 shows
that the crossed distance by the vehicle is improved
by the Fuzzy Logic speed controller compared to clas-
sical PI (541.84 m with PI and 552.66 m in FLC). Au-
tonomy is increased by 10.82 m by the Fuzzy Logic
speed controller.

Table 8. Evaluation of Li-lon battery SOC in different
phases

Begin End socC socC
Phase Phase Phase [%] with | [%] with
[sec] [sec] PI FLC
01 0 4 74.57 74.67
02 4 7.5 73.82 73.93
03 7.5 10 73.64 73.83
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Fig. 16. The vehicle travelled distance in the different

phase using Pl and FLC controllers

Table 9. Variation of battery power and distance
travelled in different trajectory phases

Battery Power Vehicle Driven
Consumed Distance
Phase [Kw] [m]
PI FLC PI FLC
1 5.24 3.92 188.21 197.52
2 9.87 9.35 274.31 280.02
3 3.50 2.11 79.32 75.12

5. Conclusions

The research proposed in this paper has demon-
strated the possibility of an improved four wheels ve-
hicle stability which utilize four independent driving
in-wheels for motion by using the Fuzzy Logic con-
troller.

The study of four wheels independent wheel
control approach structure applied to the electric
chain system using the intelligent speed control
which ensure the driving on slope with high safety
conditions.

The results obtained by Matlab simulation proves
that this structure permits the realization of Fuzzy
Logic loop speed control which gives a good dynamic
performances of electric vehicle. The proposed con-
trol, permits to control independently the driving
in-wheels speeds with high accuracy in flat roads or
curved ones in each case. The slope’s road does no. af-
fect the performances of the driving motor wheels
stability comparing with the PI classical controller.
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