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Sensorless Fuzzy Direct Torque Control for High Performance
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Abstract — This paper describes a control scheme of speed sensorless fuzzy direct torque control
(FDTC) of permanent magnet synchronous motor for electric vehicle (EV). Electric vehicle requires
fast torque response and high efficiency of the drive. Speed sensorless FDTC In-wheel PMSM drives
without mechanical speed sensors at the motor shaft have the attractions of low cost, quick response
and high reliability in electric vehicle application. This paper presents a new approach to estimate the
speed of in-wheel electrical vehicles based on Model Reference Adaptive System (MRAS). The direct
torque control suffers in low speeds due to the effect of changes in stator resistance on the flux
measurements. To improve the system performance at low speeds, a PI-fuzzy resistance estimator is
proposed to eliminate the error due to changes in stator resistance. High performance sensorless drive
of the in-wheel motor based on MRAS with on line stator resistance tuning is established for four
motorized wheels electric vehicle and the whole system is simulated by matalb/simulink. The
simulation results show the effectiveness of the new control strategy. This proposed control strategy is
extensively used in electric vehicle application.

Keywords: Electric vehicle, Fuzzy logic, In-wheel motor, Sensorless control, Model Reference

Adaptive system, Direct torque control.

1. Introduction

The primary topology of power train system in electric
vehicle has not evolved greatly since the emergence of
electric vehicles. The conventional electric vehicle has a
concentrated power system, which, as illustrated in Fig. 1,
has only motor and has to engage a differential to distribute
the driving power for the left and the right wheels.
Compared with the IC engine vehicle, this type of electric
vehicle can be thought of as a simple replacement of the
engine by a motor and the gas tank by the battery, which
results in extra mechanical parts and more maintenance,
and also hinders the performance of motion control
implemented in the vehicle. However, the practical use of
in-wheel motor (Fig. 2) has allowed for some revolutionary
changes in the design of electric vehicle with the introduction
of new topologies. In the following century, the technology
of in-wheel motors developed continuously. Especially in
last several decades, in-wheel motors have been improved
dramatically due to rapid developments in power elec-
tronics and electromagnetic technology [1, 2] and [3].

Compared with the conventional electric vehicle design
with a single motor situated centrally driving two or four
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wheels by axles (Figs. 1(b) and (c)), the in-wheel motor
arrangement has some significant advantages:

- High controllability for all-wheel driving vehicles

- High energy efficiency
Front

Front Front

Tire

Rear Rear Rear

Fig. 1. Various arrangement of motor drive systems for
electric vehicles proposed up to now : (a) A front or
rear wheel driven by one motor; (b) Rear wheels
driven by in-wheel motors; (c) Four wheels driven
by in-wheel motors

Fig. 2. An in-wheel motor
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- Greater freedom in layout design

Due to the advantages of in-wheel motors, there is no
doubt that more and more electric vehicles will adopt the
topologies of the powertrain system shown in Figure 3 to
make full use of these merits. Therefore, the electric

vehicle driven by four in-wheel motors is used in this work.

Electric vehicle is a road vehicle, based on electric
propulsion. The electric propulsion system is the heart new
generation of EV [4]. It consists of the motor drive,
transmission device, and wheels. The motor drive consists
of the electric motor, power converter, and electronic
controller, which are the core of the EV propulsion system.
Traditionally, DC motors have been prominent in electric
propulsion because their torque-speed characteristics have
suited to traction requirement well and their speed control
is simple. Recently, permanent magnet synchronous motors
(PMSM) have been extensively analyzed as feasible
candidates for variable speed electric vehicle (EV) traction
application [5]. The PMSM exhibits high efficiency when
operating at constant speed in the constant torque region
due to its lower (copper) losses. For improving the
dynamic performance of induction motor drives for electric
vehicle propulsion, generally vector control techniques is
preferred. In recent years an innovative control method
called direct torque control (DTC) has gained the attraction
for electric propulsion system [6-8], because it can also
produce fast torque control of the permanent magnet
synchronous motor and does not need heavy computation
on-line, in contrast to vector control.

The proposed control structure is based on the sensorless
fuzzy direct torque control (FDTC) for each in-wheel
motor. The main goal of using a FDTC algorithm for
PMSM drives is to overcome some of the drawbacks of the
original DTC. However, this reduces torque ripple greatly
and the fast response and robustness merits of the classical
DTC [9-13] are entirely preserved by eliminating hysteresis
regulators of flux and torque.

Sensorless control of permanent magnet synchronous
motor drives is now receiving wide attention [15-19]. The
main reason is that the speed sensors spoils the ruggedness
and simplicity of PMSM. In a hostile environment, speed
sensors cannot even mounted.

This paper is organized as follow : First, a four wheel
vehicle model is presented. In section 2, a speed sensorless
control is proposed. In this case, speed estimation is based
on MRAS (Model Reference Adaptive System) method.
Especially, it is not very sensitive to the parameters of
motor, so MRAS is a widely applicable method and it
attracts much attension [15-19]. In section 3, the problems
of stator resistance for the fuzzy direct torque controlled
permanent magnet synchronous machine drive have been
examined. The relationship between the reference current
vector and the reference flux and torque has been
determined and then used for R, estimation. A PI-fuzzy
compensation method of the R variation based on stator
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flux has been proposed and verified through modelling and
simulation. Simulation results show the effectiveness of the
proposed scheme on the steady-state and transient
performance of the drive. The proposed estimator does not
require rotor position information and hence retains the
sensorless nature of fuzzy DTC of PMSM in-wheel motor.
Finally, a series of Matlab/Simulink simulation will carried
out to evaluate the performance of the proposed sensorless
control system on a curved road.

2. Structure of Proposed Electric Vehicle

The electric vehicle structure is composed of four
permanent magnet synchronous motors (PMSM). They are
integrated in the front and rear wheels of vehicle. They are
supplied by a battery through DC-AC inverters. The Fig. 3
illustrates the proposed of EV structure which couples the
dynamics of vehicle to electrical motorisation.
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Fig. 3. Proposed structure of electric vehicle.
2.1 Dynamic model

The dynamic motion of the vehicle is modelled by three
equations that represent respectively the longitudinal and
lateral translational motion and the yaw rotational
movement (Fig. 4) [20]:

M, X =F,
MY =F, )]
Sy =M,

Where v, is the longitudinal velocity, V, is the lateral
one, P the yaw rate while, J, the moment of inertia.
Fy, Fy and M, are respectively the total forces acting
in X and Y directions and the total yawing moment.
They are clearly linked with the velocities in reference
frame by the obvious relationship:

cos(¥) —sin(¥)

X 0) v,
Y |= sin(‘P) cos(‘l’) 0 vy, 2)
¥ 0 0 1\ r
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Fig. 4. Vehicle model: (a) Reference frame for a rigid vehicle; (b) Directional geometry

Although there are many ways to obtain the mathematical
model, a procedure based on Lagrange equations will be
followed here; neglecting the relational kinetic energy of
the wheels the kinetic energy of the vehicle is as follows:

1

T= %MV(XZ + Y2)+5va}2 3)

and the equations of motion can be obtained by the

relation :
ar
aq;

where the coordinates ¢; are X, Y and W, and O, are
the corresponding forces Fy, Fy and M, .

Performing the relevant derivatives with respect to time
and introducing forces Fy and Fy written with reference
to vehicle frame, we obtain:

d

dt

o, 2

“4)

F, :Mv(f/x—rvy)
Fy=M, (5, +m,)
M. =J,F

)

Using a linear tire model, the front and rear cornering
forces can be expressed as the product of the cornering
stiffness (Cy, C, ) by the sideslip angle (¢, @, )

Fy=-Cra,

(6)
F, =-C,a,

The sideslip angles of the wheels can be expressed easily
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in terms of the longitudinal, lateral, angular velocities and
the steering angle & . The explicit expressions of the
sideslip angles for the front and rear axles are represented
in Eq. (7).

v, +1.r
(x/:tan_l[ v/ ]—5
. v,
7
fan! v, —lLr 2
a,. =tan
r VX

We can obtain the three governing equations of motion
by finding the resultant of forces acting on vehicle in X,
Y directions and the total yawing moment about the center
of gravity CG, then substituting in the system of equations
(equation 5) with taken in consedration the cornering
forces and the sideslip angles. The longitudinal, lateral and
angular accelerations of vehicle are represented as follow.

v.o=v podnt Fpt Byt Fy—Fo Cro(vy4rh
' M, M, v
C.+C, Cl +C,l C,
\./,: -7 / v}+ rr f'r _Vx I"-‘r—/
' MVVX ’ Mvvx Mv
2 2
= Crl" _Cflf _ Crlr +Cflf
r = v ,
vax d vax

i, 4
rf
+_J 5+_J (Fi+Fy—Fy—Fy) (®)

v v

Where F,F,,, F;3,F,,are the tractive forces of motors,

F, is the resistant forces which including the

res
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F,,, , climbing force F, and

They have the following expressions

aerodynamic drag force
rolling force F, .
[21]:

y2

px° cg

F

aero
F, :Mvgsin(ap)
Frr = CVVMVg

1
=—pS,.C
s
)

By applying a driving force to a tire which has a certain
slip (4), the longitudinal coefficient ( # ) is influenced by
the wheel sideslip angle ( @, , @, ). Moreover, the
longitudinal slip can be defined for the four wheels as :

R,0; —u,

Ap=—— j iell,...4]

L max(R

(10)

.

@i Uy

Where R, is the wheel radius, @ is the angular
velocity of the in-wheel motor and #, is the linear speed
at which the contact zone moves on the ground and can be
written for the four wheels as [21]:

0 =0y +dr)eos(5) o, +1, (o)
Uy =v, +dr
uy = (v, —dr)cos(5)+ (vy + lfr)sin(5)

Uy =V, —dr

(11)

The “Magic Formul” is used to describe the longitudinal
road/tire interaction, namely the relationship between slip
ratio A and traction coefficient # [20-22]. In the
Pacejka’s magic model, the normalized traction force (i.e.
H ) between tire and road is medeled as:

p=clsinle, tan" (e 2 - eyl 1 —tan ' (e32)))  (12)

Coefficient sets of ¢;, ¢, , ¢3 and ¢4 used for
simulating various road surface are shown in Table 1.

Table 1. The friction model coefficients

Surface q c [ cy
Normal 1 1,9 10 0,97
Wet 0,82 2,3 12 1
Snow 0,3 2 5 1
Ice 0,1 2 4 1

The longitudinal force for the four in-wheel motors can
be calculated by the next equation:

R o) L elal 09

The drive system model can be described by the
following mechanical equations:
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Tri :FtiRa) _Nfdz
Tri :FtiRw _Nrdz

,ie[l3]

,i€[2,4] (14)

Where T,; is the resistance torque N;,N, are the
front and rear normal force have the following expressions:

Mgl  h, dV, o
N, 8N Teg Tree T,
2 L Lg a f* L7
/ h., dv h (13)
M : C; C; C;
Nr =_Vg L_i__g_ga + g o
2 (L L, d 7 ?

3. Sensorless Fuzzy DTC with PI Fuzzy Stator
Resistance Estimator

The fuzzy direct torque control uses the stator flux
amplitude and the electromagnetic torque errors through
two fuzzy logic controllers to generate a voltage space
vector (reference voltage) by acting on both the amplitude
and the angle of its components, which is used by a space
vector modulation to provide the inverter switching states.
The mamdani’s and sugeno methods are used for the fuzzy
reasoning algorithms in the two fuzzy logic controllers [7].

3.1 PI-fuzzy stator resistance estimator

With Fuzzy DTC, the electromagnetic torque and stator
flux can be estimated using the measured stator voltages
and currents. The estimation does not depend on motor
parameters except for the stator resistance. The variation of
stator resistance due to change on temperature or frequency
degrade the performance of fuzzy DTC controlled by
introducing errors in the estimated flux linkage vector and
the electromagnetic torque. Compensation for the effect of
stator resistance variation then become necessary. Estimation
of the stator resistance and its compensation using a PI-
fuzzy estimator has been proposed in this section.

The block diagram of PI-Fuzzy stator resistance
compensator is shown in Fig. 6. The error in the stator flux
linkage is used as an input to the PI-Fuzzy estimator. The
technique is based on the principle that the change in stator
resistance will cause a change in stator current and stator
flux linkage @ . The error between the stator flux linkage
@, and its reference CD: is propotional to the stator
resistance change.

The equation for PI resistance is given by:

AD
)

Where T is the sampling time, X, and k; are the
proportional and integral gains of the PI estimator, AR is
the change in the stator resistance.

1z

z—

AR, :(kp+ki (16)
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Fig. 6. PI-Fuzzy stator resistance estimator
The error between the estimated stator @, and its

reference (1): is passed through a low pass filter with a
very low cuttof frequency in order to attenuate stator flux.
Then the signal is passed through a PI-Fuzzy estimator.
The output of the PI-Fuzzy estimator is the required change
of resistance AR, due to change in temperature or
frequency. The change of stator resistance AR is
continuously added to the previously estimates stator
resistance R, (k—1). The final estimated stator resistance
R (k) can used directly in the controller [26].

To study the performance of the PI-Fuzzy resistance
estimator with sensorless fuzzy direct torque control
strategy, the simulation was conducted using Matlab/
Simulink. Figs. 7 and 8 show the simulation results for a
step stator resistance change for uncompensated and
compensated system respectively.

In actual operating conditions, the rate of change of
temperature is quite slow. A linear changing stator resistance
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Fig. 7. Response due to step stator resistance change (un-
compensated)

was modeled. Fig. 7 shows the torque and flux responses
when the stator resistance changes as indicated by Fig. 7(a).
It is seen that the stator flux and the torque deviate from
their reference values. These deviations may cause the
Fuzzy DTC drive system to become unstable.

The PI-Fuzzy estimator of Fig. 6 was incorporated into
sensorless Fuzzy DTC system as indicated by Fig. 5. Fig. 8
shows the tracking performance of the estimator to the
actual change in R . The estimation error is approximately
0.025%, as in Fig. 8(b). Fig. 8 shows the torque and flux
response of the sensorless DTC for an abrupt change in
R, when stator resistance changes as indicated in Fig. 8(a).
It is seen from Figs. 8(c) and (d) that the torque and stator
flux are constant with the PI-fuzzy resistance estimator.
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L, L, _ L,
4= ,L, R, /= L,
3.1 Sensorless control system based on MRAS Ty T R 0
q q q

The MRAS sensorless control is based on the motor
current model in the rotating dq frame, Fig. 5.

Rs a),Lq L 0
dli L L, iy] |L v
t lq _“rtd _ s lq 0 - Vq
Lq Lq L‘I
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R L
=g~ I . Iy =
iy |
Wz‘](a)r_wr s

Because, the mechanical time constant is must greater
than electrical time constant, the parameter ®, in matrix
A can be considered as a time invariant parameter in the
digital control system. Then, it is easy to find that the
system described by Eq. (20) is a standard nonliear time-
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varying feedback system. So Popov’s hyperstability theory
based on the standard feedback system can be utilized to
design the adaptive mechanism. In order to describe the
system as a complete standard feedback system, Eq. (22) is
transformed to Eq. (21):

e _ e mw

dt
v = De

ey

Choose D=1 ,then v=e,

According to hyperstability theory, as a stability
condition, the Popov integral inequality [12] described by
(22) must be fulfilled:

gl
n(0.4) = [v'War =73, V=20
0

(22)

Where 7, is a limited positive number.
In this control system, the Popov integral inequality is
specifically described by inequality (23).

]

n(Qq):jvTWHt
0

t
_j Ly
Ld

As the adjustable parameter @, which has converged to
the real parameter ®, in reference model is necessary to
direct torque control, there should be ‘“memory” in
adaptive mechanism. Then the integrator can be adopted
and @, can be assumed as follow :

(23)

L; .
0~ Ld ideq](a), —a),)dt >—y2
q

e)dr++a,(0) (24)

o'—;N

Where T’ w(e) is an expression relative to generalized
error € . Then the inequality (22) will transform to
inequality (24).

Iy
I[ ideq]x...
0 ‘1

{J-F dr+a) (0) ]dtz—}/g

7(0,1,)
(25)

In order to obtain suitable I, (e) , an integral inequality
which is well known can be utilized, and ti is shnown as
inequality (26).
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S (0)-7(0)]
(k>0) (26)

According to the inequality (27), it is easy to make
assumptions described by Egs. (27) and (28).

L,
df —l e

Ly
q

olelr+0,0)-o

@7

t

kf(t)=]T,

0

(28)

Where f (t) is a function for the use of derivation,
@, (0) is initial estimated rotor speed. Then the derivation
from Eq. (27) will be obtained :

L L
q ' d
d q

Therefore the estimated speed will be obtained by
combining Egs. (24) and (29):

0,0 j 60 @
;dqudr+(Z)r(0)

k Lq ~ L. ~
=;{—E(z - )ld +L—(ld_ld) }-a) (0)

q

(30)

In order to improve the dynamic performance, the
proportional regulation can be added into the adaptive
mechanism [12]. Finally the adaptive mechanism is a PI
regulator shown by Eq. (31).

j{—i—j(i;—f;)fwi—z(i;—f;)ﬂ

. k,
, :(kp +?
(31)

To estimate the position of rotor, the integral operation is
performed as :

A

0 =|d,dt (32)

We illustrate in Figs. 9-11 and 12 the steady-state
responses of the sensorless (drive) fuzzy DTC PMSM
drive under full load condition at a speed of 600rd/s. In Fig.
9, the reference, estimated and actual speed signals are
shown in red, black and blue respectively. The estimated
and reference torque and flux signals are shown in Figs. 11
and Fig. 12 respectively. We can assert that the MRAS
observer tracks the actual speed very well and the

estimation error is very small, Fig. 10.
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4. Simulation results

In this study, a simulation model of a three degree-of-
freedom model of the vehicle is presented in order to
evaluate the effectiveness of the proposed control system.
The proposed system uses the vehicle speed, the slope
angle and the steering angle as input parameters and
calculates the required inner and outer speeds. The four
motors are controlled by a fuzzy direct torque control
through an inverter supplied by DC voltage source E of
510 (volt). Table 2 summarizes the vehicle characteristics
and parameter numerical values. The parameters of the
PMSMs are given in Table 3.

Fig. 13 shows the dynamical model of the considered
electric vehicle with a four in-wheel motors’ topology that
was numerically implemented on Matlab / Simulink. This
scheme consists of a block capable of representing the
different dynamics of the vehicle which has the steering
angle 0, the slope angle @, and the rotational speeds of
the motors (@, ®, ,®;,®,) as inputs. Basically, it is
responsible of calculating the longitudinal, lateral and
angular velocity of the vehicle from the traction forces
generated by the four motors. In the block called Slip, we
can estimate the longitudinal slip (s;,5,,53,54), calculate
the side slip angles (a;,@,,a5,a,), and the loads on
each wheel (N;,N, N3, N,y). Moreover, we can
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calculate the traction forces in the blocks (Wheel 1, Wheel
2, Wheel 3, Wheel 4) by determining the longitudinal
coefficient from the inputs to the blocks. The four blocks
representing the four motors use the inputs to estimate the
load torques required to produce the corresponding
rotational speed. Finally, the block named Electronic
differential provides the difference of speed for the four-
wheel drives while the vehicle is performing a turn, which
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will result on (a better) the best stability of vehicle in the
curved trajectory of the road, and for various conditions of
the environment. When the steering angle is equal to zero,
the electric vehicle drives on the straight road and the
electronic differential does not need to work (intervene).
On the other hand, if the steering angle changes, it
indicates that the wvehicle is making a turn and the
electronic differential begins to work (be part of the speed
control system involving 4 drives). The common reference
speed " is then set by the accelerator pedal command.
The actual reference speeds for the left drives (a); ,a)Z )
and the right drives (a)l* , a); ) can then be obtained
(defined) by adjusting the common reference speed "
using the output signal of the steering angle block.

The vehicle speed starts from zero to the chosen
reference speed. At this operating point, two turns, one to
the left and one to the right are imposed to the vehicle
chassis by the steering angle. Fig. 14 shows the steering
angle in which the maximum value is (7°). The vehicle
turns to the left at ¢#=12s, and when the steering angle
reaches its maximum value at ¢=15s , and still be
maintained at the mentioned value about 5 seconds and
then it is brought to zero at ¢ =23s . After that, the vehicle
is steered towards the right from the instant of ¢ =27s for
a period of 11 seconds before being put back to its
trajectory at the instant ¢=38s. The sensorless fuzzy
direct torque control (FDTC) based strategy imposed on
each motor-wheel system is also applied to the four-wheel
drive.
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Fig. 15. Vehicle path
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Fig. 15 shows the trajectory traced out by the vehicle. It
is clearly shown that the vehicle starts from rest and
continues on its linear path until the steering angle starts to
rise by imposing a left turn at first. Then, a turning to the
right causes the vehicle to change its direction, and thus
continues its journey until the end of the simulation time.

Fig. 16(a) shows the longitudinal velocity of the vehicle
V.. We notice a dissipation of energy due to the lateral
sliding. This dissipation is reflected by a slight decrease on
the speed when the vehicle is cornering as reported in Fig.
16(b). In fact we can notice a slight decrease when the
driver applies a steering.

As for the lateral velocity Vv, and the yaw moment 7,
we can immediately recognize that their existence depends
solely on the steering angle reference as shown in Fig. 17
and Fig. 18. We can clearly see that these two speeds occur

9 ‘ —
E 8 /[ i
Z6 / i
35 I
o5 : 8
° /:
> 4 i
T, /
£ 3 B
5 / ‘
2 20f 1
5./ |
S :
4 RN N SN A R R
0 5 10 15Tir%g[s]25 30 35 40
(a)
8.5 ;
T i
E 84 — v,
-
383
2 N N
=
£ 82
=}
2
=)
E 8.1
8% 5 10 15_20 25 30 35 40
Time [s]
(b)
Fig. 16. Longitudinal velocity
0.5
0.4 — Y
= 0.3
E 0.2 / \\
£ 01
3 /
20
2 01 \ /
©
_2 0.2 \ /
- 03
0.4
0.5
0 5 10 15_20_ 25 30 35 40
Time [s]

Fig. 17. Lateral velocity



M hamed Sekour, Kada Hartani, Azeddine Draou and Ahmed Allali

0 5 10 15_.20 25 30 35 40
Time [s]
Fig. 18. Angular velocity
35 .
T e e N B i e .
w
=i
8 25 b 8
1
LI e S St St Sl !
g
B L B T e SRwel: Muvsw: syvwoee 8
[=] _— wm1
11 S S SO — wm, -
g_ 2
B gl — wm, |
wm4
0 1 1
0 5 10 15,20 25 30 35 40
(a)
32 —
_— wm1
w 31— wm,, [ 1
E 30— Wma 4 S VR SR J S\ S 4
— wm
w 4
529 B Rttt B S S SN SRR S .
£
B L e e e L o .
[=]
B 27 b .
@
=N
LR Y+ U SO N U DU SO SRS SOUUR SO J
i
20 5 35 40

10 15,20 25 30
(b)

Fig. 19. Rotational speed of motors

only during cornering and they vanish when the vehicle is
traveling on a straight road. It is interesting to note that the
lateral and angular speeds of the vehicle keep the same
waveform compared to the steering angle, and only their
amplitudes vary.

Fig. 19 (a) shows the estimated rotational speeds of the
motors. We notice that they have the same speed variations
from the start up to the establishment of the steady state
speeds as long as the vehicle runs on a straight path. We
suppose that the turns are made at a constant speed, the
driver gives a steering angle that begins to be a steering
angle of the guiding wheels (front wheels). The electronic
differential acts immediately on the four motors
simultaneously, lowering the speed of the wheels that are
located inside the turn, on the contrary of those located
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outside the turn. At that time, the speeds of the wheels
change values which will have an immediate impact on the
electrical and mechanical quantities. During the first steering,
the motors (M1 and M2) located outside of the turn’s
curvature, rotate at higher speeds than motors (M3 and
M4). On the other hand, we can notice that the motors (M3
and M4) rotate at higher speeds than the motors (M1 and
M?2) during the second steering as can be seen in Fig. 19 (b).

Fig. 20 depicts the linear speed of wheels. A good
tracking of the longitudinal velocity of the vehicle can be
observed. In fact, we can notice also a slight decrease when
the driver applies a steering. However, similar responses
could be noticed for the speeds of the 4 driving wheels of
the vehicle, as shown in Fig. 16.
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Fig. 20. Speed of wheels
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The behaviour of the lateral slip of wheels is illustrated
by Fig. 21. We should note that the longitudinal slips
(81,8,,53,54) of four wheels are maintained in the
adhesive region.

The lateral side slip of front and rear wheels are shown
in Fig. 22, as well.

The variation of the lateral force of front and rear wheels
are shown in Fig. 23. As shown in this figure and during
the turn trajectory of the vehicle, the lateral force applied to
both front and rear driving wheels show different values.

It can be observed in Fig. 24, that the adhesive coefficient
of the outer driven wheels is bigger than those of the inner
one. Therefore, the stability is maintained during the
vehicle turn.

Fig. 25 illustrates the traction forces generated by the
motors of the front axle (M1 and M3) and the two motors
of the rear axle (M2 and M4). First, we notice high traction
forces are provided by the motors for moving the vehicle
from startup. This seems logical since these forces must
overcome the overall resisting forces to the movement of
the vehicle. Moreover, we may also report a discrepancy
between the traction forces during the movement through a
turn. Indeed, the motors located within the curvature of the
turn produce lower traction forces than those of the motors
that are outside the curvature of the turn. This scheme also
applies to the load torques imposed on the motors as can be
seen in Fig. 26.

Fig. 25 shows the difference in the traction forces of
motors during the completion of a turn. This can also be
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clearly seen for the speed of motors (Fig. 19) and the
resistant torque of motors (Fig. 26). When the speeds of
motors on the left side and right side diverge, the left
wheels slow down and the right wheels speed up to
traverse the turn.

Fig. 27 (a) illustrates the variation of the electromagnetic
torque of the motors. We have first, a high torque during
the start up, the motors maintain these high electromagnetic
torques from start up until the time their stabilized speeds
are reached. At this time, the motor torques begin to
decrease and then stabilize at a certain set point. We can
also notice a discrepancy between the motor torques each
time it passes through a turn. The electromagnetic torques
developed by the motors (M3 and M4) are higher than
those of the motors (M1 and M2) at the first turn but
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during the second turn, the opposite is verified as can be
clearly seen in Figs. 27 (b) and Fig. 27 (c). It can be
observed that the torques of the outer motors are greater
than that of the inner ones.

The phase currents variations of the motors (M1 and
M3) are illustrated in Figs. 28 (a) and (b).

5. Conclusion

In this paper, a new technique improving the sensorless
control performances for in-wheel electrical vehicles under
stator resistance uncertainties is proposed. A Pl-fuzzy
stator resistance compensator is designed and applied to
eliminate the effect of stator resistance variation in
sensorless fuzzy DTC controlled in-wheel electrical
vehicles. The performance of PI-fuzzy estimator is verified
by modelling based on Matlab/Simulink. These studies
show that the PI-fuzzy stator resistance estimator is
capable of tracking the stator resistance very well and can
also overcome the problem of instability caused by a large
mismatch between the controlled and the actual stator
resistance. The sensorless control was carried out on in-
wheel based on MRAS method. The simulation results
exhibit good performance of control in dynamic and steady
state. A three-degree freedom vehicle model was employed
in the simulation. The proposed sensorless control system
on a curved road can significantly improve vehicle handling
performance.
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Appendix
Table A.1 The specifications of the vehicle used in
simulation
M, Vehicle mass 1562 kg
J, Vehicle inertia 2630 kg.m?
J, Wheel inertia 1,284 kg.m?
L, Distance from the CG to front axle 1,104 m
L Distance from the CG to rear axle 1,421 m
h Heigh of the vehicle ctroid (CG) 0,5m
S, Frontal area of vehicle 2,04 m?
P Air density 1,2 kg.m?
C, Drag coefficient 0,25
C, Rolling resistance coefficient 0,01
C, Longitudinal stiffness of each tire lateral 37407 N/rad
C, Lateral stiffness of each tire lateral 51918 N/rad
R, Wheel radius 0,294 m
Table A.2 The specifications of motors
R Resistance 0,03 Q
L, Inductance 0,2 mH
D, Permanent magnet flux 0,08 Wb
P Pole pairs 4
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