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Abstract: A multi-layer controller of direct yaw moment for electric vehicles is
developed in this study. In the upper layer, the yaw moment are obtained using
Adaptive Sliding Mode Control (ASMC) with adaptation gain to track the desired
vehicle yaw rate. The corrective yaw moments are applied by four in-wheel electric
motors. The lower layer controller consists of a torque distribution algorithm and in-
wheel motor torque controllers as well. The proposed torque distribution algorithm
is intended to distribute the reference torques of each in-wheel motor controller
appropriately based on both total longitudinal force and corrective yaw moment. To
elucidate the effectiveness and robustness of the above control method, the
simulation under various manoeuvres was carried out. A 7-DOF non-linear vehicle
model is used for simulations and their results signify that the proposed control
algorithm accomplishes a proper distribution of longitudinal force among four
individual wheels, in turn, enhancing the yaw stability of the vehicle.
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1 INTRODUCTION

Deleterious effects of fossil fuels used in cars with an
Internal Combustion Engine (ICE) and increasing public
appeal for cutting back weather contamination produced
by these cars have drastically expedited the use of cars
with zero emissions. Hence, the advancement of Electric
Vehicles (EVs) in place of conventional ICE vehicles is
growing rapidly. A novel layout used for EVs is to
exploit electric motors in the inner space of each wheel.
The advantage of using in-wheel motors can be exerted
to the design of a control architecture with the point of
distributing controlled driving and braking torques
independently amongst the wheels of the electric
vehicle. The mentioned merit of in-wheel-motor electric
vehicles (IWM-EVs) is accompanied by the
concentration on stability analysis of these vehicles.
Therefore, electric vehicles have been the focus of
interest among researchers in recent years [1-2]. The
stability problem of EVs under critical manoeuvres is of
paramount significance. Hence, the main incentive of
this paper lies in the lateral stability enhancement of
IWM-EVs. When it comes to vehicle lateral dynamics
control, the yaw rate is considered to be the primary
control variable [3]. Moreover, the sideslip angle of the
vehicle is another control variable kept limited by
controlling the vehicle angular velocity of the vehicle in
this paper. Thus, a corrective yaw moment generated by
the direct yaw moment control (DYC) system is
designed to track the desired vehicle yaw rate which in
turn keeps the vehicle sideslip angle restricted. In
general, DYC systems are categorized into two main
systems which are Differential Braking System (DBS)
and Torque Vectoring (TV) system which uses
asymmetric braking and driving longitudinal forces
respectively to create the corrective yaw moment
required to maintain the vehicle motion in the desired
path [4]. From the point that the driving and braking
torques of IWM-EVs can be controlled independently
for each wheel, this type of vehicle is the best choice for
designing a DYC system. Thereafter, the focus of this
paper is to propose a DYC system for IWM-EVs.

A great deal of research on yaw stability control of in-
wheel-motor electric vehicles has been largely studied.
Yaw stability control of an IWM-EV is mainly realized
by independent in-wheel-motor torques control [5-10].
Zhao et al. [11] proposed a sliding model stability
control method based on motor drive torque for a four
independent in-wheel motor vehicle. However, the
motor torque distribution according to the additional
yaw moment for stability was not described. Chen et al.
proposed three patterns of electric differentials (ED) for
four independent in-wheel motor vehicle. However, a
vehicle stability control algorithm was not taken into
consideration [5]. Xiong et al. proposed quadratic
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programming for vehicle stability control to distribute
the driving force of the four wheels. However, the
regeneration braking force distribution was not analysed
[6]. Majidi et al. [7] proposed a vehicle stability
enhancement via a combination of direct yaw moment
controller with active front steering which is shown to
have a better tracking performance compared to single
DYC or AFS. Kang et al. proposed a driving control
algorithm for a 4WD (4-wheel-driving) EV equipped
with independent braking control modules and two-
motor torque control to improve vehicle stability [8].
Robust yaw stability control method based on a two-
degrees-of-freedom  (2-DOF)  steering  control
architecture was presented, and its effectiveness was
verified using a hardware-in-the-loop simulation setup
[9] and field tests [10]. Kazemi et al. [12-13] used the
yaw rate error and the derivative of yaw rate error to
achieve the desired yaw moment. In their work, the
reference yaw rate is generated through a neural
network. Also, in order to prevent the tyre from
saturation, they proposed a fuzzy control method in
which the slip ratio error and its derivative are fuzzy slip
controller inputs. Wang et al. [14] used a robust
4 —synthesis approach to improve handling stability of

a four in-wheel motor electric vehicle. However, this
paper took no notice of designing a lower-level
controller to realize the additional yaw moment.

In this paper, vehicle stability improvement is achieved
through yaw motion control using Adaptive sliding
mode control (ASMC) with adaptive gain. This paper
presents a hierarchical control approach consisting of an
upper controller and a lower controller. The upper
controller comprises an adaptive sliding mode control
with adaptive gain to generate the corrective yaw
moment aimed to follow the desired yaw rate and
sideslip angle acquired by the bicycle model. The lower
layer controller consists of a torque distribution
algorithm and in-wheel motor torque controllers as well.
The proposed torque distribution algorithm is intended
to distribute the reference torques of each in-wheel
motor controller appropriately based on both total
longitudinal force and corrective yaw moment. Then, the
output torques of in-wheel motor controllers will be
given separately to each wheel to generate the desired
longitudinal force and consequently yaw moment
required to assure the yaw stability.

2 VEHICLE MODELC

In this section, a 7-DOF nonlinear vehicle model
involving longitudinal, lateral, and yaw motion in
addition to four angular velocities of wheels which are
depicted in “Fig.1” is considered. For simplicity in
controller design, the roll dynamics is neglected.
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Fig.1  7-DOF vehicle model.

The differential equations of longitudinal, lateral, and
yaw motions are expressed as “Eqs. (1-3)”. These
equations are according to Newton’s law of motion:

m (\/x -rv y ) = (Fxfl + Fxfr)COSé} + I:xrl + Fxrl'
_ )
—(Fy +Fy)sing, —05c,A py,°
m{, +rv,)=(F, +F,)coss, +F, +F, @)
+ (Fxfl + Fxfr )Sin 5f
I.f =a(Fy +Fy)coss —b(F, +F,) 3)
+0.5¢ (Fyfl - Fyfr)Sin 5f +M z

In which M, is the direct yaw moment and defined as:

M z =a(Fxfl +Fxfr)Sin5f +0.5¢ (Fxfr_FxfI )Cosaf (4)
+05¢c (F,—F,)

In above equations, m is the mass of vehicle; a and b are
the distances from C.G to the front and rear axle of the
vehicle respectively; ¢ is the track width; |, is the

z
vehicle inertia about the z axis; T is the yaw rate; o, is
the front-wheel steer angle, F,; and F, are longitudinal

and lateral tyre forces respectively for each wheel. In
“Fig. 17, S is the vehicle body side slip angle defined

as the angle between the C.G velocity vector and the
longitudinal axis of the vehicle and it is as follow:

B=tan™ (vy v, ) (5)

\MQJ? gw .‘:‘ af,5[ v vfr
a” -lF xrr

The wheel rotational dynamics as shown in “Fig. 2” are
described by:

l & =T, -T, -F;,R-F,f, R, i=fl.fr,d,m (6)

w 1

Fig.2  Free body diagram of wheel rotational dynamics.

Due to the tyre deflection in the contact patch, the
normal force does not pass through wheel centre which
in turn produces a so-called rolling resistant moment
around wheel axis which is denoted by f, in “Eq. (6)”

where T, and T, denote the driving and braking
torques of each wheel respectively, @ denotes the wheel
angular velocity and R, denotes the tyre effective

radius.

There are many tyre models such as Dugoff model, the
Magic Formula, and the Brush model to describe tyre
behaviour. A large amount of research has been
implemented in the case of tyre modelling and the
advantages and drawbacks of each model were
discussed. To produce correct tyre forces, a proper tyre
model should be provided. Thus, it is of great
importance to opt for an appropriate model. One of the
most commonly used tyre models in vehicle dynamics
simulations was developed by H. Pacejka [15]. Due to
the simplicity of the Magic Formula tyre model in
describing tyre characteristics based on its physical
properties and empirical intrinsic as well, a combined-
slip Magic formula (MF) tyre model calculating
longitudinal and lateral tyre forces using both
longitudinal and lateral slip is employed for tyre
modelling. Tyre forces predicted by the Magic Formula
method has been proven that are in great conformity
with the actual tyre forces [16].
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3 2-DOF REFERECNCE MODEL

4 CONTROL DESIGN

Vehicle 2-DOF planar model also named single-track
model or bicycle model as shown in “Fig. 3” has been
widely used as the reference model for generating the
desired value of vehicle yaw angular velocity and also
side slip angle. Vehicle lateral dynamics equations can
be written as:

m(v'y +rv, )= 2F; +2F,

I r=2aF 2bF %
zr =ca yf yr
Fy
F}’r ] f
Uy
: A
Uy B
[ O r f U Vx
v )
br=v, wr
< L »

Fig.3  2-DOF bicycle model.
The desired yaw rate and sideslip angle can be achieved
by considering the yaw motion of a vehicle in a steady-
state condition.

rss :Vxé} /(I +KUSVx2) (8)
B, =b-@mv,?)/QIC, N5 I(1+K, V.2 (9

Where K is the vehicle understeer gradient and can
be described as follows:

Kys =M (bC,, —aC, )/(21C, C,) (10)

In “Eq. (10)”, C_, and C_, are the front and rear tyre

cornering stiffness, respectively. It is noteworthy that
both the vehicle yaw rate and sideslip angle have the
upper bound limited by tyre/road friction coefficient. It
means that any amount further than this would not be
achievable [4]:

Moo = (4G 1V ) (11)

P = tan(0.0210) (12)
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In this paper, an Adaptive Sliding Mode Control
(ASMC) has been adopted as the principal method for
realizing the proposed control target. As mentioned
earlier, a hierarchical control structure is divided to the
upper level, and the lower level is used in the controller
design section. Furthermore, the yaw rate of the vehicle
in addition to its side slip angle are opted to be control
variables guarantying the stability and handling of the
vehicle respectively.

The upper-level controller comprises a yaw moment
controller using the Adaptive Sliding Mode Control
theory to apply the suitable control input so that the
system would be stable. The designed control method
should provide a corrective yaw moment tracking the
desired value of the vehicle yaw rate and consequently
maintain the side-slip angle of the vehicle bounded to
assure the stability of the vehicle. In this layer, total
traction force and yaw moment are calculated and then
sent as inputs to the lower level controller section mainly
named as the control allocation algorithm. The objective
of this section is to allocate the control input as well as
the total traction force in terms of torques to four
separate in-wheel motor controllers. It is noteworthy that
the amounts of these torques must conform to the
maximum allowable torque generation of each motor
controller. The proposed control allocation is composed
of a dynamic load-based torque distribution algorithm
exerting the suitable driving and braking torques to the
system so that the system stability and handling would
be ensured.

A yaw moment controller adopting an adaptive sliding
mode control method is proposed to generate desired or
corrective yaw moment aiming for stabilizing the
vehicle yaw motion and therefore manoeuvrability of the
vehicle through exerting differential driving and braking
force will be realized. It is absolutely a well-known fact
that a sliding mode control theory as a robust control
approach is capable of assuring the stability of nonlinear
systems or systems with uncertainty and maintain the
system insensitive to the uncertainties when trajectories
are kept on sliding surface [17].

Considering DY C systems, there are alternative ways to
achieve the vehicle stability. The first one is associated
with the control of the yaw rate of the vehicle to track
the desired yaw rate calculated from the 2DOF vehicle
model. The second one is to make sure that the sideslip
angle is bounded in its allowable boundary which in turn
avoids skidding or spinning. The final approach is
pertinent to the combination of those two variables
simultaneously in the sliding surface equation as
described below [7]:
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S=r-r,+{(B-5) (13)

As can be seen, there is a weighting factor ¢

determining the effectiveness of the sideslip angle on the
designed sliding surface. Now we consider the vehicle
2-DOF model again to propose a control law:

mv, (B+1)=2F, +2F
'x (ﬂ ) yf yr (14)

I,r=2aF;-2bF,+M,

It is obvious that M, or corrective yaw moment is the

control input aiming for realizing the control objection
that is tracking the desired values of vehicle yaw rate and
sideslip angle. We aim at stabilizing the vehicle by direct
yaw moment control so the steering wheel angle can be
considered as a disturbance and the only control input
would be the corrective yaw moment. The yaw
dynamics equation is rewritten as:

I,f=(-2@°C, +b*C,)/v,)r+2(bC,—aC,)p
+2aC, 6, +M
(15)

And:

Caf = Cafn +A Caf
(16)

Cal’ = Cam +Acar

Where, C,, and C_. are nominal values, commonly

selected as values for dry asphalt, and AC_ ,AC_, are

variations in parameters that have a physical bound.
Considering “Eq. (16)”, the yaw dynamics equation is
rewrite as:

I,r=(-2@a@*C,,+b*C, ) /Iv,)r+

(17)
2(bC,, -aC,, ) B+2aC,, & + M, +d

afn afn

Where, d is the following term which we consider as a
bounded disturbance:

d =(-2(°*AC, +b’AC_ ) /v, )r+

(18)
2(bAC_,—aAC_ )p+2aAC,, S

Taking derivative of sliding surface “Eq. (13)”, we have:

S=r-r,+¢(B-4) (19)

Then, by substituting “Eq. (17)” in “Eq. (19)” and
rewriting the equation, S is obtained as:

S =(-2a, /1,v,)r +(28, /1,) f+(2a,, /1,)5,

, o (20)
+(My 1) +@d 11,) =1 +S(B-5,)
Where, a,,, a,, and a,, are as follows:
aln = az(:arfn +b2 Cam
&, = bcam _acafn (21)
a3n = aCmfn

For designing the conventional sliding mode control
[17], the equivalent control input is derived as:

. 2 .

M © = Vain r _ZaZnﬂ_zaSr]é‘f + Iz r:d _Izg(ﬂ_ﬂd) (22)
In order to satisfy the sliding condition, a discontinuous
term must be added to the corrective yaw moment
control law. In sliding mode control theory [17], the
discontinuous function gain should be determined in a
way that overcomes the uncertainties presenting in the
system. For choosing suitable discontinuous function
gain, we must know the variation of parameters upper-
bound, un-modelled dynamics, the number of noises,
etc. But in practice, these values are either unknown or
difficult to calculate. One of the alternatives to solve this
problem is to select a big enough value for discontinuous
function gain. However, this action culminates in a large
control signal which is undesirable due to the actuators'
limitation issue. One possible method to overcome the
mentioned problem is to estimate the discontinuous
function gain and to update it through an adaptive
mechanism to satisfy the sliding condition. To this aim,
to design an ASMC, the constant discontinuous function
gain is substituted by a time-varying parameter. Then,
corrective yaw moment is obtained as:

Mzc =2(a1n /Vx)r_zaZnﬂ_zaSnéf +Izrd

. R (23)
-1 zg(ﬂ_ﬂd)_ Kso-lz Sgn(S)

Where, Ks , the time-varying is estimated discontinuous

function gain and o is a positive constant value. The
adaptation mechanism for updating the discontinuous
function gain can be:

K. () =Sosgn(s) (24)
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The positive constant value, o determines the
adaptation speed of the control gain. Also, the initial

condition Ks is considered zero. For designing the
control law, the following assumptions should be taken
into consideration.

1) The bounded non-negative unknown discontinuous
gain K exists in such a way that

K,>d,,+7 , n>0 (25)
Where:
d, . 2|d (t)|/|Z Vvt (26)

And 77 is a positive constant value. It should be noted

that this condition simply implies that the values of the
system’s uncertainties must be bounded.

2) The constant value o must be chosen so that it equals
or would be greater than 1 (i.e.c >1)

Theorem: consider the yaw dynamics represented in
“EQ. (15)”, if assumptions 1 and 2 are valid, the control
law (“Eq. (23)”) will result in creating a yaw rate by
which the tracking error S (t) =r(t) —r, (t) tends to zero

when the time tends to infinity. We will prove this
theorem through the Lyapunov stability theory.

Proof: Define the Lyapunov function candidate:

V =055 ()S(t)+05K (1)K, (t) (27)
And its time-derivative is:

V =SS H+K, (OK, () (28)
We know that:

K, (1) =K, ) -K, > K () =K. () (29)

Considering “Eqgs. (20) and (24)”, “Eq. (27)” is obtained
as:

V =8 OG- osgns )+, 0K, K, ©) @0

z

Also, regarding the “Eq. (24)”, “Eq. (30)” takes the
following form:

V=@dt)/1,)St)-K,[St)|o (31)
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Using the first assumption, we have:
V <|S{(d@)]/1,) = +7)} (32)
Considering the first and second assumptions:

V <-pS|lc > V <0 (33)

It should be highlighted that the assumptions 1 and 2 are
considered in proving this theorem. Employing the
Lyapunov’s direct method, since V (t) is a positive-

definite function, V (t)is a negative semi-definite

function and V (t) tends to infinity as S (t)and K, (t)
tends to infinity. Therefore, the equilibrium at the origin
[S(t),K, ()]=[0,0]would be globally stable, and

consequently the variables S(t) and K_(t) will be
bounded. Taking the derivative of “Eq. (31)”, we have

2905k o8
V = | S(t) Ksadt|8(t)| (34)

z

Due to the boundness of S, V' is deduced to be

bounded. V' is a uniformly continuous function.
Therefore, in terms of Barbalat’s lemma, it will be
proved that V' (t) -0 when t — o0 which means that

St)—>0 when t > and the system would be

asymptotically stable.

The control law (23) is in a discontinuous manner which
in turn causes chattering due to the measuring noise and
actuator delay. Designing of conventional sliding mode
control methods requires the knowledge of the upper-
bound of the system’s uncertainties because this upper-
bound is wused in discontinuous function gain
computation.  Therefore, the upper-bound of
uncertainties must be determined in high precision since
the higher the upper-bound uncertainties is, the more
values of discontinuous function gain we need to
overcome the uncertainties which in turn requires higher
control effort, in other words, high activity of actuators
which is undesirable in practice. To resolve this
unwanted problem, in this paper, an adaptive rule is
employed to calculate discontinuous function gain
(K, ) aiming at the lacking necessity for uncertainties

upper-bound calculation. This problem can be solved
through the substitution of the discontinuous term (i.e.
sgn(S) ) with the saturation function with the boundary

layer thickness of ¢ as a continuous approximation of
the function sgn(S) :
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(S/¢) if |(S/¢)<1
sgn(S / ¢) otherwise
(35)

Therefore, we create a continuous approximation of a
discontinuous sliding mode control law within the
boundary layer which guarantees the movement along
the sliding surface. Although using saturation function
instead of sign function causes the chattering
phenomenon to be diminished, the tracking performance
would be deteriorated. By regulating the boundary layer
thickness, there would be a compromise between the
chattering phenomenon and the tracking error. In other
words, if the thickness of the boundary layer is chosen
some value around zero, then the designed controller
acts as a conventional sliding mode control with sign
function which signifies the high chattering and the less
tracking error. On the contrary, when the thickness of the
boundary layer is big enough, the chattering
phenomenon would die away and the tracking
performance would be deteriorated severely in return.

sgn(S) = sat(S / ¢) = {

5 TORQUE DISTRIBUTION ALGORITHEM

M ©c = 0.5¢ (_Fxfl + I:xfr - I:xrl + I:xrr) (38)

The traction force of four wheels are obtained using
“Egs (36-38)” as follows:

Fxfr = Fxrr = (Fxt /4)+(M zc /(ZC)) (39)
Fxfl = Fxrl = (Fxt /4)_(M ¢ /(ZC)) (40)

Then the desired torques applied to four motor
controllers for generating obtainable torques for four in-
wheel electric motors can be considered as:

Tias =RFq =(FeR. 14+ (MR, /(2c)) (41)
Thas =RFq =(FeR. /4)+(M R, /(2c)) (42)
Thaws =RFu =(FR. /4)—(M R, /(2c)) (43)
Thas =R.Fr =(FeR, /4)—(M R, /(2¢)) (44)

The generated corrective yaw moment in addition to the
total traction force should be allocated to four in-wheel
motor controllers with the duty of realizing the driving
or braking torques they receive from the control
allocation algorithm. Furthermore, these driving and
braking motor torques are employed separately at each
motor to provide the calculated corrective yaw moment
so that it could track the desired value of defined
variables and as a consequence, the stability of the
vehicle will be achieved; Hence, it can be grasped that
the yaw stability of a vehicle will be realized through
individually monitoring the driving and braking forces
of each wheel produced by every one of in-wheel
motors. In this study, an equal-load- based torque
distribution strategy is proposed to distribute the
amounts of yaw motion and total traction force in terms
of four driving and braking torques to each in-wheel
motor controllers. This strategy is employed to allocate
the total traction force and corrective yaw moment,
which is computed from the upper layer, equally to four
in-wheel motors. The total amount of traction force is
described as follows:

Fxt = Fxfl + Fxfr + F

xrl

+ I:xrr (36)
(Fxfl / Fxn ) = pL :1 ’ (Fxfr /Fxrr) = pR :l (37)

By considering “Fig. 1” and a small value of &, , that is,
sing, =0 andcosd, =1, the corrective yaw moment
will be:

6 SIMULATION RESULTS

Two manoeuvres, including lane change and step-steer,
are carried out through MATLAB/Simulink simulation
in different road conditions to demonstrate the
effectiveness of the proposed control structure. Vehicle
parameters for simulation are shown in “Table 1”. The
first simulation relates to lane change on a low friction
road. The manoeuvre is at 80 km /h on a low friction
road where the friction coefficient is 0.3. The front
wheels steering angle is shown in “Fig. 4”.

Wheel Angle ( deg )

0 2 4 6 8 10
Time (sec)

Fig.4  Front wheels’ steer angle in lane change manoeuvre
on low friction road.

The simulation results are shown in “Figs. 5 to 9”. The

simulation is done with and without the proposed
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controller to examine the controller performance. Figure
5 shows the vehicle yaw rate tracking performance.

Table 1 Vehicle Parameters

Description symbol Unit | Value
Vehicle mass m kg 1411
Yaw moment of inertia l, kgm? | 2031.4
Height of C.G. h m 0.54
EIZ;(ilsgance from C.G. to front a m 156
g(llsgance from C.G. to rear b m 104
Wheelbase | m 2.06
Axle track C m 1.48
Motor resistance R, Q 0.3
Motor inductance L., H | 0.003
Maximum motor power P kw 25
Maximum motor torque T e Nm 320
Drag coefficient C, - 0.45
Air density P, | kg/m? 1.1
Frontal area A m? 2
;E?fr::egygre cornering c, Nirad | 37407
Reay tyre comering C. | Nirad | 51918
Tyre effective radius R, m 0.3
Tyre moment of inertia J, kgm? 2.46
o ean (| | ow

Yaw Rate (deg/s)

sl . . . . . . . . |
0 1 2 3 4 5 6 7 8 9 10
Time (sec)

Fig.5  Vehicle yaw rate in lane change manoeuvre on low
friction road.

From “Fig. 67, it can be seen that the uncontrolled
vehicle acceleration peaked at its maximum value, while
in the vehicle with the proposed controller, the lateral
acceleration behaves according to driver steering angle
request.

© 2022 IAU, Majlesi Branch

As illustrated in “Fig. 77, the vehicle sideslip angle is
kept limited using sliding mode control with gain
adaptation. Also, driving and braking torques are
illustrated in “Fig. 8”. Negative torques indicate
regenerative braking. As one can see, with the use of the
proposed controller the state variables are kept in the
safe region compared to uncontrolled vehicle. Besides,
as represented in “Fig. 97, the ideal lateral displacement
is gained after a longitudinal displacement of 60 meters,
while the uncontrolled vehicle failed to return to the
intended path, causing deviation from the intended path.

no control
- --- ASMC

Lateral Acceleration (g)

I L
0 1 2 3 4 5 6 7 8 9 10
Time (sec)

Fig. 6  Vehicle lateral acceleration in lane change
manoeuvre on low friction road.

3 T T T T T T T 1

no control
desired
- --- ASMC

Sideslip Angle (deg)

Time (sec)

Fig. 7 Vehicle sideslip angle in lane change manoeuvre on
low friction road.

The second simulation is pertinent to step-steer on a dry
road. The manoeuvre is at 90 km/h on a high friction
road where the friction coefficient is 0.8. The front
wheels steer angle is shown in “Fig. 10”. The simulation
results are shown in “Figs. 10 to 14”. From figures, one
can deduce that the controller tries to limit the sideslip
angle in a good way and that the tracking performance
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for yaw rate is very satisfying which in turn leads to
vehicle handling improvement.

200 - T T T T T T T T T

150

5
8

Motor Torque (N.m)
.
a

100 L L L L L L L L L
0

Time (sec)

Fig. 8  Four driving/braking torques of each wheel in lane
change manoeuvre on low friction road.

40 - no control controlled vehicle |

Y (m)

0 50 100 150 200
X (m)

Fig. 9  Vehicle path in lane change manoeuvre on low
friction road.

Steering Wheel Angle ( deg )

05
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Fig. 10 Front wheels’ steer angle in step-steer on a dry
road.
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Fig. 11 Vehicle yaw rate in step-steer on a dry road.
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Fig. 12 Vehicle lateral acceleration in step-steer on a dry
road.
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Vehicle sideslip angle in step-steer on a dry road.
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Fig. 14  Four driving/braking torques of each wheel in step-
steer on a dry road.
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Fig. 15 Vehicle yaw rate in sudden entrance into a low
friction road.
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Fig. 16 Vehicle sideslip angle in sudden entrance into a low
friction road.
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Fig. 17  Four driving/braking torques of each wheel in
sudden entrance into a low friction road.

In the third simulation, the vehicle enters from a high-
friction road into a low-friction surface suddenly.
Moreover, the initial speed of the vehicle is 50 km/h .

The simulation results are shown in “Figs. 15 to 17”.
Similar to two earlier simulations, the vehicle yaw rate
tracks its desired value in a fairly precise manner as
shown in “Fig. 15”. Furthermore, the vehicle sideslip
angle is maintained limited in “Fig. 16 thanks to ASMC
employment. According to the simulation results, it can
be found that, in terms of changing the road friction
coefficient, the proposed ASMC with torque distribution
has a significantly impressive effect on vehicle handling
stability.

7 CONCLUSION

In this paper, an adaptive sliding mode controller with
gain adaptation is used to enhance the stability of the
vehicle. Also, an equal-load- based torque distribution
strategy is employed to distribute the virtual controls to
driving or braking torques of hub motors.
MATLAB/Simulink is used to simulate the model
equations. In terms of simulation results, it can be seen
that the tracking performance of the yaw rate is
improved and the sideslip angle of the vehicle is kept
limited aiming at wvehicle handling stability
improvement. The main contributions of this paper are
the use of gain adaptation in the sliding mode control
framework and the fuzzy control rule for the
discontinuous term in control law to handle the
chattering phenomenon.
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