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Integrated control of vehicle stability
by nonlinear observer-based
exponential-like sliding mode neural
network system

Hamid Taghavifar

Abstract
Dynamic stability is critical to achieve the safety of the cars, particularly during emergency maneuvers. Coordinated con-
trol algorithms are suggestive of the enhanced safety and stability of a vehicle. Hence, a novel adaptive robust multi-input
control framework is developed using the combination of direct yaw moment (DYC) and active front steering (AFS).
The dynamics of the steering system mechanism is included for the reliability of the proposed control scheme. The pro-
posed controller is developed according to the approximation capacity of the radial basis function (RBF) neural network
system. The adaptation laws are derived based on the Lyapunov stability theory. Additionally, the proposed integrated
control paradigm contains a state observer and the sliding surface of the tracking errors converges to the asymptotic
stability condition through the design of a smooth exponential reaching law. The effectiveness of the proposed control
scheme is compared to a high-performance optimal robust control technique and open-loop system. In order to assess
the robustness of the proposed algorithm, structured and unstructured uncertainties were also incorporated in terms of
the parametric uncertainties such as the tire cornering stiffness and cross-wind gust disturbance. The results obtained
for different maneuvers reveal that the proposed controller is successful to improve the handling performance and to
ensure the stability of the vehicle when compared to the previously reported methods.
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Introduction

Vehicle motion control schemes have been massively
evolved within the last couple of decades to respond to
the demands on fuel efficiency, ride comfort, safety,
and vehicle stability.1,2 Invariants of control paradigms
have been practiced concerning improved vehicle stabi-
lity.3,4 For instance, active front steering (AFS),5,6 anti-
lock braking systems (ABS),7 and direct yaw-moment
control (DYC)8,9 are commonly regarded as effective
methods to generate the required yaw stability and thus
cornering performance. DYC is generally accomplished
by producing an external yaw moment and using the
differential braking system. For this purpose, an exter-
nal yaw moment is applied to the chassis to improve
vehicle active safety during aggressive driving maneu-
vers.10 The optimal solution for the yaw moment and
also the associated mechanism to generate the desired
moment is still regarded as a challenge related to the

implementation of the DYC approach.11 Furthermore,
the yaw moment is a bounded function of the road
forces. Hence, the longitudinal tire forces can be typi-
cally insufficient to provide the necessary yaw moment
particularly in case the vehicle inertia moment is also
considerable.12

The control paradigms are designed and employed
vastly in order to accomplish a certain performance as
well as to meet vehicle security requirements.13–15

Consequently, it is conceivable that distinct algorithms
are bound to certain operating conditions. Therefore,

School of Mechanical, Aerospace and Automotive Engineering, Coventry

University, Coventry, UK

Corresponding author:

Hamid Taghavifar, School of Mechanical, Aerospace and Automotive

Engineering, Coventry University, Coventry CV15FB, UK.

Email: ad3380@coventry.ac.uk

https:\uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/09544070211014293
journals.sagepub.com/home/pid
http://crossmark.crossref.org/dialog/?doi=10.1177%2F09544070211014293&domain=pdf&date_stamp=2021-05-03


the integrated control approaches such as AFS/DYC is
a potentially effective means of enhanced vehicle lateral
dynamics with no or a marginal interference between
the different control parts of the coordinated system.16–
19 The integrated AFS/DYC has demonstrated conspic-
uous effectiveness to provide satisfactory performance
for the vehicle in transient mode during critical maneu-
vers.20 The vehicle handling control with uncertainties
related to the vehicle parameters and states and sub-
jected to external disturbances was explored employing
a robust H‘ dynamic feedback controller.21

Furthermore, the effect of controller input saturation
was investigated on the robustness of the proposed
controller. Similarly, a robust fuzzy H‘ control method
was developed to improve the vehicle lateral stability
and the handling dynamics by means of an integrated
AFS + DYC algorithm wherein the nonlinear
dynamics of the vehicle were modeled through a fuzzy
system.22 A hierarchical controller was developed based
on an integrated AFS + DYC approach wherein the
high-level controller was employed to generate a cor-
rective yaw moment according to fast terminal sliding
mode control in order to enhance the transient
response of the system. The low-level counterpart was
employed to convert the generated yaw into a corre-
sponding longitudinal slip together with front steering
input.20

The explored literature is suggestive that the inte-
grated control frameworks related to the active chassis
control systems uphold meritorious performance com-
pared to their individual counterparts. However, fur-
ther emerging control algorithms and novel control
methods have yet to be involved to reach a well-
established strategy.16 The integrated control method
has shown a higher performance in lane-change maneu-
vers and collision avoidance wherein the steering input
demand has reduced by 20% when compared to the sin-
gularly front-axle steerable approach.23 Consequently,
it is comprehensible to further explore the capacity and
the limits of the integrated control paradigm in light of
the improved steerability and maneuverability as well
as safety and stability during critical harsh maneuvers
for automated cars and advanced driver-assistance sys-
tems. Apart from the control mechanism, the control
algorithms which are explored above are suggestive of
certain advantages but adaptive intelligent control tech-
niques (e.g. Taghavifar2, Taghavifar and Rakheja5, and
Mohammadzadeh and Taghavifar6) have demonstrated
further effectiveness in terms of coping with systematic
nonlinearities, providing rapid stabilization and signifi-
cant robustness within a broad range of structured and
unstructured uncertainties.

In light of the explored arguments, this paper pro-
poses a novel control agenda to stabilize the vehicle lat-
eral dynamics and provide motion stability and
improved handling of vehicle by employing a coordi-
nated DYC + AFS. It is aimed to follow the desired
yaw rate and the sideslip angle of the vehicle obtained
from a reference vehicle model. The developed

algorithm is achieved by realizing the required yaw
moment and front active steering input by employing a
robust adaptive exponential-based integral sliding
mode based RBF-NN (EISMC-RBF-NN) controller a
sliding-mode controller wherein the system is subjected
to parametric uncertainties and external disturbances
and considering the region of nonlinearity and satura-
tion of the tires with respect to the tire slip angle. The
robustness of the proposed EISMC-RBF-NN control
law is shown employing the Lyapunov stability theory.
The effectiveness of the proposed controller is verified
against a high-performance optimal robust control and
without control systems in the literature,13 by using co-
simulation in CarSim and MATLAB/Simulink under
various operating conditions. The main contributions
of this study are described as:

� Unlike other papers, the nonlinear model dynamics
for the observer and controller design is considered
fully unknown.

� A novel exponential-like sliding surface with multi-
rate convergence rate is proposed for removing the
chattering drawback.

� The effectiveness of the proposed framework is
tested during various emergency maneuvers and
subject to strong gust of cross-wind validated using
high-fidelity Matlab Simulink-Carsim co-simulations.

The remainder of the paper is organized as follows.
In Section 2, the vehicle model is developed by incor-
porating a nonlinear tire model. The proposed control
method is described in Section 3. In Section 4, the
results are presented and discussed minutely. Finally,
Section 5 summarizes the key findings of the paper and
draws pertinent conclusions.

Problem statement

System modeling

Invariably speaking, pneumatic tires undertake the
major task of generating directional forces to propel
and to rotate the vehicle. Despite this, the lateral com-
ponent of the tire force plays a substantial role in the
handling stability and performance of the vehicle and
the longitudinal forces influence the lateral dynamics
infinitesimally. Although the kinematics and dynamics
of the vehicle in the longitudinal orientation are dis-
missed, the vehicle speed must be sufficient to generate
the lateral forces proportionally with the magnitude of
slip angles according to the commonly employed tire
models. Furthermore, no compliance is attributed in
this study to the vehicle chassis as well as those of sus-
pension systems while road is reasonably smooth and a
geometric symmetricity exists between the left- and
right-sides of the vehicle. Finally, it is assumed that the
sway bar stiffness is large enough to resist weight trans-
fer during the cornering maneuver. Under the above-
described assumptions, a two-degree-of-freedom (2-
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DOF) bicycle model is developed to describe the sub-
stantial handling dynamics modes of the vehicle
(Figure 1).

Yaw stabilization is an imperative step toward
improved handling performance which is usually
accomplished through the convergence of vehicle yaw-
rate g to the desired yaw-rate. In order to derive the
vehicle yaw rate g it is sufficient to take the time deri-
vative of heading angle u. Additionally, the integrated
AFS and DYC (AFS + DYC) strategy is suggestive of
remarkable benefits among the various forms of the
control strategies according to the reviewed litera-
ture.22,24 In light of the arguments explored above, a 2-
DOF yaw plane vehicle model is sufficiently capable to
capture the main modes of motion for the vehicle lat-
eral dynamics as follows:

_vy =
1

m
ðFyf +FyrÞ � vxg

_g =
1

Iz
ðFyf lf � Fyr lr +DTÞ

ð1Þ

where vx and vy denote the longitudinal and lateral
speed components of the vehicle described in the body-
attached reference system and _u and u represent the
vehicle yaw rate and heading angle terms, respectively.
Furthermore, DT is the applied yaw moment, and Fyf

and Fyr represent the tire lateral force components
related to the front and rear wheels, respectively.
Additionally, lf and lr are the front and rear wheelbase
components, and m and Iz are the vehicle mass and
yaw moment of inertia, respectively. The applied yaw
moment to the vehicle with the track width lb is charac-
terized as:

DT=
X
i

X2
j=1

�1ð ÞjFxij
lb
2

ð2Þ

where Fxij is the longitudinal force applied to the front
and rear wheels. Based on the existing proportionality

between the tire lateral force and the side slip angles, the
lateral force components are definable in terms of the
front and rear tire cornering stiffness (i.e. Cf and Cr):

Fyf =Cfaf, Fyr=Crar ð3Þ

Additionally, the tire cornering stiffness saturation and
nonlinearity is possible to be characterized in terms of
the uncertainty around the nominal values:

Cf = ~Cf +DCf, Cr = ~Cr +DCr ð4Þ

where eCf and eCr denote the nominal cornering stiffness
parameters associated with the front and rear tires,
respectively. Moreover, the nominal cornering stiffness
components are representative of the tire force versus
deflection in the linear region, and DCf and DCr

account for the bounded uncertainties for tire cornering
stiffness concerned with the front and rear wheels,
respectively. Furthermore, the side slip angles related
to the front and rear tires are simply stated as:

af =arctan
vx sin bð Þ+ lfg

vx cos bð Þ

� �
� df

ar =arctan
vx sin bð Þ � lrg

vx cos bð Þ

� �
8>>><>>>: ð5Þ

Additionally, the steering system dynamics is also
incorporated in the present study. According to the
steering system dynamics (Figure 2), the tire lateral
force produces a moment around the kingpin as
follows:

Ts =2 sc +snð ÞCfaf ð6Þ

where sc and sn represent the castor and pneumatic
trails, respectively. By replacing af from (5), (6) is re-
written as:

Ts=2 sc +snð ÞCf arctan
vx sin bð Þ+ lfg

vx cos bð Þ

� �
�df

� �
ð7Þ

It is noteworthy that the moment is an external one
applied to the front wheel and accordingly to the steer-
ing system. Therefore, the steering wheel governing
equation of motion based on the rotation mode trans-
ferred about the kingpin is described as:

Is
d2d

dt2
+

dg

dt

� �
+Cs

dd

dt
� Ks q� dð Þ

=2 sc+snð ÞCf arctan
vx sin bð Þ+ lfg

vx cos bð Þ

� �
�df

� � ð8Þ

It is noteworthy that the term
dg

dt
is added because the

angular acceleration is relative to the absolute space
and that the steering system being attached to the tra-
veling vehicle. However, it is known that for the nor-

mal passenger cars
d2d

dt2
� dg

dt
. Hence, the developed

steering system governing equation of motion is written
as follows:

Figure 1. Yaw-plane 2-DoF model representation of the
vehicle assuming right-and left-track symmetricity.
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Cs
_d=2 sc +snð ÞCf arctan

vx sinb+ lfg

vx cosb

� �
� d

� �
+Ks q� dð Þ � Is €d

� 	
ð9Þ

By rearranging the governing equations of motion for
the vehicle lateral dynamics related to vehicle lateral
speed, yaw-rate and steering system, and the steering
system, the following is obtained:

_vy = Cf=m
arctan

vx sinb+ lfg

vx cosb

� �
� d

� �
+ Cr=m

arctan
vx sinb� lrg

vx cosb

� �� �
� vxg

ð10Þ

_g = lfCf


Iz arctan

vx sinb+ lfg

vx cosb

� �
� d

� �� �
+ lrCr=Iz arctan

vx sinb� lrg

vx cosb

� �� �� �
+D T=Iz

ð11Þ

_d=2 sc +snð ÞCfCs
�1 arctan

vx sinb+ lfg

vx cosb

� �
� d

� �
+KsCs

�1 q� dð Þ
ð12Þ

Accordingly, the general state-space representation of
the system dynamics is derivable as follows:

_j =G j
� 	

+H j
� 	

U+ d

y=CTj

(
ð13Þ

where j = vy, g, d
� �T

represents the states of the system,
G= g1, g2, g3½ �T, denotes the nonlinear but bounded
system function,H= diag 0, h1, h2ð Þ includes the general
control function and U= 0, u1, u2½ �T is the control input
to the system, and d is vector of the bounded unknown

external disturbance. Additionally, the corresponding
subfunctions are obtained as:

g1 = Cf=m
arctan

vx sinb+ lfg

vx cosb

� �
� d

� �
+ Cr=m

arctan
vx sinb� lrg

vx cosb

� �� �
� vxg

ð14Þ

g2 = lfCf


Iz arctan

vx sinb+ lfg

vx cosb

� �
� d

� �� �
+ lrCr=Iz arctan

vx sinb� lrg

vx cosb

� �� �� � ð15Þ

g3 =2 sc +snð ÞCfCs
�1 arctan

vx sinb+ lfg

vx cosb

� �
� d

� �
� KsCs

�1d

ð16Þ

Furthermore, it can be stated that h1 =1=Iz and
h2 =KsCs

�1, u1 =DT and u2 =q. The reference signal
y
d
and tracking error vectors e are defined as follows:

e= j � y
d

ð17Þ

The desired yaw-rate and the body angle utilized as y
d

are described in Aripin et al.25 Therefore, one can rear-
range (17) as follows:

_j = � _e+ _y
d

ð18Þ

Replacing (13) in (18) yields:

_e+ _y
d
=G j

� 	
+H j

� 	
U ð19Þ

By assuming KC = kc1, kc2, kc3 . . . , kcn½ �T as the gain
vector is picked such that polynomial sn + kcns

n�1

+ . . . + kc1 is Hurwitz stable.

_e+KC
Te=0 ð20Þ

Under the assumption that the system functions, G j
� 	

and H j
� 	

, are known and the disturbance d tð Þ is zero,
the linear feedback linearization offers that:

U
¼
=H�1 j

� 	
�G j
� 	

+ _y
d
� KC

Te
h i

ð21Þ

where U
¼

represents the ideal control input on the
above-described condition. Additionally, (21) can be
further expanded to address the singularity problem by
introducing the small positive constant f, and bringing
in Dc as the adaptive term incorporated to remove the
influence of the approximation error and external dis-
turbance in order to ensure the robustness of the
closed-loop system.

U= _y
d
� G j

� 	
� KC

Te+Dc

h i
H j
� 	

+f H j
� 	 H�1 j

� 	� ��1 ð22Þ

Figure 2. EPS-based steering system model considering
steering-wheel torque feedback.
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However, the functions G j
� 	

and H j
� 	

as well as the
system vector of states j are not always available. Thus,
the estimated counterparts of these terms denoted by
Ĝ j
� 	

and Ĥ j
� 	

are employed according to (24).

U= _y
d
� Ĝ ĵ

� �
� KC

Tê+Dc

h i
Ĥ ĵ
� �

+f Ĥ ĵ
� � Ĥ�1 ĵ

� �n o�1 ð23Þ

By adding and subtracting the term
fĤðĵÞ+fjĤðĵÞjĤ�1ðĵÞg, (14) is rewritable as:

_j =G j
� 	

+ G j
� 	
� Ĥ ĵ

� �
� Ĥ ĵ

� � Ĥ�1 ĵ
� �n o

U

+ Ĥ ĵ
� �

+ Ĥ ĵ
� � Ĥ�1 ĵ

� �n o
U+ d

y=CTj

ð24Þ

Based on the observed states and the reference signals,
it is evident to obtain:

_y
d
=Gðy

d
Þ+Hðy

d
ÞU ð25Þ

Additionally, by applying (23) to (24), one will get:

_j =G j
� 	

+ fH j
� 	
� ĤðĵÞ � jĤðĵÞjĤ�1ðĵÞgU

+ _y
d
� ĜðĵÞ � KC

Tê+Dc + d
ð26Þ

By plugging in (25) into (26), one will obtain the error
dynamics as follows:

_e=G eð Þ+ fH j
� 	
� ĤðĵÞ � jĤðĵÞjĤ�1ðĵÞgU

� ĜðĵÞ � KC
Tê+Dc + d

ð27Þ

Figure 3 represents the block diagram of the proposed
control algorithm for improving the lateral stability of
vehicles subject to external disturbances using the adap-
tive nonlinear state-observer and exponential sliding
mode control scheme coupled to an optimization prob-
lem. In this paradigm, the NN observer estimates the
unknown but limited functions of ĜðĵÞ and ĤðĵÞ and
the adaptation rules are couple to the exponential slid-
ing mode system. However, Chaos-PSO optimization
defines the optimal design variables of the control
scheme. The output controls are then transferred into
the steering system in terms of the active front steering
and direct yaw-moment. The final validation transpires
through the co-simulation of MATLAB Simulink and
Carsim software.

To conclude, the following assumptions are made
from the vehicle dynamics point of view:

� A two-degree-of-freedom (2-DOF) bicycle model is
sufficient to describe the fundamental handling
characteristics.

� Road is smooth, no compliance for chassis and sus-
pensions is attributed, and the traveling speed is
constant during the critical maneuvers.

� The tire nonlinearity and saturation can be taken
into account through the uncertainty functions
from (4).

Neural networks

A neural network-based representation of the unknown
functions H jð Þ and G jð Þ in an assumed compact set set
H jð Þ , G jð Þ 2 Rð Þ is is presentable through estimation
functions WT

HcH jð Þ and VT
GcG jð Þ, respectively, consid-

ering the entailed errors e jð Þ= eH jð Þ, eG jð Þ
� �T

defined
as26:

H jð Þ=WT
HcH jð Þ+ eH jð Þ

G jð Þ=WT
GcG jð Þ+ eG jð Þ ð28Þ

where WH = WH1,WH2, . . . ,WHn

� �
and VG =

VG1,VG2, . . . ,VGn

� �
characterize the vectors of NN

for the associated functions and cH jð Þ= ½cH1 xð Þ,
cH2 xð Þ, . . . ,cHn xð Þ� and cG jð Þ= ½jG1 xð Þ, jG2 xð Þ, . . . ,

jGn xð Þ� are the vectors in the NN representation.

Additionally, eH jð Þ and eG jð Þ are employed to perform

the represent the errors of estimation errors for the
developed system. The optimal estimation weights to
accomplish the minimum errors are denotable as
follows:

W�H : = arg min
WH2R

sup
j2B

H jð Þ �WT
HuH jð Þ

 ( )

V�G : = arg min
VG2R

sup
j2B

G jð Þ � VT
GuG jð Þ

 ( ) ð29Þ

The resulting arguments may be expanded according to
the defined vectors of weight for NN and the associated
optimal terms represented in (30):

bH jjWH

� 	
� bHðjjW�HÞ= ðWH �W�HÞ

T ∂bH jjWHð Þ
∂WH

� �
+ h:o:tðjWH �W�Hj

2Þ

bG jjVG

� 	
� bGðjjV�GÞ= ðVG � V�GÞ

T ∂bG jjVGð Þ
∂VG

� �
+ h:o:tðjWG �W�Gj

2Þ
ð30Þ

where the argument and h:o:tðjWH �W�Hj
2Þ contains

the higher order terms concerned with the estimations
presented in (30). Moreover, the variable vectors in the
approximation functions (30) are stated as:

cH jjWH

� 	
=

∂bH jjWHð Þ
∂WH

cG jjVG

� 	
=

∂bG jjVGð Þ
∂VG

ð31Þ

Therefore, once can represent the functions
Hðj, _j, . . . , j n�1ð ÞÞ and Gðj, _j, . . . , j n�1ð ÞÞ related to the
system dynamics expressed in (14) with e xð Þ in the form
of the approximation error. Additionally, it is

Taghavifar 5



presumed that within the defined compact region, the
approximation errors are:

e jð Þj j4X 8 X 2 R ð32Þ

where Xø 0 represents the unknown upper-limit which
is also the least nonnegative factor in order to meet the
inequality described in (32).

Controller design

On the basis of the arguments explored, the developed
control system will hold the capacity to approximate
the unknown system dynamics by estimating the
unknown functions Hðj, _j, . . . , j n�1ð ÞÞ and Gðj, _j, . . . ,
j n�1ð ÞÞ. Once the system dynamics is appropriately
approximated, the modified sliding surface is intro-
duced to ensure the closed-loop system stability by
employing the Lyapunov theory. Accordingly, the
approximated functions related to Hðj, _j, . . . , j n�1ð ÞÞ
and Gðj, _j, . . . , j n�1ð ÞÞ are expressed through the weight
vectors as:

bH jjWH

� 	
=WT

HcH jð Þ+ e1bG jjVG

� 	
=VT

GcG jð Þ+ e2
ð33Þ

Theorem 1. Asymptotic stability of the system shown in
(13) is accomplished in light of the adaptation laws as
follows:

_cH =� gWs2cH jjWH

� 	
_cG =� gVs3cG jjVG

� 	
_cd =� gds5 ek k‘ dk ksgnð~dTÞ

ð34Þ

where gd, gW, and gV denote the learning speed of the
associated functions. Moreover, s5 is employed as a
control design coefficient, s2 and s3 serve as sliding
surfaces and the disturbances magnitude is constrained
by d.

Proof. One can consider the approximation errors of
the system functions with ~WT

H,
~VT
H and

~

d= d� d̂ cdð Þ.
The estimated disturbance function and the adaptation
parameter are shown by d̂ cdð Þ and cd, respectively.
Additionally, the following sliding variables are
chosen:

s1 = _e+ le

s2 =

ðt
0

~WT
HcH jð Þ+ e1dt

s3 =

ðt
0

~VT
GcG jð Þ+ e2dt

ð35Þ

where l denotes an arbitrary positive design coefficient.
Moreover, it is known that the common reaching rules
developed for the sliding surface decreases the control
stability and brings about the undesired chattering
issue.5 Furthermore, a buffeting switch region exists
around the equilibrium and thus, a modified reaching
law is practiced as follows5:

_s1 =� s1 ek k‘ exp �s2 s1j jð Þsgn s1ð Þ

� s3 ek k‘s1
s4 exp �s1 s1j jð Þ+s5

ð36Þ

where si i=1, 2, 3, 4, serve as control design coeffi-
cients. Additionally, ek k‘ represents the norm of track-
ing error vector under the condition of lim

t!‘
ek k‘ =0.

The Lyaunov function is defined as:

Figure 3. Block diagram of the proposed control algorithm.

6 Proc IMechE Part D: J Automobile Engineering 00(0)



V tð Þ= 1

2

X3
i=1

si
2 +

1

2gW

~WH
~WT
H +

1

2gV

~VG
~VT
G

+
1

2gD

eD ~DT

ð37Þ

Differentiation of (37) results in:

_V tð Þ=
X3
i=1

si _si �
1

gW

~WT
H

_̂
WH �

1

gV

~VT
G

_̂
VG �

1

gD

~dT
_̂
d

ð38Þ

Accordingly, (38) can be written as:

_V tð Þ=� s1 ek k‘ exp �s2 s1j jð Þ s1j j

�s12
s3 ek k‘

s4 exp �s1 s1j jð Þ+s5
+ ~WT

HcH jð Þ+ e1
� 	

s2

+ ~VT
GcG jð Þ+ e2

� 	
s3 �

1

gW

_~W ~W
T � 1

gV

_~V ~V
T

ð39Þ

In light of the fact that the estimation errors of e1 jð Þ
and e2 jð Þ are upper-constrained values, one can
simply deduce that e1 jð Þs2 + e2 jð Þs3 � h where h is a
properly strict non-negative constant. Incorporating

h4j5 ek k‘k~d
T �dk in (40) results in:

_V tð Þ=� s1 ek k‘ exp �s2 s1j jð Þ s1j j

�s12
s3 ek k‘

s4 exp �s1 s1j jð Þ+s5
+

~WT
HcH jð Þ+ e1

� 	
s2 + ~VT

GcG jð Þ+ e2
� 	

s3

�h� 1

gW

~WH
T _̂
WH

T

� 1

gV

~VG
T _̂
VG

T

� 1

gD

_~d~d
T

+s5 ek k‘
~d
T �d
�� ��sgnð~dTÞ

ð40Þ
_V tð Þ=� s1 ek k‘expð�s2js1jÞjs1j

� s21
s3kek‘

s4 expð�s1js1jÞ+s5
+ð ~WT

HcHðjÞ+e1Þs2+

ð ~VT
GcGðjÞ+ e2Þs3 � h� 1

gW

~WT
H

_cH �
1

gV

~VT
G

_cG

� 1

gD

_cd
~d
T
+s5 ek k‘

~d
T �d
�� ��sgnð~dTÞ

ð41Þ

Equation (41) results in (42) by plugging-in the terms in
(34):

_V tð Þ=�s1 ek k‘ exp �s2 s1j jð Þ s1j j

� s1
2 s3 ek k‘

s4 exp �s1 s1j jð Þ+s5
� h \ 0

ð42Þ

wherein, the proposed control system is globally asymp-
totically stable. Furthermore, the convergence of the
tracking error e to zero in finite time is accomplished,
which finalizes the proof.

Search of optimality

An important aspect of designing the adaptive robust
controllers is to identify appropriate constants for the
derived adaptation laws.

In addition to the global asymptotic stability, the
rapid convergence and constraints on the control
inputs are other issues that many of robust adaptive
control studies simply exclude in the design of control
analysis. To this end, the following cost-function is
designed to be minimized according to the saturated
control inputs and the tracking error minimization of
jd, and xj and xu are positive definite and positive
semi-definite weighting matrices with appropriate
dimensions according to (43):

V
o

jd, u, tð Þ= arg min
si . 0, i=1, 2, ::5ðtf

t

jd
T tð Þxjjd tð Þ+ uTs tð Þxuus tð Þdt

0@ 1A ð43Þ

subject to the dynamics in (1) and (44):

us = sat uð Þ= sgn uð Þ:min u, umaxf g
jd

T tð Þxdx tð Þ. 0; us
T tð Þxuus tð Þø 0, 8tø 0,

si,a . 0 i=1, 2, :::5
ð44Þ

The above optimization problem is solved through a
modified Particle swarm optimization (PSO) approach.
PSO is commonly known as the most popular meta-
heuristic optimization tool employed in diverse optimi-
zation problems.27,28 Nevertheless, the premature con-
vergence in multimodal problems serves as a main
concern for this approach.27 A fine tuning of the PSO
parameters, such as the inertial parameters, improves
the performance only slightly but at the exchange of a
huge computational load. In classical PSO algorithms,
the particles possess the problem space and embark on
searching through stochastically zigzag-like orienta-
tions.27 This pattern is indispensable to constantly
move toward the global and local bests at once (i.e. ~xgi,
and ~xpi) and to promise the steady convergence to the
global optimum result. For the brevity, the interested
reader may refer to our previous paper on this optimi-
zation method.28

Results and discussion

The model employed in this study for the dynamics of
the vehicle is a commonly practiced approach among
the reported studies (e.g. Taghavifar et al.13). However,
the present study contains the hugely influential
dynamics of the steering system and adds the effect to
the steering mechanism constrains into consideration.
In addition to the nonlinearities introduced due to the
steering system structure, the tire model nonlinearity
accounts for the range after tire force saturation. The
effectiveness of the proposed controller is investigated
across various steering inputs. Additionally, the
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obtained responses for the vehicle are compared to the
open-loop system to assess the benefits of employing
the employed control system. The effectiveness of the
proposed controller is also validated against the
recently employed techniques for the vehicle lateral
stabilization. The maneuvers employed for this purpose
involved (i) a rectangular pulse, (ii) a step
steering input, and (iii) a double-lane change to account
for the entire steady-state and transient conditions.
Furthermore, simulations are carried out for a vehicle
at a relatively high speed of 100km/h on a road charac-
terized with a relatively low-adhesion coefficient of
0.4. Further simulation parameters are presented in
Table 1.

Rectangular pulse

Figure 4 demonstrates a comparison of the yaw-rate,
slip-angle, and the steering wheel angles of the vehicle
due to the proposed controller and an optimal robust
control method reported in the recent literature by the
author of the present paper.13 Although both the vehi-
cles with the employed controllers demonstrate the
capacities to follow the desired yaw-rate signal, the
vehicle with the proposed controller can converge much
faster and closer to the desired yaw-rate. Additionally,
the slip-angle and yaw-rate states of the vehicle demon-
strate quicker convergence and responsiveness as com-
pared to the optimal robust controller. It is also evident
that the proposed controller holds the capacity to sup-
press the slip-angle state of the vehicle in a more drastic
manner (Figure 4). Not only the optimal robust con-
troller lags to reach the desired yaw-rate value, it also
demands more than 2 s to return to the steady condition
compared to the proposed controller. Furthermore, the
time histories of the steering-wheel angle are suggestive
of an inadequate rotation to generate the vehicle turn-
ing during the maneuver.

Figure 5 illustrates the variations of the control
inputs in terms of a combined AFS + DYC but in an
individual manner. It is evident that the control signals
are responsive and rapidly rise to catch up with the
desired performance. A major concern in previous
efforts of the combined AFS + DYC was the potential
overload of one signal to take on the insufficient contri-
butions from the other input. However, the range of
variations for DYC stays within a reasonable band (i.e.
maximum of 250N.m.) due to the effective contribution
of the AFS. It is also interesting to note that the vehicle
efforts to generate the desired yaw-rate first by the aid
of the AFS and the insufficiency are immediately com-
pensated through the DYC input. Additionally, it is
observed that AFS and DYC vary with a notable har-
mony that collectively contribute to address the desired
maneuvering performance. The evident overshoot
related to the yaw-rate response of the proposed
method can be related to the quick rise time

requirement. In terms of the output response, one can
compromise between the rise time and the overshoot
through the variations of the equivalent damping. The
yaw-damping can be obtained through the tire con-
struction and effective cornering stiffness.

Steady-state driving

In this section, a regularly tested steady-state test is con-
sidered according to the ISO 4138:2012 that describes
the steady-state circular driving behavior through the
open-loop test methods.29 The desired yaw-rate to per-
form such a test is illustrated in Figure 6. Additionally,
the yaw-rate responses of the car by employing the opti-
mal robust controller and the proposed controller are
compared in Figure 6, to verify the effectiveness of the
developed algorithm. The considerably rapid rise time
and setting time for the proposed controller compared
to the benchmarking algorithm further confirms the
capacity of the developed method for stabilization and
to reach the desired trajectory. Additionally, the yaw-
rate response for the optimal robust controller gener-
ates a little oscillatory characteristic which is obviously
an undesirable behavior and promotes discomfort and
instability for the passenger. Although there is a small
overshoot for the proposed method, the rapider stabili-
zation for about 2 s before the optimal robust algorithm
is desirable for a safer maneuvering capacity of the
vehicle. One should also note that such a time lag at
100km/h can be bring about non-compensable perils
and lack of vehicle lateral stability. Figure 6 also illus-
trates the time-histories of the vehicle slip-angle, which
also confirms the rapid responsiveness of the proposed
method which contributes to maximize the lateral accel-
eration about the corner. The steering wheel angle state
comparison between the proposed controller and the
optimal robust algorithm also demonstrates that a
larger steering wheel angle is imposed on the vehicle
with the developed technique. Of course, a small steer-
ing angle to maintain stability of the vehicle is desirable
by substantially reducing the steering effort demand
from the driver.

Table 1. Vehicle parameters used for simulation.

Parameter (unit) Value

m (kg) 1480
Iz (kgm2) 2350

Is (kgm2) 4200
lf (m) 1.05
lr (m) 1.63

Ĉf ðN=radÞ 67,500

Ĉr ðN=radÞ 74,500

Cs ðNms=radÞ 225
Ks ðNm=radÞ 10,000
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Double-lane change

The final testing platform in this paper for the effective-
ness of the proposed controller is to perform a
transient-based DLC maneuver according to ISO 3888-
1:2018. It is appreciated from Figure 7 that not only
the yaw-rate is bounded at lower range for the vehicle
with optimal robust controller, but there is a consider-
able phase lag as compared to the desired-yaw rate.
However, the rapid response of the proposed controller

to the yaw-rate change is suggestive of its effectiveness
to ensure the vehicle lateral stability. Additionally, the
sip-angle and steering-wheel angle responses of the
vehicle with the optimal robust controller are compared
to the proposed controller in Figure 7. It is evident that
there exists an observable difference between their ten-
dencies. Finally, Figure 7 illustrates the variations of
the tracking error for the yaw-rate actual following the
desired yaw-rate. It is noticed that the largest variations
belong to the optimal robust control method and the
proposed algorithm approves efficient to constrain
such tracking errors. Additionally, Figure 8 demon-
strates the lateral force components applied to the front
and rear wheels. It is evident that the generalized lateral
forces are maintained in reasonable regions. This guar-
antees the existence of the directional acceleration and
thus, nonzero lateral speed of the vehicle during this
transient maneuver. A certain level of the lateral speed
contributes to a smooth cornering experience.
Additionally, Figure 8 illustrates the directional accel-
eration variations for the vehicle under the proposed
control framework. There are slight variations of the
longitudinal acceleration that are imposed through the
DYC approach. The largest variations are observed for
the lateral acceleration and the drastic changes might
be attributed to the sudden path changes and the
demand to generate the yaw-rate owing to the nonholo-
nomic constraints existing for the vehicle. Figure 9

Figure 4. Time-histories of vehicle: (a) yaw-rate, (b) slip-angle, and (c) steering-wheel angle during rectangular pulse input.

Figure 5. Time-histories of vehicle control inputs during
rectangular pulse input.
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represents the path tracking performance of the vehicle
with the optimal robust and the proposed controller in
the global coordinate system. It is appreciated that the
DLC maneuverer is carried out perfectly, with only
infinitesimal tracking error, unlike the optimal robust
counterpart which brings about a considerable offset
level together with a large phase lag. It is also further
confirmed that the proposed controller effective and
robust even though a satisfactory path following is
accomplished with fluctuations in the longitudinal
acceleration.

Robustness to external disturbances

The robustness of a controller to structured and
unstructured uncertainties plays a significant role in the
overall performance of the vehicle. Therefore, a gust of
cross-wind effect was investigated on the robustness of
the proposed controller, compared to the optimal
robust and the system without any controller. The
obtained results are plotted in the global-coordinate
system to view the trajectory of the vehicle while
intending to travel on a straight path subject to the gust
of wind for duration of 1 s in the shape of a rectangular
pulse with the magnitude of 2000N. It is known that
the trajectory of a vehicle in a neutral-steering (NS)
manner is more desirable that the under-steering (US),
while over-steering (OS) promotes instability. The

obtained results demonstrate that the proposed con-
troller is not affected by the cross-wind gust during its
travel while the optimal robust has demonstrated a US
characteristic and has shifted more than 2m laterally in
less than 300m of the longitudinal travel (Figure 10).
However, the weakest performance is attributed to the
vehicle without any controller than exhibits a largely
OS performance and vehicle stability is lost in less than
100m. Therefore, the inevitable demand for a high-
performance controller as proposed in this paper is
encapsulated in light of the represented results in
Figure 10.

Conclusions

The present paper mainly contributes through the
development and synthesis of a coordinated
AFS + DYC control framework in order to enhance
the vehicle lateral stability and maneuverability. For
this purpose, the steering mechanism dynamics and
states are also incorporated. The approximation capac-
ity of the radial basis function (RBF) neural network
system is also employed for the closed-loop system as
well as the designed state observer. The adaptation
mechanism is obtained through the Lyapunov stability
theory. In order to improve the robustness of the
closed-loop vehicle, the SMC approach is practiced
while the sliding surface of the tracking errors

Figure 6. Time-histories of vehicle: (a) yaw-rate, (b) slip-angle, and (c) steering-wheel angle during CRC maneuver.
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converges to the asymptotic stability condition through
the design of a smooth exponential reaching law. The
effectiveness of the proposed control scheme was evalu-
ated against a high-performance optimal robust control
technique as well as the open-loop system. In order to
assess the robustness of the proposed algorithm, the
structured and unstructured uncertainties were also
incorporated in terms of the parametric uncertainties

such as the tire cornering stiffness and cross-wind gust
disturbance. In order to analyze the closed-loop system
against the extraneous disturbances, it was traveled on
a straight path subject to the gust of wind for duration
of 1 s in the shape of a rectangular pulse with the mag-
nitude of 2000N. The obtained results demonstrate
that the proposed controller is not affected by the
cross-wind gust during its travel while the optimal

Figure 7. Time-histories of vehicle: (a) yaw-rate, (b) slip-angle, (c) steering-wheel angle, and (d) yaw-tracking error during DLC
maneuver.

Figure 8. Time-histories for: (a) front and rear wheels lateral forces and (b) directional accelerations of vehicle C.G. during DLC
maneuver.
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robust has demonstrated a US characteristic and has
shifted more than 2m laterally in less than 300m of the
longitudinal travel. However, the weakest performance
is attributed to the vehicle without any controller than
exhibits a largely OS performance and vehicle stability
is lost in less than 100m.
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Appendix

Notation

b body slip
DCf, r tire stiffness uncertainty
g yaw-rate
u heading angle
q steering wheel angle
Cs steering damping
Fyf, r tire lateral force
Is steering inertia moment
Iz inertia moment
Ks steering stiffness
lb track width
lf, r wheelbase components
m mass
vy lateral speed
vy longitudinal speed
df wheel angle
DT yaw moment
sc castor trail
sn pnemumatic traileCf nominal cornering stiffness
Cf, r tire cornering stiffness
Ts kingpin moment
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