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Integrated Vehicle Dynamics
Control Via Torque Vectoring
Differential and Electronic
Stability Control to Improve
Vehicle Handling and Stability
Performance
This paper proposed a full vehicle state estimation and developed an integrated chassis
control by coordinating electronic stability control (ESC) and torque vectoring differen-
tial (TVD) systems to improve vehicle handling and stability in all conditions without any
interference. For this purpose, an integrated TVD/ESC chassis system has been modeled
in MATLAB/SIMULINK and applied into the vehicle dynamics model of the 2003 Ford Expedi-
tion in CARSIM software. TVD is used to improve handling in routine and steady-state driv-
ing conditions and ESC is mainly used as the stability controller for emergency
maneuvers or when the TVD cannot improve vehicle handling. By the b� _b phase plane,
vehicle stable region is determined. Inside the reference region, the handling perform-
ance and outside the region the vehicle stability has been in question. In order to control
the integrated chassis system, a unified controller with three control layers based on fuzzy
control strategy, b� _b phase plane, longitudinal slip, and road friction coefficient of
each tire is designed in MATLAB/SIMULINK. To detect the control parameters, a state estima-
tor is developed based on unscented Kalman filter (UKF). Bees algorithm (BA) is
employed to optimize the fuzzy controller. The performance and robustness of the inte-
grated chassis system and designed controller were conformed through routine and
extensive simulations. The simulation results via a co-simulation of MATLAB/SIMULINK and
CarSim indicated that the designed integrated ESC/TVD chassis control system could
effectively improve handling and stability in all conditions without any interference
between subsystems. [DOI: 10.1115/1.4038657]

Keywords: handling, stability, unscented Kalman filter, phase plane method, torque
vectoring systems

1 Introduction

Nowadays, active vehicle systems have a significant role in
improving vehicle safety and handling and reducing fatal crashes.
Nevertheless, there is no single system that can be effective over
the entire range of vehicle handling and stability. So, the simulta-
neous presence of various stand-alone control systems on a single
vehicle is essential to keep the vehicle stable and under control at
all times [1]. Besides, designing a proper control system is needed
to coordinate interactions between these systems to improve vehi-
cle performance and to avoid their interferences. On the other
hand, effective operation of each of these systems depends on an
accurate knowledge of the vehicle states, such as velocity, lateral
acceleration, yaw rate, as well as vehicle side-slip and tire friction
[2]. Therefore, measuring or estimating these parameters is very
vital for the designed controller.

In recent years, braking forces distribution with the electronic
stability control system (ESC) and traction forces distribution
with torque vectoring differential (TVD) are extensively applied
in the new brands of the car producers [3–5]. TVDs has a great
performance in handling events in steady-state conditions and

ESC is more effective to improve stability in critical and emer-
gency situations while the TVDs cannot induce the vehicle insta-
bility in these events [6]. However, a weak point of ESC is speed
and longitudinal acceleration reduction due to braking [7]. There-
fore, an integration of both systems can be a solution to achieve
improved overall vehicle performance in handling and stability.

Many papers have been published in the area of active safety sys-
tems integration in an effort to improve the vehicle stability and
handling. He et al. [8] proposed integration of active front steering
(AFS) and dynamic stability control to achieve improvement of
vehicle stability and handling performance. The AFS controller is
designed to improve vehicle steerability and the dynamic stability
control controller is formulated to maintain vehicle stability.
Cooper [9] focused on the integration of roll moment distribution
control and variable torque distribution control to improve vehicle
handling and dynamics. Goodarzi and Alirezaie [10] designed an
integrated fuzzy/optimal AFS/ direct yaw moment control control-
ler based on optimal LQR control strategies; each one has been
designed for a specific driving condition. Song [1] developed, eval-
uated, and compared four integrated dynamics control systems
abbreviated as integrated dynamics control with four wheel brake,
integrated dynamics control with front steering, integrated dynam-
ics control with rear steering, and integrated dynamics control with
four wheel steering. In this paper, a fuzzy logic controller and a
sliding mode ABS controller were used. Jaafari and Shirazi [4]
made a comparison on different torque vectoring strategies, to find
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the best strategy in terms of improving handling, fuel consumption,
stability, and ride comfort performances. According to the results,
the stationary clutch torque vectoring differential (STC-TVD)
shows better handling compare to ESC, while ESC is more effec-
tive in improving the stability in critical situation.

However, none of these papers argued about parameters that
are difficult to measure directly and should be estimated and also
they do not discuss the technical details of controller operation in
different conditions like unexpected conditions, very slippery
surfaces, or l split road condition.

This paper proposes a full state estimation in a four wheel drive
(4WD) vehicle and designs a complete control algorithm to divide
the duties and coordinate interactions between ESC and TVD sys-
tems in order to improve vehicle performance in handling and stabil-
ity at all times while minimizing the effects of any disturbances. The
paper is organized as follows: In Sec. 2, the vehicle model is dis-
cussed. In Sec. 3, torque vectoring systems are introduced. In Sec. 4,
the controller is designed. In Sec. 5, the state estimation procedure is
presented. Bees algorithm (BA) is used as fuzzy rules and member-
ship function optimization in Sec. 6. In Sec. 7, simulation results are
shown. Finally, in Sec. 8, concluding remarks are presented.

2 Nonlinear Vehicle Model

CARSIM [11] is a software package from mechanical simulation
corporation (Ann Arbor, MI), for simulating and analyzing the
behavior of vehicles in response to steering, braking, acceleration
inputs, and so on. It includes a database with many example
vehicles and test procedures. In this paper, all simulations were
performed using the fully nonlinear CarSim vehicle model. The
modeled vehicle is a 2003 Ford Expedition XLT. To build a Car-
Sim Ford 2003 model, the parameters of the vehicle are obtained
from Ref. [12]. The sprung mass, wheelbase, CG location and
vehicle inertias are entered in the CarSim Sprung Mass datascreen
as shown in Fig. 1. The result of simulation in the Sine with Dwell
maneuver [12] shows that the dynamic behavior of the CarSim
Ford 2003 model is very similar to real Ford 2003 (Fig. 2).

3 Torque Vectoring Systems

3.1 The Torque Vectoring Differential. According to the
great performance of STC-TVD mechanism in handling events
[4,13], this system is used as the TVD system in this study. STC-
TVD has two stationary clutches and two series of planetary
gears, which are on the both output shafts of the ordinary differen-
tial (Fig. 3). When the left clutch is activated, more torque is
transferred to the left wheel and when the right clutch is activated,
more torque is transferred to the right wheel [13,14]. The
demanded torque transfer to the faster wheel can be achieved if

the wheel speed difference does not exceed by more than the 28%
of slower wheel speed (allowable wheel speed difference). It is
assumed that this system is used in the rear axle of a 4WD vehicle
and an open differential is used in front axle and as the center dif-
ferential. The relative speed between the left clutch plates and the
relative speed between the right clutch plates are calculated from
Eqs. (1) and (2), respectively. The torque transmitted to the
wheels is derived from Eqs. (3)–(6), respectively (more details
about this system are given in Ref. [13])

xf 1 ¼ H11x2 � H12x1 (1)

xf 2 ¼ H21x1 � H22x2 (2)

TtLR ¼
1

4
iTe þ H12Tf 1 � H21Tf 2

� _x1 I�1 þ
1

4
i2I�ir þ H2

12IC1 þ H2
21IC2

� �

� _x2

1

4
i2I�ir � H11H12IC1 � H21H22IC2

� �
(3)

TtRR ¼
1

4
iTe þ H22Tf 2 � H11Tf 1

� _x1

1

4
i2I�ir � H11H12IC1 � H21H22IC2

� �

� _x2 I�2 þ
1

4
i2I�ir þ H2

11IC1 þ H2
22IC2

� �
(4)

TtLF ¼
1

4
iTe �

1

4
i2I�if _x4 � _x3 I3 þ

1

4
i2I�if

� �
(5)

TtRF ¼
1

4
iTe �

1

4
i2I�if _x3 � _x4 I4 þ

1

4
i2I�if

� �
(6)

where

h1 ¼ h2 ¼
Z1Z3

Z2Z4

; H11 ¼
h1

2 h1 � 1ð Þ ; H12 ¼
2� h1

2 h1 � 1ð Þ ;

H21 ¼
h2

2 h2 � 1ð Þ ; H22 ¼
2� h2

2 h2 � 1ð Þ ;

I�if ¼ Ii þ i�2 Ic þ Is1 þ Is2ð Þ; Is2 ¼ Is1; I�1 ¼ I1 þ Ir1;

I�2 ¼ I2 þ Ir2; Ir2 ¼ Ir1; I�ir ¼ Ii þ i�2 Icð Þ

Tf is the frictional torque transmitted by the clutch in TVD, which
is a function of the normal compression force on each disk ðFcÞ,

Fig. 1 Vehicle parameter in CarSim
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number of active friction surfaces ðncÞ, the clutch friction surface
radius ðrcÞ, and friction coefficient ðlFÞ, which generally depends
on the clutch’s relative speed and calculated from Eq. (7) [15]

Tf ¼ FcrcnclF ¼ TreqlF (7)

where Treq is hydraulic torque and ðlFÞ can be described by the
generalized Stribeck friction model [16]. Obviously, by choosing
nc and rc by the designer, the force needed to push the clutch is
derived from Treq=ncrc. A delay of 0.2 s is used as the differential
actuator time lag. Also, the Karnopp clutch friction model is used
for zero-speed region (locked mode) [17]. Parameters values used
in the active differential are given in Appendix A.

3.2 The Electronic Stability Control System. Electronic sta-
bility control system typically utilizes solenoid-based hydraulic
modulators to change the brake pressures at the four wheels. Creat-
ing differential braking by increasing the brake pressure at the left
wheels compared to the right wheels, a counter-clockwise yaw
moment is generated. Likewise, increasing the brake pressure at the
right wheels compared to the left wheels creates a clockwise yaw

moment [18]. In the understeer situation, braking force is applied
on the inside rear wheel but if (1) this tire is on the threshold of
locked mode, or (2) the friction in this tire is much lower than the
inside front wheel or (3) when the longitudinal slip in this tire is
high and in inside front wheel is low, then braking force is
applied on the inside front wheel also in the situation in which
j _b þ 4bj > 80l (Sec. 4) with considering the locked mode, longi-
tudinal slip, and friction—as discussed earlier—braking force is
applied on the both inside wheels. The same story is applied in
the oversteer situation.

4 The Integrated Control System

Handling improvement and stability control are the most impor-
tant goals of every vehicle control systems. When the handling
limit is approached, vehicle stability should be in question. There-
fore, handling and stability are the two control objectives in this
paper. It should be noted that vehicle stability control will be used
only close to and at the limit of handling. As discussed in Refs.
[4] and [13], TVDs have a great performance in handling events
without having a significant reduction in acceleration or

Fig. 2 The comparison of simulation results (CarSim) and field test data (Ref. [12])

Fig. 3 Kinematic schemes of STC-TVD

Journal of Dynamic Systems, Measurement, and Control JULY 2018, Vol. 140 / 071003-3

Downloaded From: https://dynamicsystems.asmedigitalcollection.asme.org on 11/20/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



longitudinal speed. On the other hand, critical and emergency sit-
uations are a weak point for TVDs while ESC shows a significant
stability improvement in these conditions [4]. Therefore, in this
study, TVD is used to improve handling in nearly normal and
steady-state driving conditions and ESC controller is mainly used
as the stability controller for emergency maneuvers or when the
TVD cannot improve vehicle handling in some situation like in
very slippery surfaces. Since the vehicle yaw rate and side-slip
angle are deeply concerned with handling and stability, in this
study, these variables will be chosen as the under control signals
for the handling and dynamic stability, respectively. Due to the
nature of nonlinearity and second-order property of the dominant
lateral vehicle dynamics, analysis of vehicle stability can be per-
formed using the phase-plane method. The phase-plane method is
quite effective in the analysis of vehicle stability with respect to
the side-slip motion [19]. The phase-plane method in the design
of vehicle stability control has been found in Refs. [19–21].

Phase portrait of b� _b plan under different conditions is plot-
ted in Fig. 4. Stable and unstable trajectories are plotted in solid
and dashed lines, respectively. In order to keep the vehicle safe at
all times, the side-slip motion of vehicle must be bounded within
a region in which the vehicle remains stable. For this purpose, a
reference stable region is defined in the b� _b plan. This stable
region can be expressed as

j _b þ K0bj < b0 (8)

where K0 and b0 are positive constants and determine the slope
and the width of the region. The parameter values for dry road
and zero steer input are (K0 ¼ 4; b0 ¼ 75) as shown in Fig. 4(a).
However, to guarantee the vehicle stability in other situations
(Figs. 4(b) and 4(c)), these parameters are chosen more conserva-
tively as follows (Fig. 4(d)):

j _b þ 4bj < 30l (9)

Inside the reference region, the handling performance while in
outside the region the vehicle stability must be controlled. The
perpendicular distance of the actual state from the reference
region in the phase plane (n) is used as the error signal for the sta-
bility control loop while the yaw rate error is used for the handling
control loop (Fig. 4(d)). Yaw rate error is defined as the difference

between actual and a desired yaw rate. The desired yaw rate can
be defined based on the “bicycle model” yaw motion behavior.
According to Refs. [18] and [22], the “bicycle model” yaw rate is
obtained from driver’s steering input, and vehicle speed by the
following equation:

rd ¼
vxd

bþ að Þ þ Kuv2
x

; Ku ¼
M

bþ a

b

Cf
� a

Cr

� �
(10)

Considering the tire-road friction coefficient, rd must comply with
the following conditions:

jrdj <
���� lg

vx

���� (11)

where rd is the desired yaw rate, Cf and Cr are the front and rear
cornering stiffness, respectively, M is the vehicle mass, l is the
road friction coefficient, and ðvxÞ is the vehicle longitudinal speed,
which is taken from vehicle model.

To avoid the interferences of different control objectives, indi-
vidual subsystem should be activated according to driving situa-
tions. Therefore, in order to improve vehicle handling and
stability and to achieve the above goals, a controller is proposed
with three control layers. The first layer control system duties are:

(1) According to the phase plane trajectory, it chooses the
appropriate control strategy between handling and stability.
Inside the reference region, the handling performance and
in outside the region, the vehicle stability must be
controlled.

(2) According to the control strategy, longitudinal slip and
road friction coefficient of each tire, it switches the appro-
priate torque vectoring system between ESC and TVD. The
TVD will be used for handling performance and the ESC
will be used for the stability and the situation in which the
TVD cannot improve handling performance including; (a)
very low road friction, in l split road condition, (b) very
low friction in the appropriate tire for clutching in TVD, (c)
high longitudinal slip in the appropriate tire for clutching in
TVD, and (d) the speed difference exceed the allowable
wheel speed difference.

Fig. 4 Phase portrait of b2 _b plan
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The second layer control system is a fuzzy-based controller.
The advantages of fuzzy methods are their simplicity, easy imple-
menting, fast response, and inherent robustness in controlling non-
linear systems. For stability performance, the fuzzy inputs are the
perpendicular distance of vehicle state from the reference region
in the phase plane (eb _b ¼ nsignð _b þ 4bÞ) and its derivative (_eb _b )
and the fuzzy output is TB. For handling performance, the fuzzy
inputs are yaw rate error (e ¼ r � rd) and its derivative
( _e ¼ _r � _rd) and output is Treq (Eq. (7)). To prevent the tire from
spinning on slippery surfaces, the fuzzy output should be modu-
lated according to the road friction coefficient of each tire. The
vehicle yaw rate ðrÞ is taken from vehicle model and the side-slip

angle; longitudinal slip and road friction coefficient of each tire
are estimated from the measured vehicle states.

The third layer control system roles are:

(1) Checking the allowable wheel speed difference for TVD to
prevent the wrong torque distribution direction, and check-
ing the wheel speed to prevent the tire from becoming
locked in ESC system.

(2) Switches the appropriate clutching in TVD or appropriate
tires for braking in ESC according to the selective torque
control system (ESC or TVD), longitudinal slip and road
friction coefficient of each tire, vehicle state in phase plane

Fig. 5 (a) Schematic of control system and (b) structure of state estimator
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method—particularly for stability region—and oversteer or
understeer conditions.

The schematic diagram of the control system is depicted in Fig.
5(a). The performance of the controller in selecting the appropri-
ate clutching or braking, input and output normalized membership
functions and fuzzy rules used to control the torque control sys-
tems, along with abbreviations used in fuzzy rules and member-
ship functions are given in Appendix B.

5 Parameter Estimation

From Sec. 4, it is shown that the values of yaw rate, vehicle
side-slip, longitudinal slip, and road friction coefficient of each
tire are necessary for controller. Yaw rate can be measured by
yaw rate sensor but since sensors for the direct measurement of
side-slip angle, road friction coefficient, and longitudinal slip are
limited or unavailable, they should be estimated from the meas-
ured vehicle states. In this study, the proposed state estimators are
developed based on the unscented Kalman filter (UKF), which is
robust and has a high-speed of convergence [23].

5.1 Nonlinear Observer. Since the individual wheel infor-
mation is needed for vehicle control system in this paper, a simple
and sufficient 4WD vehicle model is used for vehicle state estima-
tion. The model comprises longitudinal, lateral, and yaw motions
and ignores heave, roll, and pitch motions. Nonlinear dynamic
equations of this model can be expressed as follows:

_vx¼ rvyþ
1

m
FLRFþFLLFð Þcos df

� �
�FCF sin df

� �
þFLLRþFLRR

� �
(12)

_vy ¼ �rvx þ
1

m
FLLF þ FLRFð Þsin df

� �
þ FCF cos df

� �
þ FCR

� �
(13)

_r ¼ 1

Iz
FLRF � FLLFð Þ t

2
þ aFCF

� �
cos df

� ��

þ FLRR � FLLRð Þ t

2
þ a FLLF þ FLRFð Þsin df

� �
� bFCR

�
(14)

ax¼
1

m
FLLFþFLRFð Þcos df

� �
�FCF sin df

� �
þFLLRþFLRR

� �
(15)

ay ¼
1

m
FLLF þ FLRFð Þsin df

� �
þ FCF cos df

� �
þ FCR

� �
(16)

_xi ¼
1

Iw
Ti � RwFLið Þ; i ¼ LF;LR;RF;RR (17)

where FCF ¼ FCLF þ FCRF and FCR ¼ FCLR þ FCRR.

The steering angle, longitudinal and lateral accelerations, four-
wheel speeds, engine torque, braking torque, and longitudinal
vehicle speed are measured from sensors mounted on the
vehicle—although they are noisy and need to be filter—and other
state information are estimated by UKF.

In general, a discrete-time nonlinear state space system can be
formulated as

xk ¼ f ðxk�1; uk�1;wk�1Þ
yk ¼ hðxk; uk; vkÞ (18)

where f is the state prediction function, h is the observation
function, x is the state vector, y is the output vector, u is the input
vector, with w and v being the process noise and measurement
noise vectors, respectively, and k is the discrete-time index.

The input vector u includes the steering wheel angle and driv-
ing and braking torques of tires

u ¼ ½df ; TtLF;TtRF; TtLR;TtRR;TBLF;TBRF;TBLR;TBRR� (19)

By measuring the engine torque ðTeÞ and calculating the TF—
according to the fuzzy output ðTreqÞ and from Eq. (7)—the driving
torques are calculated from Eqs. (3)–(6), respectively.

The measure vector y includes longitudinal and lateral acceler-
ations, yaw rate, longitudinal velocity, and wheel speeds

y ¼ ½ax; ay; r; vx;xLF;xRF;xLR;xLRR� (20)

The state vector x includes longitudinal tire forces, lateral tire
forces, yaw rate, and longitudinal and lateral velocity at CG,
wheel speeds and longitudinal and lateral acceleration

x ¼ ½FLLF;FLRF;FLLR;FLRR;FCF;FCR; r; vx; vy;xLF;

xRF;xLR;xLRR; ax; ay� (21)

Via the estimated parameters, vehicle side-slip angle (b), tire slip
angle (ai), longitudinal slip ratio (ji), and vertical tire forces (FZi)
are given as follows:

b ¼ tan�1 vy

vx

� �
(22)

aLF ¼ tan�1 vy þ ra

vx � rt=2

� �
� df ; aLR ¼ tan�1 vy � rb

vx � rt=2

� �
;

aRF ¼ tan�1 vy þ ra

vx þ rt=2

� �
� df ; aRR ¼ tan�1 vy � rb

vx þ rt=2

� � (23)

ji ¼
Rwixi � Uwi

max Uwi;Rwixið Þ ; i ¼ LF;LR;RF;RR

UWRF ¼ vx þ r � t

2

� �
cos dð Þ þ vy þ r � að Þ sin df

� �
;UWLR ¼ vx � r � t

2

� �

UWLF ¼ vx � r � t

2

� �
cos dð Þ þ vy þ r � að Þ sin df

� �
;UWRR ¼ vx þ r � t

2

� �
2
6664

3
7775

(24)

FZLF ¼
mgb

2 aþ bð Þ �
maxh

2 aþ bð Þ �
mayh

2t
;FZRF ¼

mgb

2 aþ bð Þ �
maxh

2 aþ bð Þ þ
mayh

2t

FZLR ¼
mga

2 aþ bð Þ þ
maxh

2 aþ bð Þ �
mayh

2t
;FZRR ¼

mga

2 aþ bð Þ þ
maxh

2 aþ bð Þ þ
mayh

2t

(25)

071003-6 / Vol. 140, JULY 2018 Transactions of the ASME

Downloaded From: https://dynamicsystems.asmedigitalcollection.asme.org on 11/20/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



The desired yaw rate in Eq. (10) has been taken into account
based on the assumption that the tires are linear as follows:

FCF ¼ Cf aF; FCR ¼ CRaR

aF ¼ bþ r

vx
a� df ; aR ¼ b� r

vx
b

(26)

Therefore, after estimating lateral forces and vehicle side-slip
angle, cornering stiffness can be determined by means of Eq. (26).
Finally, tire road friction coefficient can be estimated recursively
by statistically comparing the longitudinal forces estimated by the
UKF to those obtained from the Pacejka tire model [24] for a par-
ticular l. The schematic diagram of vehicle parameters estimation
is shown in Fig. 5(b), where w

� is a noisy measured parameter.

5.2 The Unscented Kalman Filter. However, the extended
Kalman filter is a standard and popular algorithm for optimal state
estimation of nonlinear systems—by using Taylor Expansion
theory and first-order approximation to linearize the nonlinear
system—but for the strong nonlinear systems, it performs badly
and it is difficult to calculate the Jacobi matrix [25]. In order to
overcome these problems, the UKF, which is based on the
unscented transformation, is proposed. Unscented transformation
is a new, novel method for calculating the statistics of a random
variable, which undergoes a nonlinear transformation [25]. In this
method, a set of points (or sigma points) are chosen to calculate

Fig. 6 Actual and estimated parameters

Fig. 7 Flowchart of BA algorithm
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the means and covariances used in the Kalman filter. The UKF
algorithm is summarized as follows [26]:

(a) Before executing filter (complete each step once before
filtering):
1- Define Scaling Parameters and Weight Vectors

a; b; j ðdefault a ¼ 1; b ¼ 2;j ¼ 0Þ
L ¼ nx ðlength of state vectorÞ
k ¼ a2ðLþ jÞ � L

gm
0 ¼ k=ðLþ kÞ

gc
0 ¼ k=ðLþ kÞ þ 1� a2 þ b

gm
i ¼ gc

i ¼ 1=½2ðLþ kÞ�; i ¼ 1; ::; 2L

2- Determine Noise Assumptions
The process and measurement noise covariance terms are consid-
ered to be uncorrelated, white, and Gaussian with zero mean and
known covariance matrices Q and R, respectively.

Fig. 9 Yaw rate error and the b2 _b phase trajectory in the phase plane in fishhook maneuver

Fig. 8 (a) Desired path in double lane change (DLC) maneuver and (b) steering change in front wheels in J and fishhook
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Qk ¼ E½wkwT
k �; Rk ¼ E½vkvT

k �

Q ¼ diagð½104; 104; 104; 104; 103; 103; 10�9; 10�9;

10�9; 10�9; 10�9; 10�9; 10�9; 10�9; 10�9�Þ
R ¼ diagð½10�4 10�4 10�6 10�6 10�6 10�6 10�6 10�6�Þ

3-Initialization
It is assumed that the initial state, x̂0, is known with corresponding
uncertainty given by the initial error covariance matrix, P0

x̂0 ¼ E½x0�;P0 ¼ E½ðx0 � x̂0Þðx0 � x̂0ÞT �
x̂0 ¼ ½600; 600; 600; 600; 0; 0; 0; v0; 0; v0=Rw;

v0=Rw; v0=Rw; v0=Rw; 0; 0�
P0 ¼ 10�3 � diagð½1; 1; 1; 1; 0:1; 0:1; 1; 1; 1; 1; 1; 1; 1; 1; 1�Þ

(b) Executing the filter recursively (perform each step at each
discrete-time)
1- Generate the Sigma-Pointsffiffiffiffiffiffiffiffiffiffi

Pk�1

p
¼ cholðPk�1Þ ðlower Cholesky decompositionÞ

vk�1 ¼ x̂k�1 x̂k�1 þ
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Pk ¼ Pkjk�1 �KkP

yy
k KT

k

Fig. 10 Yaw rate error and the b2 _b phase trajectory in the phase plane in DLC
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To assess the effectiveness and robustness of the proposed state
estimator, the developed algorithms are tested in a variable road
friction condition and v0 ¼ 60 kph; df ¼ 5 deg. Figure 6 shows the
estimated and actual values of vehicle parameters. It is seen from
Fig. 6 that the estimated states are quite close to the simulation
results.

6 Optimization

In order to improve the controller performances, the designed
controller is optimized using BA optimization method. The BA
method is an optimization algorithm, which is inspired from a
searching behavior of the bees. The flowchart of BA algorithm is

depicted in Fig. 7. In this method, a population of optimization
parameters (fuzzy rules and the orientation of the membership
functions) with n individuals, each called a bee, is generated. The
cost function for each bee is evaluated to show which one finds
better place for flowers. Comparing fitness function of the bees, m
best places are selected and a ngh neighborhood for each m places
is defined. Then a number of bees for best e places are recruited.
After that, m bees related to the best m places are selected. For n-
m remaining places, again some neighborhood is randomly
defined and new population is generated.

Since the main purpose of controller is to improve the vehicle
handling and vehicle stability, the objective function is obtained
from the following equation:

Fig. 11 Vehicle path and the b2 _b phase trajectory in the phase plane in different l conditions
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minimize FðuÞ
where FðuÞ ¼ v1

ð
jr � rdjdtþ v2

ð
jnjdt

(27)

in which v1 and v2 are weight factors for normalization of cost
function parameters. The first term of cost function is defined for
minimizing the integral of yaw rate error (e ¼ r � rd) and the sec-
ond term is define for minimizing the perpendicular distance of
the actual state of the vehicle from the reference region in the
phase plane (n) as much as possible. There are two layers of opti-
mization. In the first layer, fuzzy rules are optimized. In the sec-
ond layer, the skewness of the membership functions is taken to
obtain best value of the cost function during a standard maneuver.

7 Discussion

In order to assessing the effectiveness of integrated control sys-
tem, the performance of controller is investigated under different
conditions including: (1) nearly normal and steady-state driving
conditions, (2) different l conditions, and (3) under critical
situations.

7.1 Steady-State Conditions. In this section, standard test
maneuvers, including the fishhook and double lane change (DLC),
are considered and performed in low and high initial speed in dry
and wet road conditions. Desired path in double lane change
maneuver and the steering angle time history for the front wheels
fishhook maneuver are shown in Figs. 8(a) and 8(b), respectively.
Figures 9 and 10 show the integral of yaw rate error and the b� _b
phase trajectory in the phase plane in fishhook and DLC, respec-
tively. Also, the activity times of each system are shown in these
figures, where H-ESC means activated ESC for handling and inac-
tive TVD, H-TVD means activated TVD for handling and inactive
ESC, S-ESC means activated ESC for stability and inactive TVD

and OFF means both systems are inactive. As can be seen, the
integrated control system has improved the yaw rate while the
vehicle side-slip angle has stayed in stable region.

7.2 Lower and Different l Conditions. In this section, the
robustness of integrated control system is evaluated under differ-
ent road conditions. For this purpose, vehicle testing was per-
formed on three surfaces; low l in J-Turn maneuver, abrupt l
changes in J-Turn maneuver and split l surface. Steering angle
time history for the front wheels in J-Turn maneuver is shown in
Fig. 8(b). In split l surface, the friction coefficient between the
left and right side of the road is quite different. This situation can
be happened when the road itself has a high level of friction but
the road banks are covered with snow or ice. Figure 11 shows the
vehicle path and the b� _b phase trajectory in the phase plane
under low l (Figs. 11(a) and 11(b)), abrupt l changes (Figs. 11(c)
and 11(d)), and split l (Figs. 11(e) and 11(f)) conditions. As can
be seen from Fig. 11, the integrated control system is robust
against the road surface variations. A simple driver model was
employed to control the steering wheel of the vehicle to follow
the desired path.

7.3 Stability in Critical Situation. In order to demonstrate
the effectiveness of integrated control system in the critical situa-
tion, two severe maneuvers are designed as discussed in Ref. [13].

At first maneuver, the vehicle faces unexpected obstacles and
the vehicle should avoid them while its initial speed is high such
that a passive vehicle loses its stability as shown in Fig. 12(a)
(v0 ¼ 140 kph and max df ¼ 10 deg) and the second one is a
maneuver in which a passive vehicle starts to slip on a slippery
road surface as shown in Fig. 12(b) (v0 ¼ 80 kph and max
df ¼ 6 deg). Same as Sec. 7.2, a simple driver model was
employed to control the steering wheel of the vehicle to follow

Fig. 12 Vehicle path and the b2 _b phase trajectory in the phase plane in critical situation
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the desired path. It is obviously seen that the integrated control
system effectively improves stability in these situations.

8 Conclusion

In this paper, a full vehicle state estimation and an integrated
TVD/ESC control strategy are proposed and tested under various
driving conditions. For this purpose, a vehicle dynamics model of
the 2003 Ford Expedition was developed in CarSim and an inte-
grated control system between ESC and TVD was added to the
vehicle model via MATLAB/SIMULINK. To control the integrated con-
trol system, a unified controller with three control layers based on

fuzzy control strategy and b� _b phase plane was designed. Based

on the extended use of the b� _b phase plane, the controller can
switch between handling and stability control strategies. To detect
the control parameters, a state estimator was developed based on
UKF, which is a nonlinear estimator. In order to improve the con-
troller performances, the fuzzy controller rules are optimized
using Bees Algorithm. All simulations were performed using a
co-simulation between the fully nonlinear Ford 2003 CarSim
model and MATLAB/SIMULINK. The simulation results show that the
integrated control system of ESC and TVD effectively improves
the vehicle handling and stability in all tested regular and severe
conditions. Actually, TVD in nearly normal conditions has the
advantage to improve handling without having a significant nega-
tive effect on the longitudinal vehicle dynamics and ESC in criti-
cal conditions has the advantage to guarantee the vehicle stability.

Nomenclature

H-ESC ¼ handling-ESC is activated to improve handling and
TVD is inactive

H-TVD ¼ handling-TVD is activated to improve handling and
ESC is inactive

S-ESC ¼ stability-ESC is activated to improve stability and
TVD is inactive

Symbols

a; b ¼ longitudinal distance from the front and rear axle
to the center of mass, m

ax; ay ¼ longitudinal and lateral accelerations, m s�2

Cf ;Cr ¼ front/rear cornering stiffness, N rad�1

FLi;FCi;Fzi ¼ longitudinal, lateral and vertical tire forces labeled
i ¼ RF;LF;RR;LR, N

h ¼ height of the mass center, m
IC1 ¼ the moment of inertia of the left clutch, kg/m2

IC2 ¼ the moment of inertia of the right clutch, kg/m2

Ii ¼ the moment of inertia of the rear propeller shaft,
kg/m2

Ir2 ¼ Ir1 ¼ the moment of inertia of the gear 4, kg/m2

Is2 ¼ Is1 ¼ the moment of inertia of the gear 1, kg/m2

Iz:Iw ¼ vehicle and wheel moment of inertia, kg/m2

I1, I2 ¼ the moment of inertia of the rear left and rear right
half shafts, respectively, kg/m2

M;m ¼ total vehicle mass, kg
r; rd ¼ vehicle yaw rate and desired yaw rate, rad s�1

t ¼ wheel tread, m
Tti;TBi ¼ torque supplied to the wheels labeled

i ¼ RF;LF;RR;LR, N�m
Uwi;Vwi ¼ longitudinal and lateral wheel center velocities

i ¼ RF;LF;RR;LR, m s�1

vx; vy ¼ longitudinal and lateral velocities, m s�1

Zi ¼ the number of teeth of the gears 1–4 in Fig. 4
(i¼ 1…4)

ai ¼ side-slip angle of the wheel labeled
i ¼ RF;LF;RR;LR

df ; d ¼ steering angle of front wheels, rad
n ¼ perpendicular distance of vehicle state from the ref-

erence region
ji ¼ longitudinal slip of wheel i ¼ RF;LF;RR;LR
l ¼ road friction coefficient

x1, x2 ¼ angular velocity of the rear left and rear right
wheels, respectively, rad s�1

xi ¼ angular velocity of the wheel labeled i ¼ RF;LF;
RR;LR, rad s�1

Appendix A

Numerical values of the active differential parameters are given
in Table 1.

Appendix B

To set the fuzzy controller, a Gaussian membership function,
Mamdani inference engine, and center of gravity defuzzification
method have been employed. Table 2 shows performance of the
controller in selecting the appropriate clutching or braking in
TVD and ESC. Positive fuzzy output, means generating positive
yaw moment, and the negative one, means the yaw moment is
negative. Input and output normalized membership functions are
shown in Figs. 13(a) and 13(b). Fuzzy rules used to control the
torque control systems are given in Table 3. Where N, Z, and P

Table 1 Numerical values of the STC-TVD mechanism parame-
ters [27]

I�i ¼ 0:15ðkg=m
2Þ h1 ¼ h2 ¼ 1:125 H11 ¼ H21 ¼ 4:5

H12 ¼ H22 ¼ 3:5 Ic1 ¼ Ic2 ¼ 0:002ðkg=m
2Þ Ir1 ¼ Ir2 ¼ 0:001ðkg=m

2Þ
i ¼ 2:8 I3 ¼ I4 ¼ 0:05ðkg=m

2Þ I1 ¼ I2 ¼ 0:05ðkg=m
2Þ

Table 2 Performance of the control system’s third layer for handling and stability improvement

Handling Error df Fuzzy output Vehicle status TVD ESC
Clutching Braking

e < 0 df > 0 Positive Understeer Right clutch Rear-left
e < 0 df < 0 Positive Oversteer Right clutch Front-left
e > 0 df > 0 Negative Oversteer Left clutch Front-right
e > 0 df < 0 Negative Understeer Left clutch Rear-right

Stability eb _b Fuzzy output df ESC
Braking

Negative Negative df > 0 Front-right
Negative Negative df < 0 Rear-right
Positive Positive df > 0 Rear-left
Positive Positive df < 0 Front-left
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mean negative, zero, and positive and 1, 2, 3 means medium,
high, and very high and ZN and ZP mean negative low and posi-
tive low, respectively.

It should be added that when handling performance must be con-
trolled, in oversteer situation the inside clutch of TVD system and
in understeer the outside clutch of TVD system is activated but if
the friction in the related tire is much lower than the other or the
longitudinal slip in this tire is high or when the speed difference
exceed at the allowable wheel speed difference or in very low road
friction, this duty is relegate to ESC system. In ESC system, if e <
0 or eb _b > 0, braking force is applied on the inside rear wheel but if
(1) this tire is on the threshold of locked mode, or (2) the friction in
this tire is much lower than the inside front wheel or (3) when the
longitudinal slip in this tire is high and in inside front wheel is low,
then braking force is applied on the inside front wheel also in the
situation in which j _b þ 4bj > 80l with considering the locked
mode, longitudinal slip, and friction—as discussed above—braking
force is applied on the both inside wheels. The same story is applied
for e > 0 or eb _b < 0.
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Table 3 Fuzzy rule base for handling and stability

Error
N2 N1 Z P1 P2

d/dt error

Handling N2 P3 P2 P1 ZP Z
N1 P2 P1 ZP Z ZN
Z P1 ZP Z ZN N1
P1 ZP Z ZN N1 N2
P2 Z ZN N1 N2 N3

Stability N2 N3 N2 N1 ZN Z
N1 N2 N1 ZN Z ZP
Z N1 ZN Z ZP P1
P1 ZN Z ZP P1 P2
P2 Z ZP P1 P2 P3
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