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Coordination of Active Front Steering and Direct Yaw Control Systems

Using MIMO Sliding Mode Control

Ebrahim Muhammad, Ahmad Reza Vali, Abdorreza Kashaninia, and Vahid Behnamgol*

Abstract: This paper investigates an integrated multi-input multi-output (MIMO) sliding mode control strategy
to coordinate the active front steering (AFS) and direct yaw control (DYC) system of a vehicle. The proposed
control method aims to enhance the lateral dynamics of the vehicle, especially in the presence of tire-road friction
coefficient variations as parameter uncertainties. The proposed integrated control strategy consists of two control
layers. The upper layer coordinates the AFS and DYC systems and produces the corrective yaw moment and additive
front steering angle. At the lower layer, the slip controller based on sliding mode control (SMC) converts the yaw
moment into the desired longitudinal slip and generates the final distributed braking torques. Simulations of two
scenarios in various road conditions were conducted to ensure that the proposed control is robust against road
condition changes in the proposed method. Results from the simulation during the J-turn maneuver on the slippery
road compared the performance of the suggested sliding mode integrated controller with an adaptive integrated
controller. The simulation results showed that the proposed control system improved the stability and handling of
the system’s tracking performance in various maneuvers.

Keywords: Active front control, direct yaw moment control, integrated control, lateral vehicle stability, sliding

mode control.

1. INTRODUCTION

Direct yaw control is a central component of active
chassis control, which improves vehicle stability without
sacrificing performance and reduces accidents caused by
loss of stability. The active front steering (AFS) and direct
yaw control (DYC) systems participate in yaw moment
control according to specific tire working areas. AFS fo-
cuses on steering angle compensation via the active steer-
ing actuator, making it an indirect yaw moment control
system. At the same time, in the DYC system, the differen-
tial brake system provides different brake forces to the two
sides of the vehicle to interfere directly with yaw motions
[1,2]. AFS steering compensation is adequate to control
the vehicle’s yaw moment in the linear region of tire work
without activating the DYC. This enhances lateral stability
and controllability and eliminates the driver-inconvenient
effect of the DYC system intervention on the longitudi-
nal vehicle dynamics. While AFS becomes less effective
in the nonlinear region of tire working where the tire lat-
eral forces saturate, the DYC system is activated in these
situations [3]. An integrated control strategy is utilized
to enhance vehicle stability and safety [4] because of the
two systems’ distinct working areas and coupling effects.

There are several ways to coordinate the AFS and DYC
systems [5,6]. Some researchers in many recent studies
have used the phase plane of sideslip angle and its time
derivative to switch between AFS and DYC according to
the region of tire work [7,8].

Many control strategies for integrated control of AFS
and DYC systems have been presented in the literature. In
[9], Jalali et al. designed an MPC controller for coordinat-
ing the AFS and DYC systems to improve lateral stability.
In [10], Doumiati et al. introduced a multi-variable con-
trol system based on H., for integrating AFS and DYC
to improve vehicle handling and stability by tracking the
required yaw rate and minimizing the use of brake actu-
ators. The control system in the higher layer generates
the compensatory yaw moment required for integration
with the active front steering system. The torque differ-
ence between the vehicle’s two sides can produce the de-
sired yaw moment command. In [11], Mirzaei and Mirza-
einejad designed an optimal multivariable controller to in-
tegrate AFS and DYC using the prediction of nonlinear
responses of an 8-DOF vehicle model. In order to achieve
directional stability, the AFS is integrated with the braking
system to reduce the maximum braking force of traditional
Anti-lock braking systems (ABS), allowing the shortest
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braking distance while maintaining directional stability. In
[12], Ahmadian et al. developed a hierarchical integrated
control strategy to coordinate AFS and DYC, enhancing
the performance of yaw rate tracking control and limit-
ing sideslip angle. The proposed control structure has two
levels. Through MIMO adaptive laws, an indirect adap-
tive control method was developed at the upper control
level to design an additive steering angle and corrective
yaw moment. An optimization algorithm was used at the
lower control level to distribute the brake forces to the rear
wheels and convert the external yaw moment into brake
torques. In [13], Ding and Taheri proposed an adaptive
controller based on the direct Lyapunov method to inte-
grate the AFS and DYC systems, including the diversity
of corning stiffness during adaption laws, to ensure ve-
hicle stability in critical conditions. In [14], Zhang et al.
presented a robust adaptive controller with an uncertainty
observer to integrate AFS and DYC systems via Lyapunov
stability theory to calculate the corrective yaw moment.
The system was modeled as an integrated chassis control
model containing multiplicative uncertainties. An adap-
tive law has been designed based on the projection cor-
rection method to estimate and compensate for those un-
certainties.

The sliding mode control (SMC) strategy for vehicle
stability control has been studied extensively. In [15],
Mashadi and Majidi developed a multi-layer sliding mode
controller to integrate the AFS and DYC systems by com-
bining vehicle yaw rate and lateral slip angle errors in a
sliding surface equation to obtain the corrective steering
angle and yaw moment in the upper layer to generate the
final braking torque using two electric motors planted in
the rear wheels. In [16], Saikia and Mahanta developed a
sliding mode controller based on the PID controller con-
sidering only the yaw rate as a control variable on the slid-
ing mode surface. That enhanced the vehicle’s transient
performance by integrating active front steering and di-
rect yaw moment into two control layers. The vehicle’s
yaw rate and side slip angle are tracked, enhancing han-
dling performance. The corrective front steering and the
external yaw moment are generated in the upper layer.
The latter input control is used through differential brak-
ing in the lower layer. In [17], Feng et al. proposed a
three-layer hierarchical approach for improving the stabil-
ity of vehicles when driving through corners by employ-
ing four-wheel differential braking, four-wheel drive, and
active front steering. Based on the sliding mode control
theory, the upper-level control tracks the desired vehicle
motion by calculating the desired yaw moment and longi-
tudinal forces based on two independent sliding surfaces.
An optimal control method distributes operator commands
at the lower layer. In [18], Liu ef al. present a super-twist
algorithm sliding mode control for coordinating AFS and
DYC systems using a linear sliding surface combining the
normalized absolute values of yaw rate error and sideslip

error to improve path-following accuracy and ensure vehi-
cle stability. This control method reduced the lateral offset
and head angle deviation as much as possible and avoided
the chatter phenomenon of traditional sliding mode con-
trol. In [19], Zhang and Li presented a hierarchical control
strategy based on the fast terminal sliding mode control
(FTSMC) method of AFS and DYC coordination based
on a combination of vehicle yaw rate and lateral slip an-
gle errors in a sliding surface to improve vehicle stability.
In addition to calculating the corrective yaw moments at
the upper level of control, the lower level of control con-
verts them into the required longitudinal slips. This con-
trol strategy increased the front wheels’ steering angle ac-
cording to each wheel actuator’s limitations.

Based on the literature review, which showed different
applications of the integration of active front steering and
direct yaw moment for vehicle stability control, no stud-
ies based on the MIMO sliding mode control (MSMC)
method were found to enhance vehicle stability and han-
dling. Therefore, this paper aims to use the MIMO sliding
mode control (MSMC) method to coordinate the AFS and
DYC to enhance vehicle stability and handling in the pres-
ence of uncertainties.

In this paper, an integrated strategy of active front steer-
ing and direct yaw moment in a hierarchical manner based
on the MIMO sliding mode control (MSMC) method is
proposed for the first time to enhance vehicle stability and
handling. The proposed strategy consists of two levels of
control. The main objective of the upper layer is to gen-
erate a robust and accurate external yaw moment by con-
trolling both the braking forces on the two sides of the ve-
hicle and the corrective front steering angle based on the
proposed novel sliding mode controller. The stability in-
dex illustrates the combination of AFC and DYC based on
the phase plane of the sideslip and its time derivative. As
a part of the lower layer, a slip controller based on SMC
converts the yaw moment into the longitudinal slip and
then generates the final distributed braking torques.

The main contribution of this study is the following:

1) Various studies applying SMC have been conducted.
However, no studies have been found to integrate the
AFS and DYC systems using MSMC to enhance ve-
hicle stability and handling in the presence of uncer-
tainties by maintaining the sideslip angle at a smaller
value than required while tracking the desired yaw
rate.

2) Tire forces do not occur instantly due to a specific slip
ratio but take time to build up when a force is applied
to a tire. At high speeds and critical maneuvers, such
as avoiding obstacles or hard braking, delays in trans-
mitting forces to the tires can result in losing control
of the vehicle. While most control research ignores
this delay for simplification, this paper uses a typical
dynamical model to express this delay by applying a
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first-order delay to the lateral forces.

3) Most previous studies considered parametric uncer-
tainties in vehicle parameters such as total mass, mo-
ment of inertia and tire stiffness. Whereas this re-
search includes the road tire friction coefficient along
with these parameters in the vehicle model as uncer-
tainties to evaluate the performance of the MSMC in
improving vehicle stability in the presence of uncer-
tainties.

4) Proving the stability of a closed-loop control system
incorporating the model, controller and observer esti-
mating the sideslip angle and tire forces in the pres-
ence of uncertainties.

The rest of this paper is organized as follows: Section 2
describes the vehicle dynamics model. Section 3 presents
the MSMC based on a hierarchical control structure. Sec-
tion 4 discusses the simulation results and discussion. Fi-
nally, Section 5 presents the conclusion.

2. VEHICLE DYNAMICS MODEL

This section uses two different vehicle models: a non-
linear 8-DOF vehicle model for designing the integrated
MSMC and for results’ simulation, and a 2-DOF model to
generate the desired yaw rate and sideslip angle.

2.1. 8-DOF vehicle model

Fig. 1 shows the general layout of a non-linear 8-DOF
vehicle model that includes the longitudinal velocity v,,
the lateral velocity vy, the yaw rate r, the roll rate p, and
the rotational speed of each wheel (W, ®sr, Wk, @rr)
that can be modeled based on Fig. 2.

According to Fig. 1, the governing equations for a ve-
hicle body motion can be described as follows [12,20]:

m‘}x:mvyr+Ffo+Ffo+Ech+Fer_Faerm (D
mvy = —mvyr — mghsp+ Fypr + Fypr + Fyg
+F;7rL7 (2)

N3 poll Axis

>

Fip

Fig. 1. 8-DoF vehicle dynamics model.

3

Fig. 2. Free diagram of the wheel.

Table 1. Vehicle parameters [12].

Parameter Description Amount
m Total mass of the vehicle (kg) 1280
my Sprung mass of the vehicle (kg) 1160
a Distance from the vehicle’s CG to the front| 1.203

axles (m)
b Distance from the vehicle’s CG to the rear | 1.217
axles (m)
T Width of the track (m) 1.33
h Height of the vehicle’s center of gravity 0.5
(m)
he Distance from the sprung mass center of 0.2
gravity to the roll axis (m)
L, Yaw moment of inertia (kg.m?) 2500
I, Roll moment of inertia (kg.m?) 750
I, Product of inertia of roll and yaw axes 0
(kg.m?)
R, Wheel radius (m) 0.3
1, Wheel moment of inertia (kg.m?) 2.1
Cy Cornering tire stiffness (N/rad) 40000
Cy Longitudinal tire stiffness (N/unit slip) | 50000
Kgsr Ratio of front roll stiffness to the total 0.444
stiffness (rad/rad)
Kf Roll steer coefficient at the front (rad/rad) | -0.2
K, Roll steer coefficient at the rear (rad/rad) 0.2
K, Roll stiffness coefficient (Nm/rad) 45000
Cy Roll stiffness damping (Nm/rad/sec) 2600
€, Factor of road adhesion (s/m) 0.015
g Gravitational acceleration (m/ §%) 9.81
Cy Drag coefficient 0.3
Pu Air density (Kg/m?) 1.206
Ay Frontal area (m?) 2.51
RL, Tire relaxation length (m) 0.3
Lot =L, p+ a(Fysr + Fypr) — b(Fyr + FyL)
T
+§[(Ffo+Fer) - (ErfR"’FxrR)]v (3)
L, p = —mshgVy + L, 7 — mehgver + moghgsin®
— Ko — Co0, 4)
de)i: _RWF;‘i—"_’I;?i) Wlthl:fLa fRa I"L, rR7 (5)
0=p. (6)

Table 1 lists the parameters used in the simulation and
equations for vehicle dynamics.
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Also, 0 is the roll angle of the vehicle, @ is the angu-
lar velocity of the wheels, and 7j; are four-wheel braking
torques. F,,, indicates the aerodynamic drag forces as fol-
lows [12,21]:

Foero = 0.5p,C4A V2. (7)

According to the vehicle’s steer angle §;, the following
equations transfer tire forces from the wheel-fixed coordi-
nate system to the vehicle-fixed coordinate system

F = Fico8; — Fy;sin§;, withi = fL, fR, rL, rR,
3

Fy; = F;sin§; — Fy;cos §;, with i = fL, fR, rL, R,
)

where F; and F; are the longitudinal and lateral forces of
tires in the vehicle fixed, F;, and F; are the traction forces
and the lateral forces of the tire in the wheel fixed coordi-
nate system, respectively. Small letters (f,r) indicate the
position of the front and rear wheels, and capital letters
(L,R) indicate the position of the left and right wheels.

Three assumptions [12,15,21] are made on the vehicle
model.

Assumption 1: The moment of inertia for roll and yaw
is neglected for simplicity.

Assumption 2: The steering angles 6,;, and 8,z were
considered to be equal to zero.

Assumption 3: The steering angles of the front and rear
wheels are influenced by the rolling motion of the vehicle
body due to the suspension kinematics

5fL = 5fR = 5SW +Krsf~07 (10)
6r = 8rR = Krsr~®a (11)

where 68, is the steering angle of the hand wheel.

2.2. Tire model

Dugoff model was chosen to simulate the non-linear
system of tires because the longitudinal and lateral forces
of the tires are directly related to the road factor [22,23].

The following equations give the lateral and longitudi-
nal forces according to Dugoff model

Cyt i
Fy = (XIL;C_()JC(&)) l:fLa fR7 er VR,
Ci A
Fi= 2 f(s), i= fL. R, 1L, R (12)
where
Si(Z—S,‘), 8 < 1, .
f(si): l:fLava I‘L, er
la Si Z 1)
(13)
and
_ UF(1—¢gv, A? +tan®(oy))

(1—=2),

2\/C/217Li2 +CZtan*(oy;)

i=fL, fR, rL, rR, (14)

where U is the tire-road friction coefficient.
A; and @; are the tire-road longitudinal slip ratio and slip
angle, respectively, given by the following relations [24]

l

-1+ Vw y Ry@i <y,
A= [ (15)
XWi
- wai’ wai Z Vwiy

withi= fL, fR, rL, 7R,

o, = 8, —tan' ((vy+ar)/ (v, +0.5Tr)),
ar = 8 —tan” (v, +ar)/ (v, —0.5Tr)),
= 8, +tan~ ((br —vy) /(v +0.5T7))

g = 8r+tan ' ((br—v,) /(v +0.5Tr)).

9

(16)

The following equations give the longitudinal velocity
of the wheels’ center

VawfL = ( +O.5Tr) cos 6fL + (V\ —|—ar) sin 6fL,

Vawfr = (Ve —0.5Tr) cos 8pg + (vy + ar) sin Sy,

Vawrt, = (Ve +0.5Tr) cos 6,1, — (br —vy) sin 8y,
( )

Vawrg = (Ve —0.5Tr) cos 6, — (br —vy)sindg.  (17)

F; is the normal load of each tire given by the following
equations

mgb  mah ma,h  meghg
R =" =gy Kasr (T = S sinn).
mgb  mah mayh  mgghy |
Fapr = 2gz o _KRSF( T . Smm)’
mga  mayh
Fp=—-—
S TR
h h
+(1_KRSF)(m;y —msﬁ : sin@),
P _ mga mah
T 2
h s8hs .
—(1—KRSF)(’”‘; —mﬁ s1n@>. (18)

Additionally, a, represents the vehicle’s lateral acceler-
ation, while / represents the vehicle’s longitudinal wheel-
base. In addition, due to the significant effect of the tire
force lag on the lateral vehicle dynamics in response to
high-acceleration maneuvers, it was taken as a first-order
delay [15,25]

The lateral tire force Fj,, in the steady state during the
time constant T is given as

T=RL,/u.
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Fig. 3. The validation of the yaw rate response and lateral
acceleration.
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Fig. 4. The validation of the front and rear lateral forces.

One of the most critical steps in the simulation process
is validating the mathematical model. At the end of this
section, the nonlinear 8-DOF vehicle model was validated
by comparing it to actual vehicle test data in the CARSEM
program on the sedan D-Class. Fig. 3 compares the yaw
rate response and lateral acceleration of a runaway vehicle
on a dry road at a constant speed of 20 meters per second
based on a J-turn maneuver with a steering wheel angle
of 150 degrees. Fig. 4 compares the front and rear lateral
forces resulting from the nonlinear 8-DOF vehicle model
with the actual vehicle test data. This review suggests that
the results of the vehicle’s mathematical model match well
with the actual measurements of the vehicle.

2.3. Reference model

The 2-DoF vehicle model is used in this paper to calcu-
late yaw rate and sideslip angle references. Fig. 5 shows a
2-DOF vehicle model with lateral motions.

Fig. 5. Framework of linear 2-DOF vehicle model.

The following formulas can be used to determine the
vehicle’s desired yaw rate and sideslip angle [23,24]

Vx

Fss — 7[4—[((]51))2[ 6f, (20)
1 a m

s = bh—- 2)8;. 21

B 1+KUSV§( 120, )% @

KUS is called the vehicle’s understeer coefficient. It is
given by

m(bCar - aCaf)

K =
us 21Cq/Car

(22)

It should be noted that the desired yaw rate and lateral
slip angle cannot be achieved if the tire force exceeds the
physical adhesion limit of the tire. Equations (23) and (24)
provide upper limits for the desired yaw rate and lateral
slip angle, respectively.

ra=08558 (23)
Vx
Bq = arctan(0.02ug). (24)

In this study, the MSMC is designed to track the desired
yaw rate while maintaining a sideslip angle equal to or less
than the desired value.

3. THE PROPOSED CONTROLLER DESIGN

The overall structure of the proposed integrated control
system with two layers is shown in Fig. 6.

The proposed control system is composed of two layers.
In the upper layer, the main objective is generating appro-
priate external yaw moment and corrective front steering
angle based on the novel sliding mode controller. In the
lower layer, the slip controller based on SMC is designed
to trace the desired longitudinal slip converted from the
yaw moment, then the final distributed braking torques on
the rear wheels are generated.

3.1. High-level controller design

In this section, due to the nonlinearity of the vehicle
and the uncertainty in its dynamics, the sliding mode con-
trol technique was used to ensure the vehicle’s stability by
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Fig. 6. Overall structure of the proposed integrated control
system.

tracking the yaw rate and maintaining the slip angle in the
stability zone. According to the desired yaw rate and side
slip, a MIMO sliding mode controller (MSMC) with two
sliding surfaces is designed to produce the external yaw
moment and the wheel’s corrective lateral force (M, Ay,)
as two control inputs. Since the lateral slip angle cannot
be measured directly, the side slip angle and its deriva-
tive (B, ) are estimated by a nonlinear observer [26] to
produce the stability index resulting from the Phase Plane
Stability. Adaptive gain (p) determines the effect of both
AFS and DYC control systems on the proposed final out-
put of the integrated control system.

To design the upper layer controller, the output vector
isy=1[y; y2)T =[B r]", and the control inputs vector is
represented as U = [U; U,]" = [Ay. M,]T. Then, (2) and
(3) are written as follows by taking B = v, /v,:

R 1
= — Fr+F, —Ay,, 25
B r+mvx()f+ y)+mvxy (25)
) 1 a 1
r=—_— [llF;:f - bF}r] + 7Ayc +-—M, (26)
I, I, I,

where Fy; and F,, are the lateral forces of the front and rear
tires, respectively. M, is the external yaw moment gener-
ated by DYC system as

T
M= 2 ((Fyp+ For) = (Fugr+ Fag)]. 27)

Considering the unknown road condition represented
by the coefficient (i) included in the Dugoff model un-
certainty depending on the different road conditions, a
problem arises in proving stability due to the presence of
switching in the Dugoff model calculating the forces of
the front and rear side tires, (13). This problem is solved
by estimating these forces and using them for feedback. In
this work, we can calculate the lateral tire force using the
tire slip angle as a second-order polynomial whose slope
is equal to the tire stiffness and whose peak value is equal
to uF; [15,27]

2
o Caai—Sign(ai)4iO;,z, lai| < ng,
y F, || > 2uF,

u Fa) 1) = Ca bl
i=f,r (28)

A simplified form of equation (16) is used to calculate
the slip angle of the front and rear tires

b
(Xf:6f—ﬁ—ﬂ, ar:—ﬁ+l. (29)
Vx Vx

Remark 1: This paper considers some uncertainties in
vehicle parameters to study the effect of structured uncer-
tainties on the robustness of the control system, including
the total mass, the tire stiffness, and the moment of inertia.

When designing the controller in the upper layer as a
MIMO controller, equations (25) and (26) are as follows:

[f]_{é(xﬁi)% @ L [U;]’ (30)

where |(x,8;) = —r+ - (F,; + F,,) and f3(x,8;) =
laFy —bE,].

The sliding surface vector for tracking the yaw rate and
maintaining the slip angle within the stable zone is defined

as
St {yi—=yia| _ [B—Ba
{52} B [yl_yld:| N |:r_rd]. D

Taking the derivative of (31) and substituting (30) into

(32)
i ]
-feda)e (3

Ui
b

o L
L I

The nonlinear dynamics fi(x,0f), fa(x,8f) are not
known exactly, but is estimated as f; (x,8¢), f> (x,8¢), and
i, I, are the parametric uncertainties in the nonlinear dy-
namics vector and in the control gain matrix.

Making (32) equal to zero, the equivalent control vector
is obtained

Ule . mlv,\. 0 fl(x76f)_Bd
{Uzeﬂ“’”v[“ ‘fox,af)—r'd} 9

To ensure the convergence of the sliding variable in fi-
nite time, the control input vector based on conventional
sliding mode theory is designed as follows:

|:U1:| _{ 1, 0} HV—,,JVX(vaLFyr)JrBd

U, —arnv, I.| || - ilaFy —bF,| + iy




=1 Downloaded from https://iranpaper.ir

Coordination of Active Front Steering and Direct Yaw Control Systems Using MIMO Sliding Mode Control 7
_|Ki 0] |sign(Sy) (34) The control input vector is designed as (36) in order
0 K| |sign(S2)] ] to ensure the sliding variable’s convergence at finite time,

The MIMO nonlinear system of the vehicle can be ex-
pressed to investigate the finite-time stability of the sliding
variable as

x=f(x,1)+g(x,t)u,
y=h(x,1), (35

where x = [x; X, x,]T is the state vector and y =
[Vi ¥2 ... yu|T is the output vector, the coefficients
of which are nonlinear functions hj(x,t), j =1, .., m
and f(x,t) is the n-dimensional vector, the coefficients
of which are nonlinear functions f;(x,t), i =1, ..., n, and
g(x,1) is a (n X p) matrix which coefficients are the non-
linear functions g;;(x,#),i=1,..,nand j=1, .., m and
u=1[u up ... up)" is the control vector.

Assumption 4: The error estimation and the parametric
uncertainties in the nonlinear function and control gains
satisfy the following bounds

\fi— fil <Ly,
|Aij| < Dij, G(x) = (I+A)G(x),

where

g1 (x) 81;(x)

G(x) = gijlx,0) = | S
gi(x) 8ij(%)

Lemma 1: Considering the nonlinear MIMO system as
(35), the control law (36) leads sliding surfaces (37) go to
zero in the finite time and tracking errors asymptotically
vanish.

U = G(x)"'[& — f(x) — Ksign(S)], (36)
S=[S .. Sp". (37)

Proof: Considering a set of sliding surfaces (37) [28].
Assumption 5: In our system, the m-dimensional vec-
tor, n-dimensional vector, and p-dimensional control vec-
tor are equal. (m = n = p), then sliding surfaces become
as follows:
d ri—1
SJZ(E—’_A’J) €j; ej:yj_yjdvjzlv cey Py
(38)

where A; is a positive scalar, yj; is the desired trajectory,
and 7, is the relative degree of the system.

For the vehicle system r; = 1. Then, the set of the slid-
ing surface is

Sj:ej:yjfyjd. (39)

Taking the derivative of equation (37) while putting
Ca=Da Yo y’pd]T and S=1[S| S SP]T
S=f(x)— L+ Gx)U. (40)

where

K, O 0
0 K»n 0
K= ,
: 0 0
0 e Ky,
and

sign(S) = [sign(S1) sign(S,) ... sign(S,)]".

By utilizing the controller (36) in conjunction with the
system (40)

S= fx) =&
+ (I +M)G(x)G(x) " [Cs — f(x) — Ksign(8)].

Using some algebraic operations on the previous equa-
tion yields

§ = fx) = F(x) + AL = f(x)) = (I + A)Ksign(S).
(41)

The following positive definite Lyapunov function can
be used to investigate sliding variables’ stability in finite
time [28]

1 :

Vi(S,8) = 55785 =1, - P (42)
The following condition is taken into consideration to

guarantee the sliding variables’ finite-time convergence

aV;(S,t)

Vj(SJ):T
J

=578, < —n;l8)l, 43)

where 1); is a positive constant.
Substituting (41) into (43),

g[(wf,-<x>>+Al~j<Cd,-ﬂ<X>>
- (I+Aij)ijSig”(Sj)] < s

ﬁ( () — fil ))+ﬁA--(C — fi(x))

5] 100 = B B = Dk
—(I+Ay)Kj; < —n;.

Choosing the maximum values of estimate errors and
the parametric uncertainties yields

Ly;+Dij|Ca; = [i(0)| = I+ Dij)Kj; < —mj. - (44)
As a result, the sliding condition is confirmed when

Kjj > Ly +Dyj| ;= fi(x)]-
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Consequently, using the controller (36) to control the
system (40) ensures that the sliding variables will eventu-
ally reach zero and tracking errors asymptotically vanish.

Lemma 2: Considering the nonlinear MIMO system
(35) and the first derivative of uncertainties estimation
(45) as the form of the observer (28), the control law (36)
leads sliding surfaces (37) to go to zero in the finite time
and tracking errors asymptotically vanish.

Fr(x) =Tsign(a): i=f, r. (45)

Proof: To investigate the finite-time stability of a
closed-loop system, the Lyapunov is considered as

Vi(S.0) = 587;+ 3 (300 — )T (50) — i),

j=1, ..., p (46)

The following condition is taken into account to ensure
the sliding variables’ finite-time convergence

) aV;(S,t
V5.0 = 2080
J

= STS;+ (f;(6) = Fi()T (f(x) = Fo(x))
<-—n;l8;l. (47)

Substituting (41) and (45) into (47)

Ii"jjl[(fj(X) — i)+ Aij(Caj — fi(x))
— (I +AijKjjsign(S)]
+ (506 = BN (i) = o) < =y,
;’j'(fj(X) —fi@) + ZaA"f'(C"f /i)
ST
_ ‘T;'(1+Aij)ijsign(Sj)

Assumption 6: The first derivative of uncertainties es-
timation f;(x) is bounded by some known function L i
Based on Assumption 6, the following result is obtained

Lyj+Diyj| ;= i) = I+ Di)Kjj+LyjLy,
—LgiL; < —n;. (*9)

Therefore, the control law (36) leads sliding surfaces
(37) to go to zero in the finite time and tracking errors
asymptotically vanish when

Kjj > Ly ;+Dij| &a; = fi(%)] +Ly L

The chattering caused by the function (sign) is elimi-
nated in several ways, including observer-based slip mode

+~;(ﬁ(x) — F(0) (f;(x) = Tsign(e)) < —;.

B

g //
stability”

region

instability 2"

region

Fig. 7. Division regions in the § — B phase plane.

[29], adaptive sliding mode [30], and higher-order sliding
mode [31]. A tangent hyperbolic approach is presented in
[32] and used in this article. Therefore, the control laws of
the upper control layer are defined as

|:U1:| _ { My 0} Hr—,yix(ﬂ_f'Jrlﬁ;r)JrBd

~

U, —amv, I — % [aFyf — ber] + 7y
K 0 tanh(Sl/(pl)
N |: 0 K2:| |:tal‘1h(51/(,01) ’ (49)

where @; > 0; i = 1, 2 is the design parameter indicating
the boundary layer range about the sliding surface.

3.2. Coordination of AFS and DYC

As part of the integrated vehicle dynamics control strat-
egy, the AFS system can control the yaw rate in the han-
dling region. The DYC system is activated when the vehi-
cle’s handling capabilities are exceeded. For this purpose,
the vehicle’s stability is described in this section using the
B — B phase plane, which is the phase plane of the ve-
hicle sideslip angle and its time derivative [7,19,33]. The
stability index J is defined as follows for determining the
stability region [19]:

X = 1249798 4+9.549B|, x < 1. (50)

Equation (50) divides the vehicle’s phase plane into sta-
bility, transient, and instability regions, as shown in Fig.
7. When the vehicle enters the stable area, only the AFS
system controls its handling. Once the car reaches the
transient region due to various reasons related to sudden
changes in the path and the tire’s coefficient of road fric-
tion, the DYC system is engaged to generate additional
torque to bring the vehicle back to the stable region. The
pure DYC system is activated when the vehicle enters an
instability region to force the vehicle to return to the stable
region. This is done because of the yaw moment’s insensi-
tivity to the compensating steering angle generated by the
AFS as a result of tire saturation.
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The adaptation gain p () is defined as follows to con-
trol the two systems (DYC and AFS):

0, x <08, Only AFS,
p(x)=< —55I+5, 08<yx<1, AFS+DYC,
1, x> 1, Only DYC.
(51)

3.3. Low level controller design

In this layer, the corrective yaw moment M, resulting
from the first control law in the upper layer is converted
to the braking torque of the rear tires using a wheel slip
controller to avoid saturation of the tire forces caused by
M. in the upper layer. The desired longitudinal forces for
the rear tires are calculated through (52) and substituted
into the Dugof Model to produce the desired longitudinal
slip ratio (A,).

M, = TAF,/2. (52)

The wheel slip controller is designed to generate the
final distributed braking torque for producing the longitu-
dinal forces required for the rear tires in order to achieve
the corrective yaw moment.

3.3.1 Wheel slip controller design

Non-linearity and uncertainty are the main challenges
when designing a wheel slip controller. For this type of
problem, SMC is a suitable approach due to its robustness
[34,35].

A sliding surface S; is defined as

S3=A—2. (53)

Taking the derivative of the sliding surface

S3=24— . (54)
Taking the time derivative from (15) where (—1 < A <
0)
A 1 R1 (N .
hi = — IRy~ vv—“?vxwi], i=rL, rR. (55)

By substituting (5) and (15) into (55), ii is obtained

1+ A L,(14+2;) .
i = ( 1o ) (RwFti+ (Rw )wai)
1+
+ ( I:(Di )7},,», i=rL, rR. (56)

Taking the time derivative of (15) where (0 <A < 1)

).L o 1 |:7 1.)xwi waid)i

L i = rL, rR. 57
=l ® wai]” rL, r (57)

?Li can be obtained by incorporating (5) and (15) into
(57)

A (1 +A'1) Iw .
)Li = (R Fi w‘)
Lo, o TR,
11—
+ ( Lo )Tb,-, i=rL, rR. (58)

The longitudinal wheel acceleration (vy,,) is not defined
in (56) and (58). It is estimated either by constraining it to
an upper bound using the sliding mode control properties
in the presence of uncertainties [35] or by approximating
the longitudinal acceleration (a,) of the vehicle [15]. The
second method was used in this work to estimate the lon-
gitudinal wheel acceleration. Furthermore, the observer
must estimate the longitudinal forces since they cannot be
measured directly [36]. To include the two cases of A in
(56) and (58), A; can be written as follows:

)Li = *% (Rwﬁ;i + %Q\‘)
+ 7(1&2!‘) Ty, i=rL, rR. (59)

The equivalent braking torque is calculated by substi-
tuting (59) into (54) and setting it equal to zero

Iwwi (1 - |)Ll|) 2 Iw ¥
T, — R E. 12" )
bieq (I—M,»I)[ 1, ; (R ”+RWaX)+;Ld’]’

i=rL, rR. (60)

The total control law, which uses the tangent hyperbolic
function, is presented in [37]

A L,
Tbi = RwEi + Fwax
I, o; .
+ == (Aa; — K3 tanh(S3/93)),
(I—]Al)

i=rL, R, 61)

where @3 > 0.
According to Lyapunov stability [28], K3 can be calcu-
lated as

K3 > F+n3, (62)

where 73 is a positive constant.

4. SIMULATION RESULTS AND DISCUSSION

A simulation of the 8-DoF model of the vehicle and
the proposed control system were conducted using MAT-
LAB/Simulink software to evaluate the vehicle perfor-
mance with the proposed integrated vehicle dynamics con-
trol (IVDC) algorithm combined with active front steering
and differential braking systems. Several parameters asso-
ciated with the vehicle model for the controlling system
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Fig. 8. Wheel steering angle: (a) Double lane-change ma-
neuver and (b) J-turn maneuver.

are listed in Table 1. Different scenarios are presented in
this section to analyze the effects of the proposed control
strategies on lateral vehicle stability and investigate the
proposed controllers’ robustness to tire-road friction co-
efficient and steer angle variations. Therefore, there are
two different road conditions and two different maneu-
vers (Double lane change and J-turn), as shown in Fig. 8.
The vehicle parameter uncertainties can be considered as
+10% in the vehicle mass, +15% in the moment of inertia,
and -15% in the tire stiffness. Simulation results include
the yaw rate, side slip angle, lateral acceleration, braking
torque, and corrective yaw moment. This paper considers
the ratio between the angles turned by the steering wheel
and the road wheel to be 20.

4.1. Gravel road double lane-change maneuver

The tire-road friction coefficient (u) for carvel roads
is set to 0.6. In this maneuver, comparing the proposed
controller performance at a longitudinal velocity of 20
m/s, the proposed controller robustness and effectiveness
to the input steering angle variations are validated. Fig.
9 shows the yaw rate and slip angle effect on the vehi-
cle’s response. In a controlled vehicle, the yaw rate would
always follow the desired value. In an uncontrolled vehi-
cle, the yaw rate would always be greater than the desired
value, resulting in instability. During the whole maneuver,
the sideslip angle for the controlled vehicle remains within
the upper and lower bounds, while uncontrolled vehicles’
sideslip angles increase significantly, resulting in vehicle
instability.

Increasing the yaw rate and sideslip angle for uncon-
trolled vehicles lead to high lateral acceleration. Fig. 10(a)
shows how lateral acceleration differs between controlled
and uncontrolled vehicles. Fig. 10(b) shows how well the
actual lateral forces of the tires match the estimated ones.

........ Ratarance

— imzgraied Contral
—— Uncanirailed

Yaw Rate(degisac)
Sideskp Angle (deg)

] 2 4 6 g 1] 2 4 [ g
Time Time
(a) [+]

Fig. 9. Response of the vehicle to a double lane-change
manoeuvre on gravel road (u = 0.6): (a) Yaw rate
(deg/s) and (b) sideslip angle (deg).
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Fig. 10. An evaluation of the lateral acceleration and lat-
eral forces for (u = 0.6) by considering double
lane-change maneuver: (a) The lateral accelera-
tion and (b) the lateral forces of the tires.

Fig. 11 shows how the stability index and work zones of
the (DYC and AFS) systems evolve according to chang-
ing driving conditions. Based on (51) and Fig. 11, when
the stability index satisfies ¥ < 0.8, only AFS improves
the handling performances. However, when 0.8 < y <1,
the DYC system and AFS work together to maintain ve-
hicle stability. The pure DYC system is activated when
X > 1, bringing the vehicle back to the safe zone. Fig. 12
shows the phase-plane diagram of dynamic sideslip an-
gle changes. The trajectory of the controlled vehicle in
the phase plane leaves the stable region to be immedi-
ately drawn into this area due to the brake system inter-
vention. Figs. 13(a) and 13(b) illustrate the right and left
brake torques generated by the corrective yaw moment at
the lower control level. Fig. 14 also shows the external
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Fig. 11. Stability index vs. time for (1 = 0.6) by consider-
ing double lane-change maneuver.

T T T T T :
50 - Unconitrolled
[z22eoe= Integrated Control |
40 = - 4
- ot Stability region boundaries
20
n i 8
2 10 5
o
7]
E ot 4
a
A0F 8
-20 it
-30 ~=1
40t = 1
L 1 " . | s
-10 -5 0 5 10 15
i(deg)

Fig. 12. Phase plane stability evaluation for the double-
lane-change maneuver on a gravel road.
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Fig. 13. An evaluation of braking torques with integrated
control for (1 = 0.6): (a) Rear-left braking torque
and (b) rear-right braking torque.

yaw moment and the amount of corrective steering angle
for the wheels participating in the integrated system.

Fig. 14. An evaluation of the corrective yaw moment and
compensatory steering angle for integrated con-
trol on a gravel road (1 = 0.6) by considering
double lane-change maneuver: (a) The external
yaw moment. (b) Corrective steering angle.

4.2. J-turn maneuver on a slippery road

In this maneuver, the vehicle runs on a slippery road at
80 km/h with u = 0.4. In terms of the vehicle’s response
in the J-turn maneuver, one of the objectives of this paper
is to compare the integrated sliding mode controller to the
integrated adaptive controller introduced in [12].

Fig. 15(a) depicts the tracking performance of the yaw
rate of both MSMC and MAC are nearly close to the
reference yaw rate. However, in the uncontrolled case, a
considerable yaw rate tracking error can be seen. In ad-
dition, in the sense of vehicle handling and stability, the
sideslip angles of both MSMC and MAC controllers have
decreased as compared to the uncontrolled vehicle, which
indicates limiting in lateral slip using both mentioned con-

......... Reference
e WSMIC

ik MIC 1 15}
= Uncontrolied

Yaw Rate (deg/sec)
o
Corrective SteeringAngle (deg)

2 il
0 25
0 2 4 6 8 0 2 3 6 8
Time Time
(a) (b)

Fig. 15. An evaluation of the corrective yaw moment and
compensatory steering angle on a slippery road
during the J-turn maneuver.
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Fig. 16. Comparison of the lateral slip angle and lateral
acceleration for the J-turn maneuver on a slippery

road (u = 0.4).
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Fig. 17. Comparison of braking torques for the J-turn ma-
neuver on a slippery road (u = 0.4): (a) Left
braking torque (N.m) and (b) right braking torque
(N.m).

trollers. According to Figs. 15(b) and 17, MSMC can pro-
duce a good tracking performance by spending less addi-
tive steering angle but extra control effort as compared to
MAC.

Figs. 16(a) and 16(b) show that the lateral slip angle
and lateral acceleration are less than the uncontrolled case;
however, sliding mode controller achieves lower peaks for
the lateral acceleration in response to the steering input
and guarantees less slip but in the expense of a longer ap-
plication time of the braking torque as shown in Fig. 17.

Fig. 18 depicts the alterations in sideslip dynamics
within the phase plane diagram. As demonstrated in Fig.
14, two control scenarios can ensure that the vehicle re-
mains within the stable region and does not transition
into the unstable region. This is due to the decreased lat-

(deg/sec)

Stability rezion boundarie

2 1 0 1 2
i(deg)

. 18. Phase plane stability evaluation for the J-turn ma-
neuver on a slippery road.

)}

eral acceleration and sideslip angles of both MSMC and
MAC controllers relative to the uncontrolled vehicle. The
MSMC method, which employs a coordination algorithm
between AFS and DYC of the current research, effectively
maintains lateral vehicle dynamics within the stable re-
gion compared to the MAC method, albeit at the expense
of an increase in the duration of braking torque applied to
the rear wheels. Tracking performance is improved due to
reduced lateral sideslip angle and lateral acceleration, as
shown in Fig. 16.

As a result of the proposed control algorithm, yaw
stability control can be achieved with increased braking
torque applied to the rear wheels compared to the adap-
tive method.

4.3. J-turn maneuver for sudden entry onto a slippery
road

The vehicle performs this maneuver at 80 km/h on a
dry road with a 0.9 adhesion coefficient. An 80° steering
wheel angle input initiates a J-turn, and after two seconds,
the vehicle abruptly enters a section of an icy road with
a coefficient of adhesion of 0.2. This section aims to en-
sure that the proposed control system can be robust against
steering angles and road conditions changes.

The uncontrolled vehicle has yaw rate oscillation. Its
sideslip angle increases as soon as it enters the ice-covered
road, as depicted in Figs. 19(a) and 19(b), making the ve-
hicle unstable. The vehicle’s yaw rate and sideslip angle
reach acceptable levels in the controlled case, allowing for
steady responses, as shown in Figs. 19(a) and 19(b). AFS
and DYC produce the corrective yaw moment into stabil-
ity, transient and instability regions. Figs. 20(a) and 20(b)
also show the external yaw moment and the amount of
corrective steering angle for the wheels involved in the in-
tegrated system to keep the vehicle within the stable area,
as shown in Fig. 21.
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Fig. 19. J-turn manoeuvre response of vehicle for a sud-
den entry onto a slippery road: (a) Yaw rate
(deg/s) and (b) sideslip angle (deg).
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Fig. 20. J-turn manoeuvre response of vehicle for a sud-
den entry onto a slippery road: (a) Yaw rate
(deg/s) and (b) sideslip angle (deg).

T T T
Uncontrolied
=+ssese Infegrated Control |7

Stability region boundaries

1 {deg/sec)

i (deg)

Fig. 21. Phase plane stability evaluation for the J-turn ma-
neuver for a sudden entry onto a slippery road.

5.  CONCLUSION

The main objective of this work is to improve vehicle
stability in critical driving situations. A hierarchical con-
trol strategy based on sliding mode control developed the
coordination between AFS and DYC via adaption gain.
The proposed control structure consists of two layers. The
main objective of the upper layer is to generate an accu-
rate external yaw moment and corrective front steering an-
gle based on the MIMO Sliding Mode controller. The slip
controller in the lower layer based on SMC generates the
final distributed braking torques. The efficacy of the pro-
posed method was evaluated by simulating two scenarios
in various road conditions using a nonlinear 8-DOF ve-
hicle model to ensure that the proposed control system is
robust against road condition changes. The simulation re-
sults compared the suggested sliding mode integrated con-
troller’s efficiency to that of an adaptive integrated con-
troller [12]. The results showed that the proposed control
system tracked the desired yaw rate and kept the sideslip
angle equal to or less than the desired value with fewer
control efforts. The most significant disadvantage of the
proposed control method is that the discontinuous func-
tion gain needs to be determined in such a way as to over-
come the uncertainties present in the system. To select a
suitable discontinuous function gain, we need to know the
upper bound of uncertainties, the variation of parameters,
etc. Therefore, in future studies, the adaptive MIMO slid-
ing mode control (AMSMC) will be designed by replac-
ing the discontinuous function gain with a time-varying
parameter to solve the problem of not knowing the upper
bound of uncertainties.
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