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ABSTRACT:

Active Front Steering (AFS) and Direct Yaw moment Controller (DYC) are the vehicle smart systems to improve the
vehicle stability and safety. The AFS uses front wheels Steer-By-Wire (SBW) system. DYC uses Rear Independent in
Wheel Actuated Electric Vehicles (RIWA-EVs). It generates yaw moment to correct the vehicle state deviations. The
proposed controller algorithm consists of two levels. First level feedback controller evaluates the optimal yaw moment
generated to achieve the desired vehicle trajectory motion with minimize the yaw rate and side-slip errors. The second
level controller is utilized to allocate the required front steer angle and traction/ regeneration to the RIWA embedded in
rear wheels by taking into account the tire slip. An optimal Linear Quadratic Regulator (LQR) controller is designed,
and its controller effectiveness is evaluated under various input driving manoeuvres. The results indicate that the
integrated AFS/DYC can significantly stabilize the vehicle motion and highly reduce the driver’s workload. The
laboratory experiment of AFS subsystem, for adequate actual front steering angle is measured, in order to apply in
vehicle model to predict the responses. The results disclose that the RMS can be an effective route to monitor the
vehicle stability.
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Lateral stability of VDC is a very important aspect
1. Introduction of improving vehicle stability and safety performance. A
great deal of research on vehicle lateral dynamics
stability control, including DYC or AFS control with
SBW system, has been done in recent years [8-10]. AFS
eliminates the mechanical steering column. In so doing,
many traditional constraints are eliminated. Several
works have been undertaken to study the control of
vehicle handling using SBW system. AFS changes the
tire lateral force to enhance the vehicle stability and
DYC ensures the vehicle stability by controlling the tire
longitudinal force. Because of the tire force saturation
restriction, AFS stability control on vehicles is weaker
than DYC, but AFS is better than the DYC in ride
comfort. Vehicle AFS and DYC integrated control has
been one of the chassis integrated control important
research [11-12]. A reference model provides the desired
yaw rate and body-slip angle based on driver’s steering
angle. Then a model matching controller or an optimal
controller computes the yaw moment needed to make the
actual handling to follow the reference model [13-16].
In DYC, the additional yaw moment is generated as
a result of the difference in driving or braking forces
between the right and left in-wheel actuators, or the
Limited Slip Control Differential (LSCD). The DYC is
considered as a way of controlling the lateral motion of a
vehicle during a severe driving manoeuvre, Active Rear

Recently, the increasing concern over the environmental
impact of the internal combustion engine vehicles
(ICEVs), together with the soaring of oil prices, has led
to a renewed interest in electric vehicles (EVSs) [1]. The
use of separate traction actuators at each wheel implies
that torque to each drive wheel can be controlled
independently. The performance of RIWA-EVs is likely
to perform better compared with that of classical
vehicles once a good control system is invented [2]. EVs
utilize in-wheel motors to drive the wheels such that the
torque of each wheel can be controlled independently.
Such a flexible actuation can be easily used to generate
the external yaw moment with the torque differences
between the left and right wheels. Drive-by-wire and
SBW control are designed and implemented in an EV.
Such a feature has been exploited to devise a DYC to
improve the vehicle’s handling stability and performance
[3-6]. On the other hand, Vehicle Dynamics Control
(VDC) systems such as Active Steering Control (ASC)
and DYC can certainly improve the handling
performance of wvehicle but in certain tire-working
regions. ASC which includes AFS or Active Rear
Steering (ARS) or Active Four-Wheel Steering (AFWS),
can effectively improve the steer-ability performance of
the vehicle [7].
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Steer (ARS) as a four-Wheel Steering system (4WS) has
been studied extensively in the field of vehicle motion
control [17-20]. In this paper, a vehicle stability system
using the rear 2-wheels motorized EV and AFS is
proposed. A control algorithm is suggested to
compensate for the error of the sideslip angle and the
yaw rate by generating the DYC and AFS yaw moment.
The test rig was built up to evaluate the AFS by SBW
response in order to be applied in vehicle model to
predict the responses.

2. AFS subsystem model

2.1. Principles of AFS system

The AFS system, Fig. 1(a), has the advantage of the
absence of interference between the steering by the
driver and the control of stability using the automatic
front-wheel steering control because no mechanical
linkage exists between the steering wheel (SW) and the
steering gear. The steering by the driver is detected by a
steering angle and torque sensors. This information is
passed to a controller. The controller decision is passed
to a steering actuator [21].
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Fig. 1(a): Schematic diagram and model of AFS structure

2.2. Steering wheel (SW) model

The SW subsystem consists of a steering wheel, a
steering column, a steering angle sensor, a torque sensor,
a reducer, a road feeling motor and a road feeling motor
driver. The steering angle and torque sensors are
installed in the middle of steering column to sense the
steering signals. Fig. 1(b) shows the SW system
structure.
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Fig. 1(b): Schematic diagram of wheel sub-system model
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The dynamic model for SW is expressed by,

@

. . O
Tow = Jsw S swt Cgyy Sg + Ky| Sy — i

S

@

Where Ty, is the input torque of the SW, d, is the angle
of the SW. Ty is the torque of the road feeling motor.
Jsws Jms are the moment inertia of the SW and the road
feeling motor. Cg,, Cpy¢ are the damping co-efficient of
the SW and the road feeling motor. K; represents the
torsional stiffness of the column. i is the reduction ratio.

2.3. Road wheel (RW) model

The steering executive system is constituted of a driving
motor, a rack-pinion gear, a reducer, an angle senor and
the driving motor driver. The driving motor is installed
at the rack mechanism, the structure of the steering
executing system for the AFS system is shown in Fig.
1(c). The equations of motion in RW are as follows:

Tt = It Omi +Cpyp Omi + Ky (me - isgsw)

de = de de+Cmd Hmd"r Kr

: P ®)
(Gng 1ig) = (X, 11,)iF =M,
The steering gear forces are expressed as,
My Xy =Co X+ K (0na 1) = 6, T JE T,
—F - Fg
The electric balance function of driving motor is,
Ung = Rngi(t) + Ling 1+ Kig Omd Trg = Keg 5)

Where T, is the torques of driving motor, F., Fr are the
pinion force of the left/right wheels, iy the represents the
ratio of the reducer, r, is the pinion radius, m, is the
pinion mass, C,q is the damping co-efficient of the rack.
Rma is the resistance of the road feeling motor, L. is the
inductance of executive motor. The left/right tire
aligning moments are M,. The parameters of the AFS
system and the vehicle are listed in Table 1. The AFS
models and the control theory require models to be
represented state motor actuator gain in linear state-
space form.

Table 1: Main parameters of AFS model

Parameter Symbols  Unit Value
Mass moment of inertia of the 2
motor armature Ima kg.m 0.0004
DC motor armature resistance Ry Q 0.39
Motor armature inductance Ling H 0.0019
Torque constant of the motor ~ Kepg N.m/A 0.052
Motor back EMF constant Kind V/rad/s 0.0521
Motor viscous damping Cny Nmirads 0.9
coefficient
Moment of inertia of steering J, Nms¥rad 00344
wheel
motor gear ratio iq 49/3
Viscous damping of feeling
motor and steering wheel Cow  N.miradls 0.3604
torsional stiffness of the K, Ncm/rad 42057
column
Pinion radius ro mm 20.75
Stiffness of Pinion k; Nm/rad 42057
Pinion mass m, kg 0.26
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Fig. 1(c): Schematic diagram of executing sub-system

2.4. AFS angle model and AFS corrective yaw
moment

The active steering angle &, which is required to

increase or decrease the vehicle front steering wheel
angle (SWA) is proposed as the following the corrective
steering angle of front road wheels to be small, the
corrective yaw moment of AFS is obtained as:

M

A
2.5 = Cd Oc

A

Where C 4 is the local lateral tire stiffness of two front

wheels, defined as slope of total lateral front tire force
with respect to the front tire slip angles using,
A oF
Co = halli
aaaf

The AFS angle is Sppg = + I,y Where 8, is based

directly on the driver’s SWA input. One such
characteristic limit steer addition &, to + 4°[22] using,

Oc = Oprs — Osw (€)

The AFS actuator can be modelled by a simple first-
order equation as follows,

c 1 1

O, = —Oaps—— 0.

c ts AFS ts sw
Where, t; is the DC Motor actuator time constant. The
yaw rate tracking methodology control is designed to
calculate the adjusting steering angles for AFS. The AFS
angle dars IS sum of additional/corrective steer angle by
controller, 8. and SWA demanded/commanded by the
driver using,

()

MZ,AFS

— )

aCuy

Oprs = Osw +

3. RIWA-EVs model and yaw moment
allocation

The EV used in this paper is driven by two RIWA. The
allocation law of the yaw torque is that the outside rear
wheel increased the driving/braking force while the
inside rear one decreased the driving/braking force at the
same time. Fig. 2(a) shows the vehicle structure with two
RIWA. The external yaw moment M; is generated by the
combination of longitudinal force of each rear wheel.
The applied torque and speed on each rear wheels are
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different T, =T, and @g # g, . The external yaw

moment by two RIWA as illustrated in Fig. 2(b). The
vehicle longitudinal velocity can represent these
performances, using the vehicle longitudinal acceleration
signal (ay,) and vehicle speed desired (V). Considering
acceleration / braking pedal positions [6], the ay, is
defined using,

t+t,

Vx,d =on + Iax,ddx (9)
t
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Fig. 2(a): Vehicle structure with two independent rear motors
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Fig. 2(b): External yaw moment by two independent rear motors

The direct yaw moment M,pyc generated from
independent motor traction force at each rear tire can be
expressed by differential torque between the two
actuators using,

T L] L]
M bve :?r(Fxrr —Fy1) — J(orr — orr) (10)
Where Tr is the distance between the wheels of the rear
axle. ®Rl and oRr are the angular acceleration. ®RI and
oRr the angular speeds of the left and right wheel drives

respectively and F, = Fzqu and F =Fyu.

max, rr
F.qand F,, are the vertical load of lift and right wheel of
rear axle, F =T, /R, and F =T, /R, , pis the

friction co-efficient of the tires. The difference between
the two wheel velocities assures the vehicle trajectory
over the curve. The wheel speed at the outer position of
the curve will need to be upper than the speed of the
inner wheel during curved steering [23]. The rotational
velocity equations for the rear wheels are given by,

der — Twr — Fxr Rw

dt Jy an
d(‘)RI — TW| — I:xl RW

dt J

w

Where wg, and og, are the angular speed of the right and
lift wheels. J,, is the rotating inertia of the wheel. Ty,
and T, are the torque on the right and lift wheels. Fy,
and Fy are the right and lift wheels tractive force. The
linear speed of each rear wheel is defined as,

T T
VwL =gy (Rdes + ?r) and VRr = Wpy (Rdes _?r) (12)
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Fig. 2(c) depicts a generic model of a DC motor that
includes two windings. The torque of the actuator is
easier to measure by using the electric motor current
while the longitudinal force of each wheel is being
controlled independently as follows,

Vo) =Va )+ Raia 0+ Ly 51 (13)
Vo(®) = Keam(®), Tn(t) = Kaia t) (14)

For a mechanical system undergoing pure rotational
motion, an application of Newton’s moment balance at
the motor output shaft yields [24].

don (1)
dt

Tn(®) =Jn +Bron () +TL(1)
(15)
do, (t da, (t
T =3 2220+ 8,0, @+ 9, 220l
Where R, L, and K. and K; are the resistance and
inductance of motor winding, motor voltage constant and
motor torque constant, respectively. V, is the battery
voltage, V, is the EMF induced in the winding by the
rotating rotor, T, is the output torque, i, is the armature
current and T is the load torque acting on motor. oy, is
the motor angular speed. B¢ is the damping co-efficient
and Jy, is the motor rotating inertia. The two RIWA are
brushed DC motors. In order to generate DYC and
achieve drive-by-wire, the two actuators should provide
negative torque or positive torque for a wide range of
rotational speed. The current control is achieved by
properly modulating the duty cycle of the H-bridge

circuit shown in Fig. 2(d).

R i Fleld cireuit
—V

i

Vi

Talll  Mechanicsl modsl
Armature circuife

Fig. 2(c): Model of DC motor
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Fig. 2(d): H-bridge circuit in for motoring and forward
regeneration mode

In the H-bridge circuit, Q1, Q2, Q3 and Q4 are
power MOSFETSs. The motor current flows clockwise in
the forward motoring mode of left actuator. The right
actuator is in the regeneration mode at opposite direction
[6, 25]. The PWM switching on Q1 with a duty ratio ¥ is

equivalent to applying a positive voltage of PV, to the
actuator. These equations are,

W, (t) =V, (1) + Ry, (1) + La% Motoring  mode,

i,>0 (16)

L= )Vo (O) =Va (1) + Ry (0) + La%

mode, i, <0 17)

Regeneration

4. Vehicle dynamics model

4.1. Vehicle modelling

When analysing an integrate AFS/DYC, it is essential to
develop a 4-wheel vehicle dynamic model that includes
tires non-linearity, longitudinal and lateral load shift,
using the vehicle co-ordinate system as shown in Fig.
3(a) and the following,

ma,h ma,h..b
Front, right wheel F; =W; - ——3 vy
2L 2T,L
ma, h ma,h.,b
Front left wheel Fq =W; - ——2 — — Y% (18)
2L 2TyL
ma, h ma, h.,a
Rear right wheel F,,, =W, +— €9 y_cg
2L 2T, L
ma, h mah.,a
Rear left wheel F,, =W, + —— Y%
2L 2T,L

A four-wheel model is simulated by considering the
distribution of braking force, which has three degrees of
freedom, i.e., longitudinal, lateral and yaw. The
governing Eqgns. of longitudinal and lateral motions can
be expressed as follows,

mV, =ma, = ZFX =Fur + Fa + Far + Fa (19)

may = Fyfr 005(5]: ) + Fyfl 005(51: ) + Fyrr + Fyrl (20)

mV (B+Q) =D F, =Fy + Fy + Fyp + Fyy (21)

Where m is the vehicle mass, a; and a, are the
longitudinal and lateral  vehicle accelerations,
respectively and & is the front steering angle. B is the
vehicle slip angle, Q is the yaw rate, Fyy, Fyy are the
cornering forces of the front tires, Fyy, Fyy are the
cornering forces of the rear tires, and V, is the vehicle
velocity. [26].
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Fig. 3(a): Vehicle co-ordinates and force analysis
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The yaw moment is expressed as,

IzQ:(Fyfr+Fyf|)a_(Fyrr+Fyrl)b+Mz (22)

Where M, is the yaw moment, which is generated by the
AFS in front wheels and independent torque control of
the RIWA. Under normal driving conditions,
accelerations of the vehicle are low, the tire slip angles
tend to be small, and the tire operates in this linear
region. The tire slip angles are formulated using,

Vy +aQ
ay =—0; +arctan| —————
V, —0.5T;Q2

V, +aQ
ay =—0; +arctan| ———
V, —0.5T;:Q

V, —bQ J

a, = arctan
V, —0.5T,Q

Iy
V, +0.5T,Q

( Vv, —bQ J
a,, = arctan

(23)
When the tire operates in linear region, the lateral tire
forces can be linearly approximated as follows,

I:yfr =Cqay
I:yrr =Cray F

Fqn=Cha
yil li[2a (24)

yrl = Cray

Where of and o, are the tire slip angle for the front and
rear tires, respectively. C; and C, are front and rear
cornering stiffness. a and b are the distances of the center
of gravity. I, is the moment of inertia. To design the
controller for DYC and AFS, the half vehicle model is
used. A simplified two-degrees-of-freedom (2DOF)
vehicle model is generally derived to describe the
vehicle stability, taking the sideslip angle B and the yaw
rate Q as the states of the system, the yaw plane
reference model scheme is shown in Fig. 3(b). For the
simulation parameters of vehicle model as shown in
Table 2, the 2DOF model can be described as,

b:[_z(cf +cr)}ﬁ{_z<acf —bc,>_1}9+2%f5f (25)

mv mv,2

X

é:[_ 2(aC; —bc,)} {Z(ach +bz¢,)}Q+ 2aC; 5 M (26)
I ZVX I ZVX I z z
Table 2: Main parameters of vehicle model
Parameter Symbol Unit  Value
Mass of the vehicle m kg 1200
Moment of inertia about z axis I, kg.m? 600
Wheel base L m 2.3
Wheel rotational inertia Jw kg.m? 1.85
Distance of CG from front axle a m 1.035
Distance of CG from rear axle b m 1.265
Height of CG from ground heg m 0.4
Wheel radius Rw m 0.278
Half Track Width - front and rear T, T, m 13
axles
Cornering stiffness front wheels ~ C; N/rad 58000
Cornering stiffness rear wheels C: N/rad 35200
Max. motor torque at speed  Tpa/Ne Nm/rpm 150/1400
In-wheel actuator rotational inertia  Jy, kg m? 0.12
Gear reduction from motor to ) 1
wheel 9
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Fig. 3(b): 2-DOF yaw plane reference model

4.2. Tire model

The model of a single wheel is shown in Fig. 3(c) to
obtain the actual longitudinal tire force (Fy). The tire
magic formula expresses the tire longitudinal force (Fy),
the lateral force (Fy;), and the aligning torque (M) as a
function of the tire side slip angle (0;) and the
longitudinal slip ratio (Aj). The general form of the tire
magic formula is as follows [27],

y(x) = Dsin[C tan *(Bx — E(Bx —tan‘l(Bx)))J

Y(X)=y(x+s,)

Xx=X+§,
Where B, C, D, and E are factors depend on the
characteristics of the tire, Sh and S, are the horizontal
and vertical shifts, respectively. Y(X) is a shifted co-
ordinate system to allow the generated curve by the
magic formula to show an offset with respect to the

origin. a is the tire slip angle, The slip ratio (A) can be
evaluated using,

V-V, V,-oR,
Vv v

The wheel model undergoing perfectly straight line
regenerative braking or driving manoeuvre has been
considered using,

Tn

Ru (29)
3, 0=T, —F.R,

Where T,, is the torque generated by the left or right

motor. R, is the radius of the wheel. X =a,  Is the

vehicle acceleration. My is the equivalent mass of the
wheel. J,, is the inertia of wheel.

(@7)

A= (28)

X X

M, X =F, =

Fig. 3(c): Single wheel model

4.3. Reference model and control error
calculation

The main objective in yaw rate tracking control of AFS
is to bring the actual response of vehicle yaw rate close
to desired response. The desired yaw rate response is
determined as a function of vehicle speed V, and front
wheel steer angle &¢ in steady state condition. The



Mohamed et al. 2019. Int. J. Vehicle Structures & Systems, 11(1), 88-101

references of yaw rate and side-slip angle can be
evaluated from vehicle model and operating parameters
of a neutrally steered vehicle as:

\Y V,

Ryet L+ K Vy
Where k, is known as cornering stability factor and
defined as follows:

m(bC, —aCy)
Ki=—5——
2L°C,C;

(30)

Qges =

(31)

Here, the sign of (bC, —aC;) represents the vehicle

motion behaviour by steering action. The steering
characteristics are classified as follows:

bC, —aC; >0 :Under steer
bC, —aC; =0  :Neutral steer
bC, —aC; <0  :Over steer

At the same time, the maximum lateral acceleration of
the vehicle is theoretically limited by the friction co-
efficient of the tires using,

a, < 1
Where p is the resultant friction co-efficient of the tires

and g is the gravitational acceleration. In addition, the
desired yaw rate is bounded by [9],

(32)

Qe < 9 (33)

\Y

To maintain lateral stability, it is important to

sustain driver’s control authority, which can be achieved
when the vehicle sideslip angle is small [9, 28],

X

1+ (maVv2)/(2LC,)
/Bdes = ( (34)

1+m((@@/2C,) - (b/2C; V2 i(a+b?))
(b/L)5,

The desired sideslip angle of the vehicle is simply set to
zero using,

Bes =0 (35)
According to the 2DOF model, the wvehicle lateral
acceleration a, can be expressed as:
2(Cs +C 2(aC; —bC
( f+ r))+(Q (a f > r)
mVy

(B

a, =V,

)

mV,
m

(36)

+( St)

The reference model is assumed as the following
response model which is derived by the control law of
AFS on the basis of zero-sideslip in the vehicle body. As
a result the yaw rate response to the steering wheel is the
first order delay system. In this case, the corrective angle
will be added to the outer wheel based on the error
between desired and actual measured yaw rate using,

Qerror =AQ = Qdes - Qact (37)
The error between the desired and actual measured
sideslip angle is given by,

Berror =AB = Bies — Pact (38)
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4.4. Driver model and vehicle path following
subsystems

A dynamic path-following model is derived based on the
single-track model and with the state variables in terms
of position and orientation error. The configurations of
the actual and desired wvehicle orientations are
demonstrated in Fig. 4(a). The x-y frame represents the
vehicle orientation on its actual path. xy, ygq frame
represents the vehicle orientation on its desired path
[27]. The predicted position is given by
Rews = X 1+Y | . The predicted lateral position at
preview point is given by,
2

t
Y(t+tp):Y(t)+ay?p+VXQtp (39)

Where, t, denotes the driver preview time. Y(t+t,) is the
predicted vehicle lateral position at the preview point, Q
is the vehicle yaw angle. The desired position vector Ry
can be defined in the mobile frame x-y as:

- — -
Rd :Xd I+Yd J (40)

De-sined path

Wi+t

¥ie)

[} L ]
Fig. 4(a): Single point preview driver model

The goal is to minimize both the lateral position and
orientation errors relative to the desired path, in order to
provide a desired path control. The orientation error and
its derivative can be written as follows,

AQ = Qe — Q2

AQ = Qdes— Qact (4]_)
Where Qges is the rate of change of the desired
orientation of the vehicle and is defined as:

Qaes =V /Ry (42)

Where Rqes is the radius of curvature of the desired path,
the driver’s control on the vehicle speed and direction of
motion. To evaluate driver’s control on accelerator
pedal, a simple PID controller is designed to achieve the
desired vehicle speed, shown in Fig. 4(b).

lactual speed (1]
Vehiche

Fig. 4(b): PID controller for vehicle speed
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The wheel slip controller is for the traction wheel
and defined using,

Toy = Kpe, + K, jevdt+ Kg ddetv

(43)

e, =V _Vx,d
The controller simply provides a co-efficient for tractive
torque as follows:

TRV = KT (Tml +Tmr) (44)
Where Try is the controller’s commanded tractive

torque. Ky is a function of the longitudinal slip of EV
defined using,

1 if  4<015
L =198=2 i 015<4503 (45)
0.15
0" if 1203

5. Control structure design

A control strategy has been developed for vehicle DYC
moment based on AFS in front axle of the vehicle
together with rear wheels individual moment. The
system control of the AFS/DYC vehicle stability is based
on the architecture shown in Fig. 5, the scheme including
the first and second controller levels. The aim of the
first-level controller is to estimate the input for the
second-level controller, which is given by the equivalent
corrective yaw moment generated on the rear axle by

individual motors m, . and front axle by y . The

first level controller is used to estimate the m, .. and

M\ for the control of vehicle stability, based on the

desired vehicle behaviour, depending on the sideslip
angle error (Af) and yaw rate error (AQ). The second-

level controllers receive correction signals and produce
the electric actuators torque, and corrected front steering
angle to the vehicle. The system controller inputs are the
yaw rate, angular velocity of the rear wheels, sideslip
angle, steering angle, lateral position feedback and the
steering wheel feed forward.

RofXe.yo) K_H Vi

)

> R(x.y)

First Level Controller

side slip
Erro

1§
Direct Yaw
Moment

In-Wheel Drive Motor Vehicle

T
H ¥ |
: S3 BN -
| Ew ’ W Front and Rear
i A Tires Lateral
Desired i B Forces
. 0+ L -0
vehicle O
model B: +A\- B
e

Fig. 5: Block diagram of vehicle stability control

5.1. Yaw moment controller

The objective of control system is to maintain the
vehicle tracking error between the actual and desired
being zero, with an optimal external yaw moment by

AFS and DYC. The equivalent yaw moment generated
by AFS and DYC systems are derived as,

MZ :MZvAFS i'\/IZ,DYC (46)

The Linear Quadratic Regulator (LQR) theory is
considered as a suitable tool for solving such problems
[29-30]. The LQR methodology is used to design the
vehicle stability control, the performance index used for
the purpose of controller is given by,

EOO (Q_Qdes)2 +W1(/B_ﬂdes)2 +
25 W2(M§,AFS)+W3(M§,DYC)
Where M, .

depending on active front wheel steering angle, M

= (47)

is the correcting yaw moment by AFS

Z,DYC
is the correcting yaw moment from rear wheels by
individual in wheel motors, w;, w, and ws; are the
weighting factors for balancing the relative importance
of each term in the Eqn. (47)

5.2. Vehicle model for optimal controller design

The subsystem models are extended to design the
optimal yaw moment controller, the linearized the 6DOF
model equations obtained around steady-state trims can
be written as follows,

X = Ax+BU +EW (48)
Where X =[Q B wr @y & Rpy)and

U= v ]TU_000010T
- Z,AFS Z,DYCl 0 1 0000!

A=Agxe)» B=Bexz) E=Eexy and W = [5sw]

The performance index Eqgn. (47) is rewritten in the
following form:

ty

J:%IUTRU Hox =X Qex - xg) bt (49)
0

Where X4=[Qy B; 0 0 0 Ry]', R=[w] and
Q = Qxs)- Minimization of the performance index in

Eqgn. (47) must be sought to improve the tracking by
using minimum of the total external yaw moment. The
correcting yaw moment can be considered as:

M
{ £ } =KoQ+Kpf+ K g e + Kpi @

Mz bvc (50)
+ K66+ KRP RPos + szasw
Where K, Kj, Ky, K rr Ko @and Kgp  are  the

feedback gains vector and K, is the feed-forward gain

which must be obtained from the minimizing the cost
function in Eqn. (47).

6. Experimental bench test of AFS
subsystem

The overall view of the developed test rig is shown in
Fig. 6(a). The test platform of the AFS system consists
of the following components: Test bench, AFS controller
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and motor driver, steering wheel and rack sensor and
monitor program. The test bench contains the SW,
column, pinion, steering rack, and the actuator. The
controller is how to implement the feedback control
signal to the actuator driver based on system sensors
signal. The SW and column are eliminated and replaced
by a side-stick in SW. The steering pinion connected
with DC motor actuator has 100 W. The proposed of
PID control algorithm takes the decisions based on side-
stick input signals (Tq4, dsw) and motor actuator is
operated the RW by mechanical linkage. The control
system determines the required steering angle and
actuator torque based on the output as a closed loop
system. The AFS responses for the FWS were measured
by displacement transducer and torque sensor. The
sensors signal recorded were passed to the signal
processing (charge amplifier, data acquisition system,
and laptop) with National Instruments LabVIEW™
program version 7.1 to create the signal recorded. The
AFS installation was driven by DC motor of 100 W and
selected to drive the shaft RW. The steering angle input
signal, right and left rack position signals were passed to
the DAC. A rack and pinion mechanism is mounted on a
frame with applied simulated different spring load. Fig.
6(b) shows the, controller circuits and mounting with
driver of DC motor.

Charge
smpliar | - ] Sidealick:
21! ¥ [rs—o— inpt Hgnas
Dac AFS

Cantredlar
Laptop

Bach displacemend

Fig. 6(a): Schematic diagram of test rig

-

1. Controller with interfacing circuits’
2. Mounting of DC motor
3. Motor driver

Fig. 6(b): Photographs of motor driver and control, measurement
instrumentation layout

7. Results and discussions

7.1. Simulation results and analysis

For lateral (yaw) motion control, the computer
simulation were conducted to evaluate the vehicle

95

responses. The simulations are carried out for J-turn and
lane change. Fig. 7 shows the characteristic curves of the
lateral and longitudinal tire forces with respect to tire
side slip, for various frictional road surface conditions of
dry asphalt (u=0.8), dry cobblestone (1=0.7), wet asphalt
(u=0.4), and snow (u=0.2), In regions of small tire slip
angle (e.g., up to 4 degrees), the lateral tire forces
increase linearly with respect to the increase in the slip
angle and can be controlled for yaw stability
enhancement by controlling the front steering angle.

000

— Dy B sphalt
=== Dy cobblestone
Wet asphalt

Lot ol Hesreais {1}

§

§

lengitudinal feren M)

(=]

o 4 18 fidl

1 12
Slip slip angle (deg]
Fig. 7: Response of tire forces with various road surfaces

The first test involves road wheel angle steering
input for the simulation as shown in Fig. 8(a), a J-turn is
initiated by a SWA input of 700 position in 2 second and
steady state on a dry road. The test result without control
of wvehicle model at dry asphalt road surface with
different vehicle speed are processed. Fig. 8(b) shows
the effect of vehicle speed on the yaw rate response, The
maximum overshoot 0.235 rad/sec is 2 second of
100km/hr. The steady-state error of the system is
eliminated at low speed of vehicle. Fig. 8(c) depicts the
side slip angle with different vehicle speed from 30 to
100km/hr. The model shows low delay time between
starting point of steering and maximum degree at vehicle
speed = 30km/hr. When the vehicle speed increases to
100km/hr, the vehicle yaw and side slip exhibits high
fluctuation and bounce.

90

75

60 |

45 |

30

15

Steering wheel angle (deg)

Time (sec)

Fig. 8(a): J-turn of steering wheel angle input
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Fig. 8: Simulation results of J-turn of steering wheel angle input
and response without control, p = 0.8

The simulation results including the vehicle the yaw
rate, yaw rate error, sideslip angle and lateral distance
from AFS, DYC and integrated control (AFS+DYC)
during the step manoeuvre at dry asphalt road p = 0.8, v
= 80km/hr are shown in Fig. 9. The yaw rate without
control rapidly increases right after the steering input is
applied, in vehicle stability control, when compared with
the case using DYC, AFS only, the integrated control
(AFS+DYC) system can improve the vehicle response
and minimum side distance, which can follow the
desired response. Fig. 9(d) shows clearly that the
integrated control AFS+DYC can both improve the
lateral displacement responsiveness and alleviate driver
burden to keep the vehicle stability. The values of yaw
rate and sideslip angle overshoot are decreased by 23.7%
and 81.8%, respectively with integrated control
(AFS+DYC). The values of yaw rate and side-slip angle
transient times are decreased by 70.9% and 42.3%,
respectively with integrated control (AFS/DYC). The
proposed AFS/DYC is able to suppress the vehicle body
side-slip angle and yaw rate and enhance stability and
handing, ensuring driving comfort. The statistics of root
mean square (RMS) is used in time-domain features
using,

RMS = ii(x(n)—i)2 iziix(n) (51)
N n=1 N n=1
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Fig. 9: The results of J-turn of SW angle input and response
without control, p = 0.8

Fig. 10(a), shows that the yaw rate was shortened
approximately by 42.2% with AFS/DYC control. Fig.
10(b) shows that the reference vehicle attains an overall
sideslip RMS of zero rad. This is 0.024 rad greater than
the side-slip angle attained by the uncontrolled vehicle.
The AFS control, the DYC control and integrated
controller AFS/DYC strategies vyielded respectable
increases of 0.005 rad, 0.016 rad and 0.0165 rad
respectively. The side-slip behaviours for the normal
controller and integrated controller AFS/DYC strategies
both indicate reduced body emergency during the
manoeuvre [31]. Fig. 11 shows the comparison of
vehicle yaw moment and steer angle of vehicle on dry
road with dry asphalt road p=0.8, v=80Km/hr. Fig. 11(a)
depicts the required external yaw moment for AFS and
AFS + DYC integrated controller. Fig. 11(b) depicts the
corrective steer angle when applied AFS and AFS +
DYC integrated controller, the maximum corrective steer
angle of AFS and integrated AFS + DYC controller are
4.3° and 1.2°, respectively. Figs. 11(c) and (d) show the
right and left wheel actuator torque when applied AFS
and AFS + DYC integrated controller. The test of lane
change according to 1SO3888-1:1999 is simulated using
response in Fig. 12(a) under a driver preview time 4
second, which is a short but appropriate value for an
emergency situation. The desired longitudinal velocity is
80 km/h controlled by a driver model and the tire / road
friction co-efficient is set as 0.8. Fig. 12(b), Fig. 12(c),
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Fig. 12(d), and Fig. 12(e), illustrate the results of the yaw
rate, calculated yaw rate error, vehicle sideslip, and the
vehicle lateral distance, respectively. The vehicle
stability can be more improved by the integrated
(AFS+DYC).
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i e
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Fig. 10(a): Yaw rate comparison
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Fig. 10: Comparison of vehicle responses in a J-turn manoeuvre at
dry asphalt road p = 0.8, v = 80km/hr
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Fig. 11: Comparison of vehicle responses moment and steer angle
of vehicle on dry road with dry asphalt road p = 0.8, v = 80km/hr

The controller rate, vehicle sideslip and lateral
distance have a better convergence with integrated
(AFS+DYC) controller. The magnitude of yaw rate error
for the AFS + DYC integrated controller is lower than
those of the other controllers and the overshot and
undershot of the yaw rate has been slightly attenuated.
These curves show the effectiveness of integrated
controller for enhancing vehicle stability enhancement
[32]. The steering ability is enhanced by the act of DYC
system. As presented in Fig. 13(a), the values of the
corrective external yaw moment applied by the DYC
control, for the AFS or DYC individual needs the highest
moment value, where integrated (AFS+DYC) needs
lowest yaw moment value. Fig. 13(b) shows the applied
steering torque with AFS and AFS + DYC integrated
controller.
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Fig. 12(a): Lane change manoeuvre of SW angle input
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Fig. 12: Results of lane change manoeuvre, dry asphalt road p =
0.8, v =80km/hr

The integrated controller (AFS+DYC) needs lowest
steering torque. Fig. 13(c) depicts the values of the
generated moment by left and right wheel actuators of
the rear axle to be applied the adjusting the vehicle yaw
motion with AFS control. Fig. 13(d) depicts the values
of left and right wheel actuators moment with integrated
(AFS+DYC) controller. Fig. 13(e) illustrates the vehicle,
left and right wheel speeds as the steering wheel moves
to right. It is observed that on the rear actuator torques at
the right wheel are lower than that at the left wheel,
because the yaw moment is generated from vehicle tire
forces to assist steering by electronic differential drive
steering.
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Fig. 13: The results for lane change manoeuvre response with p =
0.8, v =80Km/hr

7.2. AFS experimental and predicted results

This section presents the results obtained from the tests
carried on the electronic AFS system in the laboratory.
The experimental results show good agreement from 0°
to 70°, according to the variation of the side-stick wheel
angle SW. Note that this profile trajectory is designed to
simulate the effect that the driver turns the SW for 1 sec
over 8 sec. and the rack distance and RW angle can be
measured by displacement sensor. Fig. 14(a) depicts the
measured steering angle for SW and RW of AFS under
step input. The front wheel angle compensation has a
good effect on steering input. Fig. 14(b) shows the
samples error in SW and RW, and shows the errors in
steering SW and RW. Fig. 14(c) depicts the measured
steering angle for SW and RW of AFS for lane change
manoeuvre. The front wheel angle compensation has a
good effect on steering. Fig. 14(d) shows the samples
error in SW and RW with lane change manoeuvre input.
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Fig. 14(a): Measured steering angle in SW and RW, for step input
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Fig. 14: Measured steering angle and errors, for step and lane
change manoeuvre inputs

Fig. 15 shows predictions for the yaw rate and side
slip angle for step input and lane change manoeuvre of
SW. Eqn. (51) is used to estimate the percentage of RMS
error. Fig. 16(a) shows the percentage RMS of SW error
and RW error, with different input signal. Fig. 16(b)
depicts the error reductions of the yaw rate tracking error
and side slip angle error. Performance improvements up
to 70 % with step can be achieved when compared with
a lane change manoeuvre input. Fig. 16(c) shows the
measured steering DC actuator torque after adjustment,
with different resistance force by using change in
resistance spring stiffness 2.5, 5, 10 N/m. The DC motor
current requirement increases. When the resistance force
increases to 10 N/m.
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step input

Fig. 16(d) depicts the measured DC actuator torque
with different road types (concrete, dry asphalt, and wet
asphalt) at constant resistance 5 N/m spring stiffness. It
is also shown that the actuator torque increases with the
concrete road.
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Fig. 17(a) shows the predicted values of the external
yaw moment generated by the DYC control. When
integrated (AFS+DYC) needs lowest yaw moment value
to AFS. Fig. 17(b) shows the predicted steering torque
with AFS and AFS + DYC integrated controller, when
an integrated (AFS+DYC) needs lowest steering torque.
Fig. 17(c) depicts the predicted values of the generated
moment by left and right wheel actuators of the rear axle
to be applied to adjust the vehicle yaw motion with AFS
control. Fig. 17(d) depicts the predicted values of left
and right wheel actuators moment with integrated
(AFS+DYC). An integrated (AFS+DYC) is able to meet
the control requirement with all the driving torques.
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Fig. 17(b): Predicted steering torque
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Fig. 17: Practical response for lane change manoeuvre response
with dry asphalt, v = 80 km/hr and resistance 5 N/m spring
stiffness

8. Conclusions

In this paper an integrated vehicle control system has
been proposed to improve vehicle handling and stability,
the chosen AFS and DYC by RIWA-EVs. The EVs were
proved performance and stability during different road
paths for varied wheel torque/speed distributions.
Performance of the EVs stability control algorithm was
evaluated by using MATLAB Simulink simulations. The
results have shown that the vehicle with the proposed
LQR stability control system, which is composed of
AFS/DYC, can successfully follow the defined yaw rate
and sideslip angle trajectories. This system also shows a
better performance than the desired position and reduces
the lateral displacement. The RMS values of yaw rate
and side-slip angle overshoots are decreased by 23.7%
and 81.8%, respectively with integrated AFS+DYC.
Moreover, the driver assistance system by AFS/ DYC
shows the effectiveness in lane-tracing performance,
vehicle stability enhancement and steering effort
reduction.
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