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ABSTRACT

This paper studies and applied the composite nonlinear feedback (CNF) control technique for improving the
transient performances of vehicle yaw rate response. In the active front steering control design and analysis,
the linear bicycle model is used for controller design while the 7DOF nonlinear vehicle model is used as
vehicle plant for simulation and controller evaluations. The vehicle handling test of the J-turn and single
lane change maneuvers are implemented in computer simulations in order to evaluate the designed yaw rate
tracking controller. The simulation results show that the CNF technique could improve the transient
performances of yaw rate response and enhance the vehicle maneuverability.

Keywords: Composite Nonlinear Feedback, Yaw Rate Response, Active Front Steering Control, Vehicle
Yaw Stability, Lateral Dynamic Control

1. INTRODUCTION steer angle and adding to driver’s steer angle as a
front wheel steer angle to the vehicle.

In lateral dynamic control of front wheel steer
vehicle such as car passenger, the yaw stability
control system is one of the prominent approaches
to improve the vehicle handling and stability
especially during low to mid-range of lateral
acceleration. To ensure the lateral stability, it is
important to control the vehicle yaw rate where this
variable is closely related to the front wheel steer
angle. The actual yaw rate response must be tracked
and close to yaw rate desired response which
generated by a yaw rate reference model. In order to
realize this tracking control task, an active front
steering (AFS) control can be implemented. The
proposed controller will generates the corrective

From the literature, there are numerous control
strategies and algorithms have been designed and
implemented for AFS control. To keep the vehicle
follows its yaw rate reference, fuzzy logic control
(FLC) is utilized for the yaw rate controller as
implemented in [1, 2]. As discussed in [3], an
adaptive PID-type fuzzy control scheme have been
design for yaw stability improvement for vehicle
with AFS control while research works in [4]
designed the fractional-order PID controller to
improve the yaw rate control. For the AFS control
with steer-by-wire system in [5], the scheduled
feedback gains controller is designed to improve the
yaw stability performances. Another control
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algorithm wused to improve the handling and
stability of AFS control is model predictive control
(MPC) as presented in [6], optimal control theory in
[7] and linear quadratic regulator (LQR) in [8]. To
cater the uncertainties of vehicle parameters and
disturbances, a few of robust control algorithms are
implemented for AFS control. As reported in [9],
the Mu-control theory is adapted as robust yaw rate
controller in variations of vehicle loading, road
surface conditions and external disturbances.
Another robust control algorithm applied for yaw
rate controller is quantitative feedback control
theory (QFT) as discussed in [10]. In this study,
variations of the vehicle mass, velocity and road
surface conditions are considered as uncertainty
parameters. Recently, and adaptive sliding mode
control based on integral sliding surface is designed
to cater the uncertainties and disturbances in [11].
In this AFS control design, the yaw controller
improves the handling and path tracking
performances.

From the control system point of view, the
performances of transient response are very
important in tracking control. For most practical
situation, it is desired to obtain a fast response with
small overshoot, but in fact, most of control scheme
makes a trade-off between these two transient
performance parameters. In the research works
above, it is observed that the improvement of
transient performance parameters such as transient
time, settling time and percent overshoot is not well
emphasized. The proposed control strategies are not
accommodated for transient response improvement
of the yaw rate response. Therefore, this inadequacy
in AFS control has initiated a motivation to propose
an appropriate control technique for this purpose.

The composite nonlinear feedback (CNF) is one
of the control technique that developed based on the
state feedback law. This control technique is proven
in order to improve the transient performances as
designed and implemented in [12] for tracking
control of linear system and multivariable
constrained input linear system in [13]. It was
extended and designed for linear system with input
saturation in [14], general multivariable system
with input saturation [15], hard disk drive system
servo system [16, 17], servo positioning system [ 18,
19], nonlinear system with input saturation [20],
and continually developed and applied in the last
decade. In the vehicle dynamics studies, a research
work in [21] has successfully applied the CNF
technique for quarter car active suspension system.
In this study, the performances of ride comfort and
road handling is improved.

The CNF control technique is working based on
variable damping ratio concept. During the transient
period, the damping ratio is kept at low level and
when the output response closer to the reference set
point, the CNF varies the damping ratio to high
level. In general, the CNF control technique is
designed in three important steps. The first one is
design the linear feedback control law with small
damping ratio to achieve fast response with faster
rise time in a closed loop system. In the second
step, the nonlinear feedback law is designed by
increasing the damping ratio to achieve desired
response at very minimum overshoot. Then, the
linear and nonlinear feedback control laws are
combined in the final step without any switching
element as a complete CNF control law.

From the above discussion, an advantages of the
CNF in improving the transient performances is
considered for AFS control in order to track the
desired yaw rate response. In our previous work
[22], the CNF is applied as yaw rate tracking
controller for AFS control and the proposed
controller is evaluated using the J-turn handling test
only. In this paper, we extended the controller
evaluation for another handling test, i.e. single lane
change maneuver. The controller evaluation is
performed in the computer simulations using the
Matlab/Simulink software. The linear bicycle model
and nonlinear vehicle model are utilized for the
controller design and vehicle plant respectively.

This section had discussed an overview of AFS
control, existing yaw control strategies and the
principle of the CNF control technique. Section 2 of
this paper will discuss the dynamics of the
nonlinear vehicle model and a linear bicycle model.
The design procedures of CNF control technique
are detailed in Section 3 while Section 4 presented
the simulation results and discussion. Finally,
Section 5 provides a conclusion and future works.

2. VEHICLE DYNAMICS MODEL

In this section, the wvehicle dynamics
models are presented and discussed. A nonlinear 7
degree-of-freedom (DOF) vehicle model in planar
motion is used as vehicle plant in order to evaluate
the propose controller. For controller design
purpose, a linear bicycle model is utilized and yaw
rate reference model in a steady state condition is
used to generate the desired yaw rate response.
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2.1 Nonlinear Vehicle Model for Simulation

The nonlinear 7DOF vehicle model in
planar motion as depicted in Figure 1 is used to
represent as vehicle plant. The dynamics for
forward wvehicle speed (longitudinal motion),
sideslip (lateral motion) and yaw rate (yaw motion)
which form 3DOF are described in (1), (2) and (3)
respectively;

{;:i[(Fxl +F,)c0s3—06,)+(F 5 +F4)cosf
- .

(D

(B + Fp)Sing=8,)+(Fs +F,y)sinfl]
-1 . .
B=—IHEy +Fp)sinf3—6p)—(F +Fy)sinf

my 2)
+(Ey +Fp)c0s6, — ) +(Fiz +Fy)cof]—r
.1 . d
7 —I—[Fxl(lf sind; —Ecos5f)+

. d d
d .

+Fy1(581n5f +ZfCOS5f) (3)

+ Fyz (_%Sin 5/‘ + l/‘ COS 5/‘)

_Zr(FyS +Fy4)

~

Figure 1: Nonlinear Vehicle Model

The vehicle parameters involved in (1) -
(3) above are described in Table 1 and the values
are taken from [23]. The input variable to the model
is front wheel steer angle &, while the yaw rate r

is the output or control variable. The nonlinear
longitudinal tire forces F,; and lateral tire forces
F,

which will discuss later. The subscript i is wheel
number, i.e. 1 for front-left, 2 for front-right, 3 for
rear-left and 4 for rear-right while the vehicle speed
vis always assumed at a constant value.

are described using the nonlinear tire model

Table 1: Vehicle Parameters
Symbol | Description Value/Unit
m vehicle mass 1704.7 kg
I distance from front axle to centre | 1.035m

of gravity
I distance from rear axle to centre | 1.655m

of gravity
d width track 1.54m
L moment of inertia 3048. lkgm2
G front tire cornering stiffness 105,800N
C, rear tire cornering stiffness 79,000N

2.2 Tire Dynamics Model

In vehicle dynamics studies, each wheel
represents 1DOF. Thus, there are 4DOF for road
vehicle with 4 wheels. The dynamic motion for
each wheel is described as follows

1,0, = =R, F,

wit xi

Wi +Tei_Tbi (4)

where [, is wheel inertia, w, is wheel angular

acceleration, R;is wheel radius, T,

v 1s driving
torque and 7,; is braking torque. The nonlinear
longitudinal tire forces F,; and lateral tire forces

F,, in (1) - (3) are depending on the tire slip

angles ¢;, tire longitudinal slip A;, road surface
adhesion coefficient x4 and tire normal forces F,;.

These nonlinear tire forces can be described using
the Pacejka tire model [24] as shown in the
following equations

Eri :Dxi Sinlcxi tan_l (B A _Exi(Bxij“i _tan_l (BXIZ’I)))J (5)

xi*M

F,=D, G, tar' (B, ~E, (B, ., ~tar(B,.,)]  (6)
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The D, C, B and E parameters in the above

. i m| gl ha ha
equations are known as tire model parameters. [F,, =— & ——x——y] (15)
Table 2 shows the tire model parameters that used 2\Uyp+l L+l d
in this paper.
pap m( gl ha, ha,
Fq,=— - (16)
Table 2: Pacejka Model Parameters 2 lf +1, lf +1, d
Front/ Lateral/ / A
Rear longitudinal | Parameters Value m| 8tr ha a
Tire forfes F4=— / + s (17)
201+, 1,41, d
lateral B=9.094 | C,=1.193 | Dy=4.876 | E,~1252
E;Zm where # is the height of the centre of gravity (CG),
longitudinal | B=11.39 | C=1.685 | D=6164 | E=0.3694 | 4 s lateral acceleration, a, is longitudinal
lateral B-10.11 | C-1.193 | D,~3273 | E,~-0972 acceleration, g is gravitational constant, lf,l, and
Rear — d are vehicle parameters as discussed above.
tire longitudinal | B,=10.01 C=1.685 Ds=3912 E=0.3246

The tire sides slip angle and longitudinal
wheels slip in (5) and (6) above are computed as

follows

4 lf‘r

a=a,=06;—tan" | B+~ (7
) \4

» lr
a,=a,=tan'| — f+-= (®)

%

Rw, -V,

Q=i 9
== ©)

1

where V; in (9) above is the ground contact speed

of each wheel as given in the following equations;

I/I:v—r(%—lfﬂj (10)

v, :v+r(%+lfﬂ] (11

v, =v—r(1—l,ﬂ] (12)
2

V4:v+r(%—l,ﬁj (13)

Tire normal forces F; or so called wheel vertical

load during constant speed that essential for tire
force calculation can be obtained using the
following equations

h
F :ﬁ[g_lr_ﬂ_ﬂj (14)

2.3 Linear Vehicle Model for Controller Design

The classical linear bicycle model in
Figure 2 is used to design the yaw rate tracking
controller of AFS control. Based on a few
assumptions as discussed in [25], this bicycle
model consists of 2 DOF i.e. lateral and yaw
motions with the tire forces are operated in the
linear region.

) N

Figure 2: Linear Bicycle Model

The dynamics of wvehicle sideslip S

(lateral motion) and yaw rate r (yaw motion) are
described as follows

mWfB+r)=F, +F, (18)
Li=1,F,~IF, (19)

where m,l,,l, and I, are vehicle parameters as

described in Table 1 while the vehicle speed v is
constant. The front lateral tire force Fyf and rear

lateral tire force F), are in a linear relationship

with tire slip angle as described in the following
equations

F,=Cra, (20)
F,. =Ca, 21)
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where C, and C, are cornering stiffness for front

and rear tire respectively. Front and rear tire slip
angle, o, and @, for linear tire force are given as

follows
lfr
ap=06;—f-—— (22)
\%
Py (23)
V

By substituting and simplify (18) — (23), a
linear state space equation of bicycle model is
obtained as follows

Xx=Ax+Bu
N Rl el A /0 e 4 [ (24)
s _ my mv? B i o5
Al C L =Cily —Cpli =Gl ||| ity [
1. Iv 1,

2.4 Reference Model

The control objective of active front
steering control is to track and bring the actual
vehicle yaw rate response close to the desired
response. The desired yaw rate response is highly
related to the front wheel steering angle &, and

vehicle speed v. In steady state condition, the
desired yaw rate r, is described as follows

v

= S5, (25)
I+kp> 7

Ta
where k, is cornering stability factor and given by
the following equation

m(l,C, ~1,C))

- 26
‘U, +1)C,C, (26)

However, the steady state yaw rate 7, is limited due
to lateral acceleration of the vehicle in g unit could
not exceed the maximum road friction
coefficient i . The limited value of 7, is given in
the following equation

S @7)
%

I,

3. COMPOSITE NONLINEAR FEEDBACK
CONTROL TECHNIQUE

The CNF control technique could be
designed and applied to the system with or without
external disturbances. In this paper, we considered
that the wvehicle dynamic plant is without an
external disturbance and all the states can be
measured. This section will discuss the design
procedures, parameters tuning, and stability
analysis of yaw rate tracking controller using the
CNF technique.

3.1 The CNF Design Procedures

In general, the CNF is designed based on
linear time-invariant continuous system with input
saturation as follows

X =Ax+Bsat(u) x(0)=x, (28)
y=Cx

where A, B and C are system, input and output
matrices  respectively, with an appropriate
dimension.  The matrices (A,B) are assumed
controllable, matrices (A,C) are assumed
observable and matrices (A,B,C) is assumed
invertible and has no zero at s=0. The input
saturation is defined as

sat(u) = sgn(u) Min{ |} (29)
where u,, is the saturation level of the input. As

established in [14], the CNF control laws are
designed in three important steps as follows

feedback control law,

(30)

1) design a linear
u; =Fx+Gr

2) design a nonlinear feedback control law,

uy = p(r,y)B'P(x—x,) €1y
3) completed the CNF control law,
u=uy+u; (32)

In step 1, F is feedback gain matrix so that A+BF is
an asymptotically stable and closed loop system

C(sI — A— BF) "' Bhas a small damping ratio while
scalar G is defined as follows

G =-|cca+sr) 18] (33)
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In step 2, the p(r,y) is nonpositive function

locally Lipschitz in y which is used to vary the
closed loop damping ratio as output approaches the
step command input. The P > Ois the solution of
following Lyapunov equation

(A+ BF)'P+(P(A+BF)=-W (34)
for some given W >0and x,is given as
x, =[-(A+ BF) ' BG]r (35)

The nonlinear function p(r,y) is not unique where
the variety of choices can be used as stated in [26].
To adapt the tracking control task, the nonlinear
function used in [27, 28] is utilized in this paper
which is described in the following equation

PP, |y

p(r,y)=—pe (36)
where
; y ¢ r
e 37)
1, Yo =T

3.2 Tuning Parameters of CNF

The tuning of design parameters in
nonlinear function of CNF control design is
essential so that the controlled output approaches
the reference set point. The tuning is based on
desired steady state damping ratio, IAE and ITAE
criteria as implemented in [28] which is
summarized as follows

i) choose the desired steady state damping ratio

§SS

ii) determine y by letting the steady state system
has a damping ratio of &

iii) determine an optimal ¢ Dby solving
minimization some appreciable criteria of IAE
and ITAE which given by the following

equation

(3%)

o0 o0
min 0 '[ |e|dt or min(pj't|e|dt
0 0

where e = y —r is yaw rate tracking error.

3.3 Yaw Rate Tracking Controller based CNF

The yaw rate tracking controller of AFS
control using the CNF technique is illustrated in
Figure 3. The actual yaw rate from the nonlinear
vehicle model is fed back into the controller. By
using the yaw rate tracking error information, the
CNF is generated the corrective steer angle, 5, and

added with driver steer angle 6, as a front wheel

steer angle o, to the vehicleie. 6, =5, +4..

Based on vehicle parameters and the CNF
design procedures as above, the linear state space
model for controller design, desired yaw rate and
the CNF control parameters are obtained as follows

Linear state space model:
Y _[—3.9026 -0.9839 | p N 2.2343 5
7| | 69689 —3.8942] r | |35925|
Desired yaw rate: r, =7.06545 ,

CNF parameters:

F=[05 -005,G=02321
0.8224 0.0562 ~0.1711
B {0.0562 0.1535} ¢ { 1 }
y=0.2,0=0.03

3.4 Stability Analysis

The stability analysis of AFS control
closed loop system as shown in Figure 3 above is
determined by using a Lyapunov stability theory.
The closed loop system of the plant described in
(28) and linear control law in (30) is given as
follows

X =[Ax + BF X + Ax, + BHr (39)

By proof that term Ax, + BHr =0, hence
linear closed loop system is simplified as follows

X =[Ax + BF]¥ (40)
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With linear and nonlinear control laws of
the CNF in (32), the closed loop system for plant in
(28) is expressed as

X =[Ax+ BF]X + B9 (41)

By using Lyapunov functionV = X7 PX ,
the time derivative of Lyapunov function along the
close system trajectories of the equation (41) is
obtained as follows

X=x-x, (42)
and

9 =sat(Fx + Hr +uy)— FX — Hr (43)

By using Lyapunov function ¥ = X7 PX , the time
derivative of Lyapunov function along the close
system trajectories of the equation (41) is obtained
as follows

V=xB+3 P

V=x"[4+BH Bi+X"HA+BHE+ 25" PBI (44)
V=="nE+2%" PBY

For case when |F)? +Hr + uN| <u,,, then
$=uy = pBTPX . Hence, V is calculated as
V=-x"wx +2px" PBB" PX <-XxTWx (45)
For case when |F)? +Hr+u N| >u,.., then
0<w=u,, —F%-Hr<uy=pB" PX which

implies that X7 PB < 0 . Hence, Vis calculated as

V = —XTW5 + 23 TPBw < X TWX (46)
For case when |F§ +Hr+u N| <—U,, , then
PBTPX =uy <w=-u,, —FXx—Hr<0  which

implies that X7 PB > 0 . Hence, V is calculated as
V< -xTwx 47)

In general, all trajectories of closed loop
system in equation (40) will converge to origin for
all condition stated in equation (47) with W > 0.

4. SIMULATION RESULTS

The simulation 1is performed using
Matlab/Simulink software. In our previous work
[22], only J-turn manouevre test is conducted. In
this paper, the J-turn and single lane change
manoeuvres are implemented to evaluate the
propose controller.

4.1 J-turn Maneuver

The simulation 1is performed using
Matlab/Simulink software. The road surface
adhesion coefficient is considered for an ideal road
surface i.e. g =1and vehicle speed, v is constant at

100 knmv/h.

The J-turn cornering manoeuvre which is
similar to the step input test is one of vehicle
handling tests to examine the transient and steady
state performances of yaw stability control. As
implemented in [22], the driver’s steer input is only

at 1° of steer angle. In this paper, the controller is

evaluated with 2.5 steer angle as shown in Figure
4 which is considered will generate an appropriate
level of lateral acceleration. The yaw rate response
with the CNF is compared to uncontrolled and the
classical PID controller, which tuned by the Matlab
PID control toolbox. Figure 5 and 6 shows the yaw

rate response and yaw rate tracking error
respectively.
Hum steerinput
T
il
515*
05
1 1 1 1 L L
0 1 2 3 4 § ] 7
time fsec)
Figure 4: J-Turn Steer Input at 2.5° Steer
Angle
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Figure 5: Yaw Rate Response of J-Turn Maneuver

Yarae tacking emor
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| %
A& %

| | | | | |
0 1 ? 3 | 5 § 7 8
Time s)

. Tracking Errocfdeq) .

Figure 6: Yaw Rate Tracking Error of J-Turn Maneuver

From Figure 5, it is observed that the CNF
could track the yaw rate desired response with
better transient performances compared to PID an
uncontrolled vehicle. As tabulated in Table 3, there
is no overshoot, faster rise time and settling time
for yaw rate response with the CNF. In terms of
yaw rate tracking error, the yaw rate response with
the CNF has smallest error compared to PID
controller and uncontrolled vehicle as shown in
Figure 6. This means that CNF control could track
the reference response as close as desired.

Table 3: Transient Parameters of J-turn Maneuver

Controller M, %08 t. (s) t, (s)

uncontrolled 17.6 11.08% 0.458s 3.42s
PID 18.12 12.72% 0.403s 3.37s
CNF nil 0% 0.388s 3.21s

4.2 Single Lane Change Maneuver

The single lane change (SLC) maneuver is
one of the sinusoidal input tests to analyse the yaw
rate tracking performances. Variable amplitude of
sinusoidal signal will produce lateral acceleration
from low level to peak level. Figure 7 shows the
sinusoidal waveform with 0.5Hz frequency and

2.59 maximum amplitude to represent a SLC steer
input.

Sigeane charge stee it
T T T

g angle (deg)

=

stegrin

tinefsee)

Figure 7: SLC Steer Input at 2.5° Maximum Amplitude.

yawrae response
T 1 1 1 1
= Reference

B —— wontled efce
AFS cntol based PO
—— AFS conlol s CF
o 1
=5 , g
= / 1
20
= 1
=
g § 4
1 e 15 18 2 22 24 28
wof 1
s q

y | I I I | | |
] 1 2 3 4 5 6 7 [}
Time (s)

Figure 8: Yaw Rate Response of SLC Maneuver

yaw e trcking ercr

—— ncontoled hice
AFS contl based PD.
—— AFS conio based CF |

. Tracking Error (deg)

-
T

05 08 1 12 14 15 18 2

1 1 1 L
0 1 2 3 4 5 6 7 ]
Time(s)

Figure 9: Yaw Rate Tracking Error of SLC

Maneuver.
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From Figure 8, the AFS control with the
CNF show the better yaw rate tracking performance
compared to the PID controller and uncontrolled
vehicle. The yaw rate response with the CNF is
close to the desired yaw rate where it is obviously
observed that the yaw rate tracking error with the
CNF is small compared to the PID controller and
uncontrolled vehicle as shown in Figure 9.

The simulation of yaw rate tracking
controller based on the CNF control technique has
been presented. The yaw rate response of the AFS
control with the CNF is compared and evaluated
with PID controller and uncontrolled vehicle. From
the responses obtained, it is demonstrated that the
CNF performed the yaw rate tracking control task
with better transient performances which could
enhance the vehicle handling and maneuverability.

5. CONCLUSION

The composite nonlinear feedback (CNF)
control is applied as a new control strategy for yaw
rate tracking controller in AFS control strategy.
Based on the results obtained, the CNF control
technique improved the transient performances of
yaw rate response with minimum overshoot, faster
rise time and settling time for a J-turn cornering
maneuver and excellent tracking performances in
the single lane change maneuver. As a conclusion,
the CNF control technique is able to enhance the
vehicle lateral dynamic control and vehicle
maneuverability. For future works, the CNF control
technique will be integrate with robust control
technique such as sliding mode control to cater an
external disturbances and uncertainties of vehicle
parameters
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