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Four wheel steering (4WS) technology can effectively improve the vehicle handling stability and driving safety. In order to fully
consider the influence of the rear wheel steering, the vehicle dynamics model of 4WS vehicle, including the rear wheel steering
by wire and two degrees of freedom vehicle model of 4WS vehicle, is established in this paper. The desired yaw rate is obtained
according to the variable transmission ratio strategy. The yaw rate tracking strategy is applied to 4WS vehicle and rear wheel
steering resistance moment is taken into account. Based on the robust control theory, Ho/H. mixed robust controller design is
carried to research the stability control of 4WS vehicle. Finally, the closed-loop simulation added driver model based on preview
theory is carried out. The simulation results indicate that the designed H»/H,, mixed robust controller can achieve the stability

control.
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1 Introduction

The steering system, one of the four major automobile chas-
sis systems, greatly influences the driving safety and handling
stability of vehicle. With the development of technology, four
wheel steering (4WS) technology has been more and more
paid attention by domestic and foreign automobile enterprises
and scholars and has become the main development direction
of the automobile power steering technology in the future.
4WS technology could be traced back to the Japanese Soci-
ety of automotive engineers and technology conference in the
1960s. In order to improve the handling stability of the ve-
hicle, an engineer proposed active rear steering technology
and then the major car companies had started the research of
4WS technology. Due to the limitations of electronic tech-
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nology, automation technology and control technology, 4WS
technology research was shelved. Since the 4WS vehicle has
arelatively large improvement on handling stability, the 4WS
technology has returned to the people’s vision. In 2008, the
new BMW 7 Series equipped with 4WS system came into
market. At high speed, the steering angles of front wheel and
rear wheel are in the same phase. While at low speed, they are
in the opposite phase. The maximum steering angle of rear
wheel is up to 3°. Subsequently, infiniti also launched M37S
equipped with 4WS system and it had a great improvement on
steering actuator. In April 2015, Cadillac debuted CT6 using
4WS technology in the United States show. It added a similar
independent steering mechanism driven by a 12 V servo mo-
tor, with deluxe five link suspension system to achieve precise
control for rear wheel steering.

At present, the research on the 4WS vehicle is mainly fo-
cused on the control strategy. The control strategies about
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4WS system can be divided into two types. One is designed
to make the sideslip angle zero, corresponding to trajectory
preserving problem. The other one is designed to track de-
sired yaw rate. 4WS controller was designed by Chen et al.
[1] to make the vehicle have a good path tracking capability
in both longitudinal and lateral direction using preview the-
ory, robust theory and adaptive path following. Through the
study on four wheel steering and four wheel driving, sliding
mode controller based on the model tracking was designed
by Nonaka and Oda [2]. The simulation results showed that
the vehicle had a good performance on path tracking. Vari-
able gain concept was introduced into the four wheel steer-
ing and independent driving integration research by von Vi-
etinghoff and Kiencke [3]. The nonlinear model and control
were verified in the virtual business software. Considering
the velocity changing in the study, Li et al. [4] got 4WS ve-
hicle time-varying model. LPV control was applied to 4WS
system and the simulation results showed that the handling
characteristics, safety and comfort of the vehicle driving were
improved significantly with a large velocity-varying range.
And decoupling control with He, performance for 4WS ve-
hicles under varying longitudinal velocity was studied. The
results showed that this control scheme could improve han-
dling characteristics, safety and comfort proved from theory
to practice in this paper [5]. Yin et al. [6] applied the p syn-
thesis theory to the study of the 4WS vehicle. Considering the
uncertainty of the model, a p synthesis robust controller was
designed with optimized weight functions to attenuate the ex-
ternal disturbances. The numerical simulation showed that
the designed p synthesis robust controller could improve the
performance of a 4WS vehicle. Song [7] proposed a dynamic
model of the 4WS car with two degrees of freedom, and its
theoretical analysis was obtained from the kinetic equations
and the transient response. Tracking the dynamics of a gen-
eral nonlinear planar reference model was proposed by Rus-
sell and Gerdes [8]. The modified closed-loop system was
demonstrated to be stable and had robust tracking perfor-
mance to reasonable levels of model uncertainty. Experimen-
tal results demonstrated successful emulation of the low fric-
tion reference model’s planar dynamics for a variety of driv-
ing maneuvers and reference friction coefficients. Mashadi et
al. [9] designed an integrated 4WS+DYC control system to
guide a vehicle on a desired path. Simulation results showed
that the proposed controller had the ability to make the vehicle
track the desired path. The autodriver algorithm is originally
developed on the dynamics of 4WS vehicles by Marzbani et
al. [10]. The uncertainty of the four wheel steering was an-
alyzed on the basis of the singular boundary theory and Lya-
punov stability theory by Huang et al. [11].

In summary, most of the existing researches focus on the
path tracking of the 4WS vehicle, while the researches about
the handling stability are few. Moreover, based on the vehi-
cle model, the existing studies on stability control start the
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design ignoring the influence of rear wheel steering actua-
tor. So in this paper, the vehicle dynamics model of 4WS
vehicle, including the rear wheel steering by wire and two
degrees of freedom vehicle model of four wheel steering, is
established. The desired yaw rate is obtained according to
the variable transmission ratio strategy. The yaw rate track-
ing strategy is applied to 4WS vehicle and rear wheel steering
resistance moment is taken into account. Based on the robust
control theory, H»/H., mixed robust controller design is car-
ried to study the stability control of 4WS system. Finally, the
closed-loop simulation added driver model based on preview
theory is carried out. The simulation results indicate that the
designed H»/Ho mixed robust controller can achieve the sta-
bility control.

2 4WS vehicle dynamics model

2.1 The rear wheel steering by wire system model

Differential equation of motion of steering motor [12]:

J0,+B 0 +T.=T,

1
T =K, O

where Ji, is the moment of inertia of steering motor; Bp, is

damping coefficient of steering motor; 7, is electromagnetic

torque of steering motor; 7 is electric current of steering mo-

tor; K is electromagnetic torque constant; O, is steering angle

of steering motor; 7, is output torque of steering motor.
Electrical equation:

Li+Ri+E=U,
2

E=KJ(.,

where L is the steering motor inductance; R is steering motor

resistance; E is steering motor back EMF; U is the voltage of

the motor; Ky is the steering motor back EMF constant.
Differential equations of motion of rack:

{err +Bx +F,=NT/r, o)

0,=x./r,
where M; is the mass of rack; B; is damping coefficient of
rack; FR is steering resistance of rack; N is reduction ratio of
the steering motor; x; is displacement of the rack; 7, is radius
of the gear; 0 is steering angle of the gear.

The rack force can be equivalent to the steering column:
Mr’0 +Br’0 +T, =NT, 4

4y U TOT, Oy a

where 7R is back moment of tire equivalent to the steering
column.
2.2 Tire model

Tire is an important part of automobile. The force of automo-
bile is mostly from the contact between tire and road surface,
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so the tire model plays an important role in the simulation
of vehicle handling stability. In this paper, mainly consid-
ering the lateral dynamics of the tire and taking into account
the follow-up control strategies, the linear tire model is estab-
lished [13]. The work range of the tire is in the linear region
of the tire. At the moment the lateral acceleration is less than
0.4 g and the slip angle is less than 5°.
The slip angle:

af:ﬁJrﬁr—O'f, ®)
u

a,=p-2r-s, (©)
u

where orand a, are the slip angles of front and rear tire; drand
or are the steering angles of front and rear wheel; § is sideslip
angle of 4WS vehicle; r is yaw rate of 4WS vehicle; a and
b are distances between the front and rear axle to the vehicle
mass center; u is the speed of vehicle.

Tire lateral force:

F;’f = kla I (7)

Fo=ka, ®)

where ki and k» are the cornering stiffness of front and rear
wheel; Fyr and Fy are the lateral forces of front and rear
wheel.

The self-aligning torque of tire:

T,=Fd, ©)

71r:F;’rd’ (10)

where d is the pneumatic trail; 7r and 7; are the self-aligning
torques of front and rear wheel.

2.3 4WS vehicle model

For the 4WS vehicle, the main research is the vehicle lateral
dynamics [14]. Aiming at the research on lateral dynamics
of the 4WS vehicle, a 4WS vehicle model is established ne-
glecting the vehicle rolling and only considering the lateral
and yaw degrees of freedom. The two degree of freedom ve-
hicle model is shown in Figure 1.

<V

_ /
)
,Q;R< i “(Q}K\

- F / F

Yr . Yf
.«
b a

L

Figure 1 Two degree of freedom vehicle dynamics model.
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As is shown in Figure 1, the car on vertical axle center is
symmetrical. Ignoring the role of the car suspension, the car
only moves parallel to the ground, that is, the car displace-
ments along the z axis, the pitch around y axis and the roll
motion around x axis are not considered. The change of tire
characteristics caused by the load change is neglected. The
slip angles of left and right wheel are the same. The dynamic
equations of the 4WS vehicle in the lateral and yaw can be
obtained from Figure 1.

{mu(ﬁ +r) =F, cosd,+ F, coso, (11)
17 =F, acosd,— F, bcoso,,

where m is the mass of vehicle; I is the yaw moment of iner-
tia.

According to the linear tire model, eq. (11) can be con-
verted to eq. (12):

; a
mu(fp+r)=—k|p+r=0

€0sd,— kz[ﬂ - %r - (5r]cosér,
(12)
17=—k,

L+ %r - a}}acosé‘ﬁr k,

L gr - a‘r]bcosé‘r.

Due to the smaller wheel steering angle, cosdrand cosd; can
be regarded as 1 to finish 4WS vehicle linear two degrees of
freedom model.

mu(h+r) =~k + k)BT kg vk,
13)
5 2
1 =~ka— kb~ 5Ky kas, ko,
Further state space model can be obtained:
X =Ax+Bu,
y=Cx+Du, 14
where

T

x=[p r[u=[o. o[ y=[p r].

_ktk,  _ka—kb |
q= my my?
ka—kb _katkb |
1 JAY
koK
_|mv my _|1 0 _10
Bk kot klk”l&
I 1.

2.4 Driver model

In order to study the influence of the 4WS vehicle on dynamic
characteristics, a closed-loop system model including driver
model must be established. A closed loop of the human vehi-
cle to complete tracking for any path is formed. In this paper,
the first order preview model is used as shown in Figure 2.
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Under the geodetic coordinate system XOY, the position
of the vehicle mass center is (X, Y) and the included angle
between vehicle longitudinal axis and the X axis is @ (yaw
angle of the vehicle). Then X, Y and @ can be obtained as
following.

X=X0+u.|‘lcos(ﬁ+ @)dt,

0

Y=Y, +u sing+p)dr, (15)
0

®= @+ | rd,

where Xo, Yo and @y are the position when ¢ is zero.

In the process of driving, the driver decides the size of the
steering wheel angle according to the displacement deviation
of the preview point and the steering angle deviation of the
current position of the vehicle. The displacement deviation ¢,
is determined by the lateral displacement of the desired path
Y4 and the lateral displacement of the current ¥ when preview
time is 7p:

e, = Y(t+T) = (Y() + T,Y (1)), (16)

where Yy is the desired lateral displacement; Y is the lateral
displacement of the current; T}, is the preview time.

The error of the driving angle of current position and the
road direction angle can be expressed as:

6, = <1§—J.011cudt, (17)

where « is the curvature of road.

And then, the steering wheel angle can be expressed as the
product of the weighted sum of the vehicle travel displace-
ment error and the direction error and the driver’s operation
delay.

0,,= (K, +Kz,)e, (18)

where s, is the steering wheel angle; K; and K> are the com-
pensation gain of driver’s position and orientation error; 74 is
the delay time.

y A

Figure 2 First order preview model.
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3 Stability control strategy

The purpose of vehicle stability control is to improve the
steady state and transient response, and to improve the ve-
hicle handling stability and the ability to resist external in-
terference [15]. In this paper, we first make the 4WS vehicle
with ideal steering characteristics by the law of variable trans-
mission ratio, and thus get the ideal yaw rate. According to
the robust control theory, H»/H. mixed robust controller is
designed to change output torque of the rear wheel steering
motor to change the steering angle of the rear wheel and then
4WS vehicle stability control is achieved by tracking ideal
yaw rate.

3.1 Variable transmission ratio

When the vehicle turns, the ratio of the steering wheel angle to
the front wheel angle of the vehicle is defined as the steering
gear ratio:

.795\&' 19
= (19)

f

For the traditional front wheel steering vehicle, the steering
ratio is determined by the structural parameters of the auto-
mobile and it is a fixed value so the steering characteristic
varies greatly with the speed. The changing transmission ra-
tio makes the steering characteristics present a fixed propor-
tion relation unconcerned with speed of the vehicle, namely to
meet the same steering characteristics at low speed and high
speed which can relieve the burden of the driver. The trans-
mission ratio is called the ideal transmission ratio. Combined
with the research of the subsequent control strategy, the law
of variable transmission ratio is used with constant yaw rate
gain.

According to the law of variable transmission ratio derived
from constant yaw rate gain, the relationship between steering
wheel angle and front wheel steering angle is:

; :05W _ u/L
6. G (1+Ku)’

f sW

(20)

where L is wheelbase of the vehicle; Gy is the constant yaw

S - _mfla _b
rate gain; K is stability factor, K = Iz [ & ]

Given driver command inputs (steering wheel angle), a pla-
nar bicycle model of the reference dynamics is simulated,
which is computed using a linear tire model (6,=0).

i +1) =~k k)~ HAL

ka*+kp’
u

r+ko, o

r+kao

I f*

1i=—~(ka—kb)B—

The steady-state yaw rate 7* is a constant and now £ and
7 are both zero. The steady-state yaw rete 7* is the desired
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yaw rate. The relationship between desired yaw rate and front
wheel steeering angle is:

r° _ ullL 29
s, 1+Ku (22)
3.2 Control system model

Compared with the front wheel steering vehicle, 4WS vehi-
cle is easier to improve the handling stability of vehicle by
rear wheel steering system. In this paper, a robust controller
is designed to track the ideal yaw rate so as to obtain the de-
sired steering characteristics. In 4WS vehicle, the front wheel
steering system is the traditional mechanical steering and the
rear wheel steering system is the steer-by-wire system, so the
performance of the rear wheel steering system directly deter-

Sci China Tech Sci
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the desired performance, In other words, if the performance
of the rear wheel steering system is poor, at this point, the
4WS vehicle performance is even worse than the front wheel
steering vehicle. Therefore, the rear wheel steering system is
taken into account in four wheel steering vehicle.

In order to realize the stability control of the yaw rate, the
controller must satisfy the following requirements: the yaw
rate tracking, the path tracking and the suppression of the
disturbance.

Using the eqs. (4) and (12), the state space model of the
stability control for the 4WS vehicle can be derived as:

(23)

X=Ax+Bw+Bu,
y=Cx+Dw+Dyu,

mines whether the four wheel steering vehicle can achieve where
|
. T N T

x=|p r o, d)u=T,w=[0 d 1],

kAt kA, (k+Ak)a+ (k4 Ak)b 4 k,+ Ak, 0

my my? Gmv
2

Crakyakp  (BHAR)E(EEARYT gy
A= I Ly Gl. g

0 0 0 1

d(k,+ Ak) _d(k,+ Ak)b —d(k,+Ak) _ B,

GM r GvM. r,? G M r2 M,
p
k+ Ak, 0 1
mu mu

(k+Ak)a 1, N T
B=| L L, Bz=[0 00 W] ¢=[0 10 0L D,=[0 0 0], D,=[0],

0 0 0 nr

0 . 0

M)

where £ is sideslip angle of 4WS vehicle; » is yaw rate of 4WS
vehicle; 0s is steering angle of the gear; 7, is output torque
of steering motor; Jr are the steering angle of front wheel; d;
is the road surface random disturbance; fy is the lateral wind
disturbance; /y is the distance between center of pressure and
vehicle centroid, Ak1 and Ak, are the parameter uncertainty
of k1 and k.

3.3  Hi/H.. mixed robust control strategy

In the stability control of 4WS vehicle, the car is interfered by
the road surface, the lateral wind and the sensor noise when
tracking the ideal yaw rate. Hs control theory is a kind of
modern control theory through optimizing the infinite norm of
performance in the space. As a generalization of Hs, control
problem, the Ho/H. mixed robust problem is one of the im-
portant robust performance problems. Hz/H. mixed control

combines optimal performance and robustness of the system
to enable the system to get the two most concerned system
characteristics for designers by solving an optimal controller.
H., standard design problem is shown in the Figure 3, where
u is the input signal; w is the interference signal; z is the
controlled output; y is the output signal; G(s) is the controlled
object; K(s) is the controller.
The state space expression of transfer function matrix G(s)
is
X=Ax+Bw+Bu,
= Cxx—i_an +D12u7
y=Cx+D,w+D,u,

24

The equation can also be expressed as
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w z
EE—— >
G(s)

u > Y
K(s)

Figure 3 H. standard design problem.

Gus) G |1 BB
S S
G(s)=| 9 G| pp | (25)
GZ](S) GZZ(S) C D D
2 21 22

The transfer function from w to z is

T, = LTF(G(s), K(s))

= GHJFGIZK([_GZZK)?]GZV (26)

For a given generalized controlled object P(s), feedback
controller K(s) is solved to make the closed-loop transfer
function internal stable and meet the condition |7 | =7, or
IT.1, <7 (r =)

Ho mixed sensitivity robust control problem is one of the
most typical problems in Ho, control. When applying Ho con-
trol method to design system, the designed problem is usually
transformed into a mixed sensitivity problem to solve. It can
ensure the robustness of the system and improve the perfor-
mance of the system.

The augmented system after weighting is shown in
Figure 4, where W and > are the weight function; G is the
actual object; K is the controller. The sensitivity function can
be written as

S=(I-KG)™". 27
Complementary sensitivity function can be written as

T=KG(I-KG)" (28)

Figure 4 H., mixed sensitivity problem.
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The sensitivity function S is the transfer function of the sys-
tem from disturbance to the output, which can reflect the abil-
ity of the system to restrain the disturbance. The complemen-
tary sensitivity function 7 is related to the robust stability of
the system. Obviously small S produces small e that corre-
sponds good tracking performance and small 7 produces a
small control output. As S+7=/, so we need to make a trade-
off in the actual situation by constantly adjusting the weight
function to make the system have a better performance.

Mixed sensitivity problem is to find the internal stable con-
trol law K, which makes the closed-loop system from distur-
bance w to the controlled output z to meet the transfer matrix:

| ws
Ko T

<1. (29)

o

H; standard design problem is similar to H., standard de-
sign problem. The H, norm reflects the asymptotic variation
of the system when the system is disturbed by white noise.
H; performance index is very effective for studying the per-
formance of the system under random factors such as mea-
surement noise and random interference.

X=Ax+Bw+Bu,

72,=Cx+D w+Du,
2,=Cx+D,w+D,u,
y=Cx+Dw+D u.

(30)

As a generalization of H., control problem, H»/H., mixed
problem is one of the important problems in robust control.
Ha/H, mixed control problem is to design a controller to
make the closed-loop system stable for the 30 generalized
controlled object. The Ho/Ho mixed control problems are di-
vided into three cases to discuss in this paper:

D min|7,, ()] % 17,1, < 7,3

2) minl 7, ()1, 17,5, <7.:

3) minal, ()] *IT,, (5)],):

2w

17,5, < 72 al T ()] BIT, ()], = 1 1.

The corresponding controllers are called Ho/Ho, mixed con-
trollers.

3.4  Design of mixed controller for 4WS vehicle

As is shown in Figure 5, it is 4WS vehicle stability con-
trol structure, and the disturbance input of the system is the
sensor noise n, the ideal yaw rate 7*, the steering angle of
front wheel J¢, the road surface random disturbance d; and
the lateral wind disturbance fy. Go(s) is the transfer function
from the output torque of the steering motor (74) to yaw rate.
Ga(s)=[G1,G2,G3]. Gy(s) is the transfer matrix from Jy, dr and
Jytoyaw rate r. z1, z2 and z3 are the three controlled outputs of
system, where z; is on behalf of the performance of tracking
the target and restraining interference, z; is on behalf of the
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system’s robust stability and the performance of restraining
noise and z3 is on behalf of the size of the controller output.
W1, W> and W; are the three weight functions. The selection
principles of weight function by mixed sensitivity theory are
as follows:

1) Because the order of controller designed by mixed sensi-
tivity control method is the same as the generalized controlled
object with weight matrix, it should be reduced as far as pos-
sible in order to make the resulting controller possible and
easy to implement in engineering. Therefore, W and W, are
selected as first order.

2) The weight function W reflects the sensitivity function
requirements of system and should have low pass characteris-
tics, so it is selected as first order low-pass transfer function.
The weight function > reflects the complementary sensitiv-
ity function requirements of the system and should have high
pass characteristics, so it is selected as first order high-pass
transfer function.

3) W3 is the weight function for control output and can limit
the size of the output signal. 3 is selected as a constant.

According to the stability diagram of the 4WS vehicle
shown in Figure 5, we can get the generalized control object
of the system.

ok
z, VVI _VVIGI _VVle _VVle 0 _VV;GO 51‘
ZZ — 0 pVZGl VVZGZ 2G3 0 VVZGO dr (31)
zl [0 0 0 0 U sl
Y VVI _VVIGI _VVIGZ _VVlGa -1 _VVlGo n
T,
Generalized control object is
VVI _VVIGI _VVle _VVle 0 _VI{GO
0 WG, WG waG, 0 WG
G — 271 272 273 270 2
=y 0 o 0 (32)
VVI _VVIGI _VVlcz _VVlGa -1 _VVlGo
0 (a) Bode diagram
)
10
]
S 20
2
-30
0 T T
& 45
T
90 . .
10-2 102 10-1 100
Frequency (Hz)

Figure 6 Bode diagram.
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Noise
o
0
d, Gd(s)
f
GO(s) +
T
Ta | Steering ! PID @ K
Motor U+

Figure 5 Stability control block diagram of the 4WS vehicle.

In general, good control effect often requires large energies,
and the H; control system can minimize output energy under
the pulse and white noise interference. So H, norm of transfer
function from disturbance w to the control output u is selected
to optimize as another performance index.

Figure 6 is the bode diagram of W1 and W>. W1 is a low pass
transfer function, and W is a high pass transfer function.

In the stability control, the ideal output torque of the steer-
ing motor is obtained by the robust controller. In order to
increase the reliability of the steering motor, a closed loop
control is added to the steering motor. The deviation between
ideal output torque and actual output torque is the input of the
PID controller and the steering motor current i is the output
of the PID controller. The current signal of the steering motor
is given by the ECU, and the actual output torque is obtained
by the steering motor.

3.5  Analysis of simulation results

Based on the matlab/simulink platform, the 4WS vehicle is

Bode diagram

101 100 101

Frequency (Hz)

(a) The bode diagram of W7; (b) the bode diagram of .
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analysed in this paper. H»/H., mixed controllers are designed
in stablity control, respectively analysising three kinds of
controllers. The paper selects two typical vehicle working
conditions, steering wheel angle step input and double lane
change simulation, to verify the 4WS vehicle’s yaw rate
tracking capability and path tracking performance.

3.5.1 Steering wheel angle step input

The steering wheel angle step input (front wheel angle step
input) is a typical condition to study the steady state response
of vehicle. In this paper, the steering wheel angle step input
(100°) is selected to verify the tracking capability of the de-
signed controller for the yaw rate. The car is running on a
good road at a speed of 90 km/h. Figures 7 and 8 depict yaw
rate response and sideslip angle response of the 4WS vehicle.
Figure 9 shows the output of the designed controller.
As can be seen from Figure 7, the 4WS vehicle can better

0.7
06} Lo T T T T T
Ao
- S
05} i’
@ 04t Ideal r
3 .
o minH,,
o 03} minH,
g — — — min(H,+Hy)
g 02y ~ — —FWsr
01f
0
—0.1 | | | | | 1 | ] 1
0 05 10 15 20 25 30 35 40 45 50

Time (s)

Figure 7 (Color online) Yaw rate response.

0.02 T
minH.,,
— — — — minH,
o——% min(Hy+H_.)
— —-— FWSp
o —0.02 b
Y
<
)
o —0.04 -
C
©
o
2
< —0.06 -
%]
—-0.08 IR
N
~0.10 1 1 1 P Tt Ml T ST T
0 05 10 15 20 25 30 35 40 45 50
Time (s)

Figure 8 (Color online) Sideslip angle response.
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0 05 10 15 20 25 30 35 40 45 50
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Figure 9 (Color online) Actual output torque of steering motor.

track ideal yaw rate compared with front wheel steering ve-
hicle. Corresponding to this, the 4WS vehicle has better
steering characteristics by rear wheel steering system and can
improve the handling stability and flexibility in the process
of vehicle running. Three kinds of controls can well track
the desired yaw rate and the steady-state error could be ne-
glected. When the system is limited by minimizing H,, norm,
it presents a very good Hs performance. At this time, the
peak of the yaw rate response is 0.6 rad/s. When the system
is limited by minimizing H> norm, it presents a very good
H; performance. At this time, The peak of the yaw rate re-
sponse is 0.55 rad/s and the overshoot decreases 8%. Ho/He
control compromises the merits of Hy control and H; control.
The overshoot decreases 4%. As shown in the Figure 8, three
cases have little effect on the sideslip angle and they are less
than 0.1 rad. Figure 9 shows the output of the controller. H»
control makes the output decrease 50% compared with He,
control while Hy/Ho control makes the output decrease 33%
in order to balance the Ho, performance and H» performance.

In order to verify the restraining interference effect of the
designed controllers, the side wind and road random distur-
bances are taken in this paper [16]. The lateral wind interfer-
ence is taken as constant, and the road surface random dis-
turbance is taken as white noise. The simulation results are
shown in Figure 10.

In Figure 10, there is only the side wind interference when
tis0to1ls. Whentis 1sto2s, there is only the road ran-
dom disturbance. Thus the interference has greater influence
on the 4WS vehicle without control. As can be seen from
Figure 10, the effect of restraining interference with H» con-
trol is the worst of all. It is accompanied by a steady state
error. Ho, control makes the system possess a good He, per-
formance with good effect of restraining interference. The
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Figure 10 (Color online) Yaw rate under interference.

effect of restraining interference with Ho/Ho, control is simi-
lar to the Ho, control. In summary, the controllers with the Ho,
control and the Hy/H., control have a good effect of restrain-
ing interference.

Figure 11 shows the bode diagram of closed-loop system
when the parameters are perturbed. As can be seen from the
figure, when the parameters are perturbed, the closed-loop
system changes a lot. Figure 12 shows the yaw rate response
when parameters are perturbed. When parameters of the sys-
tem are perturbed, the change of yaw rate response is small,
and Ho, control and H»/H., control still can well track the ideal
yaw rate while H» control appears steady state error.

3.5.2  Double lane change simulation

The handing stability of the vehicle is closely related to the
operation of the driver. In the study of the stability of the 4WS
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Figure 11 Closed loop system bode diagram under parametric perturbation.
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Figure 12 (Color online) Yaw rate response under parametric perturbation.

vehicle, the driver cannot be ignored. Therefore, driver vehi-
cle closed-loop simulation is carried in this paper. The vehicle
enters a double lane change at a speed of 15 m/s. The double
lane change simulation results are shown in Figure 13.

As can be seen from Figure 13, three kinds of controls can
well complete the double lane change simulation. The oscil-
lation of 4WS vehicle with Ho, control is the smallest because
the response time is the shortest. The oscillation of the vehi-
cle with H» control is the biggest due to the longest response
time. And the oscillation exists only in the back straight path.
The vehicle with Ho/H., control is between the two. In sum-
mary, the vehicle with three kinds of controls have good path
tracking ability.
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Figure 13 (Color online) Double lane road simulation.
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4  Experiment

In order to verify the credibility of simulation results, real
vehicle experiment is made in this paper. The test car is a
4WS vehicle and the steering angle of rear wheel is control-
lable. The steer-by-wire system employs a DC motor acting
as steering actuator. In the experiment, the car running on a
good road is given a steering wheel step input 90° at a speed
of 90 and 30 km/h. Ha/Hs control is applied to the experi-
ment. Yaw rate are obtained by sensor. The sample time of
yaw rate sensor is 0.01 s. The experiment results are shown
in Figure 14.

As can be seen from the Figure 14, 4WS vehicle can well
track the ideal yaw rate by the designed controller regardless
of low speed or high speed. The experiment result of yaw rate
response shows that the control system almost has no steady
state error. Compared with front wheel steering vehicle, 4WS
vehicle can improve the flexibility at low speed and stability
at high speed of vehicle. The experiment can further prove
that the proposed control strategy is effective for 4WS vehicle
and the designed controller has effect on the stability control
of 4WS vehicle. Therefore, 4WS vehicle has better steering
characteristics than front wheel steering.

5 Conclusions

1) 4WS vehicle dynamics model is established, including
the rear wheel steering by wire system model, tire model,
vehicle model and driver model;

2) According to the variable transmission ratio strategy, de-
sired yaw rate is obtained. The yaw rate tracking strategy is
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Figure 14 (Color online) Yaw rate of 4WS vehicle.
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applied to 4WS vehicle and rear wheel steering resistance
moment is taken into account. Based on the robust control
theory, Ho/Ho, mixed robust controller design is carried to re-
search the stability control of four wheel steering system.

3) The simulation results show that the mixed Hy/Ho ro-
bust controller design can achieve four wheel steering stabil-
ity control and the experiment further verify the credibility of
simulation results. The designed controller can well track the
ideal yaw rate and restrain interference.
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