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Estimation of Vehicle Sideslip Angle for Four—Wheel Steering

Passenger Cars

Hwan-Seong Kim and Sam-Sang You

Abstract: This paper deals with an estimation method for sideslip angle by using an unknown disturbance observation technique in
4WS passenger car systems. Firstly, a 4WS vehicle model with 3DOF is derived under the constant velocity and same tyre’s properties.
The vehicle dynamics is transformed into the linear state space model with considering the external disturbances. Secondly, an unknown
disturbance observer is introduced and its property which estimating the states of system without any disturbance information is shown.
Lastly, the estimated sideslip angle of the 4WS vehicle system is verified through numerical simulation.
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1. Introduction
The research and development of vehicle control systems for

highway automation have been focused over recent decades [1]-
[12]. Among these control fields, the vehicle steering control is
most basic control for improving ride comfort and manoeuvra-
bility [2]-[S].

In vehicle steering control fields, the simplest model, which
leads to a fundamental understanding of vehicle handling, has
two degrees of freedom(2DOF): the lateral and yaw velocities
as state variables [6]-[10].

The vehicle systems use the vehicle body sideslip angle as
the state variable for control purposes. It is possible to mea-
sure the sideslip angle directly by using dedicated measuring
devices capable of performing optical measurements. Some-
times it is impractical to use this hardware in control system for
resasons of cost, accuracy, or avilability. Thus, it is necessary to
estimate the sideslip angle on the bastis of information obtained
with sensor for detecting such parameters as yaw rate or lateral
acceleration.

With 2 DOF vehicle model a few sideslip estimation meth-
ods are proposed, and the estimated value is applied to improve
the direct yaw moment control. In 1997, an estimation method
for lateral vehicle dynamics using non-linear observer was pre-
sented [6]. A combined method which is used by model ob-
server and direct integration is proposed where two kind of val-
ues of the side force of the wheels are assumed [7). An esti-
mation method for vehicle position is developed by using the
Kalman filter and disturbance observer [8]. An adaptive ob-
server for estimating the vehicle body slip angle is proposed
[9]. Also the sliding mode control theory applies to improving
the direct yaw moment control, where the sideslip angle, and
the road fraction are estimated by using conventional observer
[10].

However, it is difficult to express complex vehicle motions
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accurately with a 2DOF model. It is also well known that one
way to enhance the steering performance is a four-wheel steer-
ing(4WS) system [11][12]. The 4WS systems for automobiles
are being widely studied as a means of improving stability and
handling characteristics and have been the subject of various
investigations. For estimating the sideslip angle in 4WS ve-
hicle systems, an adaptive yaw-tate feedback control system
which involves a tyre and road fraction estimator is presented
[11]. A robust active rear steering system is presented, where
the side slip angle is estimated using conventional observer with
frequency filter [12].

In this paper, we propose an estimation method for sideslip
angle by using an unknown disturbance observation technique
in 4WS passenger cars. Firstly, a 4WS vehicle model with
3DOF is derived under the constant velocity and same tyre’s
properties. The vehicle dynamics is transformed into the lin-
ear state space model with external disturbances. Secondly, an
unknown disturbance observer is introduced and its properties
are shown. As one of the properties, the states of system can
be estimated without any disturbance information. Lastly, the
estimated sideslip angle of 4WS systems is verified through nu-
merical simulations by using proposed estimation method.

IL. 4WS Vehicle model
Generally, the 4WS vehicle model includes steering and roll
motion, tyre dynamics, and drive train. With those dynamics
and motions, a 4WS system with 3DOF is modeled by planar
model, and the simplified roll motion is given in Fig. 1 and 2,
respectively [4].
To obtain the vehicle’s dynamic equations, we assume the
following properties: -
Al) The vehicle is symmetrical about the x — z plane.
A2) Total vehicle mass m., is lumped.
A3) The roll axis is fixed with m, rdy ~ my,d,
A4) The road surface conditions are the same.
AS5) The small angle approximations of the vehicle
motion apply.
The dynamics of 4WS vehicle system are divided into three
parts, i.e., tyre side forces, yaw moments and roll moments, and
those equations are described by Egs. (1)-(3)

Y, = ¥ tyre side forces
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Rear side

Fig. 1. Planar model of 4WS vehicle system.

= My (Vy + V7)) + mshsp
= Yri +wy (1)
M, = ¥ yaw moments
= Je2F — Jz2P
=d.(Yra + Yrs) — df (Yr1 + Yr2) + w.
+di(XF2 + Xps) — di(XF1 + XF3) 2

Lz = ¥ sprung mass roll moments

= —Cyp — (kg — Msghs )
+mshsv(ﬂ +r)cosd + we 3

where,

[Xpi]z[coséi —siné,— ”: ijl,izl,“',‘l

Yri sind; cosd; Fys

Cy = Cy5 + Cor, Ko = Ko5 + Kgr.

roll center

¥

Fig. 2. Schematic diagram of the simplified roll model.

The variables(wy, w., wz) are the disturbance force and
torques in the lateral, yaw and roll directions which result, for
example, from the drag effect, loads, side wind gusts, a flat tyre,
braking on ice, an uneven road, modelling uncertainties, etc.,
which are considered as an external disturbances. Under certain
circumstances, these external disturbances may exert a signifi-
cant influence on lateral/directional and roll handling.

The longitudinal forces, Fy;, are related with wheel rotational
model. These forces applied to the four wheels from the engine
and/or braking are given as

Jiwii = 76 F ReFog, 1=1,---,4, )

where J; is the effective rotational inertia which includes all
drivetrain effects.

And the lateral forces, F;, are nonlinear functions given by
“magic formula”[3] as

F,; = a;sin(as arctan{az(1 — as4){a + as)
+a4 arctanfaz{a + as)]}) + as, &)
where a;(¢ = 1,---,8) are six coefficients which depend on
the vehicle load F, and on camber angle v, and a.

To study the dynamic behavior of vehicle under the assump-
tion of small sideslip angle in normal driving condition, Eq.(5)
can be linearized as follows:

Fy=-Cray, i=1,2 6)
Fy; = —Crar, i1=3,4. @)

The tire slip angles can be written as
ds
1+ =
af | B _ of _ Ry
e e | R @
v

With a small roll angle or sing = ¢ and cos¢ = 1, the above
equations can be linearized as follows:

Y, = mu(vy + 'U;z:"") + mshsp
= muv(ﬁ +7)+mshsp
d
= —2C¢(B+ —vfﬂ‘ — 85— Rs9)
-2C. (8 — %17' — 6, — Rrop) + wy 9)
Mz = Jzz".‘ - Jzzi)
d
= 24,0y (6 + ~Lr — b6; — Ry9)
dr
+2drcr(ﬂ - ?T - 61- - Rr¢) + w, (10)

Ly = Jgap— Jz27
—~Cpp—(kg —msghs)p+mshsv(B+7r)+ws.(11)

At constant velocity and steady-state condition with wg; = 0,
the longitudal force Fy; for all wheel break in Eq.(4) is approx-
imated as

Fm:%:i, i=1,--,4. (12)

Also, the actuator dynamics are represented as linear first-

order lag systems:

bpds = b5 — O¢ (13)
brdr = bor — r (14)
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where by = 22 and b, = ez

Ksf Ksr

By using the above dynamics equations (6) — (14), a descrip-
tor system form is obtained as

Ei = Az + Bu+ Dw (15)
y=Czx (16)
where,
[ my 0 mshs 0 0 0 W
0 Jzz  —Jzz 0 O 0
= ~mshsv  —~Jzz Jzz 0 0 0
h 0 0 o 1 0 o0 [
0 0 0 0 Csf O
L 0 0 0 0 0 Cs |
[a11 a1z 0 aa 2Cf 2C, ]
a1 a2 0 a2 2C;dy —2C,dr
A— 0 mshsv ~Cy ase O 0
| o 0 1 0 0 0 ’
0 0 0 0 —Key 0
L0 0 0 0 0  —ke |
0 o0 100 8
0 0o 010 r
=~ (0 0 = 001 | p
B=19 o |P=]ooo|® | g |
ks O 000 oy
0 Ksr 000 ST

s Wy
u:[ sf ],wz w; |, a1 = —2(Cy + C,),

a1z = (291%‘1ﬂ - 29{;& — mvv),
a14 = 2(CsRs + CrRr), a21 = 2(Crdyr — Cydy),
Cyd? 2
a2z = — (—{—L + %),au = (msghs — K4),

a24 = 2(Cyds Ry — Crd,Ry).

Using the matrix inverse operation, we obtain a linear time—
invariant system described by

E:{szz+Bu+Dw an

y = Cxzx

where z € R, u € R7, w € R™ and y € RP are the state
vector, the known input vector, the unknown disturbance vector,
and the output vector of system, respectively.

111, Unknown disturbance observer
For constructing the unknown disturbance observer, we as-
sume that p > m and without loss of generality, rank D = m
and rank C = p.
Consider a full-order observer described by

i N (18)
where z € R™ and £ € R™ denote a transformed estimated

vector and an estimated state vector, respectively. fl, B, C’, ﬁ,
and J are unknown matrices of appropriate dimensions.

Definition 1: The system Xy p is said to be an unknown
disturbance full order observer for the linear systems % if and
only if

Jim e(t) =0, V2(0-), 2(0-), u(")

where e(t) = Z(t) — z(t) represents the observer error.
Define an estimation error as

£=2-"Uz. (19)

Then, the dynamics of observation error is given by

£ = 34U
= At+(AU+BC -UA)z
+(J —UB)u—UDv (20)
& = Ct¢+(CU-DC)z. 1)

If there exists a matrix U which satisfies the following con-
ditions:
AU+DC=UA
J=UB
UD=0
CU - DC = I,

then, (20) and (21) are rewritten as

At (22)
¢ + . 23)

3

j’:

> |

From the above equations, if A is stable, then £ - 0t - x)
andz — £ = 0.

Thus, the system Xy p is an unknown disturbance full order
observer for the system 3 with unknown disturbance vector.
From the above statements, we obtain the following theorem.

Theorem 1: [13]: The system Zyp is an unknown distur-
bance observer for the system 2 with unknown disturbance vec-
tor, if A is stable and there exists a matrix U € R™ which satis-
fies the following conditions:

AU+ DC=UA (24)
J=UB (25)
UD=0 (26)

CuU+DC=1I, 3}

[ |

Here let C = I, for simplicity. Then, from (27), we obtain
U=1I,-DC (28)
By substitution of (28) into (24), we have

A=UA-KC 29
B=AD+ K (30)

where K = B — AD.
Furthermore substituting (28) into (26), we have

DcD = p. (31)
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In order to guarantee the matrix D satisfying (31), the fol-
lowing condition should be hold,

rank CD = rank D = m. 32)

The condition (32) requires that p > m, i.e., the number of
measured output must be greater than or equal to that of the
external disturbance input.

The general solution of (31) can be obtained as

D =D(CD)Y" +G(I, - cD(CD)") (33)

where the superscript + indicates the generalized inversion and
G is an arbitrary matrix.
By substituting (33) into (28), we can get

U= (I, - GC){I. — D(CD)*C}. (34)

From the above equation, there exists a matrix (, which
makes (I, — GC) nonsingular, and then the rank U = n — m.

Since rank D = m, there exists the left-inverse of matrix D,
ie, DD =1I,.

Under the condition of rank U = n — m, we have Ker U N
Ker D¥ =0, e,

rank [ DU+ ] =n. 35)
Then, we have the following relation

rank[ slh—A4 D ] =rank[ sl —UA

C 0 c ]—i—m.

(36)

Consequently, for Vs € C, where C denotes the complex
space,

rank [ sl — A g]

c =n+m,Vs € C, 37

which means that the invariant zeros of the system (A, D, C, 0)
must be stable. From the above statements, we summarize the
following theorem. .
4

Theorem 2. The unknown disturbance full order observer
2y p for the system ¥ can be realized if

i) rank CD =rank D =m (38)
i) rank [ SI"C_A l()) } =n+m,Vs € C. (39)

For constructing an unknown disturbance observer, based on
Theorem 2, the 4WS vehicle system requires that the number
of sensor output should be great or equal to that of disturbance
input and the invariant zeros of system shoud be stable.

IV. Simulation results
To show the effectiveness of the proposed estimation method,
we consider a model parameters for a typical passenger vehicle
in Table 1.
When considering the two sensors, or roll and yaw-rate sen-
sors, Eq.(38) is not guaranteed in this system. Because the num-
ber of sensor is less than the number of disturbance input.

Table 1. Parameters of typical passenger vehicle.

m, = 1067 [kg]

ms = 900 [kg]
mys = 100 [kg]
Mur = 67 Tkg)
g = 9.81 {m/s?)
v = 60 [km/h]
hs = 0.55 [m]
ds = 1.0 [m]

d, = 1.5 [m]

d; = 0.65 [m]
by = 0.122 [s]

Cs5 = 10 [Nms/rad]
Csr = 13 [Nms/rad]
Ksy = 82 [Nm/rad]
Ksr = 80 [Nm/rad]
Ji = 0.07 [kg m?]

a; = 2321.7
a3 = 0.2292
as = 0.0911

C¢ = 55000 [N/rad]

Cr = 45000 [N/rad]
Cgs = 1100 [Nms/rad]
C¢r = 1000 [Nms/rad]
Cy = 2100 [Nms/rad]
K¢ = 15450 [Nms/rad]
Ker = 15450 [Nms/rad]
K¢ = 65690 [Nms/rad]
Jzz = 2130 [kgm?]

Jzx = 500 [kgm?)

Joz = 4750 [kgm?]

Ry = -0.17
R, =0.15

R; = 0.33 [m}
br = 0.1625 [s]
= 5 [deg]

a2 = 1.6929
a4 = 0.225

ab = 3317

Let us assume the disturbance input w, = 0, then the distur-
bance matrix D can be rewritten as

= 00
D=
01

0 00|
0 00|

Thus, the conditions of theorem 2 are all satisfied, and the states
of vehicle system can be estimated by using unknown distur-
bance observer.

From Theorem 1, the unknown disturbance observer is de-
signed, and the eigenvalues of the A are given by using LQG
method as

X = {~11.376
—2.268

—5.827 £ 7.311%
—3.046 £ 5.277¢

—7.390
—1.2825}.

For tire dynamic simulation, we obtain the lateral forces, Fy;,
by using “magic formula” [3], and it is given by Fig. 3.

T | T T 7T 77T 1

Magnitude [kN]
(=]

- //
-5 — - o7 o

P RSN S S S T 1

—
(=4
2
<

Fig. 3. Nonlinear lateral force curves Fy (o) obtained by using
“magic formular”.

In this simulation, the sampling time is 0.001[sec] and the
initial state values are assumed zero. Also, we assume that the
steering angle is changed into 0.2, -0.2 and O radians at 0, 3, and
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Fig. 4. Estimated sideslip angle, =1 in case of non-linear lateral
forces.

0.02 . T . | T . .

5 0.01

LU N N N N

,
;

i

i

.

N

8
[ AN O B

Estimation errors [rad), [rad/sec]
[=]
\
N~
\‘ N
I
4
/
’
B s
~ N\ >
Ay
A
il
1
1
!
i
I
1
N
N
Y
I
f
12
14
|
|

-
N
[

it

_0.01 I | I 1 L 1 I 1 I

©
N
IS
N
oo
S

Time [sec]

Fig. 5. Estimated states errors of 1, 24, &5 and zs in case of
non-linear lateral forces.
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Fig. 6. Estimated errors of sideslip angle on vehicle velocity

To verify the applicability of the estimated state vector for ve-
hicle steering control, a robust servo controller is now designed.
The input of servo controller is given as

t
u = K1:E+K2/ (refy —y)dt
0

t
~ Klzft—i—/ (refy —y)dt
0

where ref, denotes the reference of output, and K, and K>
represent the state feedback gain and integral gains, respec-
tively.

K [ —0.755 0191 —0.496 —3.257
T —0.463 —0.235 0.743  3.665
1.146 —0.927
—0.695 1.739 |’
—3.669 5.810
KZ_[ 2.159 4.030 }

Fig. 7 shows that the performances of robust servo controller
with real state vector and estimated state vector are almost same
under small sideslip angle. However, the performance is gener-
ally deteriorated at large sideslip angle. We need other robust
control approaches, such as H theory etc..

V. Conclusions

In this paper, we have proposed an estimation method of ve-
hicle sideslip angle by using unknown disturbance observation
technique for four wheel steering passenger cars. With lateral,
yaw and roll motions, a 3 DOF model for 4WS vehicle systems
has been presented, and using the model an estimation method
of sideslip angle is proposed. Also, the estimated sideslip angle
is verified by comparing the real state value, and a robust servo
controller can be constructed by the estimated states.
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Nomenclature
bs,br time constant of (front, rear) steering
actuator; by =Csz/Key, br =Cor/Kor
Cs,Cr (front, rear) tyre cornering stiffness
Cs5,Csr.  steering stiffness of (front, rear) actuator
Cs5,Cyr  (front, rear) roll damping
ds,dr distance from (front, rear) axis to vehicle
center of gravity (CG)
F.;, F,;  longitudinal and lateral forces,

t € {1,4} (Fai =~ moi/Ry)
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F,
g
hs
Jzz

Vz, Vy
Qf, Oy
B
8¢, 6
Jsfy(ssr

Ksf, Ksr

Kef, Kor

¢

Thi

load force

gravitational acceleration

height of sprung mass CG on roll axis
roll moment of inertia of the sprung
mass above roll axis

product of inertia of the sprung mass
about the roll and yaw axes

principal yaw moment of inertia
sprung mass

(front, rear) unsprung mass

total lumped mass = ms +Muy £ +Mur
angular velocity of the roll

angular velocity of the yaw

wheel rolling radius

velocity of vehicle = \/m
velocity of (z, v ) axes

slip angle of the (front, rear) tyre
sideslip angle

steering angle of the (front, rear) tyre
commend steering angle of the (front,
rear) tyre

rotary compliances of the (front, rear)
steering actuator

roll stiffness of the (front, rear)

roll angle

traction torque at the ith wheel
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