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PROPORTIONAL-INTEGRAL SLIDING MODE CONTROL
OF A QUARTER CAR ACTIVE SUSPENSION

YAHAYA M.SAM', JOHARI H.S.0SMAN & RUDDIN A.GHANF
'Faculty of Electrical Engineering, University Technology of Malaysia
81310 UTM Skudai. Johor, MALAYSIA
K alej Universiti Teknikal Kebangsaan Malaysia,

75450 Melaka, MALAYSIA.

yahaya@fke utmmy

Abstract

The purpose of this paper is to present a new approach in
controlling an active suspension system. This approach
utilized the proportional integral sliding mode control
scheme. Using this type of sliding surface, the asympiotic
stability of the system durng sliding mode is assured
compared to the conventional siiding surface. The proposed
control scheme is applied in designing an aulomotive
active suspension system for a quarter-car model and its
performance js compared with the existing passive
suspension system. A simulation study is performed 1o
prove the effectivencss of this control design.

Key words: Antomotive Control, Quarter Car
Suspension , Sliding Mode Conirol.

1. Introduction

In the past miflenniwin, there had been widespread interest
in using advanced confrol techniques to improve the
performance of vehicle suspension system. Performance of
the suspension systemi has been greatly increased due to
increasing vehicle capabilities.

" characteristics have to be considered in order to achieve a
good suspension system [1]. These characieristics deal with
regulation of body movement, mgulation of suspension
movement and forcé distribution. Ideally the suspension
should isolate the body from road disturbances and inertial
disiurbances associated with comering and btaking or
acceleration. Furthermore, the suspension must be able 1o
minimize the vertical force transmitted to the passengers
for passengers comfort, This objective can be achieved by
minimizing the vertical car body acceleration. An excessive
wheel travel will result in non-optimum attitude of yre
relative to the road that will cause poor handling and
adhesion. Funhermore, fo maintain good handling
characieristic, the optimwm tyre-io-road contact must be
maintained on four wheels,

0-7803-7490-8/02/$17.00©2002 IEEE.
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An early design for automobile suspension systems focused
on unconstrained optimizations for passive suspension
system which indicate the desirability of low suspension
stiffness, reduced unsprung mass, and an optimum
damping ratio for the best controllability [2]. Thus the
passive suspension systems, which approach optimal
characteristics had offered an attractive choice for a vehicle
suspension Sysiems and had becn widely used for
passengers. However, the suspension spring and damper do
not provide energy to the suspension system and control
only the moiton of the car body and wheel by limiting the
suspension velocity according 10 the mie determined by the
designer. To overcome (he above problem, aclive
suspension system has been  proposed by various
researchers [3.4,5], Aclive suspension systems dy namically
rmspond 1o changes in the road profile because of their
ability to supply energy that can be used to produce relative
motion between the body and wheel. Typically, active
suspension systems include sensors to measure suspension
variables such as body velocity, suspension displacement.
wheel velocity and wheel or body acceleration. An active

-suspension is one in which the’ passive components are

augmented by actuators that supply additional forces.
These additional forces are determined by a feecdback
control law using data from sensors attached to the vehicle.
Various conirol laws such as optimal state-fecdback, LQG,
LQR, H-infinity, sliding mode control, fuzzy contrel and
etc. bave been proposed in the past years 1o control the
aciive suspension system.

In this paper we will consider a conwol scheme that can
imptove further the ride comfort and road handling of the
active suspension system. The proposed controf scheme
differ from the previous sliding mode techniques in the
sense that the sliding surface is based on the proponional-
integral (P1) sliding mode coniro].

2. Dynamic model of the vehicle

Most of the past active suspension designs were developed
based on the quaner~car model as in Figure 1,
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Figurel: A quarter-car model

The following state-space model can be easily obtained
from Figure 1.
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where Af and A/, are the masses of car body and wheel

. X, and X are the displacements of car body and wheel,
K,and K, are the spring coefficients, C, is the damper

coefficient . 7 is the road distutbance and #_, is the control

force from the hydraulic actuator and assumed as the
control input. The state variables are defined as forms:

X =a;_, -x,, for suspension travel, x, =.vrl.t for car body
velocity, ¥, = x,, ~r for wheel deflection and x, = x:,, for
wheel velocity. Equation (1) can be written as

0 = Ax{(f) + Bu(t) + f{) (1a)
where x(t)e M"is the state vector ,u(f) & R™is the

control input, and the continuous function f(f) represents

the uncertainties with the mismatched condition. The
following assumptions are taken as standard:
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Assumption i: There exists a known posititve constant
such that [ /@) < B, where ||
denotes the standard Euclidean norm.

Assumption ii: The pair (4, B) is controllable and the
input matrix B has full rank.

3. Switching Surface and Controlier Design

In this study , we utilized the PI sliding surface define as
follows; :

. ] .
o) = Cx(f) —I(CA +CBK)x(r)dr )
]
where Ce ™ and K e ™" are constant matrices. The
matrix K satisfics A, (4+8K) <0 and C is chosen so
that CB is nonsinguiar. It is well known that if 1he system
is able to enter the sliding mode, hence o(f)=0.

Therefore the equivalent control, w,,(f)can thus be
obtained by letling &(f) =0{6] i.e,

c;-(:) =Cx@)-{CA+CBK¥x() =0 3)
If the matrix C is chosen such that CB is nonsingular, this
yields

g (1) = Kx(1) = (CB)™ CF (1) “
Subslituting equation (4) into system (la). gives the
cquivalent dynamic equation of the system in sliding mode
as:

J.f(lf) =(4+BKYx (0} +31, = BICBY" O} 1 () (5)
Theorem §; If
!fr(r) <8, =|t, - Bcny il the

uncertain system in equation (5) is boundedly
stable on the sliding surface o(f) =0,

Proof: For simplicity, we let

A= (4+BK) (5)

FOy={1,-BCB CY ) (5b)
and rewrite (5) as .

) = Ax()+F(0) ©)

Let the Lyapunov function candidate for the system is
chosen as .

Ve =xT (OPx(r) M
Taking the derivative of 17(¢) and substituting equation (5)
. gives



Py=xT 0147 P+ P Aty +
T -
F oPx(n+x" P FO
T
=—x" (NOx()+F

®
T
O +x’ (OPF ()

where P is the solutionof A7 P+P 4 =-0 fora given

positive definite symmetric matrix @. It can be shown that
-equation (8) can be reduced to:

V(1) == Q5" + 28 P eco)] ©)
Since A, (Q)>0, consequently I;(r)<0 for all ¢ and
xeB(n), where B°(%) is the complement of the closed

25,7
YN

ball B(z), centered at x=0 with radius n=
Hence, the system is boundedly stable.D

Remark: For the sysiem with uncertainties satisfy the
matching condition, i.e, rank[B] f(1)] = rank(B],
then equation (5) can be reduced o

;c(r) ={A+BK)x(t) [T}. Thus asymptotic stability
of the system during sliding mode is assured,

We now design the control scheme that drives the state
trajectories of the system in equation (1a) onto the sliding
surface (¢} =0and the system remains in it (hereafter.

For the uncertain system in equation (la) satisfying
assumptions (i) and (ii), the following control law is

- proposed:
Wty = ~(CBY" [CAx(0) (D)~ K(CBY™ F%fn%? (10)

where ¢eR™7is a positive symmetric design matrix,
kand & are the szitive constants.

Theorem 2: The hilting condition of the sliding surface
(2) is satisfied if

4+ B&fx e (i
Prooft In the hitting phase e’ (o) >0; using the
Lyapunov function candidate V()= % o’ (o, we
obtain '
Vity=o" () o)
=" (H[~(CA+CBK)x(t) - por(t) -
' 0 _ L

fof+é

P
=it fiieor

i+ Brffx- Il ool
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It follows that I7(f) <0 if condition (1 1) is satisfied. Thus,
the hitting condition is satisfied.0]

4, Simulation and Discussion

The mathematical medel of the system as defined in
equation (1) and the proposed PI sliding mode controiler in
equation {10) were simulated on computer. Numerical
values for the mode] parameters are taken from [3), and are
as follows:

M, =290 kg M, =59 kg K, =16812 N/m,

K, =190000 Nrm, C, = 1000 Nftm/sec)
Let the set of typical road disturbance be of the form

if0.50<1<0.75

a(l~cos(8at)) /2
- otherwise

Ft) = {0

where a denotes the bump amplitude (see Fig.2). This type
of road disturbance has been used by [4,8] in their studies.
Furthermore, the maximum travel distance of suspersion
travel as suggested by [4] is +8cm has been used, The
controller parameters has been chosen as follows for the
simulation: K=[/67354 939.14 —1.818e5 172.67], C={200
5020 10}, ¢$=1000, k=1 and & =0.00].
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Fig. 2. Typical road disturbance - bump Scm

In order to Tulfill the objective of designing an active
suspension system .. to increase the ride comfort and road
handling, there are two parameters to be observed in the
simulations. The two parameters arc the car body
acceleration and wheel deflection. Figure 3a shows the
suspension travel of both the aclive and passive suspension
systems for comparison purposes. The result shows that (he”
suspension travel within the travel limit . Figure 3b and
Figure 3¢ illustrates clearly how the active suspension can
effectively absorb the vehicle vibration in comparison to
the passive system. The body accelcration in the active
suspension  system s reduced significantly, which
guaraniee better ride comforl. Moreover the wheel
deflection is also smaller in the active suspension system,



N

Therefore if is concluded that the active suspension system
improves the ride comfort while retaining the road handling

characteristics, compared 1o the passive suspension system.

Suspersion tra\e(

© Displacernent (rr;)
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Figﬁre 3(a): Suspension ravel - 5 cm bump g
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Figure 3(b): Body acceleration - 5 cm bump
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Figure 3(c ): Wheel deflection ~ 5 cm bump

5, Conclusions

In this paper, the PI sliding mode control technique is
proposed for controlling an active suspension systcm. It
has been shown mathematically and through computer
simulations that the proposcd control scheme is capable of
improving the ride comfort and road . handling
characteristics of the active suspension system.
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