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Vehicle Suspension Systems Control: A Review

Ayman A. Aly, andFarhan A. Sale

Abstract—increased competition on the automotive
market has forced companies to research alternative
strategies to classical passive suspension systerhs.
order to improve handling and comfort performance,
instead of a conventional static spring and damper
system, semi-active and active systems are being
developed. An active suspension system has been
proposed to improve the ride comfort. A quarter-car?2
degree-of-freedom (DOF) system is designed and
constructed on the basis of the concept of a fouriveel
independent suspension to simulate the actions oha
active vehicle suspension system. The purpose of a
suspension system is to support the vehicle body dn
increase ride comfort. The aim of the work describé in
this paper is to illustrate the application of intdligent
technique to the control of a continuously damping
automotive suspension system. The ride comfort is
improved by means of the reduction of the body
acceleration caused by the car body when road
disturbances from smooth road and real road
roughness.

The paper describes also the model and controllersed

in the study and discusses the vehicle response ults
obtained from a range of road input simulations. Inthe
conclusion, a comparison of active suspension inliglent
control and classical control is shown.

Index Terms—Active Suspensions; Vehicle System;
Artificial Intelligence Technique; Intelligent Ctol.

[. INTRODUCTION

An active suspension system possesses the abiligduce
acceleration of sprung mass continuously as welktoas
minimize suspension deflection, which results in
improvement of tire grip with the road surface,ghbrake,
traction control and vehicle maneuverability can be
considerably improved. Today, a rebellious ractaking
place among the automotive industry so as to pmduc
highly developed models. One of the performance
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requirements is advanced suspension systems which
prevent the road disturbances to affect the passeng
comfort while increasing riding capabilities andfpeming

a smooth drive. While the purpose of the suspensystem

is to provide a smooth ride in the car and to hefintain
control of the vehicle over rough terrain or in easf
sudden stops, increasing ride comfort results irgela
suspension stroke and smaller damping in the whepl
mode [1]. Many control methods have been proposed t
overcome these suspension problems. Many active
suspension control approaches such as Linear Qiadra
Gaussian (LQG) control, adaptive control, and rinedr
control are developed and proposed so as to mathege
occurring problems [2-4].

During the last decades fuzzy logic hmplemented
very fast hence the first paper in fuzzy set theadyich is
now considered to be the influential paper of thbject,
was written by Zadeh [5], who is considered thenfting
father of the field. Then in 1975, Mamdani, develdp
Zadeh's work and demonstrated the viability of Ruzz
Logic Control (FLC) for a small model steam engine.
Replacement of the spring-damper suspensions of
automobiles by active systems has the potential of
improving safety and comfort under nominal conditio
But perhaps more important, it allows continuous
adaptation to different road surface quality andvidg
situations. For the design of active suspensionknew
how to build a model and how to define the objextf the
control in order to reach a compromise between
contradictory requirements like ride comfort andado
holding by changing the force between the wheel and
chassis masses. In the recent past, it has beertgédmn
this problem successively, about the base of opttitn
techniques, adaptive control and even, H-infinippust
methods. The use of active suspension on road leshias
been considered for many years [6- 10]. A large loemof
different arrangements from semi-active to fullytiee
schemes have been investigated [11- 14]. Therealsas
been interest in characterizing the degrees ofltneeand
constraints involved in active suspension design.
Constraints on the achievable response have been
investigated from “invariant points”, transfer-fuion and
energy/passivity point of view in [15- 19]. In [18h
complete set of constraints was derived on the raradl
load disturbance response transfer functions asalteeon
the choice of sensors needed to achieve these edegfe
freedom independently were obtained for the quander
model. The generalization of these results to raifi full-
car models was then presented in [20]. In [21]aswhown
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that the road and load disturbance responses camnot N
adjusted independently for any passive suspengipliea L a B b N
to a quarter-car model. [ N i

In this study, an automatic suspension sysfema X,V 44— fV,0) M,l\_}e
quarter car is considered and an intelligent cdletrds YMI_ _Tyz
designed when the vehicle is experiencing any road v )
disturbance (i.e. pot holes, cracks, and unevemrrpant), ) U J_l Cf” C’J_l Uy
sf r ksr

the vehicle body should not have large oscillati@msl the
oscillations should dissipate quickly (see Fig.The road

disturbance is simulated by a step input as arsaftl test le m; Yf1. m;
and rough road as a simulated to real way and idtante

between the body mass and simulation mass is oafpbe e ke
system. v o

Kt ;:
Q4
. . L T | ) L T\
Fig.1. a.Schematic quarter car model. 2t & gm A g
a1 f[‘ Q2 i
0 Le

Fig.1.d. full car model, [18]
1 y
Vi
The objective of the present report is to highlidjme
processes used for suspansi

different technological
N Systems Control as a first step in the recent paper
K, C(t)
II. SUSPENSION SYSTEM MODEL
: Passive suspensions as shown in Fig.1. can onig\ech

- Vo good ride comfort or good road holding since thase
< criteria conflict each other and necessitate diffierspring
and damper characteristics. While semi-active suspe
with their variable damping characteristics and lpower
consumption, on systems offer a considerable imgrmant,

K [22, 23.

- A significant improvement can be achieved by usifig
an active suspension system, which supplied a higheer

Ve from an external source to generate suspensioredoi@
achieve the desired performance. The force may be a
function of several variables which can be measwed

=~

Fig.1.b. quarter car model
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tear. These changes must be taken into account when
designing a controller for an active or semi-active
suspension to avoid unnecessary performance loss.

remotely sensed by various sensors, so the fléyiln be
greatly increased.
With rapid advances in electronic technologi2$],[The

development of design techniques for the synthedis
active vehicle suspension systems has been ar acta of
research over the last two decades to achieve trbet
compromise during various driving conditions.[25-30

Automotive companies are competing to make more
developed cars, while comfort of passengers isrgoitant
demand and everyone expects from industries toduepit
day by day. Therefore, in order to provide a smaidie
and satisfy passengers comfort, designing a modern
suspension system is mandatory. A good and efficien
suspension system must rapidly absorb road shoells a
then return to its normal position, slowly. However a
passive suspension system with a soft spring, memésn
will be high, while using hard springs causes hauaves
due to road roughness [31-37]. Therefore, it'sidliff to
achieve good performance with a passive suspension
system.

In order to fulfill the objective of desigig an active
suspension system i.e. to increase the ride corafattroad
handling, there are three parameters to be obsénvéte
simulations. The three parameters are the whe&dieh,
dynamic tire load and car body acceleration. Fdinition
of the allowable limits of car body accelerationerte is a
frequency domain where human beings are most sensit
to vibration (human sensitivity band). Fig. 3 giwe
measured result from a report of ISO/DIS 5349 & IE31
- 1978, which shows the human endurance limit to
frequency band to vertical acceleration is 4 ~ 8which
means that for the purpose of improving the ridenfoot
the car body acceleration gain should be in thiged38].

In order to improve the ride quality, it is impantdo isolate
the body, also called sprung mass, from the road
disturbances and to decrease the resonance peéhe of
sprung mass near 1 Hz, which is known to be a themsi
frequency to the human body. In order to improwe tikde
stability, it is important to keep the tire in cant with the
road surface and therefore to decrease the resemmak
near 10 Hz, which is the resonance frequency ofatheel
also called unsprung mass.

As can be seen from Fig. 4, the fixed setting péassive
suspension system is always a compromise between
comfort and safety for any given input set of road
conditions on one hand and payload suspension jgeasn
on the other. Semi-active/active suspension systeynto
solve or at least reduce this conflict. In thisaelj the
mechanism of semi-active suspension systems is the
adaptation of the damping and/or the stiffnesshefgpring
to the actual demands. Active suspension systems in
contrast provide an extra force input in additiorpbssible
existing passive systems and therefore need muae mo
energy. The illustration of Fig. 4 also clarifiehet
dependency of a vehicle suspension setup on pagamet
changes as a result of temperature, deflectionweszdt and
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Ideally, a vehicle suspension would respond jusvels
to aggressive driving as it does to highway crgjsifhe
intent of this work is to try to approach this itlelig. 5
illustrates the classic suspension compromise.

A typical vehicle suspension is made up of two
components: a spring and a damper. The springdsech
based solely on the weight of the vehicle, whike damper
is the component that defines the suspension’sepiant
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on the compromise curve. Depending on the type of Il. QUARTER VEHICLE ACTIVE SUSPENSION
vehicle, a damper is chosen to make the vehicléomer SYSTEM

best in its application. Ideally, the damper sHoigiolate
passengers from low-frequency road disturbances and
absorb high-frequency road disturbances. Passerager
best isolated from low-frequency disturbances wities
damping is high. However, high damping providesrpo
high frequency absorption. Conversely, when thamgag

is low, the damper offers sufficient high-frequency
absorption, at the expense of low-frequency isofati

The need to reduce the effects of this compromése h
given rise to several new advancements in automotiv
suspensions. Three types of suspensions that vell b
reviewed here are passive, fully active, and sestiva
suspensions. A conventional passive suspension is
composed of a spring and a damper. The suspensi@ss
energy in the spring and dissipates energy throtigh
damper. Both components are fixed at the dedigges
For this reason, this type of suspension fallsimidb the
classic suspension compromise.

Figure 7. In general, only a compromise betweesdhe
two conflicting criteria can be obtained if the gession is
developed by using passive springs and dampers al$o
applies to modern wheel suspensions and therefbreak-
through to build a safer and more comfortable asr af
passive components is below expectation. The answe
this problem seems to be found only in the devekmnof
an active suspension system.

+

Ride Comfort

Low Damping <«—> High Damping
Fig. 5 Suspension Compromise, [41]
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In this search, we are considering a quarter cadeino
with two degrees of freedom. This model uses a tmit
create the control force between body mass and lwhee
mass, [36].

The motion equations of the car body and the wheel
as follows:

m,z, :fa _kl(zb _Zw)_cs(zb _zw)
mwzw :_fa + kl(zb _Zw)_kz(zw _Zr)

with the following constants and variables whichpect
the static equilibrium position:

o mp body mass (one quarter of the total body
mass) 250 kg
o my wheel mass, 35 kg
o Kk spring constant (stiffness) of the body
16 000 N/m
o k spring constant (stiffness) of the wheel
160 000 N/m
o f, desired force by the cylinder
0 G damping ratio of the damper
980 Ns/m
o z road displacements
0 2z body displacement
0 Zy wheel displacements
5
2, =2 22 |
(T Sprung mass (M)
0g h
Controller
z.
Actuator Unsprung mass (M) _I
k,

2]

z

/S

Fig.8 Suspension system block diagram
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To model the road input let us assume that theclesis
moving with a constant forward speed. Then theicedrt
velocity can be taken as a white noise process hwlic
approximately true for most of real roadways.

To transform the motion equations of the quartar ca
model into a space state model, the following state
variables are considered:

X=[X1, X2, X3, Xa] |

where:

X1= Zy-Zy body displacement

Xo= ZuZ; wheel displacement

X3=2Z, absolute velocity of the body
X4=2Z, absolute velocity of the wheel

Then the motion equations of the quargar raodel
for the active suspension can be written in stpes form
as follows:

X = Ax+ B.f, +F.z
with
0 0 1 -1 |
0 0 0 1
A= —ﬁ O —& &
m, m m
ﬁ _k2 Cs _Cs
. m, m, m, m, |
T 0 ] [0 ]
0 _
I S Y
_ 1 0
L mW_ B B

IV. SYSTEMS AND TECHNOLOGIES FOR
SUSPENSIONS SYSTEMS CONTROL

Two criteria of good vehicle suspension performance

are typically their ability to provide good roadniaing and
increased passenger comfort. The main disturbance
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affecting these two criteria is terrain irregulist Active
suspension control systems reduce these undeseHblds
by isolating car body motion from vibrations at thkeels.

Vehicle suspension system performance is typically
rated by its ability to provide improved road hangland
improved passenger comfort. Current automobile
suspension systems using passive components can onl
offer a compromise between these two conflictinigeda
by providing spring and damping coefficients wiilietd
rates.

Sport cars usually have stiff, harsh suspensiorth wi
poor passenger comfort while luxury sedans offdteso
suspensions but poor road handling capabilitiese Th
traditional engineering practice of designing sgriand
damping functions as two separate functions has lzee
compromise from its inception in the late 1800soPwad
handling capability and decreased passenger corafert
due to excess car body vibrations resulting inficii
vehicle speed limitations, reduced vehicle-framée, li
biological effects on passengers, and detrimental
consequences to cargo. Active suspension contstéims
aim to ameliorate these undesirable effects byaisw the
car body from wheel vibrations induced by uneversais.

The main objective of suspension systems is toaedu
motions of the sprung mass. It is well known thatiions
of the sprung mass at the wheel frequency modeotde
reduced if the only control input is a force apglleetween
the sprung and unsprung masses (as is the caseHimte
suspension systems). Many control approaches hese b
investigated for the quarter-vehicle case suchadimear
control [42-46], optimal control [47-49] and baaisping
control [50]. Additionally, optimal control apprdaes have
been applied to the full-vehicle case as well [46]. An
active suspension system should be able to praifterent
behavioral characteristics dependent upon varicoed r
conditions and be able to do so without going beyis
travel limits.

It is shown in [51] that using a force control lotp
compensate for the hydraulic dynamics can destabthie
system. This full nonlinear control problem of aeti
suspensions has been investigated using severnalaamhes
including optimal control

Moreover, several assumptions of linearity in the
parameters are needed, which may not be satisfiedtoal
systems. The use of fuzzy logic (FL) systems has
accelerated in recent years in many areas, inagudin
feedback control. A fuzzy logic approach for theiwec
control of a hydropneumatic actuator is presentefb?].
Particularly important in FL control are the unisak
function approximation capabilities of FL systerb8,[54].
Given these recent results, some rigorous desmigues
for FL feedback control based on adaptive control
approaches have now been given [55, 56]. FL systdéfas
significant advantages over adaptive control, iditig no
requirement for linearity in the parameters assionptand
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no need to compute a regression matrix for eachifspe
system.

Since Zadeh [57] initiated the fuzzy set theoryzAu
Logic Control (FLC) schemes have been widely dgvetb
and successfully applied to many real world apfilice
[58]. Besides, FLC schemes have been used to ¢tontro
suspension systems. For example, Salem and Aly, [36]
designed a quarter-car system on the basis ofotheept of
a four-wheel independent suspension system. They
proposed a fuzzy control for active suspensionesysto
improve the ride comfort.

Gaspar et al. in Reference [59] have used a robust
controller for a full vehicle linear active suspemssystem
using the mixed parameter synthesis. A sliding mode
technique is designed for a linear full vehicle iaxt
suspension system [60]. A method is developed fier t
purpose of sensor fault diagnosis and accommodalion
Reference [61], the authors presented the developaian
integrated control system of active front steeriagd
normal force control using fuzzy reasoning to ermeathe
full vehicle model handling performance.

Due to the fact that strong nonlinearity inheremtkysts
in the damper and spring components [62-65], iadiyt
the nonlinear effect must be taken into accoumnteisigning
the controller for practical active suspension aiys.
Account the three motions of the vehicle: vertical
movement at centre of gravity, pitching movement an
rolling movement. An intelligent controller can beed to
design a control system for a full vehicle nonlineative
suspension system such as Neural Controller (NEur&l
Networks (NNs) are capable of handling complex and
nonlinear problems, process information rapidly arah
reduce the engineering effort required in controiteodel
development. Artificial neural networks are made aipa
simplified individual models of the biological neur that
are connected together to form a network. It cessi$ a
pool of simple processing units which communicate b
sending signals to each other over a large numifer o
weighted connections. Capability of learning infatian
by example; ability to generalize to new input and
robustness to noisy data are the important praserif
neural networks. From these properties, neural orisvare
able to solve complex problems that are currently
intractable. The artificial neural network is arteitigent
device wildly used to design robust controllersrionlinear
processes in engineering problems. In many puldicst
neural networks are used to design controllersh siscthe
model reference adaptive control, model predictizatrol,
nonlinear internal model control, adaptive invecsmtrol
system and neural adaptive feedback linearizatt@6[7].
The control architectures in these papers depend on
designing a neural network identifier and then ttientifier
is used as a path to propagate the error betweeautput
of the process and output of the reference modehio and
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select the optimal values of the neural networktmdn
Therefore, in those methods two neural networksewer
trained to track several control objectives. Onehaf main
advantages of using a neural network as a contrislithat
neural networks are universal function approxinraio
which learn on the basis of examples and may be
immediately applied in an adaptive control systesnause

of their capacity to adapt in real time. There amany
learning algorithms available to obtain the optiveues of
the trainable parameters of neural network. Thekbac
propagation algorithm (BPA) has been known as an
algorithm with a very poor convergence rate. The
Levenberg-Marquardt Algorithm (LMA) is an iterative
technique that locates the minimum of a multivariat
function that is expressed as the sum of squareerdinear
real-valued functions [68, 69]. To improve the migli
comfort and road handling, a neural network cotgrdior

full vehicle nonlinear active suspension systemshwi
hydraulic actuators has been proposed by the aithor

ANNs are mainly concerned with learning and curve
fitting. These intelligent computing methodologidave
resulted in the development of the “intelligent twoh
field, which consists of novel control approachesdd on
FL, ANNs, EC, and other techniques induced frorificiel
intelligence and their combination. These methodwide
an extensive freedom for control engineers to deith
practical problems of vagueness, uncertainty, or
imprecision. These intelligent methods are goodiickates
for alleviating the problems associated with active
suspension control systems [70,71].

In comparison with hard computing, soft computing
provides the tolerance for imprecision and uncetyai
which is exploited to achieve a practically accbfga
solution at a reasonable cost, tractability, arghhhachine
intelligence quotient (MIQ). Zadeh argues that soft
computing, rather than hard computing, should tesved
as the foundation of machine intelligence. A full
comparison of their capabilities in different applion
fields was constructed by Fukuda and Shimojima abl&

1, together with those of control theory and aridfi
intelligence ( Fukuda & Kubota, 1999), [72].

A sampling of the research done for different cointr
approaches is shown in Fig. 9. One of the techrnedothat
has been applied in the various aspects of suspensi
control system is soft computing.

V. CONCLUSIONS

Suspensions control is highly a difficult contraloplem
due to the complicated relationship between itspmments
and parameters. The researches were carried out in
suspensions control systems cover a broad randesign
issues and challenges. In the present survey werexithe
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techniques of solution procedures of different paint
policies such as classical and intelligent cordtrtegies.

Table 2: Comparison of capabilities of different adaptivhadologies,

[72]
Mathematical| Learning | Operator |  Real Knowledg& Non- Optimisation
Model Data | Knowl- | Time | Repre- | linearity
edge sentation
Control | Goodor | Unsuitabld Needs | Good or | Unsuitabld Unsuitably ~ Unsuitable
Theory | Suitable other | Suitable
methods
Neural | Unsuitable | Good or | Unsuitabl Good or | Unsuitablq Good or Fair
Network Suitable Suitable Suitable
Fuzzy Fair Unsuitablq Good or | Good or | Needs | Goodor |  Unsuitable
Logic Suitable | Suitable | other | Suitable
methods
other | Needs other | Unsuitabld Good or | Unsuitabld Good or | Needs Unsuitable
Artificial | methods Suitable Suitable | other
Intelli- methods
gence
Genetic | Unsuitable | Good or | Unsuitabld Needs | Unsuitabld Good or | Good or Suitable
Algo- Suitable other Suitable
rithms methods

{ Ref. 8. 18.23.30
— Ref. 1, 3,42, 43,
Nonlinear Control 50.62. 64

9

—)l Robust control H Ref. 59, 60
42,55

Suspension Control
System Research

Ref. 36, 37,52-58,
ntelligent control 65, 67, 68, 71 ) 7
Fig. 9.Sampling of suspension systems control.
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