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1. Introduction

A suspension system consists of spring and oil
damper connected between vehicle body and tire to control
the vertical moment of car body. The main purpose of sus-
pension system is to reduce the effect of road disturbance on
vehicle body by minimizing the displacement and accelera-
tion of vehicle body. The main objective of suspension sys-
tem is to provide ride comfort for passenger which depends
on soft suspension system and better road handling capacity
which depends on hard suspension. Design of suspension
involves an optimization process where the design elements
are selected by compromising on soft and hard suspension.
A suspension system classified into passive suspension,
semi active suspension and active suspension. A passive
suspension system does not require any external energy
source and its damping coefficient values are almost con-
stant. In active suspension, force actuator placed in between
wheel and vehicle body along with suspension system. The
active suspension systems are closed loop systems where
the suspension travel of suspension system measured to pre-
dict the actuator force needed for active suspension system.
Nowadays, many researcher focusing research on active
suspension systems [1] due to its ability to operate wide
range frequency. The development of computer and micro-
processor improved practical implementation of active sus-
pension [2-3] in automotive industries.

A quarter car model consists of one fourth of vehi-
cle mass, spring and damper connected between wheels’
mass has been used to design a controller for active suspen-
sion system. The quarter car model is a simplified model of
car with two degree of freedom by using that the vertical
motion of car body and wheel has been measured for active
suspension. The quarter car model will be used to represent
heave motion of one fourth of vehicle mass. Initially, the
controller for quarter car active suspension system designed
without considering the dynamics of actuator. But it cannot
be used to measure the pitch motion of front wheel and rear
wheel. Alleyne et al [4] proposed a nonlinear control tech-
nique for hydraulic operated quarter car active suspension.
A nonlinear control law formulated to control dynamic na-
ture of hydraulic actuator.

Half car model with four degree of freedom will be
used to represent pitch and heave motion of vehicle body.
Vehicle body coupled between front and rear wheel by cen-

tre of gravity. Nurkan Yagiz [5] proposed sliding mode con-
trol combined with Fuzzy logic for nonlinear half car model.
The effect of chattering in sliding mode control can be elim-
inated completely by adding fuzzy controller for half car
model. Both quarter car and half car model does not model
the actual system for practical application. Accurate model
of the actual system need full car model with seven degree
of freedom. A full car model of active suspension system is
developed by considering seven degrees of freedom namely
four vertical motion of wheel, pitch, roll and heave motion
of vehicle body. H infinity controller [6] introduced for full
car model to suppress the effect of road disturbances and
parameter uncertainty in actuator dynamics. A preview con-
troller for full car model [7] based active suspension intro-
duced with two control approach. The first controller opti-
mizes the displacement of actuator whereas the second con-
troller control the pitch, heave and roll motion of vehicle
body. The complexity of mathematical model of full car and
nonlinear behaviour of actuator has increased the difficulties
of applying conventional control schemes to active suspen-
sion system. Hence a model free controller based on intelli-
gent control schemes like fuzzy logic, neural network is
gaining more importance in recent times and they are ap-
plied success fully to control suspension system in real time.

The Fuzzy logic introduced by Lotfi Zadeh in his
seminar paper fuzzy set theory [8] in 1965.Fuzzy logic is
based on multi value logic where the true values lies in be-
tween 1 and 0. The performance of fuzzy depends on type
and nature of linguistic variable whereas the values of vari-
able graded using membership function. Fuzzy rules are
written based on knowledge of system and then it will be
converted in to equivalent mathematical model of a system.
Fuzzy controller is simple and flexible hence it can handle
imprecise data very well. Fuzzy logic can easily model the
nonlinear function of any system.

Mamdani [9-10] introduced fuzzy logic in control
system for practical application. The control rules in fuzzy
logic is written based on the knowledge of expert. Fuzzy
logic has ability to develop controller without any mathe-
matical model of a system. The complex nonlinear behav-
iour of actuator and its dynamics has been controlled effec-
tively using fuzzy logic controller. Fuzzy logic controller for
quarter car active suspension [11] proposed with inputs as
suspension deflection and its change and the output as the
change of the control signal. An active suspension system
proposed for a half-car model where the active control is the
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sum of two kinds of control. Fuzzy logic algorithm [12-14]
for quarter car model was developed for better ride comfort
using hybrid intelligent algorithm.

Expert’s knowledge and experience plays an im-
portant role in creating fuzzy rules for conventional fuzzy
logic controller. So, there is no proper guideline for select-
ing rules and parameter for fuzzy controller. Quarter car
model based active suspension with Self-organizing fuzzy
sliding mode controller (SFSC) created using sliding surface
[15] and its change as input to fuzzy controller. The stability
of system improved by adaptive law of SFSC. Type-2 fuzzy
controller is proposed to resolve nonlinear control problems
of active suspension systems [16-21] which integrates the
Takagi—Sugeno (T-S) fuzzy model, interval type-2 fuzzy
reasoning method. A fuzzy sliding-mode controller for ac-
tive suspensions [22] of a nonlinear half-car model is intro-
duced to remove non chattering effect in sliding-mode con-
trol. In this method, sliding mode controller combined with
a single-input-single-output fuzzy logic controller to im-
prove its performance for active suspension system.

The remaining part of this paper is organised as fol-
low: Section 2 describes mathematical model of full car
model with governing equation. The design of intelligent
controller using fuzzy logic carried out in section 3. Section
4 present the result of simulation carried out for different
road profile. Conclusion of the work will be presented in
section 5.

2. Modelling of full car model for active suspension
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Fig. 1 Schematic representation of 7 DOF full car model

A full car model with 7 degree of freedom (DOF)
is shown in Fig. 1. The full car model consists of Vehicle
body mass ms and four tires of mass my1, my2, Myz and mMya
respectively. The four corners of vehicle body represented
by z1, 22, z3 and z4 respectively in order to measure the ver-
tical displacement of vehicle body at each corner. A spring
of stiffness k and damping coefficient b along with actuator
force u is placed in between vehicle body and tire on each
corner. The vertical motion of tire is indicated by zy1, 2y, 243
and z,4 respectively. The stiffness of tire at each corner is
modeled by spring of stiffness kt. The up and down motion
of vehicle body along pitch axis is represented by symbol 6.
Similarly, o represent rolling motion of vehicle body along
roll axis. The displacement of road for each tire on each cor-
ner is indicated by road profile z1, 212, zr3 and z4. The 7 De-
gree of freedom of full car model are represented as four
vertical tire displacement (zu1, Zu2, Zu3, Zusy, heave z, Pitch 0,
Roll o of an vehicle body.

The distance of CG from front and rear end of ve-
hicle indicated by symbol a and b respectively. Trand t; in-
dicates front and rear treat of vehicle body. The actuator ar-
ranged vertically between sprung and unsprung mass has
been used to provide actuator force to active suspension sys-
tem. The full car model has ability to measure the pitch and
roll motion of car boy which cannot be possible to measure
in quarter car model of vehicle suspension system. A hy-
draulic actuator is placed on each suspension between
sprung and unsprung mass. In this work, the dynamics of
actuator is neglected for simulation of full car model. The
values of parameter used in full car model listed in Table 1.

Table 1
Values of parameter used in full car model
Sym- Parameter Value
bol
ms |mass of the car body 1136 kg
my1 |mass of the front wheel at corner 1 | 63 kg
my2 |mass of the front wheel at corner 2 | 63 kg
mys |mass of the front wheel at corner 3 | 60 kg
mys |mass of the front wheel at corner 4 | 60 kg
I, |Pitch moment of inertia 2400 kgm?
Ir  |Roll moment of inertia 400 kgm?
by Damping coefficient of front sus- 3924 Ns/m
pension at corner 1
b, |Pamping coefficient of front sus- 3924 Ns/m
2 |pension at corner 2
b, |Damping coefficient of rear suspen- 2943 Ns/m
% |sion at corner 3
b Damping coefficient of rear suspen- | 2943 Ns/m
* |sion at corner 4
ke ﬁgrfaness of front suspension at cor- 36297 N/m
ks Stiffness of front suspension at cor- | 36297 N/m
ner 2
ks Stiffness of rear suspension at corner| 19620 N/m
3
ke Stiffness of rear suspension at corner| 19620 N/m
4
Ka Stiffness of front suspension at cor- | 182470 N/m
nerl
kio |Stiffness of front suspension at cor- | 182470 N/m
ner 2
kis |Stiffness of rear suspension at corner| 182470 N/m
3
kw |Stiffness of rear suspension at corner| 182470 N/m
4
a Distance between front end to CG of 115m
Vehicle body '
b Distance between rear end to CG of 165m
Vehicle body '
tr  |Front treat 0.505m
tr  |Rear treat 0.557m




The equation of motion for full car model [23] de-
rived from newton’s second law of motion using the sche-
matic diagram of full car model. The equation for heave z,
pitch angle, roll angle of vehicle body described in equation
(1), (2) and (3):

|r§5 = _bltf (i1 - iul) + bztf (iz - iuZ) - bstr (is - Z.us) +
+ b4tr (24 - iuA)_ kltf (Z1 - Zul) + kztf (Zz - ZuZ) -

- kstr(zs - Zus) + k4tr(24 - Zu4)+tfu1 —tiu, +tuy —tu,, (1)

| pé = _b1a(i1 - iul) - bza(iz - Z.uz) + b3b(23 - Z.u3 ) +

+b,b(7,-7,,)-ka(z,-z,)-ka(z,-2,)+

+k;b(z,-2,,)+k,b(z, - 2,,)+au, +au, +au, +au,, (2)
ms‘z.:_bl(z.l_z’ul)_bZ(z'Z _2uz)_b3(23_2u3)_

_b4(24 —Zu4)—k1(21— Zul)_kZ (ZZ _Zuz)_
_ks(zs_Zus)_k4(24_Zu4)+u1+uz+u3+u4- (3)

The four vertical motion of tire on each corner for
an external disturbance can be described in equations (4-7):

(4)

mulzul = b1(21 - 2u1) + kl(zl - 2ul)+ ktl(zrl - Zul) — U,

m,z,, = bz (le - 2u2)+ kz(zz - Zu2)+ ktZ(ZrZ - Zuz)_uzl (5)
musius = b3 (is - 2u3)+ k3(Z3 - Zu3) + ktS(ZrS - Zu3) —Us, (6)
muAiUA = b4 (i4 - iu4)+ k4(24 - Zu4)7kt4(zr4 - Zu4)7u4' (7)

In the above equation, vertical displacement of car
body at corner 1, 2, 3, 4 can be described in equation (8)
using heave z, pitch angle, roll angle of vehicle body.
Where:

7z, =7+t,¢, +ad,, 2, =2+t ¢ +ab,,

z,=1-t.4, +ad,, 22=2—tf¢3+aés,
2, =7+t¢ —bo,, i,=7+t.¢, —bo,,
7, =7-t,¢, -bo,, i, =1—t,4 —bo,.

3. Controller design

Fuzzy logic controller has ability to handle com-
plexity, nonlinearity and unpredictable behaviour of actua-
tor dynamics in active suspension system. The overall lay-
out of fuzzy controller used in full car modelled active sus-
pension system is shown in Fig. 2. The actual suspension
travel of each wheel act as control parameter for fuzzy con-
troller.

Suspension

Defuzzification L
System

Inference
mechanism

, Ne9)
Fuzzification L_a‘d

Fig. 2 Overall layout of Fuzzy controller
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The fuzzification stage converts the error e(k) and
error change ec(k) of suspension deflection into fuzzy val-
ues with help of membership function. The fuzzy rules
which are designed based on expert knowledge has been ap-
plied in inference mechanism.

0

-0.3 0

Fig. 3 Membership function for Fuzzy controller

The triangular membership function with five lin-
guistic variable represented in in Fig. 3. These membership
function converts the real input data into fuzzy values. A
classic interpretation of Mamdani [24] was used as rule ba-
sis. The range of input variable and output variable were de-
termined by the simulation results in different conditions.
The rules table for fuzzy logic control is shown in Table 2.
Minimizing the vertical displacement of the automobile
body is the basis of constructing the fuzzy control rules.

Table 2
Fuzzy rules for controller

e(k) NEB | NES | ZER | PES | PEB
lec(k)

NEB | NEB | NEB | NES | NES | ZER
NES | NEB | NES | NES | ZER | PES
ZER | NES | NES | ZER | PES | PES
PES | NEM | ZER | PES | PES | PEB
PEB | ZER | PES | PES | PEB | PEB

The abbreviations used correspond to: NEB: Negative Big; NES: Negative
Small; ZER: Zero; PES: Positive Small; PEB: Positive Big; e (k): Error;
ec(k): change in error.

Defuzzification process converts the fuzzy values
obtained membership function into real output data as con-
trol voltage which drives servo valve. Among the many de-
fuzzification methods, centroid method is simple and easy
to use for control application [25]. The centroid defuzzifica-
tion technique can be expressed as:

Z,uA(Z)ZdZ
Z,uA(Z)dZ l

CcoG —

y4 (8)

where: Zcog is the crisp output, 1a(z) is the aggregated mem-
bership function and z is the output variable.

4. Simulation

The simulation was carried out for active suspen-
sion system using full car model described in section 2. The



performance of proposed fuzzy controller measured against
passive and Proportional Integral Derivative (PID) control
of Active suspension system. The variables namely body
displacement, suspension travel, control force, body Accel-
eration of each wheel measured find the performance of pro-
posed fuzzy controller.

The road input for each wheel of full car model
[26-28] indicated in equations (9-11). There will be small
change in height of road Z; and Z, in order to measure the
roll angle of full car model.

_|0.15(1-cos(2at)) 1<t<2 )
" 0 otherwise '
0.1(1-cos(2xt 1<t<2
= |0Hmes(@m) (10)
0 otherwise
0.1(1-cos(2xt 6<t<7
Zr3,r4 = { ( ( ) ) R (11)
0 otherwise

The response of front wheel at corner 1 for given
road profile is represented in Fig. 4 which indicates the re-
sponse of passive, PID and fuzzy active suspension for var-
ious suspension parameter. Table 3 lists the root mean
squared values of suspension parameters used for simulation
of full car model. The Passive suspension of corner 1 has
displacement of 2.94 cm and long settling time compare to
fuzzy controller which has wheel displacement of 2.44 cm
and less settling time. The acceleration of fuzzy controlled
suspension is 0.7252 m/s? which is far better than 1.01 m/s?
of passive suspension. Hence a fuzzy controller reduces the
body displacement and acceleration of corner 1 better than
passive suspension system.

The response of front wheel at corner 2 for given
road profile is represented in Fig. 5 which indicates the re-
sponse of passive, PID and fuzzy active suspension for var-
ious suspension parameter. The Passive suspension of cor-
ner 2 has displacement of 2.23 cm and long settling time
compare to fuzzy controller which has displacement of 0.79
cm and less settling time. The acceleration of fuzzy con-
trolled suspension is 0.5063 m/s?> which is far better than
0.7984 m/s? of passive suspension. Hence a fuzzy controller
reduces the body displacement and acceleration of corner 2
better than passive suspension system.

The response of front wheel 3 at corner 3 is repre-
sented in Fig. 6. The suspension travel of passive suspension
of corner 3 is 0.7513 cm whereas suspension travel of fuzzy
controller is 0.2407 cm. The acceleration of fuzzy controlled
suspension is 0.4786 m/s? which is better than 0.6226 m/s?
of passive suspension. So, fuzzy controller reduces suspen-
sion travel and acceleration better than passive suspension
system.

The response of front wheel 4 at corner 4 for given
road profile is represented in Fig. 7 which indicates the re-
sponse of passive, PID and fuzzy active suspension for var-
ious suspension parameter. The Passive suspension of cor-
ner 4 has displacement of 2.04 cm and long settling time
compare to fuzzy controller which has displacement of
1.674 cm and less settling time. The acceleration of fuzzy
controlled suspension is 0.4865 m/s? which is far better than
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0.6406 m/s? passive suspension. Hence a fuzzy controller
reduces the body displacement and acceleration better than
passive suspension system.

Table 3 lists root mean squared values of displace-
ment, suspension travel and acceleration of corner at 1, 2, 3,
4 respectively. It also indicates displacement, pitch angle,
roll angle of whole body for passive, PID and fuzzy con-
trolled suspension system. This result indicates that fuzzy
controller reduces suspension travel and vertical accelera-
tion amplitude of suspension significantly compare to pas-
sive and PID suspension. It indicates that the ride comfort
of the passengers is improved greatly by using the proposed
Fuzzy logic controller.

Table 3
Root mean squared value of suspension parameter
Root Mean Squared Value
Position Parameter -
Passive PID Fuzzy
Displacement 2.9462 2.4974 2.4452
Corner1 | (cm)
Suspension 0.8764 0.2626 0.1745
Travel (cm)
Acceleration 1.0106 0.6583 0.7252
(m/s?)
Displacement 2.2378 1.9673 1.9349
Corner2 | (cm)
Suspension 0.7633 0.3512 0.2478
Travel (cm)
Acceleration 0.7984 0.5336 0.5063
(m/s?)
Displacement 2.0168 1.6943 1.666
(cm)
Corner 3 | Suspension 0.7513 0.2965 0.2407
Travel (cm)
Acceleration 0.6226 0.4349 0.4786
(m/s?)
Displacement 2.0416 1.6971 1.674
Corner 4 | (cm)
Suspension .8040 0.3080 0.2874
Travel (cm)
Acceleration 0.6406 0.4363 .48654
(m/s?)
Displacement 1.710 1.4792 1.442
Body (m)
Acceleration 0.5832 0.3917 0.4288
(m/s?)
Pitch angle 0.6774 0.5722 0.5667
(Deg)
Roll Angle 0.4141 0.3037 0.2927
(Deg)

The whole body vertical motion about CG indi-
cated by body displacement. The vehicle body motion for
given road profile is represented in Fig. 8. The body dis-
placement of fuzzy controlled suspension is 1.442 cm which
is less than 1.710 cm of passive suspension. The accelera-
tion of vehicle body in Fig. 9 indicates that fuzzy controlled
suspension has acceleration of 0.4288 m/s? which is less
than passive suspension system. This simulation results
shows that fuzzy controlled suspension for full car model
provide better ride comfort and stability than passive sus-
pension system. The performance of proposed controller
mainly depends on body displacement, acceleration, roll and
pitch angle of full car model. But the roll and pitch angle
cannot be measured in quarter car model of active suspen-
sion system.
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The up and down motion of vehicle body about

pitch axis is represented by pitch angle. The pitch angle of
passive, PID and fuzzy controlled suspension represented in
Fig. 10. The fuzzy controlled suspension has less deviation
of pitch angle compare to deviation of passive suspension
system. The oscillating motion of whole body about roll axis
indicated by roll angle. The rolling angle of passive, PID
and fuzzy controlled suspension represented in Fig. 11. The
fuzzy controller based active suspension has less deviation
compare to passive suspension system.

5. Conclusions

The seven-degree-of-freedom full car model based
suspension has nonlinear characteristics as a result of its hy-
draulic components has increased the difficulty of creating
mathematical model for active suspension system. In real
time, the model based controller do not give better result due
to its nonlinear behaviour of actuators used in active suspen-
sion system. The proposed fuzzy controller results have
demonstrated that the magnitudes of the body displacement
and acceleration are decreased as well as the resonance peak
due to vehicle body is eliminated significantly compare to
model based controller. The simulation of proposed fuzzy
controller for active suspension system has confirmed im-
provement of the ride comfort in vehicles.
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FUZZY CONTROL OF ACTIVE SUSPENSION
SYSTEM USING FULL CAR MODEL

Summary

Fuzzy logic technique has been proposed to control
full car model based active suspension system. The full car
model has been used to simulate the mathematical model of
active suspension system. The performance of proposed
controller mainly depends on body displacement, accelera-
tion, roll and pitch angle of full car model. But the roll and
pitch angle cannot be measured in quarter car model of ac-
tive suspension system. The dynamic nature of suspension
system and complex nonlinear characteristics of actuating
system has increased the difficulty of creating mathematical
model for active suspension system. In real time, the con-
troller designed based on analytical method will not give
better result due to its complex mathematical model. The
fuzzy logic technique has able to give better performance
for active suspension system irrespective of the complex na-
ture of mathematical model of suspension system. This pa-
per describes mathematical model of suspension system
with fuzzy controller in order to obtain vehicle response for
range of road input. The result of simulation will confirm
the performance of fuzzy logic controller for active suspen-
sion system.
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PID control.
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