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Abstract. A hybrid intelligent control technique based on combination of neural network and
fuzzy logic will be proposed for hydraulic actuated active suspension system. A half car model
will be used for design of Adaptive Neuro Fuzzy Inference System (ANFIS) controller for
hydraulic actuated active suspension. The nonlinear behavior of hydraulic system and uncertain
parameters in active suspension has increased the difficulty of creating mathematical model for
active suspension system. The performance of most of the classical controller depends on nature
of mathematical model of system. Hence it is very difficult to create classical controller without
mathematical model of a system. Fuzzy logic controller has ability to predict the behavior of
system without the need of mathematical model of a system. In this paper, ANFIS controller
proposed for active suspension due to its ability to handle actuator dynamics and parameter
uncertainty in hydraulic actuator. The simulation carried out for sinusoidal road profile in order to
measure the performance of proposed controller. The result of simulation indicates performance
of the ANFIS controller for active suspension with actuator dynamics.
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1. Introduction

A suspension system is a mechanism which consist of spring and damping element connected
between wheel and car body. The suspension plays an important role to control the vertical
dynamics of car body. The performance and characteristics of suspension system mainly depends
on ride comfort and stability control of vehicle [1]. A better ride comfort can be achieved by using
soft suspension, whereas better stability can be achieved with the help of hard suspension. The
design of suspension involves optimization process where the elements are selected between soft
and hard suspension. A suspension is normally classified into passive suspension, semi-active
suspension and active suspension. Nowadays, lot of research works are going on [2-5] active
suspension system because of its ability to operate wide range of frequency and forces. The
performance of active suspension system obtained by measuring suspension travel and
acceleration of vehicle body. Due to the development of microcontroller and computers [6-8], the
real time implementation of active suspension can be done more effectively. The effect of ride
comfort on suspension can be measured with the help of body acceleration of vehicle. Similarly,
the performance of stability can be measured with the help of suspension travel.

An active suspension consists of spring, mass, damper and linear actuator which can be
controlled with the help of on board sensor and controller. The nonlinear behaviour of hydraulic
system and uncertain parameters in active suspension has increased the difficulty of creating
mathematical model for active suspension system. A lot of investigation carried out by various
researchers to design a controller for active suspension system. The performance of most of the
classical controller depends on nature of mathematical model of system. Hence, the development
of classical controller without mathematical model would be difficult for active suspension. The
mathematical model of hydraulic actuator is difficult to create due to its complexity and
unpredictable behaviour [9-13].

Alleyne and Hedrick developed a nonlinear controller based on sliding mode theory to handle
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hydraulic actuator dynamics in active suspension system [14]. The result of simulation indicates
active suspension improves the performance of suspension better than passive suspension. Hrovat
[15] addressed optimal controller for active suspension system using half car and full car model.
He also discussed some issues in mathematical model of system. Williams [16] developed
quatratic regulator controlled active suspension system using quarter car model.

Fuzzy logic has been employed in the field of active suspension in order to overcome the issues
in mathematical model of active suspension. Fuzzy controller has ability to predict the behaviour
of system without any mathematical model of a system. Rao and Prahlad [17] introduced fuzzy
controller for active suspension using quarter car model where suspension travel and its derivative
act as input to fuzzy controller. D’ Amato and Viassolo [18] proposed a method to reduce vertical
acceleration as well as vertical body displacement using fuzzy logic. Huang and Lin [19]
developed adaptive fuzzy sliding controller where sliding function act as input and chattering
effect can be eliminated using fuzzy controller at control output.

The rest of paper is arranged as follow. The mathematical model of half car model and its
governing equation derived in Section 2. Section 3 explain the design of adaptive neuro fuzzy
controller for half car model. The simulation and its result described in Section 4 and the
conclusion in Section 5.

2. Modeling of suspension system
2.1. Mathematical modeling

The half car model of suspension system including actuator dynamics can be modeled as
shown in Fig. 1. The mass of the vehicle represented by symbol m;. The front and rear mass of
wheel indicated by m,, s, m,,,.. The stiffness and damping of front suspension namely kg, bss
placed between front wheel and body. Similarly, stiffness and damping of rear suspension namely
ks, bs placed between rear wheel and body. Hydraulic system will be used to generate front and
rear actuator force through hydraulic servo valve. x; ¢ and x,,, are the vertical displacements of
the car body at front and rear corner respectively. X, and X, indicates vertical displacement of
front and rear wheel. Table 1 lists the parameters of the hydraulic actuated active suspension
system.

Xork

b4
ksr Csr Cg f ks n
ur F, p
mwf

klr ktf

R i N |

Fig. 1. Half car suspension model
2.2. System description

The dynamics for the suspension system, including the actuator and when the suspension travel
is below its physical limit, is described by the linear Egs. (1-4):
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mbbéb + ksr(xbr - xwr) + Csr(jcbr - kwr) + ksf(xbf - xwf)

+esp(%pr — Xyp) = Fur + Fup, W
1,8 + Likg, Oy = %) + Licgy (R — %) — lzksf(xbf - xwf) - lzcsf(jcbf - wa) )
=LE, - lZFufJ
mwrkwr - ksr(xbr — Xwr) — Csr(jcbr - J‘er) + ktr(xwr - Wrr) = Fur' (3)
Myypy = lesp (Xor = Xup) = Cop (Sonp = Fup) + kep (uy = Wig) = Fup. )

The actuator force developed by hydraulic actuator is described by the nonlinear Egs. (5-6):

. ) , sgn(x,)F,

Fup = —BFyu; — adg?(xpr — %) + TAgx, [Py — A—"”f, 5)
a

. . . sgn(x,)FE,

by = =BE,; — aAaZ(xbr — xwr) + TAgx, B (©)

N )
Aq

where a = 4Be/Vt, f = aC,, I = acqw,/1/p and x,, = k.u. k. is the conversion gain, and u
represent servo valve voltage [20]. Where X, indicate the body acceleration about C.G; X, ¢, Xy
refers to the front and rear wheel acceleration; Fyf, F,, refers to actuator force in front and rear
wheel. Four-way valve-piston system is used for modeling of hydraulic actuator [21] in which the
actuator force is calculated using f, = A,P; where A, is piston area and P; is the pressure drop
in cylinder.

Table 1. Parameter values of active suspension system

Parameter Value
Mass of the vehicle body m 500 kg
Inertial of the vehicle I, 2700 kgm?
Mass of the front and rear wheel m, ¢, m,,r 36 kg, 36 kg
Damping coefficient of front and rear suspension Cys, Cyr 980 N/m/s, 980 N/m/s
Stiffness of front and rear suspension Ky, K 16,000 N/m, 16,000 N/m,
Stiffness of front and rear tire K5, Ky 160,000 N/m, 160,000 N/m
Distance between CG and front wheel I 1.5m
Distance between CG and rear wheel . 2.5m
Hydraulic pressure P, 10,342,500 Pa
Actuator ram area 4, 3.35x10* m?
Conversion gain k. 0.001 m/V
a 4.515x10"3 N/m’
B 15!
r 1.545%10° N/m*%*kg!?

3. Intelligent controller design

The layout of ANFIS controller for active suspension is depicted in Fig. 2. ANFIS is a
combination of fuzzy logic and neural network in which neural network will be used to select the
membership function in fuzzy logic. In ANFIS model, the steepest descent method as in neural
network can be applied to modify the premise parameters and least square estimate can be applied
to adapt the consequent parameters. The five linguistic terms are Negative Big (NEB), Negative
Medium (NEM), Zero (ZER), Positive medium (PEM) and Positive Big (PEB) as show in in Fig. 3.

In this Type-2 TS fuzzy inference system, each membership function is modeled as linear
function. The structure of ANFIS controller along with layers is shown in Fig. 4. The layer 1
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creates membership values for each vector 4; and B;. i = 1... 5. The output of layer 1 is modeled
using bell shape membership function. The error and change in error values of suspension travel
act as input to layer 1. The layer 2 consist of 25 nodes which belongs to 25 rules of fuzzy controller.
This layer identifies the weights of each node by receiving input signal from layer 1. Each neuron
in layer 3 mapped with fuzzy rules in such way that to calculated firing value of each rule. The
layer 3 is non-adaptive and each node calculates the weighting function values:

W= s ™

ANFIS Controller Suspension

Fig. 2. Layout of ANFIS controller for active suspension

1 05

; 7 =— n T ; i n 0 : n —— ; : : n n
1 08 -06 04 02 o0 02 04 (g 08 1 4 08 06 04 02 0 02 04 06 08 1
Fig. 3. Input membership function for ANFIS

The layer 4 provides defuzzified values of inference mechanism which is obtained from fuzzy
rules. The node i calculate the output of this layer using following function.
w;f, = wi(p,e + q,ce + r). Where w; is the output of layer 3. Parameters in this layer {p;; q;; 1;}
are considered as the consequent parameters. The single node in layer 5 is non-adaptive which
computes the overall output of this layer. The output of layer 4 are combined together to calculate
the crisp value of controller:

a=zﬁﬁ ®)

Layer 1 Layer2 Layer3 Layard Layer 5
e Cce
(%]
e ¢
A&

-

m

ce ¢«

CO000C-D00000

Fig. 4. Structure of layers in ANFIS controller
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4. Simulation

The nonlinear half car model with hydraulic actuator dynamics was developed to perform
simulation of active suspension. The Proportional Integral derivative (PID) controller was
developed for Active suspension in order to compare the result of ANFIS control with PID and

Passive suspension.
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Fig. 5. Response of heave and pitch angle for road Zrl

The response of body displacement and pitch angle is represented in Fig. 5. Table 3 lists root
mean squared values of parameter of active suspension for sinusoidal road profile. The result
shows that ANFIS controller has body displacement of 5.949 cm which is less than 8.604 cm of
passive suspension. Similarly, the pitch angle of ANFIS controller is 6.156° which is considerably
less than pitch angle of passive and PID controller. The ride comfort is also improved by means
of the reduction of the body acceleration with the help of ANFIS controller.
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Fig. 6. Response of front suspension for road Zrf

The response of front wheel for sinusoidal road profile is represented in Fig. 6 which indicates
the response of passive, PID and ANFIS controlled active suspension for various suspension
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parameter. The Passive suspension of front wheel has high and long settling time compare to
ANFIS controller which has less wheel displacement and settling time. The acceleration of ANFIS
controlled suspension is significantly less than that of passive suspension.

Table 3. Root mean squared values of parameter of active suspension

Parameter Passive PID ANFIS

Body displacement (cm) | 8.604 6.284 5.949
Pitch angle (©) 9.446 6.875 6.1156
Acceleration (m/s?) 0.68923 | 0.47682 | 0.46781
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Fig. 8. Response of active suspension for random road profile

Hence a ANFIS controller reduces both body displacement and acceleration of front wheel
better than passive suspension system. The response of rear wheel for sinusoidal road profile is
represented in Fig. 7. The ANFIS controlled rear suspension has less peak displacement and settle
quickly compare to Passive suspension of rear wheel which has long displacement and unstable.
The response of active suspension for real road profile is shown Fig. 8. This result indicates that
ANFIS controller reduces suspension travel and vertical acceleration amplitude of suspension
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significantly compare to passive and PID suspension.

5. Experimental validation

The real time control of active suspension used in this paper is shown in Fig. 9(a). The low
cost experimental setup consists of a HILINK microcontroller board manufactured by Zeltom
Educational and Industrial Control System Company, a corresponding Simulink library for
Matlab/Simulink, DC motor with encoder, and quarter car suspension test rig. A pneumatic system
with compressor simulate the various road profile for suspension system. The relative distance
between sprung and unsprung mass can be measured by rack and pinion arrangement to control

the suspension travel of active suspension system.

a)

Fig. 9. a) Quarter car suspension test rig, b) Zeltom-Hilink real time control board

The HILINK microcontroller board includes D/A card and an encoder card as shown in
Fig. 9(b). The displacement signal was send to the computer through HILINK board after it has
been captured by the encoder. The captured signal was processed by Fuzzy controller in Simulink
block to generate a current signal for HILINK output channel. The signal from HILINK output

channel goes to amplifier which generates necessary actuator force for active suspension.
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Table 4. Root mean squared values of parameter of active suspension

Parameter Expe.rimental result
Passive | ANFIS
Body displacement (cm) 8.1 5.31
Pitch angle (0) 9.02 5.82
Acceleration (m/s?) 0.654 0.321
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The experiment is performed for final time of 14 seconds and the resulting response is shown
in Fig. 10. It shows clearly that the active suspension has better control in reducing suspension
travel in order to promote the road-holding capability of a car than with the passive suspension.
The experimental value in Table 4 indicates that the ride comfort of the passengers is improved
greatly by using the proposed ANFIS controller. This experimental result shows that ANFIS
controlled active suspension for half car model provides better ride comfort and stability than
passive suspension system.

6. Conclusions

Adaptive neuro fuzzy inference system (ANFIS) controller will be proposed for hydraulic
actuated active suspension system due to the difficulty of deriving mathematical model of active
suspension. The multivariable, nonlinear and uncertainty in actuator has increased the difficulty
design of conventional controller so that it will not perform well. In this paper, Hybrid intelligent
control consist of neural network and fuzzy logic has been implemented to adapt the actuator
dynamics and model uncertainty in active suspension. The performance of fuzzy logic depends on
membership function which has been desired by knowledge of expert. Hence, neural network is
used to train the membership function and control rules of fuzzy logic in order to improve the
performance of controller. The simulation is carried out for sinusoidal road profile where the body
displacement and pitch angle of ANFIS controlled active suspension system is significantly less
compare to PID controlled suspension system. The result of simulation indicates performance of
the ANFIS controlled half car model based active suspension with actuator dynamics.
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