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The objective of this paper is to analyze and control of semi-active suspension system for a
quarter car model. The model of system is developed in SIMULINK. The performance
characteristic of semi-active system is analysed in terms of ride comfort and its road
holding ability. These characteristics are determined in terms of body acceleration, relative
tyre force and relative wheel deflection by using different control strategies like PID,
Neural Network and ANFIS. The results obtained by each controller is compared and
analysed. The results indicate that the semi-active suspension system provides balance
between ride comfort and road holding. ANFIS control provides better ride comfort as
compared to Neural Network and PID.
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INTRODUCTION

A suspension system is a crucial part of all the automobiles
which consist of three elements broadly. Firstly, an elastic
element, usually it is a coil spring its role is to deliver a force
which is proportional and opposite of the elongation in the
suspension. It mainly deals with the entire static load in the
system. Secondly, a damping element, it is commonly called
as shock absorber, its function is to provide a force which is
dissipative in nature also proportional and opposite of the
elongation speed. Unlike elastic element it has negligible role
in carrying static load, it is crucial when dealing with the
dynamic behavior of the system. Lastly, mechanical elements
called link, its purpose is to link sprung mass with the
unsprung mass of the system, that is, and it is responsible for
the suspension kinematics. Thus, an automotive suspension
system has various functions to perform which helps in
comfort driving from driver and passenger perspective [1, 2].

1. Vehicle posture should be maintained properly, when
vehicle is subjected to various internal and external
forces.

2. Vibration caused by road roughness input should be
isolated, as it is the major disturbance for the vehicle.

3. Good road handling must be assured.

4. Suspension stroke must be optimized; it must be
neither excessive nor lacking in response to any
disturbance.
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It is because of the conflicting nature of the suspension
system. If the suspension damping co-efficient is kept low, it
provides low body acceleration, that is, more ride comfort but
large tire displacement, that is, less road holding capacity, on
the other hand if the suspension damping coefficient is kept
high, and it provides small tire displacement, that is, good
road holding condition and stability but large body
acceleration. So, to reduce the effects of this conflicting
nature led to the development of active and semi-active
suspensions. Active suspensions use force actuators and Semi
Active use rheological fluid dampers or Electrohydraulic
damper. Only dissipation of energy takes place, if passive
semi-active suspension system damper is used, but an active
suspension system can generate a force in any direction
without considering the direction of relative velocity across it.
A good control strategy can help to remove this conflicting
nature of the suspension system of either achieving comfort or
maintaining stability. But active suspension system is very
expensive for commercial use because of their large power
requirements and complexity in manufacturing and
controlling. So, most of the car manufacturers prefer semi-
active damper, because of their ability of changing damping
characteristics by providing only a small external power
source. Semi active suspension system is more reliable with
less complexity in operation also is more cost effective than
active suspension system. So, they are becoming more and
more popular for commercial vehicle.

Related Work
Passive suspension systems are non-controlled suspension
system, which are having a fixed damping coefficient, which
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could provide either the road comfort if high damping
coefficient dampers are used or the road holding condition if
low damping coefficient dampers are used. So, to overcome
this conflicting problem, Hrovart [2] in 1997, published a
survey on electronically controlled suspension system, which
could vary damping coefficient on the basis of road obstacles
and thus can fulfill the objective of both ride comfort and road
holding. The effect on performance of these electronically
controlled suspension system was explained theoretically.
Electronically controlled suspension system is further
classified as active suspension system and semi-active
suspension system based on their use of energy to actuate the
damper. Semi-active suspension system uses relatively small
amount of energy as compared to active suspension system to
actuate the damper to change its damping coefficient. Later, in
2009, Wang et al.[3] compared the semi-active suspension
system with passive suspension system, although he has used
different system which is railway vehicle, rather than a car
model, but vertical acceleration was observed to be low in
case of semi-active suspension system, thus semi-active
suspension system is better irrespective of system. Speltaa et
al.[4] did a new analytical study by changing both spring
stiffness and damping coefficient of the semi-active
suspension system with a variable damping and stiffness and
checked the performance of system in terms of comfort and
again found it to be better than passive system. Eltantawie [5]
in 2012, used decentralized neuro-fuzzy controller to analyse
the ride comfort and stability of the vehicle. simulink was
used to estimate ride comfort in terms of acceleration and
again the results were compared with the passive suspension
system. Again in 2015, Hrovart et al. [6] provided a insight to
the active and semi-active suspension system by discussing
various results on basis of hardware implementation of this
suspension system. Deshpande et al.[7] in 2016, provided the
additional performance parameters to observe the nature of
suspension system other than body acceleration, that is,
relative suspension deflection and relative tyre force, however
simulation was carried out on active suspension system, but
not on semi-active suspension system.

In current paper, a new semi-active suspension system is
modeled in simulink with an additional equation which will
provide variable damping force and also, the performance is
evaluated in terms of new parameters that is relative
suspension deflection and relative tyre force apart from the
body acceleration and also, the comparative analysis of semi-
active suspension performance is done by using different
control strategies like PID, neural network and ANFIS.

METHODOLOGY

Block Diagram

For the suspension system, thus, the interest lies only in
knowing the damping force (Fq), which will directly affects
the passenger comfort, so, the output is damping force from
the mechanical system, and the input is damping actuation
(L), which is received by the electric system, after being
sensed by the sensor, and another input is deflection speed
(x*), as it will determine the damping force.

Here, J is the physical signal, which is used as a signal to
operate the valve of the damper. It is generally current for
electric system. Thus, this block diagram as shown in Figure
1, explains, how actually the system will work, when passive
damper will be replaced by hydraulic or rheological damper.

y*

—» Mechanical
A

J

Electrical

i

Fig 1 Block Diagram

Mathematical Modeling

Figure 2 is depicting the model of a semi active suspension
system of quarter car. Here, damper c; and spring k. are
coupling the unsprung mass and the sprung mass together,
where sprung mass is mass of the chassis (or mass above
suspension system) and unsprung mass is the mass of the
wheel and tyre and the links connecting the chassis to the
wheel. Damper chosen is magnetorheological. Also, the tyre
is considered equivalent to spring Kk,

Disturbances are also assumed to be zero in this model, as it
has main effect during braking and steering conditions, it can
be calculated in separate problem statement and can be
coupled with these results [3].

z
ms

Z;

Zy kt

Fig 2 Semi-active suspension model

Dynamic equations for the above model [1] are,

msZ = _ks(Z - Zt) — ¢z - Zt) @
muZ't = ks(Z - Zt) + CS(Z' —Zt — kt<Zt - Zr) (2)
Co = _ﬁcs + ﬁci (3)

Here, c.and c;are actual and requested coefficient of dampers,
and [ is controller damper actuator bandwidth.

But, these equations will provide the non-linear result, which
is difficult to simulate also do not give the correct analysis,
therefore Sergio et al. [1] in their paper used the linear time
invariant (LTI) oriented method to change this system into
linear system which can be used for designing and controlling
purpose. The proposed equations of the linearized models
are:-
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mz = —ky(z—2,) — co(z — 2,) — Fp (4)
myz, =ky(z—z)+c;(Z—2z)— kt'(Zt —2z)+Fp ®)
Fp =—BFp, +Bu (6)

Here, Fp is the actual damping force and u is the requested
damping force. u is requested by the damper when an obstacle
is met on the road, this can be greater or smaller than the Fp
depending on the intensity of the obstacle. The requested
damping force, as given by u can be obtained by using
additional controller like PID, neural network or adaptive
neuro-fuzzy inference system.

State variables are used to develop the dynamic model of
suspension system. State variable are:-

The tyre in the above equation is modelled as linear spring; its
dynamic equation is denoted by F;

X1 =2z ()
X, =2 8)
X3 = Zt ©)
X4 = Z; (10)

The tyre in the above equation is modelled as linear spring, its
dynamic equation is denoted by F;

Fp = k(x; — z,) (112)

Performance Parameters

Performance parameters for analysing the semi-active
suspension system are:-

1. Sprung mass acceleration to estimate ride comfort

2. Relative suspension deflection so that suspension deflection
remains within space limit.

3. Relative tyre deflection to ensure road holding.

Relative suspension deflection (RSD) is the ratio of
suspension deflection to rattle space limit.

RSD = (X; — X3) / X, (12)

Relative tyre force (RTF) is ratio of tyre load under dynamic
condition to static load of tyre.

RTF=F/(ms+my)g (13)

Table 1 Automotive Parameters (Reference Model) [1]

Value Unit Meaning
400 Kg Sprung mass (ms)
50 Kg Unsprung mass (my,
30,000 N/m Front suspension linearized stiffness(ks)
20,000 N/m Rear suspension linearized stiffness
1500 N/m/s  Front suspension linearized damping(cs)
3000 N/m/s  Rear suspension linearized damping
200,000 N/m  Tire stiffness(k;)
50 Rad/s  Suspension actuator bandwidth(b)
0.08 m Rattle space limit(xg)

Control Technigues

The control strategies that are used in analyzing the
performance characteristics are discussed explaining how they
are used to take the input signal and providing the output
signal after comparing with the feedback signal.

Case 1: PID

A road input is provided to the PID controller, this PID
controller is configured with semi-active suspension system,
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this system, provides a chassis deflection, as an feedback
signal, now comparing this feedback with the road input, an
error signal is send back to PID controller, which will tune the
signal, so as minimize the chassis displacement, which will
reduce the vertical body acceleration of the system in order to
achieve ride comfort.

Case 2: Neural Network

In this case, the feedback signal is provided to the neural
network, neural network trains the system on the basis of
error signal obtained by comparing the road input signal to the
feedback signal. After training the system, so as reduce the
vertical chassis displacement, the results will be compared
again, to check minimum error, and will continue, till we get
minimum error signal. This will ultimately reduce the vertical
body acceleration so as to improve the ride comfort.

Case 3: Adaptive Neuro-fuzzy Inference System

The control strategy is again replaced by the ANFIS; it is to
obtain the benefit of both neural network and fuzzy logic. In
this first fuzzy logic is used to extract the rules from the road
input signal and vertical chassis displacement value. Now,
neural network will train the results obtained by this fuzzy
rule, and thus, the benefit of both neural and fuzzy are used to
further reduce the vertical chassis displacement and provide
further ride comfort by reducing vertical body acceleration.

RESULTS AND DISCUSSION

The various performance characteristics value that is obtained
by using different control strategies is discussed along with
the comparative analysis.

Input Parameters

Reference values for analysing the performance [7]
Suspension rattle space =0.08 m

Road irregularity = considering bump peak of 25% higher
than the suspension rattle space

Road irregularity peak = [0.08 + ((25/100) * 0.08)] = 0.1 m

015

Sgelt

415

Time (sec)

Fig 3 Input Road Profile

Fig. 3 shows the input road signal which is provided to the
system. This signal is same as Deshpande [7] has used in
modeling. This signal has a maximum peak of 25% greater
than the rattle space available.
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Semi-Active System Model In Simulink

By using (equation 4, equation 5, equation 6), analysis of
system performance is done by evaluating the values body
acceleration, relative suspension deflection and relative tyre
force. To further improve the performance of the semi-active
suspension system, controller is added, which will take the
damping force requested by the MR damper as the reference
force, and will provide the required force. Controller will
automatically adjust the value of damping force required so as
to provide maximum comfort and minimum tire deflection
and hence minimum tyre force and overall pleasant ride.

Case 1: PID
Body Acceleration

Fig. 4 shows the response of the system, when semi-active
suspension system is used with the PID controller. Here, the
peak value of body acceleration is 0.8 m/s?, the response on
the road profile is similar to that of the passive system, and
hence the system is assumed to behave properly.

1

e} I—

0

SR

Body Acceleration m/s?
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Fig 4 Body Acceleration Using PID
Relative Suspension Deflection

Fig. 5 shows relative suspension deflection is having its peak
value at 0.6, which is less than one. Hence, the suspension
travel is within the rattle space and makes the system suitable
for evaluating the ride comfort.

Relative Tyre Force

Fig. 6 shows the relative tyre force measured to be at its peak
value at 0.81, which indicates that the dynamic tyre force is
quite less than the static tyre force.
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Fig 5 Relative Suspension Deflection Using PID
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Fig 6 Relative Tyre Force Using PID
Case 2: Neural Network

Body Acceleration

Fig. 7 shows the response of the system, when semi-active
suspension system is used with the neural network controller.
Here, the peak value of body acceleration is 0.7 m/s%. The
response on the road profile is similar to that of the passive
system, and the system is assumed to behave properly.
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Fig 7 Body Acceleration Using NEURAL NETWORK
Relative Suspension Deflection

Fig. 8 shows relative suspension deflection is having its peak
value at 0.65, which is less than one. Hence, the suspension
travel is within the rattle space, thus it is making the system
suitable for evaluating ride comfort.

Relative Tyre Force

Fig. 9 shows the relative tyre force measured to be at its peak
value at 0.09, which indicates that dynamic tyre force is quite
less than the static tyre force.
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Fig 8 Relative Suspension Deflection Using NEURAL NETWORK
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relative tyre force
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Fig 9 Relative Tyre Force Using NEURAL NETWORK

Case 3: Adaptive Neuro-fuzzy Inference System
Body Acceleration

Fig. 10 shows the response of the system, when semi-active
suspension system is used with the neural network controller.
Here, the peak value of body acceleration is 0.6 m/s’.
The response on the road profile is similar to that of the
passive system, and hence the system is assumed to behave
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Fig. 10 Body Acceleration Using ANFIS

Relative Suspension Deflection

Fig. 11 shows relative suspension deflection is having its peak
value at 0.14, which is less than one; hence the suspension
travel is within the rattle space, thus making the system
suitable for evaluating ride comfort.

Relative Tyre Force

Fig. 12 shows the relative tyre force measured to be at its
peak value at 0.055, which indicates that dynamic tyre force is
quite less than the static tyre force.

relative suspension deflection

i L L i i
x] 5 10 15 20 25 30
Time(sec)

Fig 11 Relative Suspension Deflection Using ANFIS
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Fig 12 Relative Tyre Force Using ANFIS

Comparative Analysis Based On Results Obtained From
Different Controllers

From the above analysis of the performance parameter, it is
seen that the proposed model is working properly.
The condition of relative suspension deflection is, it should be
less than one, as it will deflect only in available rattle space.
Each controller has adjusted its value of suspension deflection
accordingly. Further in each model, it is seen that relative tyre
force is very less, which indicates in each system, dynamic
tyre force is much less than the static tyre force.

Table 2 Body acceleration comparisons

Body acceleration

S.No. Controllers (m/s?)
1. PID 0.8
2. NEURAL 0.7
3. ANFIS 0.6

Comparison of body acceleration is shown in Table 2, it is
seen that, ANFIS is giving an experience of least body
acceleration, thus making a ride more comfort for the
passenger as compared to the suspension system, which is
getting external power source by PID controller and Neural
Network. The choice of controller also depends on the use and
cost efficiency of the suspension system, external power
source can be preferred by any control strategy as each
controller provides very less acceleration, but when precision
is required as in case of sports vehicles, the controller which
provides least body acceleration should be preferred.

CONCLUSION

The semi-active suspension modelling was done in simulink
using linearized equations of variable damping force.
Semi-active suspension system is controlled by PI, neural
network and ANFIS and analysed for performance parameters
that is relative suspension deflection, relative tyre force and
body acceleration. It is seen that relative suspension
deflection, is always less than 1, in all the cases of PID
controller, Neural Network and ANFIS, which indicates that
suspension will always travel in its rattle space without
providing any physical damage to the system. Relative tyre
force is very less than one, in every case, which ensures that
dynamic force on tyre will not overtake the static tyre force on
the tyre. Body acceleration is less in all the cases but
with the change of control techniques. It was also observed
that the body acceleration showed a drastic change in its value
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with least acceleration, observed in case of ANFIS i.e, 0.6
m/s? and most in case of PID i.e.0.8 m/s?.
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