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Comparative Study and Analysis of Suspension Systems
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Abstract: Conventional passive suspension systems are unable to handle the tradeoff between ride
comfort and vehicle stability. Ride comfort can be analyzed by vehicle’s body and passenger seat
displacement, while vehicle stability can be examined by degree of freedoms (D.O.F) like pitch and
roll. Semi-active and Takagi Sugeno Kang (TSK) based active control systems are implemented in
MATLAB/SIMULINK, to better deal with this tradeoff. Adaptive TSK controllers consist of different
degree of fulfillment (DOF), differentiating control strategies to others. Irregular road surfaces are
taken into account to analyze the performance of passive, semi-active and active control systems. For
better comparative analysis, optimal performance index is selected to show the most effective
suspension system. The result shows that active suspension systems with TSK based control strategies
have better pitch, roll and heave displacement; therefore they are able to better handle the tradeoff
between vehicle stability and passenger comfort compared to other suspension systems.

Copyright © 2012 IFSA.

Keywords: Active suspension system, Fuzzy logic control, Takagi Sugeno Kang, Full-car model.

1. Introduction

Suspension system is the crucial part of vehicle’s body; its main purpose is to isolate the body of
vehicle from wheels and to reduce the vertical accelerations transferred from road to passenger seat, so
as to offer better ride comfort. Usually, automotive suspension structures cannot handle the tradeoff
between conflicting measures that are road handling and ride comfort of passenger. The suspension
system should offer better handling of car and should isolate passenger from any disturbances. Good
ride comfort can be offered by suspension with soft stiffness, whereas stiff suspension can facilitate
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good road handling of the vehicle. The conventional or passive suspension fails to maintain the
tradeoff between these two criterions, the parameters of suspension are in general fixed and they
cannot be adapted to road surface. This in return gives very discomfort feeling to passenger if the
stiffness is hard or it affects vehicle instability when stiffness is soft. In passive suspension system,
spring absorbs all the energy and the damper then dissipates this energy in the form of heat. If damping
of the suspension is changed on runtime the suspension is semi-active. Active suspension has
advantage over passive suspension that it can introduce external power in the system to dissipate
energy. So, it can adapt its parameters with respect to changing road disturbances.

To achieve better road handling and ride comfort, numerous researches have been carried out on half-
car model and full-car model, involving semi-active and fully active strategies to enhance the
suspension systems. In [1], Rahmi used active suspension with PID based controller and applied it on
full-car model. The response of vehicle was observed by using four of the controllers in four tires
suspensions and one under passenger seat. It was observed that PID active control suspensions
provided more ride comfort than passive suspension. In [2], Aws used semi-active suspensions with
fuzzy based controller and applied it on half-car model. Aws used fewer rules for fuzzy controller in
comparison to fuzzy controller in [3] and still provided better efficiency. The fuzzy based controller
was further compared with passive and LQR controller, performing better results than all others. Sinasi
[4], has compared active and passive suspensions and gave thorough analysis of active and passive
suspension, and discussed their limitations and their advantages. Sinasi, recommended active system
as the most efficient system but discussed the high cost of active system, which is the main problem
for active system to be placed in normal passenger vehicles. Sara [5], has analyzed quarter-car model
and applied different semi-active controls which include fuzzy, optimal and optimal neural network
control so as to avoid the critical effect caused by vibrations on human health. It was observed that
optimal neural network providing best comfort to human than rest of the controllers. Yahya [6], has
used LQR control as active control on quarter-car model and compared the results with passive
suspension. Christophe [7], didn’t use any model of car and took direct values from physical car with
the help of sensors. These values were fed to dampers which provided the required force. Results of
this control were physically checked on different test tracks. The formulated controller can be tuned
online very efficiently and easily. According to Christophe this model free technique can be applied to
any type of suspension, whether it is semi-active or active control. Salah [8], has used neuro fuzzy
controller for semi-active suspension and applied it on quarter-car model, incorporating neural and
fuzzy logic. It was observed that the fuzzy controller requires less rules and good damping ability was
observed for different road profiles. Moreover, suspension working space and tire dynamic load were
also improved. Kumar [9], has used PID Controller as an active controller. He compared it with
passive suspension, the results of his research have shown active suspension performing better than
passive by reducing sprung mass displacement, acceleration and suspension travel.

With the progress in the control technology, electronically controlled suspensions have increased
importance. This type of suspension has active elements, which are controlled by microprocessor and
better performance in vehicle response can be obtained [10, 11]. Fuzzy logic Control (FLC) has
advantage over other strategies that is in this type of control accurate representation of system is not
required. Since the system depends on measurements from different sensors, which can be inaccurate
so fuzzy control strategy is ideal in this case. Due to these advantages this kind of control strategy is
suitable for overcoming the trade-off between the passenger safety and vehicle stability.

For better performance of active suspensions, the controllers should have the ability to provide better
adaptation to changing road profiles [12]. TSK controller is designed in this study for active
suspension system, so the control parameters should adapt to changing road conditions. In this study
suspension system for full-car model is taken into account for varying road disturbances. The
suspension system should be proficient enough to not allow large oscillations and to dissipate the
oscillations rapidly.

82



Sensors & Transducers Journal, Vol. 17, Special Issue, December 2012, pp. 81-97

For the active suspension system there are two different strategies. In the first strategy, the suspension
system comprises controllers without seat control. In the second strategy, seat is also controlled with
suspensions to bring more passenger comfort.

The paper is coordinated into six sections. Section 2, discusses the full-car’s model. Semi-active
suspension control is discussed in Section 3. Section 4, discusses active suspension techniques (TSK).
All the models with full-car suspension model implementation in MATLAB/SIMULINK with result
comparisons are discussed in section 5. Section 6 concludes the research.

2. Vehicle’s Model

The 8-D.0.Fs full-car model has all likely control actions that are heave, pitch and roll displacements
that are taken for proper analysis. The model comprises passenger seat, unsprung mass (mass of
wheels assemblage) and sprung mass (mass supported on springs). Sprung mass (vehicle body) is
supported on springs and dampers, while unsprung mass (i.e., for tires) only spring is taken in the
consideration ignoring dampers. The sprung mass has 3-D.O.Fs i.e., heave, pitch and roll, the seat has
1-D.O.F and rest 4-D.0O.Fs are of 4 wheels or unsprung masses. Using the Newton's 2nd law of motion
and free body diagram, the equations for the 8-D.O.F motions are inferred [13].

The general class of nonlinear MIMO system is described by:
p
Y= (X)+ZZBU(X)U]+ZZGH XZj, (1)

(rp 71)

L] L] T
where x:[yl,yl,---,yl“l‘l),---,yp,yp,---,y1 } gR" is the overall state vector, which is assumed

available and r+r,+--+r=r; u=[u,u, -, u] eR® is the control input vector,

Y=1y, Y, yp]T e R” is the output vector and z = [z,,---,z,]" € R® is the disturbance vector.

A (x),i=1,---,p are continuous non-linear functions, B;(x),i=1,---,p;j=1,---,s are continuous
non-linear control functions and G;(x), i=1,---,p;j=1,---,s are continuous non-linear disturbance
functions.

The general non-linear function is:
AKX) = [A ) A, (x) - AT )
The general control matrix B(x) and the disturbance matrix are

bll(x) bls(X)
B)=] : ©)

bpl(X) bps(X) pxs
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gll(x) gls(x)

G(x) = S 4)
gpl(x) gps(x) ps
The general output of non-linear MIMO system is:
yO = A(X) + B(X).u + G(x).z, (5)

where A(e) e R”?; B(e) e R"*; G(e) e R,

The above matrices can be shown in state-space form, with state vector x that is also represented in
row matrix form.

The generic non-linear car model is
A(X) = [Al(x) Az (X) As (X) "’ A16 (X)] (6)
X= [Xl Xy Xz oo XlG]T (7)

A, (X)to A;(x) are velocity states and A, (X) to A, (X) are acceleration states of four tires, seat, heave,
pitch and roll [1].

The disturbance inputs for each tire individually are represented in the form of z matrix.
A(x) e R B(x) e R, G(x) e R, state vector xe R™* ueR™ and ze R™Y.

zs are s disturbances applied to full-car model. us are s control outputs to the full-car model, so to
regulate the car model disturbances. y, are p states of car. rs are s desire outputs for the controller to
achieve.

3. Semi-Active Suspension

Semi-Active control is used by using Skyhook control. When unsprung mass and sprung mass moves
in opposite direction, the damper is on and force of the damper is applied. The damper is switched off
when both masses move in the same direction. Semi-active control has advantage compared to passive
suspension that it adapts to variable road profile. Furthermore, if semi-active control is failed due to
any reason, the suspension acts like a passive suspension. So risk of failure in this suspension type is
low.

F

damper = Csky x A If (A X (Asprung - Aunsprung) >0 (8)

sprung sprung

=0if (Asprung X (Asprung - Aunsprung) <0 ! (9)

I:damper

where Fyamper IS the required force needed by damper; Aunsprung 1S the velocity of unsprung mass; Asprung
is the velocity of sprung mass; Asprung for four tires can be derived out from the four equations:
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A =Z+asin @ - csin ¢ (10)
Agungy =Z +asin 6 +dsin ¢ (11)
Agpungg=Z-bsin @ -csin ¢ (12)
Agung=Z-bsin @ +dsin g , (13)

where Z, 6 and ¢ are the heave, pitch and roll displacement. A .to A ., are sprung mass
velocity of four tires.

Fig. 1 shows working of semi-active suspension.

Tﬂ Ms Ms Z

When body
separates
Body in same
direction
£

Fig. 1. Semi-active Suspension Control.

4. TSK Fuzzy Model

Takagi Sugeno Kang (TSK) fuzzy model is proposed in 1985 by Takagi-Sugeno, it is defined by fuzzy
IF-THEN rules that represent relation (input-output) of a nonlinear system [14, 15]. The TSK
reasoning method is a rule based association, which is different from linguistic model (L.M), as it uses
functional type consequent instead of fuzzy type consequent used in linguistic model. Geometrically,
the rules of the TSK reasoning model correspond to an approximation of mapping by a piecewise
linear function. Complex non-linear systems in TSK can be defined in terms of fuzzy sets, and fuzzy
reasoning is then applied to linear sub-model regions. Each local rule in TSK is represented by linear
system models. TSK can be used as a controller of active suspension strategy, for significant vehicle
comfort and stability.

The general form of TSK is given below, with antecedent part as Gaussian function, and output as
linear function:

Zvvi (8 +a% +...+3,X,)
F =12 (14)

Zm: Wi

i=1
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F== (15)

*

1 ! X| _ml - * -
Here w, =| exp— EZ ! is the DOF, y; =(a, +a,X +...+&,X, )is the consequent output
=\ Ojj

of desire DOF; x is the input, mand o are the mean and variance of Gaussian membership function
respectively.

F=dvy (16)

M-

1]
N

*\2
1< Xi_mij
exp—| —
p ZZ[

= is the normalized DOF.

Here, v, =

M-

Il
N

AN\2
T X —ms
exp— ;E( B

4.1 Update Equations for TSK

In TSK algorithm, the parameters which are to be updated are antecedent means, antecedent variances
and consequent constants of linear equations. To find these update parameters, minimization of square
of instantaneous errors between output of actual fuzzy model and current output with respect to
unknown parameters is considered. These update equations will help in minimizing the error between
the desired and actual output.

2 1
Ek:_(rk_Fk) :Eez 17)
Update equation for the coefficients of consequent part, by gradient descent method using equation
(14) and equation (17) is

2, (k+D =00 —a - =a,(k) - ave (18)

i0

Update equation for the variable of consequent part, using equation (14) and equation (17) is

oE
a; (k+1) =a; (k) - aaT: = a; (k) —avex; (19)

1

Update equation for the mean of antecedent part

* * aE * X_m|* k
m;(k+D)=m; (k) -« 6m5’ =m; (k) —av, (a, +a,X +...+8,X, — F)e‘a—z‘() (20)
i ij
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Update equation for the variance of antecedent part

* 2

el X —m. (k
oj(k+D)=0;(k)-a SEK =0, (K)—av, (a, +a,% +...+3,X, — F)eM
i

(21)

lop

where « is learning rate anda’s are TSK consequent variables for update.

4.2. Takagi Sugeno Kang 1
The antecedent and consequent part is same in TSK 1 as in TSK, antecedent and consequent

parameters update equations are also same as in TSK, but only the DOF is changed. T-norm 1 is used
for DOF, in place of product in TSK. T-norm 1 is

T (far g ) = Wy = MiN(at, ) (pi + g = pbl)”™ (22)

where u,and ugare the two membership functions. There is only one parameter in this T-norm i.e.
p;, this brings low complexity compared to two T-norms that will be discussed later. The update
equation of this parameter i.e. p; is evaluated in next sub-section.

4.2.1. Update Parameters of TSK 1

Parameter updates are derived by gradient descent rule, the error minimization is the basic goal. New
update parameter will be.

pi(t+1) = p;(t) - Ap, (23)
OE,
p(t+1) =p(t) -7 5_p. (24)

For finding a new parameter p;, using equation (17) and (14).

AP =—1—= 77ie__ v (25)

. . : OE, . . — e ,
where 7 is the learning factor; e is the error, and 6—k|s the partial derivative of sensitivity with
i

respectto p;.

Ap. = ea_F% 26
i =TI ow, op (26)

Taking partial derivative of equation (22) w.r.t p;.

OW.
a—p.':Wi IN(ety + 1t = p5-15) (27)
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Taking partial derivative of output F , (14) w.r.t first T-norm:

oF |y -F
w | E : (28)
N
j=1
The learning factor used in here is
5= Wi
- R
ij (29)
j=1
Putting equations (27), (28) and (29) in equation (25):
W, —F
Ap, = —+— y'R W In(/JA"'/JB _/uA'/uB)e (30)
ZWJ ZWJ
j=1 j=1
The new update parameter from equation (23) is
W, “—F
Ap; (t+1) = p;(t) - y:a W IN (2 + g = pip i )€ (31)

w, ij
=1 j=1

i

4.3. Takagi Sugeno Kang 2

Like TSK 1, the antecedent and consequent part is same in TSK 2 as in TSK. Only difference is
T-norm 2 used in TSK 2 as DOF is

T(/UA,IUB):Wi = (Up-t15)" (ﬂA"‘ﬂB_ﬂA-ﬂB)qi (32)

Here, p, and g, are the two update parameters. These two parameters are also adapted along with

antecedent and consequent parameters. This brings in more complexity but it helps in finding exact
contribution of membership function in respective rule, so it improves the output result. The update
equations of these two parametersi.e. p, and g, are,

W . .
R—l(:uA.:uB )p. In (/UA./UB )e(:UA + g — Hp Mg )q.
W, (33)

=1

pi(t+l) = pi(t)_

O (t+1) = 0 () ————(pa + g — tp it )" N (g + 1 — pn p15) € (1p it )"
(34)
o
J:
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4.4. Takagi Sugeno Kang 3
T-norm 3 used as DOF in TSK 3 is

T (ftpo ) =W, = ! g1 (35)
where u, and g, are two membership functions, and p, and g, are two update parameters. These two

parameters are also adapted along with antecedent and consequent. The update equations of these two
parameters i.e. p, and ¢, are,

p(t+1) = p;(t) - RWi (/"A)pi (IUB )qi In(;u/.\)e yiR -F (36)
ij ij

a (t+1)=a(t) - RWi (/UA)pi(/UB)qi |n(ﬂB)e yiR_F (37)

2w W,

j=t =t

4.5. Algorithm: Back-Propagation Learning Based Adaptive TSK Controllers

1) Set the input-output, t . and F of the system.

ref

2) In forward pass the current DOF of the rules, the w, ’s and the estimated output of fuzzy model F

are calculated; current estimates y. (k), m; (k) and o (k) of unknown parameters y; (k), m; (k) and

o; (k) are used. Where, y; ’s consequent parameters consisting of constant and variable parameters as
discussed above.

3) In the backward pass the current parameter estimates y; (k), mi’}(k) and o;(k) are updated
according to the learning rules equation (18-21). p, is updated according to the learning rule equation
(31) for TSK 1. p, and g, are updated according to the learning rules equation (33-34) for TSK 2. p,
and g, are updated according to the learning rules equation (36-37) for TSK 3.

4) Finally, output of the controller added with disturbance is given to the system.

5) Repeat steps (2-4) until system converges.

5. Simulation

Fig. 2 shows structure of adaptive active suspension control strategy.

Four controllers are used to control four suspension components placed between tires and car body,

and one another to control suspension component under passenger seat. Each adaptive fuzzy based
controller has two inputs.
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Fig. 2. Active Suspension Control.

One of that inputs is r; and the second input is delayed value of r;, where, j=12,...,s. r is the
desired target for the controller to achieve. The output y states are fed as an error to the controllers,

so to adapt the adaptation mechanism for the desire regulation. This error plays the critical role in
establishment of adaptation law, which is entirely based on algorithm that is discussed in previous
section. The controller is trained by this algorithm to achieve the desired level of performance. In the
proposed work, for full-car model four states of tires are used by the four controllers to adapt the
adaptation law. The four disturbances z;, z,, z3 and z, from the rough road through tires traverse into
the suspension system. There are two cases, which are to be considered as discussed before. In the first
case, four controllers are to control four suspension components placed between tires and car body, so
only the states of the four tires yi, Y2, y3 and y, displacements are used as an error to the controller,
which develops the control law according to that error. These control inputs Fi, F;, F3 and F4 are
provided to the plant from each controller for accomplishing the desired performance of the non-linear
full-car model i.e. both better passenger comfort (better seat and heave displacement) and better
vehicle stability (better heave, pitch and roll displacement). In the second case, one another controller
is deployed to control suspension components under passenger seat. So, another state ys is used as an
error to the controller. The control law is developed on the basis of error. The outputs of controllers are
controlled inputs of full-car model, so to bring in additional passenger safety. The TSK controllers
have two inputs with inference mechanism containing two rules having two membership functions
each. The learning rates for TSK front left, front right, rear left and rear right controllers are 0.02, 0.01,
0.0097 and 0.01 respectively. For TSK: 0.3015, 0.3015, 0.02345 and 0.02345 respectively. For TSK 2:
0.04, 0.04, 0.03 and 0.028 respectively. For TSK 3: 0.04, 0.013, 0.02 and 0.02 respectively.

To compare and elaborate the performances of all the controllers in terms of vehicle’s stability and
passenger’s safety, two types of road profiles are taken into account.

¢ Road profile 1 contains potholes only. Each tire has different disturbances acting on it. This case is
considered, if the vehicle is traveling on very rough road and vehicle’s stability as well as passenger
safety has high risk on these kinds of roads. This road profile is efficient enough to analyze the
pitch and roll of the vehicle.

e Road profile 2 comprises random road bumps and potholes. Front tires are considered to have same
disturbances, similarly rear tires have same disturbances. This kind of road profile is efficient to
analyze the heave of the vehicle.
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On the basis of these road profiles performances of all the suspension systems are compared and
performance indices are evaluated to determine the best suspension system control strategy from the
controllers implemented i.e., passive, semi-active or active control (TSK).

5.1. Results Comparison

Fig. 3 shows case 1: seat displacement due to road profile without any controller under passenger seat.
Passive control has many unwanted oscillations as elaborated by figure, semi-active control has
reduced some oscillations and is somehow performing better than passive suspension. TSK and TSK 1
have higher settling time compared to TSK 2 and TSK 3, showing the learning of TSK and TSK 1 is
slower compared to TSK 2 and TSK 3, when an abrupt change occurs. Overall, active suspensions
with TSK controllers have reduced unwanted oscillations. As it is clear by results, TSK controllers
have reduced passenger seat displacement, hence showing more passenger comfort compared to semi-
active and passive suspensions. Fig. 7 shows case 2: seat displacement due to road profile with a
controller under passenger seat. The result clearly elaborates that with the inclusion of an additional
controller under passenger seat, the oscillations are further reduced as compared to oscillations without
controlling seat. TSK and TSK 3 transient response is not as good as of other TSK strategies but
overall steady state response of all the TSK controllers are better. Figs. 4-6 show heave, pitch and roll
displacement due to road profile. With comparison to passive and semi-active suspension, active
suspensions with TSK controllers have reduced oscillations showing that vehicle weight balance is
better with TSK controllers, hence vehicle stability is much ensured. TSK has worse transient and
settling response compared to other TSK controllers, showing the importance of proper DOF in
choosing accurate learning rules and hence providing proper adaptation of controllers with respect to
irregular road changes. Fig. 8 shows control efforts of four controllers of active suspension system.
These are control efforts of front left tire (FL), front right (FR) tire, rear left (RL) tire and rear right
(RR) tire. Since in road profile, disturbances on all the tires were different so weight shift on tires were
not uniform. That makes pitch and roll poor for passive suspension control but active control strategy
has shown better vehicle stability. To further show the superiority of TSK based controllers compared
to passive and semi-active suspensions, simulation results are showed for road profile 2 in Fig. 9-13.
Fig. 9 shows case 1: seat displacement due to road profile 2 without any controller under passenger
seat. TSK based controllers are much better than passive and semi-active control. Similarly, Fig. 13,
shows case 2: seat displacement due to road profile 2 with a controller under passenger seat. Active
control strategies ensured more passenger safety due to an extra controller under seat as elaborated by
results. Fig. 10-12 show heave, pitch and roll displacement due to road profile 2. Fig. 14 shows control
efforts of four controllers of suspension system.

Seat Displacement
0.2

T
TEEK — TBE 1 —T8K 2 —T8K 3 ‘

T T
| ———front dist rear dist ———passive control —'—"- semi-active

X (m)

Fig. 3. Case 1: Seat Displacement due to Road Profile 1.
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Fig. 4. Heave Displacement due to Road Profile 1.
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Fig. 5. Pitch Displacement due to Road Profile 1.
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Fig. 7. Case 2: Seat Displacement due to Road Profile 1.
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Fig. 8. Control Efforts for Road Profile 1.
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Fig. 9. Case 1: Seat Displacement due to Road Profile 2.
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Fig. 10. Heave Displacement due to Road Profile 2.
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Fig. 11. Pitch Displacement due to Road Profile 2.
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Fig. 12. Roll Displacement due to Road Profile 2.
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Fig. 13. Case 2: Seat Displacement due to Road Profile 2.

To show the effectiveness of active and semi-active suspensions compared to the passive suspension
system, heave displacement and heave acceleration of vehicle’s model are taken as performance
evaluation parameters. Heave of vehicle plays an important role in vehicle’s stability and safety.
Performance indices with respect to heave displacement, heave acceleration and overall performance
indices are shown in Table 1 and Table 2. The performance parameters used in the tables are,

(38)
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where, T is total time of simulation. h(t) is heave displacement. z;~. is suspension deflection
(RMS).

FL Tire Control Effort FR Tire Control Effort

0.z 0.2
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Fig. 14. Control Efforts for Road Profile 2.

Table 1. Performance Index for Road Profile 1.

1} ’ 1} 1 } ( )
Road Profile Control = [ Ihe) = [[h@ =1 (z:Qz, )dt
T t'—[o[ ] T t:'-0|: :I 2%
TSK 0.0129 5.6020 15.6913
TSK 1 0.0059 4.7600 11.3288
Road Profile 1 TSK 2 0.0046 4.2193 8.9013
TSK 3 0.0062 4.8005 11.5224
Semi-Active 0.0402 8.231 33.8755
Passive 0.0431 14.586 106.38

Table 2. Performance Index for Road Profile 2.

1T BT
i 1 L = [(zIQz, )t
Road Profile Control = [ o] - [[Fm] |5 [(ziQz,)
t=0 t=0 t=0
TSK 0.0311 4,0684 8.2764
TSK 1 0.0179 2.7580 3.8034
road Profile 2 TSK 2 0.0131 2.3147 2.679
TSK 3 0.0191 2.8629 4.0983
Semi-Active 0.0778 4.3941 9.6571
Passive 0.0887 8.769 28.44
1T
'Z'r:;n:ve = ? J- [h(t):' (39)
=0

where, h(t)is heave acceleration. 7™  is heave acceleration (RMS).

heave
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J=

—

(2:QZ, )dt (40)

1
2t

0

where, Z, :[h h]T and Qs positive constant matrix. J is overall performance index. Table 1 shows

performance indices against road profile 1. With comparison to passive suspension system, semi-active
suspension has shown 6.7 %, TSK has shown 70 %, TSK 1 has shown 86 %, TSK 2 has shown 89 %,
and TSK 3 has shown 85.6 % improvement. Table 2 shows performance indices against road profile 2.
With comparison to passive suspension system, semi-active suspension has shown 12.2 %, TSK has
shown 64.9 %, TSK 1 has shown 79.8 %, TSK 2 has shown 85.2 %, and TSK 3 has shown 78.5 %
improvement. Thus performance indices also showing active suspension with TSK based control
giving better vehicle stability and passenger comfort compared to passive and semi-active suspension.
Furthermore, TSK 2 is the better control strategy compared to other TSK based strategies, hence
showing the importance of choosing strong DOF in selection of proper rules.

6. Conclusion

In this work, full-car model’s suspension control is implemented with the help of passive, semi-active
and active control. It was observed that, passive suspension systems cannot handle the tradeoff
between vehicle’s stability and passenger safety. Semi-active suspension with skyhook control reduces
the disturbances and was efficient than passive suspension system. Active suspension systems are able
to deal with this tradeoff better than other suspension systems. Full-car vehicle model was used,
because it can depict the necessary performance parameters such as body displacement, wheel
displacement, seat displacement and other rotational displacements like heave, pitch and roll
displacements. Different active controllers based on adaptive Takagi Sugeno Kang (TSK) are
developed and are simulated on full-car vehicle’s model suspension in MATLAB/SIMULINK.
Irregular road surfaces are taken into account, so to check the performances of semi-active control and
TSK based active control. The result shows active suspension system with TSK control strategies have
better pitch, roll and heave displacement and so is able to better handle the tradeoff between vehicle’s
stability and passenger comfort compared to other suspension systems. By taking into account all the
performance parameters that are seat, heave, pitch, and roll displacement; TSK 2 based active
suspension system gave efficient results, thus showing the importance of strong DOF in finding out the
right contribution of membership functions.
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