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rlbstract
In practice, the sprung ntass of a vehicle direcll-vvaries with the tunber of passengers ancl tlrc
baggage load. T'hisvariation negativ'elyallects the
control perfornance. In this respec!, the control
mechanism of the aulontotive aclive suspensiott
that is used should be robust itr
.sy.sienr(.{l.S.S/
nan(e. ln the presenl v'ork, the rctbustness
properties of Linear Qttadratic Regulator(l.QR) and
t1.,, conrroller'.\are compared with the fuzzy logic
controller (f LC) vhich i.st+'idelyused in intelligent
rohust systems.l'-irst of all LQR, Il , and F.['Csare
designed individually then simulated on a quarter
car nodel vilh nontinal parameters in arder to
investigate the nontinal perlbrnrances in time
domain. Finally llrc robustnessproperties of the
same controllers are investigatedon the stspension
ntodel where lhe tnqssof the car is ctugmented10'%
of itsnominaltalue.

1. Introduction

,'l!

Since the disturbances and coercive forces
originatedfrom road causesnoise and ride comfort
problems on a vehicle, it is very important to
investigateand control the vehicle vibration. A
vehiclecan be nrodeledas a complextnulti-massed
dynamic systemwhere the cornplexitycompletely
dependson the objectiveof the model used.Until
have
now, threetypesofnew generalionsuspensions
proposedirr order to compensatefor the vehicle
vibrations.Theseare passive,semiactiveand active
systenls.In this work, activesuspension
suspension
systemsareconsidered.
During the evaluation process of vehicle
vibrations,four importantperformancecriteria are
widety used.Theseare: ride comforl,road handling
capabilig, suspensiondeflectionand amount of
energy expended.In order to increasethe ride
comfort, the movement and accelerationof body
should be reduced.On the other hand, in order to
increasethe road handling capabilit-v,dynamictire
pressure of the vehicle should be maximized.

However,the suspensionde{lectionsare lirnited by
constructivereasonsand nraxintizing tire pressure
deterioratesthe ride contfort. In this respcct,these
criteria highly dependon each
three aforementioned
other. When comparcd with the other criteria
mentionedabove,the amount of errergyused in the
In
control mechanismis much nrore independent.
this work, our goal is the minimizationof the four
where the
above simultaneously
criteriadiscussed
controller is not affected by externaldisturbances,
controlleris needed.
thusa.nrulti-objective
the sprungmassof a vehicledirectly
In vehicles.
andthe rveight.
varieswith the numberof passengers
This situation negatively affects the control
performance.ln this respect,the controllcr that is
systcmsshouldbe robust
usedin activesuspension
in nature.First of all, LQR, H* and fuzzy controllersaredesignedindividuallythensimulatedon a
quartercar modelwith nominal parametersin order
to investigatethe performancesin time dornain.
Finally thc robustness properties of the sanle
controllersare investigatedon the suspensionmodel
where the massof the car is augmented40% of its
nominalvalue.

2. Quarter Car model
The block diagramofthe quartercar rnodelused
in the prcsentwork is shorvn in Figure l. Here
and cr:l000Ns/m denotesthe spring
frr=20000Nim
constantand damping constantof the suspension,
respectively. Whereas, Az:200000N/rn and
cz=0.015Ns/mstand for the spring constant and
damping constantof the tire, respectively.On the
other handm1=l000kgand m2=l50kgstandfor the
massof car body and the wheel,respectively.Finally
u is the controlforce appliedto the systemmeasured
in r-eu'ton by the controller, xr is the body
x2 is the wheel displacementmeasured
displacement,
in meter.xr is the velocity of the body and finally xa
standsfor the velocity of the wheel. The system
modelis chosenas in [1].
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used in
implication procedure, Besides,
defuzzificationmethodis chosento be as center of
averages. The input membership functions are
shownin Figure3, Figure4, respectively.The output
membershipfunctionsare chosenas triangular-form
that are uniformly distribuled bet-ween [-1, l].
Scaling factors for inputs and outputs are chosen as
follows: G":50, Ga"=7A,G,=1600. Finally, the rule
base is shown in Figure 5. For the controller
mechanismthe feedbackis takenfrom x,.

k2

Figure l. Quartercar model

3. Lqr design

oo

i = A x + B , w +B r u
z=Cf + Drrw+Drrtt
y = C r x + D r p t +D r r u

Q)

Figure 3. Fuzzificationfunctionsfor e

Figure 4. Fuzzificationfunctionsfor Ae
Table l. Rulebasefor the Ft,C
\e
d.\

*'here w, u, z and y are the vectors of exogenous
irputs, control inputs, regulated outputs and
rneasuredoutputs, respectively.Thus the overall
generalized
fcedbackcontrolledsystemwill be as
shownin Figurc 2.
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6. H* controller design
Figure 2. Generalizedfeedbackstructure
In the designof the l,eR controller,weighting
matrices Q and rQ are selectedas g:6;ag[100,
1m00, 1000, 10001 and R=0.000009.Thus the
designedgain veck'rr of the LeR controller is
r = 1 0 0 0 0 . [ - 4 . 3 3 5 8s . 7 2 9 0- 0 . 2 0 6 7 1 . 4 8 3 2 ] .

5.Flc design
The FLC that is usedin the cunent paperis in pD
(hoportional-Derivative) structure. As
an
implicationmethod min operatoris used. On the
o$er hand all t - norm operationsare performed
rdth zin operator and all J - norm operationsare
pcrformed with mqx operator.Also rrin operator is

the
w:xyt
,For
_ generalized plant,
z=kl,rr -rr,rr,uf and the block diagramof the r'/,,
controlleris shownin Figure5. Here ll,uis i-0,...,3
representthe rational and stable scaling transfer
functions for the inputs, and they are chosen as
f o l l o w i n g : I / a o = 0 8 ( s + 2 0 )w
- ,a, r= 1 0 - 5 , w , a ,= 1 0 - o ,
.
On
the
=
other hand, Il',", s representsthe
tyk l0-,
rationaland stablescalingtransferfunctionsfor the z
performanceoutputs.Hereare the ll/,,is:
0 0 0 7 9 - 5 8 ' s + 0- ,l i l / , , , - r 0 t
r y , ,=,
w
e;
" E- ,-= o . t t
" ' 0 . 0 0 0 l t o o .+s 0
2 . 0 3 1 4 J . ls +
ly,r=11-s. d(r)'s, i:1,2,3 are all chosenas white
noiseprocesses
with power=0.1. The inputsfor the
f/. controlleror€ ;5,,a,-;rr, respectively,Finally the
aim of the controlleris the rninimizationof
llall-
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wtere p and R are symmetric positive definite
nntrices. Then it is well-known that the optimal
feedbackcontrol law is lr=-l"r wherc K:R-i B'rX and
Xis positivedefinite solutionof the Riccati eouation
P i + A 7 P - P B R 1 B ' p + e = 0 . T h c p l a n tp i s g i v e n
by the stateequations

.,ri

,,*

er)

The system model used throughoutthe present
paperis continuous-time
multi input multi output
lhear time invariant one. The plant is characterized
by P and we assumea quadraticperformanceindex
is in the form of
| *-,
(l)

$
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F-or the synthesisof the correspondingcontroller,
MATLABo is used.

deflectionsof the system in subject to the above
mentionedcontrollers.

e
6

r'ne Gp4

Figure 7. Vertical displacementresponsesfor
nonrinalsvstemDarameters
Irigure 5. Ceneralized block diagram for the
synthesisof f/.,. controller

7. Simulationresults
All the experimerrtsare carried out with a road
function rvhich is shorvn in Figure 6. The
conrparisonbetwecnthe controllersand the passive
rnechanismare evaluatedin tcrms of
suspensie.n
body acceleration, car body displacement,
deflectionand appliedforce.Besides,in
suspension
order to test the robustness of the prcviously
nrentionedcontrollers,the sanre experimentsare
repeatedby increasingthe massof the car .10%of its
nonrinal value. At the same time, the damping
is decreased
40% ofits
coefficicntofthe suspension
nominal value in order to get a realisticdamping
coefficient.It is rvell knorvn that the damping
coefficientof suspension
systemsdecrcases
with the
increasing operation tinre. First, the nominal
performancesare compared. Figure 7 shou,s the
vertical displacementresponsesof the previously
mentioned controllers. It is obvious that II ,,
controllershorvsthe bestperformance.

a361e3rC

with the nominal
Figure 8. Car body accelerations
systen)parameters
As a secondtest robustnesspropertiesof the
controllers are exposed. The acceleration,
displacementof the car body, and suspension
deflectionsof the controllersin subjectto parameter
variationsare shown in Figure 10, Figure I I and
Figure I 2, respectively.

E

E

E

E

;
t567491!
fiir {r.c)

Figure 9. Suspension
deflectionsfor the controllers
T,e {r*

Figure 6. Road function appliedto the system
Figure 8 shorvsthe body accelerationof the car.
This time bestperformanceis achievedby the FLC.
Finally suspensiondeflection comparisontest is
perfomred. Again I{,, controller demonstrated
the
best performance.F'igure 9 shows the suspension

Again for the accelerationperformance,FLC
showed the best performance. Whereas, H,,
controllerhas shown the best responsefor the body
deflectionmeasures.
displacement
and suspension
and to make
In orderto summarizethe responses
an efficientcomparison,the controllerperlormances
werecollectedin Table3 and Table4.
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Figure 10. Vertical accelerations
for the controllers

Figure 12. Suspension
deflectionsfor the controllers
In order to bring the selectionprocedureto a
conclusion,a new performanceindex is proposed.
This index is in the form of
P(i,r, x,, ,x1, - x2s,uy) = arir,,,+ ct2xtN
+
ar(rr, - x2N)+a4uN.

E

Figure 11. Verticaldisplacements
for the controllers
I{ere, Table 3 presentsthe performancesunder
nominal parameterswhereasthe tests in .I'able 4
wereperfonnedwith the variedparameters.
tq Ub.LP_grforrnanceresults for nominal conditi ons
CASE I
t,QR
H,,
Ft.c
Piuisire
max (.r,-.x')
0 0 8 5 5 0.0722 0 . 0 9l 4
0 1833
0 . 2 5 1 1 0.2525 0 . 2 991
llt,- "',fl
0.9450
max
22207 r 8 77
8 r538.5
0

ptl

fiax(-I7

)

n't,
ll
max (d)

ll.ll

I t496
0.0148
0 1084
0 9380
.{.3785

6005
61258
0.0501 0.0278
0 3663 0 .I I 8 l
l012l
0.7334
6 4068 2 . 5 n 7

0
0.1346
1.2182
1.9337
r 91 8 0

for variedconditions
Id& l.IClfqrmanceresulrs
CASE2
t.QR
H
FLC
Passivc
I]IOX (.tr-.T' )

ll*,-'rll
max {a)

ll,ll
Ms4!L-

ll',ll

max (a)

ll"ll

0 0921 0 0872
0.2545 0 . 1 4I5
2244.8 1523.s
1t 4 ' 7 4
1007I
0 . 0| 5 7 0.0558
0 r 0 9 1 0 396I
0 8 1 l t 0 9596
3.2343 6.0000

0 100l

0 2268

0 . 31 4 3
r450.3

1.4326
0
0
0 t165

7015.4
0.0295
0.| 348
0.6596

2.3936

(3)
Here,a, i:|,...,4 represents
the weights.Besides,
the
variablesare in normalizedform. In this work, the
weightswere chosenasi 41=0.3,a2=0.3,a3=0.3and
a.;0.1. The performanceresultsthat are obtainedare
summarizedin Table 4. Now one can easilv to
concludethat the best controllerfor AASS is ff,
controller.
One can get a different performanceindex by
changingthe weightsin (3) in order to fulfill his
needs. For example, for a coach, ride comfort
consequently
the minimization
of body acceleration
would be much more importantthen for an off-road
vehicle.
Table 4. Performance
resultsfor the new criteria
H.
FLC
LQR
Case I
Case2

0.7400
0 6991

0.7565

0.7339

0.9370
096|3

8. Conclusion
In this rvork, robust control strategiesthat are
widely usedin control communityare comparedfor
the controlof AASS. Simulation
resultsdemonstrate
that Il., optimal controller shorvs the best
performancein both nominaland varying conditions.
Besides,
it is very surprising
thata simplewell-tuned
FLC demonstrates
betterperformance
then an LeR.
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