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Optimal Design of Passenger Car
Suspension for Ride and Road
Holding

The primary function of a vehicle suspension system is to isolate the road excitations
experienced by the tyres from being transmitted to the passengers. In this paper, a suitable
optimizing technique is applied at design stage to obtain the suspension parameters of a
passive suspension and active suspension for a passenger car which satisfies the
performance as per 1SO 2631 standards. A number of objectives such as maximum
bouncing acceleration of seat and sprung mass, root mean square (RMS) weighted
acceleration of seat and sprung mass as per 1802631 standards, jerk, suspension travel,
road holding and tyre deflection are minimized subjected to a number of constraints. The
constraints arise from the practical kinetic and comfortability considerations, such as
limits of the maximum vertical acceleration of the passenger seat, tyre displacement and
the suspension working space. The genetic algorithm (GA) is used to solve the problem
and results were compared to those obtained by simulated annealing (SA) technique and
found to yields similar performance measures. Both the passive and active suspension
systems are compared in time domain analyses subjected to sinusoidal road input. Results
show passenger bounce, passenger acceleration, and tyre displacement are reduced by
74.2%, 88.72% and 28.5% respectively, indicating active suspension system has better
potential to improve both comfort and road holding.

Keywords: ride comfort, road holding, LQR control, genetic algorithm, simulated

annealing

Introduction

Shock absorption in automobiles is performed bypsosion
system that carries the weight of the vehicle wilateempting to
reduce or eliminate vibrations which may be indubgd variety of
sources, such as road surface irregularities, seemdics forces,
vibrations of the engine and driveline, and norfamiity of the
tire/lwheel assembly. Usually, road surface irregtds, ranging
from potholes to random variations of the surfaewaion profile,
acts as a major source that excites the vibratidgheovehicle body
through the tire/wheel assembly and the suspersistem (Wong,
1998).

Multi-body dynamics has been used extensively ligraative
industry to model and design vehicle suspensiorforBemodern
optimization methods were introduced, design ergmeaised to
follow the iterative approach of testing varioupuh parameters for
vehicle suspension performance. The whole analysit be
continued until the predefined performance measwegs achieved.
Design optimization, parametric studies and serisitianalyses
were difficult, if not impossible to perform. Thigraditional
optimization process usually accompanied by prptyesting,
could be difficult and time-consuming for complet®mplex
systems. With the advent of various optimizationthods along
with developments in computational technology, diesign process
has been speeded up to reach optimal values amdiaaititated the
studies on influence of design parameters in ornerget the
minimum/maximum of an objective function subjecténl the
constraints. These constraints incorporate the tipehc
considerations into the design process (Baumdl,et398).

Zaremba et al. (1997) used constrained optimizgtimtedure
for designing a 2DOF car vehicle model optimal coinschemes
for an active suspension. The control laws obtaiménimized the
vehicle acceleration subject to constraints on Ru&ies of the
suspension stroke, tyre deformation and actuatoefo

Gobbi et al. (2001) used a 2DOF vehicle model atibduced
an optimization method, based on Multi-Objectiveod?amming
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and Monotonicity analysis and applied for the sylitbderivation

of analytical formulae featuring the best compramiamong
conflicting performance indices pertaining to thehicle suspension
system, i.e. discomfort, road holding and workipgce.

Alkhatib et al. (2004) used genetic algorithm metho the
optimization problem of a linear 1DOF vibration lesor mount and
the method is extended to the optimization of &adm2DOF car
suspension model and an optimal relationship betvtlee RMS of
the absolute acceleration and the RMS of the welatisplacement
was found.

Baumal et al. (1998) demonstrated numerical opttion
methods to partially automate the design procegs.isGused to
determine both the active control and passive mechbparameters
of a vehicle suspension system (5DOF) subjectedinigssoidal road
profile. The objective is to minimize the extremee@eration of the
passenger’'s seat, subject to constraints repragettie required
road-holding ability and suspension working space.

Sun (2002) proposed a methodology on the concepptifhum
design of a road-friendly suspension to attenubte tyre load
exerted by vehicles on pavement. A walking-beampension
system traveling at the speed of 20 m/s was usadase study.

Gao et al. (2006) proposed a load-dependent ctetapproach
to solve the problem of multiobjective control afagter car active
suspension systems with uncertain parameters.gRetttal. (2005)
focused on optimal control issues arising in sectiva vehicle
suspension motivated by the application of contirslyp
controllable ERF-shock absorbers.

Ahmadian et al. (In press) designed an active sisipe system
and implemented to smooth the amplitude and aat@erreceived
by the passenger within the human health thredimolts. A quarter
car model is considered and three control appraaahamely
optimal control, Fuzzy Control, and Adaptive Optimauzzy
Control (AOFC) are applied.

Bourmistrova et al. (2005) applied evolutionaryaaithms to
the optimization of the control system parametersjuarter car
model. The multiobjective fitness function whichaisveighted sum
of car body rate-of-change of acceleration and exusipn travel is
minimized.

Mantaras and Luque (2006) used 2DOFmodel in thiysinaf
seven different active suspension control strategleQR-LQG,
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Robust design, Kalman filter, Skyhook damper, Rasignment,

Neural network and Fuzzy logic. Computer simulaioof the

different active models and the equivalent passystems are
performed to obtain the vertical acceleration @f $prung mass and
the vertical wheel load variation.

Sharkawy (2005) described fuzzy and adaptive fuzaytrol
(AFC) schemes for the automobile active suspensystem (ASS).
The design objective was to provide smooth vertigation so as to
achieve the road holding and riding comfort ovewride range of
road profiles.

Roumy et. al. (2004) developed LQR andb Kontroller for
quarter car model. The structure's modal parametersextracted
from frequency response data, and are used tonohtatate-space
realization. The performance of controller desigechhiques such as
LQR and Ho is assessed through simulation.

Georg Rill (2006) shows that the overall vehicled®ocan be
solved very effectively by suitable interfaces aad implicit
integration algorithm. This modeling concept is limal with a
MATLAB/Simulink interface in the product ve-DYNA vith also
includes suitable models for the driver.

Analysis of prior research shows that the suspansaameters
are optimally designed to attain the best compreristween ride
quality and suspension deflections. However, inadts
investigations had been done to apply optimizatiechnique at
design stage itself so that suspension parametdisfiess the
comfort as specified by international standard 18681-1 for
whole-body vibration assessment. The present wadrks aat
developing a suitable optimizing technique to aptlylesign stage
to obtain the suspension parameters of a passisession and
active suspension for a passenger car which stisthe
performance as per ISO 2631 standards. First, metieal model
has been developed using an 8 DOF full car modebdssive and
active suspension system. Secondly, for active engpn system
LQR controller is designed. A number of objectivesch as
maximum bouncing acceleration of seat and sprurgsnraot mean
square (RMS) weighted acceleration of seat andngpmess as per
ISO2631 standards, jerk, suspension travel, roddirgpand tyre
deflection are minimized subjected to a numberafstraints. The
genetic algorithm (GA) is used to solve the probkmd the results
are compared with those obtained by simulated dimgeaethod.

Mp
IR

M athematical M odel

K
2W Xp
X+ o e "
Y2 I | b
i | Lica
F4
K3 F3,C3 Kal-
K1 N K2 L] m’
%gm c1 %gm c2
Kt Kt
a3 Q4
Kt
1 Q2 Kt

Figure 1. Full car model.
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Where,

Mp Passenger seat mass (kg)
M Sprung mass (kg)

Front left and front right side unsprung mass
M1 & M3 respectively (kg)

Rear left and rear right side unsprung mass
M2 & M4 respectively (kg)
Kp Passenger Seat Stiffness (N/m)

Front left and front right side spring stiffness
K1 & K3 respectively (N/m)

Rear left and rear right side spring stiffness
K2 & K4 respectively (N/m)
Kt Tyre stiffness (N/m)
Cp Passenger seat damping coefficient (Ns/m)

Front left and front right side suspension
Cl&C3 damping co-eff. respectively (Ns/m)

Rear left and rear right side suspension
C2&C4 damping co-eff. respectively (Ns/m)

Front left and front right side actuator force
F1&F3 respectively (N)

Rear left and rear right side actuator force
F2 & F4 respectively (N)

C.G location from front and rear axle
a&b respectively (m)
2W Wheel track (m)

Distance of seat position from CG of sprung
Xp &Yp mass (m)
Ix Mass moment of inertia for roll (kg%n
ly Mass moment of inertia for roll (kg%n

Road input at front left and front right side
Q1&Q3 respectively.

Road input at rear left and rear right side
Q2 & Q4 respectively.

A full car model with eight degrees of freedom msidered for
analysis. Fig 1 shows a full car (8DOF) model cstiisy of
passenger seat and sprung mass referring to thefghe car that is
supported on springs and unsprung mass which refehe mass of
wheel assembly. The tire has been replaced withedpsivalent
stiffness and tire damping is neglected. The suspen tire,
passenger seat are modeled by linear springs iallgamwith
dampers. In the vehicle model sprung mass is cermidto have
3DOF i.e. bounce, pitch and roll while passenget sad four
unsprung mass have 1DOF each.

Using the Newton’'s second law of motion and freeybo
diagram concept, the following equations of motwe derived.

MpZp+ Kp(Zp-Z - Xpé - Ypg) + Cp(Zp- Z- Xp6-Ypp) =0 (1)

M Z+KUZ —af+Wgp-Z1) + CI(Z-ab+W @~ Z1) + K2(Z + b +Wp—-Z2)
+C2(Z+bB+W @-Z2) + K3(Z —af-Wp-Z3) + C3(Z-ad-Wg-Z3) )
+K4(Z +b6-We— Z4) + CAHZ+bO-W g~ Z4) - Kp(Zp- Z - Xph-Ypg)

-Cp(Zp-Z- Xp6-Ypg) ~F1-F2-F3-F4=0

Ix'q.0+\NK](Z -af+Wgp-21) —V\/CJ(i— aé+W'¢— Z.l) +WK2(Z +b8+Wp-272)
+WC2(Z+bB+W - Z2) ~-WKI(Z - a8 -Wp-Z3) ~-WCIZ-a8-Wg-23)  (3)
~WKA(Z +bO-Wip- Z4) ~-WCAZ+b6-We-Z4) +YpKHZp~-Z - Xpd-Ypg)

+YpCp(Zp-Z- Xp6-Ypy) ~-WF1-WF2+WF3+WF4 =0
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.. . . . . _ T
lyf-aKL(Z - af+Wgp-Z1) +aCl(Z- ad+W @~ Z1) +bK2(Z + b +Wip-Z2) B3=[0 000000000000 (KUM3) 0 0
+HC2AZ+bO+W-72) — aKHZ - a8 ~-Wop- Z3) - aCYZ - ab-W - Z3) 4 B4=[0 0000000000000 0 (KMa
+bKA(Z +b6 -Wip- Z4) + bCAZ+b6-W - 24) + XpK{Zp—- Z ~ Xp& - Ype) G1=[0 0 01/M 0 W/x 0 -a/ly 0 -1/M1 0 0 0 0 0 0"

+XpCp Zp-Z- Xp6-Ypg | +aF1-bF2+aF3-bF4=0
P { mem o WJ G2=[0 001/M O W/x O blly 0 0 0 -1/M2 0 0 0 0]

. Coe . _ .
M1Z1-K1(Z - a6 +Wgp-Z1) -CLZ-a+W ¢-Z1) + Kt(Z1-Q1) + F1=0 (5) G3=[0 0 01/M 0 -W/ix 0 -a/ly 0 0000-1/M300]

. T G4=[0 0 01/M O -W/x Ob/ly 000000 0 -1/Ma"
M2Z2-K2(Z +b6-+Wp-22) ~CAZ+b6+W - Z2) +Ki{Z2-Q2) + F2=0 (6)

Al=[0 1000000000000 O0DO]

M3£3—K Z—-af-Wyp-73)- .Z—a.H—W. Z +Kt{Z3-Q3)+F3=0 (7
X 9-A ¢_3)1( Q3) % A3=[0 0010000000000 O00Q]

M4Z4—K4Z +b6-Wep-Z4) ~CAZ+b W g Z4) +K{Z4-Q4) +F4=0 (8) A5=[0 0000100000000 0Q0]
Using following state space variables, A7=[0 0000001000000 00Q
. . . A9=[0 0000000010000 0O0Q0]

Zp=X1l Zp=X2 Z=X3 Z=X4 @=X5 @=X6

Al1=[0 0000000000100 00]
G=X7 6=X8 Z1=X9 Z1=X10 Z2=X11 Z2=X12
Al3=0 0000000000001 00]

Z3=X13 Z3=X14 Z4=X15 Z4=X16 A15=[0 0000000000000 01]
Substituting above variables in Eqg.(1-8) and wgtirthe " ko T
equations in state space representation form, Cp - -Kp qT
p
. -Kp -Cp
X = AX + BQ+GF 9) -Cp (K1+K2+K3+K4 +Kp)
-YpKp (C1+C2+C3+C4+Cp)
Where, -YpCp (W(K1+ K2 - K3-K4) + YpKp)
oK (W(C1+C2-C3-C4)+ YpCp)
A=[ALA2 A3 A4 A5 A6 A7 AB A9 ALI0A11A12 A13A14A15A16] - APKp (-aK1+ bK2- aK3-+ bK4 + XpKp)
A2 = [_1J -XpCp g o[~ (BCL+bC2-aC3+ bCA+ XpCp)
X =[X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11X12 X13 X14 X15 X16] Mp) O “\m -K1
0 -c1
BL] ) Gl o 0 -K2
B2 Q G2 0 -c2
B= _ Q2 G= E= F2 0
B3 Q=03 G3 “les -K3
B4 Q4 G4 F4 0 -C3
0 -K4
BL=[0 00000000 (KY/ML) 000000 L 0 ] ] -C4

B2=[0 0000000000 (KM2) 00 00
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=5

A10=(

(-aC1W+ bC2W + aC3W- bWC4- XpYpCp)
- K1w
-Ciw
- K2w
-C2w
K3wW
C3wW
K4W
C4wW ]
0 | T r 0 il
0 0
-K1 -K2
-C1 -C2
-K1w - K2W
Ciw -C1W
aK1l -bK2
-1 aC1 1 -bC2
m) kieky| AP (WJ 0
C1 0
0 (K2 + Kt)
0 Cc2
0 0
0 0
0 0
0 0

KpY
CpYp
(W(K1+ K2 - K3-K4) + YpKp
(W(C1+C2-C3-C4)+ YpCp)
(WZ(Kl + K2 + K3+ K4) - YpZKp)
(WZ(C1+ C2+C3+C4)- YpZCp)
(-aK1W + bK2W + aK3W - bWK4 - XpYpKp)

Active Suspension System

The linear time invariant system (LTI) is describeg Eq.(9).

For controller design it is assumed that all tretest are available
and also could be measured exactly. First of alluke consider a

state variable feedback regulator (Ogata, 1996);

F =-KX

(10)

Where K is the state feedback gain matrix.

The optimization procedure consists of determirtimg control
input F which minimizes the performance index. Tregformance
index J represents the performance characteristic regemers
well as the controller input limitations. In thisovk LQR control
scheme is used to find the control force requifedwhich one has \ Hlat e
evaluate the performance indéand hence design the optimal LQRheavily, the control effort will diminish at the panse of larger
controller. The optimization procedure consistsdefermining the Values for the state. WheR is very large relative td&, which
control inputF, which minimizes), the performance characteristic Implies that the state is penalized heavily, thetiad effort rises to
requirement as well as the controller input lindas.

J=[(XTPX+FTRF)dt (11)
0

J. of the Braz. Soc. of Mech. Sci. & Eng.

KpXp
CpXp
(-aK1+ bK2 - aK3+ bK4 - XpKp)
(-aC1+ bC2- aC3+ bC4- XpCp)
(-aK1W + bK2W + aK3W - bWK4 - XpYpKp)
(-aC1W+ bC2W + aC3W- bWC4- XpYpCp)

(@%(K1 + K2 + K3 + K4) - Xp®Kp)

Ag:['l] (@%(C1+ C2+ C3+ C4)- Xp>Cp)
ly aK1
aCl
- bK2
-bC2
ak3
aC3
- bK4
I -bC4 |
T o T T o T
0 0
-K3 -K4
-C3 -C4
K3W K4W
C3wW C4W
ak3 - bK4
Al4= [_1j acs A16= (—1j ~bed
M3 0 M4 0
0 0
0 0
0 0
(K3 + Kt) 0
C3 0
0 (K4 + Kt)
. 0 | | C4 |
Where

X=[ X1 X2 X3 X4 X5 X6 X7 X8 X9 X10X11X12 X13X14X15X16T

F1
F2 - Lo
also F = F3 and P and R are positive and are called weighting

F4
matrices.

The function inside the integral in Eq.(11) is aadratic form
and the matriceB andR are usually symmetric. It is assumed tRat
is positive definite ané is positive semi definite. R is very large
relative to P, which implies that the control energy is penalize

reduce the state, resulting in a damped syskeand R represent
respective weights on different states and contcblannels
respectively and are assumed accordingly.

Several procedures are available to solve the L@RIpm. One
approach to find a controller that minimizes theR.Qost function
is based on finding the positive-definite solutiohthe following

Copyright O 2008 by ABCM January-March 2008, Vol. XXX, No. 1/ 69



Algebraic Riccati Equation. Linear optimal conttbkory provides
the solution of Eq.(11) in terms of Eq.(10).
The gain matrix K is computed from;

K=RG'E (12)
Where the matrix E is evaluated being the solutadnthe
Algebraic Riccati Equation ;

AE+ATE-EGRG'E+P=0 (13)
And substituting gain matrix K in egn. 9 we get
X = (A-GK)X + BQ (14)

While designing the LQR controller more weightageyiven to
ride comfort and an upper limit of 25N is kept t@etcontrolling
force depending on the design constraints to redosé function.
Due to their effectiveness in searching optimaligleparameters
and obtaining globally optimal solution, the Geogiigorithms are
applied to find the optimal actuator configuration.

Passive Suspension System

For passive suspension system as there is no acfioate i.e.
[F] =0 and Eq.(9) becomes

X = AX + BQ (15)
The Eq.(14) and Eq.(15) can be solved for frequettayain or
time domain using Matlab [Ogata, 1996].

Optimization and Analysis

Analysis of the suspension system generally imp$ebving
Eq.(1-8) for the time response of the system. Thkowing
optimization methods and procedure is adoptedrfalyais.

Optimization Problem Formualtion

The performance characteristics which are of nmustrést when
designing the vehicle suspension are passengercongort, road
holding and suspension travel. The passenger adgart is related
to passenger acceleration, suspension travel aecklto relative
distance between the unsprung mass and sprung anassoad
handling is related to the tyre displacement.

Among the above three characteristics ride coniochosen to

Anil Shirahatt et al

should be kept so that at any time suspensiometlhit suspension
stops (Baumal et al., 1998 and Gillespie, 2003}hBloese are taken
as constraints

92 =|2-21-0127m<0,g3=|2-22-0.127m<0
94=|2-23-0.127m<0,

95 =|Z - 24 -0.127m<0, gg = max|Zp(t) - 4.5m/ s* <0

Dynamic tyre force will increases with increase ipre
deflection so an upper bound to maximum tyre défecis placed
and it is considered as one more constraint (Baatal., 1998 and
Gillespie, 2003).

g7 =|21- Q1 -0.0508n<0, gg =|22-Q2-0.0508n< 0
go =|23-Q3-0.0508n<0, g0 =|Z4-Q4-0.0508n<0

The other performance characteristic viz. road ingldis
included as constraints and is restricted by (Bawtal., 1998).

t1=(21-007m<0, g1, =|22-007m<0
%3 =[23-007m<0, g14=|24-007m<0

Human being feel comfortable within a frequency eai 0.8
Hz and 1.5 Hz and also another criterion for goodpsnsion
system often considered is the maximum allowable ggperienced
by the passengers. Both these are added as two coostraints
(Griffin, 2003 and Gillespie, 2003).

015 =0.8<Wh<15Hz, gi= M%Zp(t) -18m/s3<0

In order to make pitch motion die faster naturagfrency of
front suspension should be greater than the regresision and it is
considered as constraint (Gillespie, 2003).

Q7 =W >Wr

Table 1 (Panzade, 2005) gives the details of figathmeters
used in the analysis and the design variables lacerastricted to
ranges defined by the bounds as shown in tablea2z@rie, 2005).

Table 1. Fixed parameters

be the most important characteristic and is exprk#s an objective Parameters Values Parameters Values
function as Kt 200000 N/m ly 4140 kg-m
Mp 100 kg 2W 1.450 m
. M 2160 kg a 1.524 m
min f(Z)=RMS<Zp(t) M1, M3 85 kg b 1.156 m
M2, M4 60 kg Xp 0.234 m|
IX 946 kg-nt Yp 0.375m
As per 1S02631 standards the passenger feels highly
comfortable if the weighted RMS acceleration isokeD.315 m/3 Table 2. Variable design parameter ranges,
(Wong, 1998, Griffin, 2003 and ISO: 2631-1-1997), St is
considered as constraint. Design Parameters L ower bound Upper bound
Kp (N/m) 90000 N/m 120000 N/nj
_ s 2 Cp (Ngm) 400 Ns/m 900 Ns/m
g = f-0315m/s" <0 K1, K3 (N/m) 75000 N/m 100000 N/n
. . - C1, C3 (Ngm) 875 Ns/m 3000 Ns/m)
At least 5 inches of suspension travel must belaai in order K2, K4 (N/m) 32000 N/m 20000 N/nl
to absorb a bump acceleration of one-half “g” withaitting the C2, C4 (NIm) 875 Ns/m 3000 N/
suspension stops and also an upper bound to maxanaeteration
70/ Vol. XXX, No. 1, January-March 2008 ABCM



Optimal Design of Passenger Car Suspension for ...

Road Prdfile

A sinusoidal shape of the road profile as shownFig. 2
consisting of two successive depressions of deptl®!05 m, length
A = 20 m and vehicle velocity V = 20 m/s is used &malysis
(Baumal et al., 1998).

As a function of time, the road conditions are gibgy

h . 24
Quat) = E(1—(:056/\10), if OstsV and
0 Otherwise

Qoa(t)= 2 (1-cosfu(t —tau)), if tausts< [tau + %J

0 Otherwise

Wheretau and w are the time lag between front and rear wheel

and the forcing frequency respectively and arerglwe
a+b 2V
tau=| ——| and w=——
\% A

In this study, the right and left sides have sameliude road
profile but there is a time delay of 0.2 sec argbdhe rear wheel
will follows the same trajectory as the front wteelith a time
delay oftau as shown in Fi@. This road input will help to introduce
bounce, pitch and roll motion simultaneously.

T
— — — -~ Front Left
— Rear Left
Front Right
Rear Right |

0.06 -

.
1.5 25 3
Time (sec)

Figure 2. Road profile.

M odified Objective Function

The constrained optimization problem is convertato i
unconstrained one using penalty approach. The meddébjective
function is stated as

Y=f+G (16)

Wheref is the initial objective function and.& a penalty when
constraints are violated and is given as

G, =a x5 max0,) 17)
i=1

suspension design variables. Then these valuepamsed into the
8DOF full car model to solve for the dynamic resporof the
system. These values are then substituted backliet@GA process
to calculate the fitness of the suspension dedigis procedure is
repeated until the stopping criterion is met.

Results and Discussions

This section is divided into two parts. The firétaps the best
parameters for the present models and comparisomefults with
simulated annealing method while the second paelsdevith
simulation of present optimally designed susperssion

The design results from the GA program for passive active
suspension are tabulated in table 3 In order tdyvere validity of
the results; the GA results were compared to thas@ined by
simulated annealing technique.

Simulation is performed using vehicle data illustdain table 1,
For road input defined in Fig. 2 and the optimalsgension
parameters defined in table 3 using genetic algoritin table 3 it
can seen the natural frequency of seat for botpensson systems
are within the comfortable zone of 0.8-1.5 Hz, whijpassive
suspension system the natural frequency is morgamed to active
since it use more stiffer suspension at front azal.r

In Fig. 3 it can be observed that the reductiorthef driver's
vertical displacement peak is approximately 74.2%adse of active
suspension as compared with passive suspensiomlaadsettling
time is reduced from 6 sec to 3.5 sec. Also itisesved that sprung
mass vertical displacement is less in case of actiuspension
compare to passive suspension while pitch anddisfilacement is
amplified in active suspension and, consequentiyrmeto zero is
also fast (Fig.4-6). This will occurs sinagridig LQR controller
design for active suspension more weightage isngiee vertical
displacement for comfortable ride.

From Fig. 7-8 it can be observed that seat acd&erand
sprung mass vertical acceleration is reduced by288.and 88.17%
respectively in case of active suspension as cagdpaith passive
suspension and also settling time is reduced fr@mséc to 3 sec.
Also the vertical weighted RMS acceleration of saatl sprung
mass is reduced from 0.3032 frits 0.0534 m/sand 0.2834 mfgo
0.0492 m/ésince in case of active LQR controller design more
weightage is given ride comfort. It can also beepbsd sprung
mass weighted RMS acceleration is less than seat seat is
located near front right side of tyre while for spg mass weighted
RMS acceleration is calculated at center of gravitgprung mass.

From Fig. 9 it can be observed that range of thleaozeleration
is 65% lower with active suspension than passi@paosion. One
should be remind here that this rolling motion iited by time
delay between the left and right side bump. Herthe, active
suspension has proved to be definitely superithégassive case.

With regards to pitch acceleration illustrated ifg.F10, for
active suspension the acceleration amplitude rasgewer and
consequently, returns to zero is very fast. In ol disturbances
of higher amplitude were recorded at about 0.6as®t 1.6 sec. If
we analyze the excitation in Fig. 2 one can obsehat these
disturbances are likely due to the phase angle leéelv motion
slightly ahead of disturbance.

From Fig. 11-14 it can be observed that in caseacifve
suspension system suspension travel increases B0%6than
passive suspension to provide more ride comfort less
displacement of sprung mass. Also tyre displacemént
approximately 28.5% less in case of active suspeantsian passive
suspension system, yielding better road holding.(F5-18). Also it
can be concluded since suspension travel and rodding are

In Eq.(17), &' is a penalty value which will vary between 8000mutually contradicting parameters, there is inaems suspension

and 10000. A GA program is written in MatLAB, whidhitialize

travel in case of active suspension than passisgesision.

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright O 2008 by ABCM January-March 2008, Vol. XXX, No. 1/ 71



Anil Shirahatt et al

Also from Fig. 19 and 20 it can be observed thtt of change
of acceleration is less in case of active suspenditence, jerk

jerk is very less compare to passive suspensiqur&i2l-24 gives
the actuator forces required for active suspensiwe all are well

experienced by driver seat and sprung mass, foreastispension below the applied limits and practically implemdriea

Table 3. Design results of genetic algorithm and simulated annealing method.

Genetic Simulated Annealing
Parameters Algorithm
Passive Active Passive Active
Kp- Seat (N/m) 98935 95161 98946 95168
Cp — Seat (N-s/m) 615 415 596 415
K1- Front Left (N/m) 96861 78158 96830 | 78098
C1 - Front Left (N-s/m) 2460 2012 2458 2021
K2 — Rear Left (N/m) 52310 41731 52331| 41698
C2 - Rear Left (N-s/m) 2281 1848 2281 1863
K3 - Front Right (N/m) 96861 78158 96830 | 78098
C3 - Front Right (N-s/m) 2460 2012 2458 2021
K4 - Rear Right (N/m) 52310 41731 52331| 41698
C4 - Rear Right (N-s/m) 2281 1848 2281 1863
RMS vertical acceleration of seat (@Ns 0.3032 0.0534 0.3032 0.0537
RMS vertical acceleration of sprung mass 8)1/5 0.2834 0.0492 0.2833 0.0495
Max seat acceleration (n@bs 2.0849 0.2350 2.0852 0.2357
Max. sprung mass acceleration (?r)/s 1.9172 0.2268 1.9175 0.2274
Max. seat displacement (m) 0.0725 0.0187% 0.0725 1870
Max. sprung mass displacement (m) 0.0690 0.0181 690.0 | 0.0182
Max. pitch displacement (degrees) 0.0222 0.002p 2220 | 0.0025
Max pitch acceleration (radjs 1.1700 0.0582 1.1702 0.0583
Max. roll displacement (degrees) 0.0096 0.0029 @600 | 0.0029
Max roll acceleration (radfs 0.5041 0.0888 0.5041 0.0890
Max. Suspension travel (m) — Front Left side 0.0383 | 0.0320 0.0383 0.0320
Max. Suspension travel (m) — Front Right side 0012 0.0305 0.0122 0.0305
Max. Suspension travel (m) — Rear Left side 0.0290 | 0.0293 0.0290 0.0292
Max. Suspension travel (m) — Rear Right side 0.0125 | 0.0288 0.0125 0.0287
Max. Road holding (m) — Front Left side 0.0569 @p4 | 0.0569 0.0407
Max. Road holding (m) — Front Right side 0.0573 438 0.0573 0.0448
Max. Road holding (m) — Rear Left side 0.0551 0D40| 0.0551 0.0402
Max. Road holding (m) — Rear Right side 0.0594 084 | 0.0594 0.0448
Max. seat jerk (mA 13.9876 1.5729 13.9846 1.5781
Max. sprung mass jerk (n)s 12.4447 1.3415 12.4450  1.3448
Natural frequency seat (Hz) 1.2015 1.0907 1.2017 08498
Time (sec) 1790 1650 2050 1890
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Figure 3. Seat displacement v/s time.
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Figure 4. Sprung mass vertical displacement v/s time.
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Figure 7. Seat acceleration v/s time.
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Figure. 10 Sprung mass pitch acceleration v/s time.
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Figure 11. Front left suspension travel v/s time.
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Figure 12. Rear left suspension travel v/s time.
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Figure 13. Front right suspension travel v/s time.
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Figure 14. Rear right suspension travel v/s time.
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Figure 17. Front right tyre displacement v/s time.
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Figure 18. Rear right tyre displacement v/s time.
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Figure 20. Sprung mass jerk v/s time.
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Figure 21. Front left actuator force v/s time.

Copyright O 2008 by ABCM

2 3 4 5 6 7 8 9 10
Time (sec)

Figure 22. Rear left actuator force v/s time.

January-March 2008, Vol. XXX, No. 1/ 75



15 T T

Front Right

-15 1 1 1 1 1 1 1 1 1
0
Time (sec)
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Conclusion

Considering the power and capabilities of GA, thespnt work
has attempted to design optimal vehicle suspensising it. Design
objectives such as maximum bouncing acceleratiorseaft and
sprung mass, root mean square (RMS) weighted aatiele of seat
and sprung mass as per 1SO2631 standards, jefterssien travel,
road holding and tyre deflection are introduced fmcessing
comfortability of the suspension. While the seanghspace of the
parameters is very large, the solution space ig tight due to the
presence of various constraints. Therefore, the stcained
optimization problem is converted into unconstrdinene using
penalty function approach.

In order to verify the validity of the results, tA results were
compared to those obtained by simulated anneasiognique and
found to yields similar performance measures. Mabdates the
GA results and also demonstrates that there egistsr feasible
design, which is able to achieve the same objective

From the simulation results, it can be observettti@reduction
of the driver’s vertical displacement peak is apprately 74.2% in
case of active suspension as compared with pasgsmension and
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also settling time is reduced from 6 sec to 3.5 Aéso the vertical
weighted RMS acceleration of seat and sprung nsassliiced from
0.3032 m/$to 0.0534 mAand 0.2834 mfsto 0.0492 m/susing
active LQR controller design since more weightagegiven ride
comfort. In case of active suspension travel irsesaby 56-60%
than passive suspension to provide more ride cdnifer less
displacement of sprung mass while tyre displaceriseréduced by
28.5% to give better road holding, indicating agtisuspension
system has better potential to improve both comfort road
holding.
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