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Semi-Active Control of a Vehicle Suspension for the Ride Quality Improvement

Ho Park

Jae-Eung Oh

Department of Precision Mechanical Engineering
Hanyang University

ABSTRACT

Computer simulation is carried out for passive,
active, and semi-active suspension system. Each RM
S and frequency response to road profile input is
calculated for comparision and evaluation of the p
erformance. The vibration anlysis and active contr
ol of the quarter model of a vehicle suspension is
studied in order to evaluate the alternative contr
ol laws. This paper derives an optimal closed-loop
feedback law for the semi-active - suspension that
Justifies the clipped optimal approach.
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P = ~falZa~Zu)

P2>0
P {0

where, ; Power is dissipated.

3 Power is supplied.
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Fig.2 o] ®o]% 227 = % 7}7(quarter model)2}
eEEEALE
MaZs+ca(Za-2u) +ke (Zs~Zu) = fa
. (7
MuZu=Cs (Za=Zu) ~ks (Za=-Zu) +ke (Zu-Zs) = ~fa
of71 A, ch&zt 22 Arel¥i 5 (state variable)E 72
sk
Xy = Zs~Zu : suspension deflection
Xz = Zs . absolute velocity of sprung mass
X3 = Zu~Zr ! tire deflection
Xa = 2s : absolute velocity of unsprung mass
(8)
A2 WA ohd2 22 AT E Y (state

space representation)o] rhgshch, F, ®¥= 3l e
232 o] &3}

= AX + Bfa + LZr (9)
where,

[ X ) { 0 1 0 -1

X=Xz 1 A= |-ke/ms —Cs/ms 0 Ca/ms |

| X3 | | o 0 0 1|

[ Xq ) | ke/mu  Ce/Bu —k¢/mu —Cs/mu)
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T
+ p3(ZuZe) %+ paZd® Y dt ] (10)

where, p1,p2,P3,04 : weighting~factor
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] 0 0 03 0 |
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{ ~ks/ms? ) 1
S = | ~cs/ns? | R=-—
| 0 [ ms?
L Cs/m52J

3 #17} A (quarter model)

MsZa+Ca(Za=2u) +ks (Zs~Zu) = fs

. L. (12)
MuZu~Cs (Zs~Zu)—Ka (Zz~Zu) +kt (Zu-Zr} = -fs
ok, fs = -V(X2-X4)
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X = AoX + Bfs + LZr
= AoX + (X)V + LZr (13)
where,
[ X [ 1 0 -1
X=1]Xz| Ao = |-ks/ms —Ca/ms 0 cs/ls |
| X3 | | o 0 ) 1|
| X4 J | ke/mu  Ge/Mu ~Kt/mu —Cs/mu)
1 [0
B=1| 1/ms | L=1]0] $(X) = ~B(Xz2-X4)
I o | | -11
-1/Bu ) Lo
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J = lig, = E[ [:( XT (@ + Q) Xdt )] (14



where,
[ ka?/ms2+p1  Cseke/ms?2 o] ~Csks/ma? )
Qo = | cske/ms? ca2/ma?+pz O cs?/me? |
] 0 0 p3 0 |
L csks/ms? ce?/ms? 0 Caz/lllaz*pti J
r 0 ksV/mzz 0 —le/llltz ]
Qv = | keV/ms? (2cs+V)V/me? 0 ~(2ca+V)V/ma? |
0 0 0 0
L keV/meZ —(2cs+V)V/ms? 0 (2cs+V)V/me? )
’;_13’){’49_&. &z A2 ™A Az Hay +
et
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L‘:"[ XT (Qo + Qv) X ) dt]  (15)
X = AoX + P(X)V (16)
0 <V < Vamax an
X(0) = Xo (18)
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(Transfer Function; TF)& AJ4tspgich.

B z.(S) . Sprung mass
Ha(S) = 20 (3) " acceleration TF
_ Zs(S) - Zu(S) , suspension
Hso(S) = =575y " deflection TF
Hro(S) = Zu(S) IS)ZF(S) : tire deflection TF
(19)
3.2 tegAlodA
A(15)-(18) 3 U 3 H Aol zili vt 2 E7)
(& ,-00(V{0)

Mof, Vol o} B3 Agtzol g 7é
<] %zﬂ 2ads) ¥ "arzt glck, gre vol A(17)2]

Az °] Z2zstz] o, HHAAPSE veE o}
& A7 2ol Be + ek
V¥ =—R(X) "1 [ HT{XIP+S(X) 1X if Xz¥X4
V¥ = 0 if Xz=X4 (20)
where, R(X)= —5 (Xz=Xa)
Dis
ks —Cs
S(X)= —{ *E:E‘ —E:E' 0 - ](XZ‘X4)
= ~So(X2-X4)
oluff, P c©}&2] Riccati equation & EolA 7373 &
c}.
PA + ATP + Q -~ PBR™!BTP = 0 (21)
where, A =Ac - B R 1So
Q = Qo - SoTR™1Se
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if RO Vmax < [ETOPHSXIX € 0
(3) V* = Vmay if [HTCOP+SOIX = -R(X)Vmasx
(22)
JEE

2 Adaja
J¥* = V(0) + J R(X)™T A (2dt + J R(X)~1 A 2%dt

A 1200 A 220
o7} A1, Az B &4 (7)ol iyt Lagrane mu
ltiplier olu, v ~1.& &Y}
(1) A=—{PTXIP+S(X) IX, A 2=0
if 0 £ [DTOP+HSX X
(2) At=0, A2=0
if “R(X)Vmax < [PTOOPSXNIK C 0
(3) A1=0,
A 2==[ P T(X)P+S(X) IX-R{X) Vimax
if [ BTIP+SIX) X < -ROOVmas
Pr))
wEr o gr Ae BAAg sk

G OORX) -1 LT(X)= BRTIBT
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SIX)TR(X) =1 T (X)= SoTRTIET
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0 if ~fa/(Xz-Xq) & O
~fa/(X2-X4a) if 0 < —fa/(X2-X4) < Vmax
Vmax if Vmax $-fa/(X2-Xa)

(1) v*
(2) v*
(3) v*
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-GX = -R™1BTPX
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= 3177330,
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of wj$ 7 ,Vol,16,pp. 1677192,
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Fig. 1 Quarter car models of fuily active(left) and semi-active Fig. 2 Quarter model of fully active
suspensions(right) vehicle suspension
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t z
* ks, bs : constant 0.2

s v(t) : variable damping
coefficient
O <v®) < Vimax) 0.1
o
(=)
X1 =2Zs-Zu £ i
X2=72s S 0.0 1 e
o
X3 = Zu- Zr 2 ‘
5
Xa4=Zu 01
fs =-v(x2-x4)
-0.2

0.0 05 1.0 1.5 20 25 20 325 40 45 5.¢C
Time(gec)

Fig. 6 Sprung mass vibration of PAS system

Fig. 3 Quarter car model of semi-active suspension
and its conditions

Z
Road velocity input

fs=0ifp<0 R
fs=fa2 if 0 < p < vmax(x2-x9) ||

Level (dB)

fs = -vimnax(X2-X4)
: 2
if p 2 vmex(x2-X4) output

| |
p =- fa(x2-x4) :
X2 K4 ! ‘ i
C] \
. b PR PP ;
100 1 10 100

Frequency (Hz)

e

Fig. 7 Transfer function of PAS system
1: sprung mass acceleration TF
2: suspension deflection TF
3: tire deflection TF

Fig. 4 Block Diagram of Optimal Semi-active Suspension

e i
—

0.2
ks v 1
0.1 :
IC
Zn =
My £ 0.0
E]
2 |
2 -0 !
ke = i
JZ' -0.2
0.0 0.5 1.0 1.5 2.0 25 3.0 35 40 45 50

Time (sec)

. Fig. 8 Comparision of sprung mass vibration

Fig. § Fully active suspension sysiems ; force control(ieft) in cases (1),(2),(3)

and modulated damper control(right)
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Fig. 9 Damping coefficient variation of the active
damper in case (3)
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Fig. 10 Comparision of sprung mass acceleration
transfer function in cases (1),(2),(3)
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! 10 100
Frequency (Hz)

Fig.1 1 Comparision of sprung mass acceleration
transfer function in cases (1),(2),(4)
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Level (dB)

10 100

Frequency (Hz)

Fig12 Comparision of sprung mass acceleration
transfer function in cases (1),(2),(3)

Table1  Design parameters of 2 DOF vehicle suspension
model name symbol unit value
SPrung mass mg kg 240
unsprung mass my kg 36
suspension Nsec/m 1,000
damping Cs '
suspension .
stiffness ks N/m 16000
tire stiffness ke N/m 160,000

Table2 Modal parameters of passive suspension

system modal parameter 1st mode 2nd mode
undamped natural 125 Hz 11.02 Hz
frequency
darmnping ratio 0.2233 0.2054
Passive modal decay rate -1.75 -14.22
system damped natural 5 N
frequency 1.22Hz 10.79 Hz
1.00 +j0.00 1.00+j 0.00
mode shape
0.08 +30.04 -6.23 +j15.36

Table 3 Comparision of simulatoin cases

symbol of
stmulation case

specification
of control law

design parameter of
passive elements

(1

Passive  (original)

kg = 16000 (hard spring), ¢ = 1000

@

Fully active (LQR)

kg = 16000 (hard spring), ¢y = 1000

3)

Semi - active (LQR)

kg = 16000 (hard spring), ¢, = 1000

O]

Semi - active (LQR)

k. = 4000 (soft spring), cs:l()OO,

s |

(5

Semi - active (LQR)

kg = 16000 (hard spring), ¢ = 0




