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Vibration control for active suspension systems with time-delay input

SU Haof, TANG Gong-you
(College of Information Science and Engineering, Ocean University of China, Qingdao Shandong 266100, China)

Abstract: We investigate the design problem of vibration controllers for vehicle active suspension systems with time-
delay input from road disturbances. According to the characteristics of the vehicle suspension system, we first simplify
the mathematical model of the suspension systems from the view point of practical application. Then, we propose a
variable transformation to convert the active suspension system with time-delay input to a system without time-delay. For
the converted system without time-delay, we design the vibration controller for the active suspension system with input
time-delay, and on the basis of the manufacture and implementation costs we build an additional state observer. In this
configuration of system, we develop a vibration control strategy with memory and integral characteristics for the active

suspension system. Simulation results show the effectiveness of the controller design approach.
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Fig 1 Active independent suspension system
AR AR 2 A, W] LA R GEs s i s
T
MsZs(t) 4 bs[Ts(t) — o ()] + K[z () — 20 (t)] =
u(t — 1),
muiu(t) — bs [is(t) - :'UU(t)] - kS[wsu) - xu(t)] =

—u(t = 7) = ke[za(t) — 2:(0)] + be[u(t) — 2:(2)];

(1
Horp: mgAW > 2 — E 5 R, m R, kN
A TR AW REL, b R JE R EL, ke vEE RN
FERHL, b AR TGRS BB, o, (t) N E S I M ALFS,
x, (8) NECH I TE AL RS, o, (¢) 4 FH B AP FE 5
(RI%E IR R T ZE AL, w(t) NI T B R G £ 30
FERI D0, 7 > OAHEIN 3 Sl i v =
WAL EHERG N TR )T
HNYE 2T, R B, /N T2 — 5
R m,. THFHENIRE R &k K TR AW B R
ik, AR EBHRGHNSEONHI, my = 340kg,
ks = 17000 (N/m), by = 1400 (N - s/m), m,, = 40kg,
ky=190000 (N/m). F] WiZ %R fimyimy, > 8, ki/ks
> 11, Bz, (t) ~ 2, (8) Flid, (t) =~ @, (), B 4%
Jau(t) X F R ) A R, (¢) RO )R JE 2, () JLF

WA R, AT LT T B A AR AT
. A, R R R R WA, Bz, (t) = x.(¢).
M, FsMAT 24 R G()RiE SRR E N
Mm@ (t) + bs[Es(t) — &,(¢)] + ks[xs(t) — 2. ()] =
u(t — 7). 2
EPRRIREA &
x1(t) = x4(t), xo(t) = T5(t) = vs(t) 3)
AN HLEh A 7
Wy (t) = CCr(t), w2(t) = xr(t) = vr(t)v (4)
Forp: o (6) % T AN B 5 6 1 %6 6 R T 3 a) T
TE Nz =21, o) UHIRE IR, w(t) =[w, (t), we (¢)]"
AN E. MRS FRETIEA
#(t) = Az(t) + Bu(t — 7) + Dw(t),
x(0) = xy, 5)
u(t) =0,t¢€ [_7—7 0]7
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v (t) = o (E)RVEAY; SITRETR 2 & 1) [ AL 7%
(iR KAE, X BLIE I 4 5 B AL RS g (8) SR VPAR; 32
MR TR R R IR TR bR, A SO AR A T5 8.
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Fig 2 Active independent suspension system

A G)N)-®), TSGR 2= 7y 2 —

TN EHE R G HPRE T FRIE
z(t) = Az(t) + Bu(t — 7) + Dw(t),
Ye(t) = (1),
Ym(t) = x(t) — w(t), )
z(0) = xy,

u(t) =0, t € [-7,0].
3 RE K& G Hl A& T (Design of state

feedback control law)
BT S BB s S BT SR TR, Mw(t)
= O, RGO IPRETTHEATULES Ny
#(t) = Az(t) + Bu(t — 1),
z(0) = xy, (10)
u(t) =0, t € [-7,0].
A A A2 ) S i i A
u(t) =0, t <0,
u(t) = —K[e* x(t) + ff e " Bu(t + r)dr],
t >0, (1)
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1 EEEARARRE R500), W
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(10) (IR R G il A2 e 1.

ik S EREA
0
2(t) = e (t) + j_ e A" Bu(t +r)dr, t >0,
(12)
UES fﬁ(lO)%Tﬁ%jﬁ/iU:T N IR Y R St
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GL(13) I R HH A
u(t) = —Kz(t), (14)

I H e #E LB, sRA3) IR RGN

2(t) = (A — BK)z(t),

2(0) = ez
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H
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H(12)73
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(1) a(t— 1) +f

FRGEEHEu(t — )IEEN TR
u(t) =0, t < T,
u(t —7)=—-Kux(t), t > 7.
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THIRE 25 £ 1) 2 ) A AL HLAN AT DL ALLA DL R J7 ik

z,(t) = ifi(t) = i(pi sin(iwgt + 6;), (21)

Horr: o, 5 B TR RS B2 e 23 2%, 0; € [0,2m) N —
ANBENUEL, wo = 2mo/l, DRI S TH A K. &R
GRS, $ahBHERRu(t) = OB AT
FHLJE REic = by/2v/ksmy, BRIIR W, = VkJ/ms. H
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WERNT £, = wn/2m ~ 1THZI, WAR B0 A4 47 &
BETLF3EA R m. BN R (5)A & B A K E B R
Y, T AES B TR QD wy > kiw, (k> 1) B
ARG BT RGERBN B e W] LU ST AR/
T FIRSIANZEAGIR, BT LA iwy < wy, FIRBIAIEE
WA K0, BRI AR SCAE BT 45 il R DI, Kok
A0V PR R GE AR R ME I IR (B AE Mooy, S w <
ko, N R BRI 3208 R4S
o(w) = |detfjwl — A+ BK]|™'|, wy, < w < kyw,
(23)

JEE/N AR 3 I o (w ) BB T [u () | K,
BV ISR SR AT LA 1R Tl 2 oK. PR I 7 30 45 42 A A
(VL) BEAE 5 1] R SO /o (w ) R il B AR (/s
| (t)]) LA B AT L. A P H o 22 1 5 95 A e fle 4%
7 A AT LAAS 21 T AN AT R ) SRS
(BT AR Bl R AU IR 1l [, w] DA AR
Fe G B T VA R R AR AR 1) SR, RIVAR A R Gtk
REEOR TG (15) KR A S SR i s, Ml s, H
det(s] — A+ BK) = (s —s1)(s —s2) (24)

A (24) &5 W oC T s I RO 2R 40, 1531 1
kR
K = [mgs182 — ks —by — mg(s1 + s9)].  (25)

4 YR 17 ) AR B W B S2 B A A8 (Physical
implementation of vibration control law)
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Fig 3 Suspension system structure diagram
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x.:(t) = psin(wyt + 0), (26)
Hrh oo AHE. B (26)1F3]
w(t) = Guw(t), (27)
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z(t) = (A+ D)x(t) — Dy (t) + Bu(t — 1),
Um(t) = (A+D—-G)z(t) + (G—D)ym(t)+  (29)
Bu(t — 7).

HR(6)(8)2NAE S I, (A + D — G, A+ D)Z&5E4he
LIRSS b, e RERCIN R, 75 30 B8 LI A
Bk, B

A+D-G
(A+ D —G)(A+ D)

T

2

rank |0 ¢ Y 02 -2 (30)
00 0 w?

rank

N T REAE SR IR A2 i A B AT SE B, A SCH I A
48 (29) PR WL &%

O(t) = AY(t) + Bu(t — 1) + Cym (1), G1)
&(t) = ¥(t) — Lym(1),
Hrp:
A=A+D+LA+D-QG),
B=(I+L)B, 32)
C=LG-A-D)L+L(G—-D)—
(A+ D)L — D.

2SRRI L% DL D BB . 45 e R AR AN B fsk
FRHIRFEAEN AT\, B
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Wh
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bs Ao (A1 4 A2) A1
(gt -y B2
ms Wy Wi

B U], WS G Z (¢) PT AT S FlSe e € 1
A L TR ] Fa (). ek b M AGDIE2
S SATI R) SR S HT A5

#(t) = Az(t) + Bu(t — 7) + (LD — LG — D)ym(t) —

L (t). (36)
AR Sy
zo(t) = x(t) — (1), (37
n
Fo(t) = Awe(t), (38)
i1
lze(®)]] = letze(0)] < lled||ze(0)[| < e#*[lzc(0)]
(39)

bl 2B RE A5 T BR G TE H il .l R34
1A A

1 = max{Re(A1), Re(A2)}. (40)

HH T A\ 2 TiSE 25 € 11, B LA th 2(33) /& SR
T 2R3 23 FERE L, ] DA |22 (¢) || F5AE 7 TRIC LS 52 B TR

Aap(t) = @(t) + Lym (), BRADF 2 ()l (¢) B
A, FFICE TUB L), AT AL 2] A I 4y () 7E
(T ERSRINE T lLE

U(t)= Ap(t) + Bu(t —7) + Cyu(t), t > 0,
u(t) = —K[e*T[1(t) — Lym ()] + (41)

O A
j e~ " Bu(t+r)dr], t > 0,

Het A, BRICHR@35)E X, KhRQ5)HiE.
5 5145 E (Simulation examples)

AR A Rk A% A (40) B BB AT LM B
A YRR BT B b, A E B R AN S
B 1.

k1 RAEBHRAGNEAHK
Table 1 Parameters of a vehicle

S FE BE
Wz —%SiE  ms 340 kg
AEENIE ks 17000 N/m

EHIHE 2% bs 1400 N-s/m

S BEBHATHRE AT = 0.15,0.5s. ¥R 1112
HARNRG(9), 155

a_] 0 Ll g| o]
—43.95 —1.13 0.001

D= 0 0 .
43.95 1.13

dm.k. — 2b.
w, = YAmsks =265 oo
2mg

NI o(w)(w > we) REAN, HIXAEEER] u(t)| X
K, HeFE

S1 = 75, S9 = 77, /\1:—10, )\2:715.
NIEGES]

I

[0 —0.5001
K =[-5100 2 L=
[=5100 2680], 0 —3.00041’
PLA
Ao —925 1 B —0.0015 7
—150 0 —0.0059

o 50.0030 —7.4421

T 1250.0182 —66.7723 | °

AR R, U5 BN IR DR 1 T (O AL A B

3
z(t) = D @isin(wit + 6;),
=1

Horp:

1 =0.04m, 2 = 0.03m, ¢3 =0.025m,
w1 =wy —4, wa =Wy, w3 =wr +2,
0, =1.8, 0, =0, 63 = —1.2.

P45 oR 1 BT AL RS PLah, (¢) B TA] ¢ AR AL T 25
KIS SR T AT BRI 7= 0.1 s 13 84 R B
SEE RGE ST REN LA g () W00 L 2 6%
N T BATHUIE 7= 0.1 s 38 KRG aEH
RGE G MRS g (¢) M S M 22 17 SR T i
T = 0.1 sl Hu(t) KT E L.
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Fig 4 Variation curves of displacement disturbance
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Fig 5 Response curve of vehicle body vertical

displacement (7 = 0.1s)
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Fig 6 Response curve of vehicle body vertical

velocity (7 = 0.15s)
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Fig 8 Response curve of vehicle body vertical
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