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Single-step Method Based Finite Frequency Static Output Feedback Control
for Vehicle Active Suspension Systems

WANG Gang CHEN Changzheng YU Shenbo
(School of Mechanical Engineering, Shenyang University of Technology, Shenyang 110870, China)

Abstract; A static output-feedback based finite frequency H_ controller design method was proposed for
vehicle active suspension systems. The static output-feedback controller gain matrix was directly derived
via a single-step linear matrix inequality ( LMI) optimization. As the previous finite frequency H_ control
theorem did not satisfy the sufficient conditions of single-step method and contained some bilinear terms.
The static output-feedback control problem of previous finite frequency H_ control theorem was infeasible.
A new static output-feedback based finite frequency H_ control theorem was given by using the
generalized Kalman-Yakubovich-Popov (GKYP) lemma. The initial static output-feedback controller gain
matrix can be directly solved by a single-step LMI optimization. Compared with the traditional iterative
linear matrix inequality ( ILMI) and cone complementarity linearization ( CCL) algorithms, the design
process was greatly simplified. The initial infeasibility issue of the static output-feedback control was
resolved by using the state-feedback information. Finally, the effectiveness of the proposed method was
validated by numerical and experimental results. The results for different road excitations showed that the
finite frequency controlling can improve ride comfort effectively, while keeping suspension dynamic
deflection, tire dynamic load and controlling input within allowable values.

Key words: vehicle; active suspension; frequency-domain constraint; static output-feedback; H_

control; linear matrix inequality

3| ] Pl A B 0 A A R I Sl i i 4
BB ISR AT R AR A S 2R, AR

BEHE AT M S R e R BRI AT IS 0 BT AMERE o AR OR , R 2 4R B R
PERRETEIR I T Ok MR B ZOR . RGER B aE SRR H, R R TR B BRI 2
ZUHE LA B BB A PR RE T K 30 F B o B AR e i ERZECE TREE IR IR E R R oy )
Hiligi st m gy Xz~ WEEHERE " ER A R B R LT R

il

Wk B ). 2016 —05—08  f&[a] H 1 2016 — 06 —27

ES&TE: HEAARBFIEETH (51175350) FIiL 44 BH% 813 8 k% 5 (2015106023 )

EEBA: ENI(1990—) , 5 Wi-H 4k, 3228 5 05 B 40 R 48 A% 2 R G 4R 2 4% i 9 9%, E-mail ; w346024519@ 126. com
BISIEE: MRKAE(1964—) 5, 282 , 1 A4 500, 32 38 IS0 LM 45 i Bl 0 75 8 ol A 5%, E-mail : CCZedu@ 126. com



w2l

B g Pl F A, ME L ORIE 8 28 1) ) B2 o, L3 48407
ML HEN . B, B BAFN H, 20 5w
Re—AH AT R, AR R, SUN 4571 R
TIRE TS B A R 0, FEH s . AT
SR H, PR A R RE v — P e
B ErE

FURITOR T 2 28 A IR H 428 i) 2 0
FTARS R b R AR
BRAA R 5T LRI S
B, A b B — P S B A BRI H,
A R o A BRI A A S 5 )
P G701 2 I 5 i o A o) L R R
e GL ) — 2875 1L e LR, — B il Bae iy — 4
MERURE . SCHR [ 17 32 T R 9 Bir B ik Ak B A
PR SR H ., e 25 i S 053 4 3 ] L, 5 B2 T 25 4
PRSP 2 SR %7 5 T Bl & A i O
AT

ARSCHR ) — A2 T D R (9 A IR H
A S P B T R R R 2 H bR
] o 3 5 LA 091 S 5 R 6 06 I T B T v 1 A AR
P

1 SRR SESIE

FIERE A MIE E LRGN
x(t) =Ax(t) +Bu(t) +B,w(t)
y(t) =Cx(1)
z,(t) =C,x(t) +D,u(t)
z,(t) =C,x(t) +D,u(t)
K x(1) e R"—RGRE
u(t) e R"—RGHA
(1) e R"—HPART 4
y(t) e R'— R Gt ,q <n
z, (1) e R"—— R 48 H bpfi th
7,(t) e RP—RG A d i il
A B B, .C.C, . D, C, D, &85
i, AN T (1) e ,[0,0 )
XF T AR R m A S s B
u(t) =Kx(t) (2)
Arp K——Fp Bt n R 28 S5t 1 2 20 P
KX (2)MRAK (D) Hr, AT R T 2 RS 5t Y
EEAE

(1)

x(t) :Zx(t) +B w(t)

z,(1) =C,x(1) (3)
2,(t) =C,x (1)
Horp A=A+BK C,=C, +D K

TR A5 BT 50 vk 1 40 3 2l e AR A BT S5 A i L R A 4 355
C,=C, +D,K
X T A R AR R A o A T
u(t) =Ky(t) (4)

AR KA 25 1 R 0 3
ST 5 4 2 8 0 P 56 28 5P 2
x(t) =Ax(t) +B,w(t)

z,(t) =C x(t) (5)
z,(t) =C,x (1)
Hoep A=A +BKC C,=C, +D KC

C,=C, +D,KC
F AR H bR BT — A RS 0, # S
B R A AR R X (1) fE T TR W
EARE , B R e bn

30 T (jo) e <y, (6)
z,) I<1 (i=1,2,,p,) (7)
T, o 3|z, B8 KL
Vi BE I 4T

b@j%,wl <w<w,

T UE B SR B 3 e B, B e sl ik
GKYP |3 " . xf FHI3F R4 (3) , A BRI A 25
K (6) L, SOYFAAEX FRAEFE P >0.Q >0 ¥ 2

w

D' ED <0 (8)
Horfs A B,
D= f 0 (9)
c, 0
(0] 1
=[5
1 0
O=/oP w0 H=| _yﬁ]
o I B
X O— B

2 BRMEBERRFETSES

H T B 19 A BRI 4 ) BT R L
B TR AT S, A RAS R 25 AN AR R 5o R
TE A B TR AR O 5K, S S0 A A b R 1 [R) RO TG
AT MR . DR, SO R R R R 200 I T AR A R
(A B AT Sk 45 ) H, 5 B, fF 45 92 1 34 25 40 B mT 4
fiff oAy T A MR BB 2, IR LA T R Bt R Bk, i
HATH /N ORI

FEI 1 (A BRI H, RS RS - 45 8 IEFR
oy, ba, by o0 MIHRRG(3)TE @ =0



356 & ML M % IR

2017 4

WnteE , HfE s KR TR o, =r/n T WL
REFEFR(6) (7). HAFTEXFRHAFE X >0,0 >0,
P .>0,P i 2

Z+0' +0<0 (10)
E+I"'I'<0 (11)
PG
[ ' ']>0 (12)
% 1/r
Horp
P, 0
_ JOP, _ [0 O
=7 o Ll ~_[0 1
n
-a, X a, XA o
Q= -bX b XA 0
0O ¢X'P, -¢Xx°!
0 0 o o
-a,X a,XA O  a,XB,
I =

0o bC -bI O
(0] (0] o o
W B XHE @, =[A" T P @ R
g e A e A (10) 1] 15

P (E+0" +Q)P <0 (13)
FEN O, =0, (13) %N TF & 5P, <0, #H
fii Schur #h 5| BT H R (13) B H

sym(P.A) +1—PABIBITP5 <0 (14)
n

A (14) ATRHE P A + AP, <0 W20 . M 1 42
A5 Lyapunov g Al H1, REX () EL T T
) BE 6 @' % HE B A A AR S (1) W) 45
D (E+T"+IN P <0 (15)
EEF e =0,[1ILX (15) %M T &b <0, i
GKYP 5| A %1, 45 B A5 45 b 2 (6) 75 BRAE
EX—NBREREE V() =x" ()P x(t), XTF
EEW >0, 445K

sym(x"P.B,w) < ix"'P\_B,B';'P;x e
7
X V() KRG 15
V(t) <x" (sym(P_VZ) +LP‘SBIBITP) )x +nw' ®
n
B (14) 18, V(1) <ne'w. XFHFS T E
V(1) <me,,, +V(0) =r,r JyiE LGRS, TR

FYHAMT K TR REEN o, =r/7.
A (12) 5

P.‘_r{cz”‘{cz%i>0 (16)
B (16) ik [l 22 3¢ x " A5 3¢ x, Al 15
rizyll {z, ), <x" ()P x(t) <r (17)

WAER KT 0,, =7/ T ,(7) G2 RIE.

AL P A R M T R A L
LR LML (™ (Al AR SR A, 7 2% ok A7 R 4%

T, =diag{X™' X' I
X' I I (18)
T, =diag{ X' I
LR R B B 1 ST [ A AR 4, O AR
MM X =X'",K=KX"',0=X"'0Xx", P, =
X'PX " P=X""PX"' AL 1,

Heig 1: 5 IEAR I vy oram.a, b, \a, b, ¢, M
HRARGER ) o =0 BT faE, Ham KT
fEH 0, =r/n T REERIRIRL(6) (7). A1
TEXFREE X >0,0 >0,P, >0, P Fr— S 5 K i

T, = diag{ X'

E+0"+0<0 (19)
E+I"+T'<0 (20)
P. [C,X+D,K|'
[ ]>0 (21)
* 1/r
Hrp fQP 0
=7 o ;BIBT]
E:V®P+¢®Q 0]
0 n
-a,X a,(AX+BK) O
0= -bX b(AX+BK) O
o CIF$ —cl}
0 0 0 0
= -a,X a,(AX+BK) O a,B,

0 b(C,X+DK) -bl O
0 0 0 0

T 4R A R R 25 M K=K X '

MR GE AR RAS T T R S
R B . R, A B R B — A AT AT AR A A
W1 R TR M RO K X = KC. K
I F AR A 2 AR T 5, 3C SR L — AN 1 78 B 46
AR A T A i R R, VB X X AR OE
SRR, T D TR ) SR o A A . AR MR SCR (19 -
20 ], R S 5

X =NX,N' +RX,R'
K=Y,R" (22)
R=C"+NL
X Xy e R b BRI g A R
X, e R —— X Bk IF 52 4



w2l

FERAF T O 0 4 3 3 B A RO S 2 i e R 54 357

Y, e R""'——— 4 IF
NeR"™"7 ker(C) 1Y LS
LeR" 7" —T S 4

B (22) AR AHEE 1 Hnl 75 3 T 20 20 9k R
) A BR AT H A A S 4 i o)

SEHL 2 (A7 BRARIR H, A5 R ) e
EbRE yoron.a, b, va, b, e, ARG (5)TE
w=0 B¥EfRE, HER K TR 0, =r/7 T
W RPEREHE AR (6) L (7)o A AFAEXS PR BE X, >
0,X,>0, Q>0,P.>0,P KR4/ Y,

E+0"+0<0 (23)

E+I"+T'<0 (24)

P. |C,X+D,K|"
* 1/r
Horp X=NX,N" +RX,R" K=Y,R'

SR REIRHE 38 1, JULAR L 1Y 5 A e S 58 0
HHK=Y,X,',

FEVE 1 B L W uF B o R 0T 2 ) Sk [20 ]
MR o B0 2, A PR A3 a5 i o S 1 42 ] [ A ] 5
AN LMD B 2R . X5 F 1 55 1 4 40 35
25 i B A o ) A, A BRI LA R R AR
PV RS RGE S BUEBERE A, o R R A
SRS . B %R —2e k0 LMI B3k CCL %
WY s s A — i A AT AR, B
MFER . AR, P 2 MR AL Tt 72

FH2.FEEINEHR2PEE - AHEREL,
TR AT AR LRI OR e
2 el TP B A S tE s, 2 Lk U Y
W, 2 HICATATMRE . AE AR SRR 4y TAE b 3R
&0 7k Y R LE B RN % ik 2
BHAG o AR Y AR OB 5 B, SCER [ 22 14 T
i B AR A BB 04 {5 8 TR 8 JE B L, 3k A T[] B AN
AAT

PG, R 3 A28 BRoR A A BRI H, &0 25
S A i 3 4 R B

(1) B SR A ™ A A 1n] s

.{minimize'y
| subject to LMIs(19 -21)
(2) #(26) HA nT A7 M, WA 4 L 2Ky
L=N'Xc'(cxc") "' (27)
At X——30(26) Kty LMI A5 it
() BRI HEBE LA R B, IR SR A ™ i1k

[i] 7

>0 (25)

(26)

{ minimizey

(28)
subject to LMIs(23 -25)

WK =Y, X" (5 BRI 0 T AR T 2 2
TR AT

Jo T TR HE, AR S o TR 1 R
2SI H T85O B s )

T3 (AR H, T2t S R i)« % FE A
FAGR(5) AR TRy, MRS o =0 B
R, AR TR o, = /v’ F 2420
W H, PERE S AR (7) o F5AF A6 X RRALIE X, >
0,X, >0 B—HHiFE ¥, i 12

sym(%,) ¥, B,
- -1 0 |<0 (29)

* * ——sz

NX,N' +RX,R" 3,
{ 1 1>0 (30)

* o

Hr 3 =ANX,N' +ARX,R' + BY,R'
3, =NX,N'C,; +RX,R'C, +RY,D,
3, =(C,NX,N' + C,RX,R"' +D,Y,R")]
A8 B3 AT AT DU A I A S 4 4
SV K = ¥, X, . EWE R AT S A 5 )
FER 1 B UER]

3 FEWENSBREFNA

B 2R 2 19 B A ) E BV P B 4R 4 3 Bl B AR
Pl o PR R IR 5 8, SCR RLEL L Bros i 1/4
RSB ORI G BAR L Z T R R
EHTEEER.

||
=

X,

B 1 /4 FEGEIRER

Fig.1 1/4 vehicle active suspension model
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