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Abstract: This paper focuses on the problem of gain-scheduled Hoo/H2 output feedback controller synthesis for
continuous-time linear parameter varying (LPV) systems with parameter uncertainty and external disturbance simulta-
neously. First, the mathematical formulation and control objectives, including the Hoo/H2 performance and regional pole
placement, of gain-scheduled mixed-objective robust dynamic output feedback controller for continuous-time LPV sys-
tems are presented. Second, in order to further reduce the conservatism of this algorithm, several slack variables and
parameter-dependent Lyapunov functions are employed to the well-established performance conditions. Then the desired
gain-scheduled mixed-objective robust dynamic output feedback controllers are reformulated as efficiently tractable finite-
dimensional convex optimization problem in terms of linear matrix inequalities (LMlIs). Finally, numerical examples of a

quarter car model with an active suspension are given to illustrate the effectiveness of the proposed methods.
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WEFL T —MEAAT T B S ) 22 JLPV R S0 AR 1
IR A H AR SRS A T R T i ek, oA T
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W35 A I B PE REROTR A H bR W sh 2850 s s ol
v B2 A g 2 M R O AN 25 SCE 8 Y R A PR 4 Ak
) L, 19 3 T PR AR R 4 F ST %
J& T SHA e AN IR 3 A PR RE RO
P RGBT 1 5 m, AMUBERS TRIE RGAESHUE L
/El‘fﬂlj\]ﬁ’]éﬁﬁﬁﬁ%* Ti iy HEAT — & TP
BE A M sh B PERE. ), CADY 43 2 — 7Rk Al
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2 [B8HEA (Problem statement)
ZRen F—KLPVARZAS:
i(t) = A(Q( Nz (t) + Bi(0(t))w(t)+

Ba(0(t))u(t),
Zoo(t) = C1(0(8))x(t) + D11 (6(2))w(t)+ 0
D12( (t))u(t),
2(t) = Co(0(1))z(t) + Do (6(1))u(t),
y(t) = Cs(6(¢))x(t),
Hrp: z(t) € R™, w(t) € RL, u(t) € R™Fly(t) € R™

3 RESIPIRAS ) & T AR
G 200 (1) € R™ Fl 25(t) € R™ 53520 Ho ATH,
PEREFERS T Ita bl R0 & R B 1 4
B AT, AO(t)), B1(6(t)), B2(6(t)), C1(0(1)),

Ca(0(t)), C3(0(t)), D11 (0(2)), D12(0(t ))*ﬂDzz( (t))
#ERTWESHO() = [0,(t) 02() -+ 6.(¢)],
0(t) € RIS EKBIHFE, HS40(t )ﬁ?% FLT
LA SCHR [9-101FTHF 9% (ILPV 2R Gt 488 2 1 F5 42 4l i)
B, AT LK LIRLPV 2GS HAL A U1 R 2 ILPV &
5

() 2 (A(B(t)), B.(0(1)), Bo(0(t)),
C1(8(t)), D11 (6(t)), D1 (8(1)),
Ca(6(1)), Daa(6(1)), Co(6(1)) € R =
{Z O‘i(t)nz az(t) >0, E QZ(t) = 1}7

(2)
Horr: RARGSHAE A TN 2 1R T R G
%/Ei\a Qz - (A'n Bli) BZi) Clia D11i7 D12i; 021'7 D22i7
C3) RN RESH FNT RN RS, i=1,2,--- ,N.
BB HLPV RS (D) BHR A Hbn %LPVz:jJ*iau
e Kporp WR:
Kpor : k(t) = Ax(0)7k(t) + Bk (0)y(t),
u(t) = Cx(0)rk(t) + Dx(0)y(1),
o ag(t) e R ¥ il #4% R 3, Ax(0), Bk (0),
Cx (0)F1 Dy (0) A AEHAHZE AT SR sl S izl
TRBOERE, w(t) AR F NG T sl &
R 8 Kpopr fRNBILPV R4i(1), 132 A LPV
A4 Chor:

3)

Chor : Za(t) = Aa(0)za(t) + Ba(9)w(t),
Zoo(t) = Cra(0)za(t) + Dia(0)w(t), 4)
2(t) = Coa(0)za1(t),
Hrfizg(t) = [27(t) 25(1)]7. RECporTI% AL
S 1
_ Ac111<9) B2(9)CK<9)
AO= | Beoyeso)  Aco) ]
Bcl(e) = [B1T(9) O], chl(‘g) :D11(9)= .
_ | CL(0) + C5(0) Dk (0) Dy (9)
Cral®)= [ CEO)DL(6) ]
_ | G2 (0) + C5(0) Dk (0) D3, (6)
cmw)—l CX(0) D5 (0) 1 ’
5)
o Ay (0) = A(0) + By(0) Dk (0)Cs(0). KL,
W (D-Q2) 2 PLPV R GUR A+ H br & HELPVZ) &

o SO BT ) e LA gl Ay e an s 3) B
AN B A i 2 Kpor, 173 384)—5) 1)
HIIRLPV 2 4t Cpop X T4 fuVF AN 2 W 2 2 5L
O(t), W LU R I TR ps:

1) MR IR RGECpop M 78 HURE 1 X 3,
W,

2) Ho thRE: XA T ARG Sw(t), 41
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PEREFRPRy > 0, 15w (t) Bl 200 () I AL 128 R £
T, oo (8) R H VBB L | T ()] o < 5
3) HoPERE: Xb TN A AL A 1 e i
M w(t), &€ —MERETE R > 0, i w(t) 5
29 (t) K IAME L PR EL T, () 1 Hy JEE0H 2 F X
[T (8)]l2 <.
3 RE HbnshAm R GHE HIER B (Gain-
scheduled mixed-objective dynamic output
feedback controller synthesis)

3.1 A5 # KR (Relevant lemmas and corol-
larys)

Sl 1 X T HHFLPVRZ®@), 4 ey > 0, N
PUR A ity =181

1) RGHHERE, H|| T, w(s)|l. <7

2) AFAEXIRRIE EHE X oo (0), A2 LN AR
ANGE:

M, (8) Ba(0) Xoo(0)Cio(0)
Di,(0)

* * -1
HAM,(0) = Au(0) X (0) + X (0) AL(0).

SIEE 2 X THPIFALPV R44), Rgedrintae H
3 BB | o (5) ||, < mem > 0 BRI 55 AF A
A7 AE X FRIE 8 55 B Xo(6) 15 € 55 FE Q(0) Fl 4 B
G1(0), Go(0)FG3(0)ii /2 LA FLMIZy s

) <0, (6

[ M, (0) M;(6) B.(0)
« =Gy (0)—Go(0) 0 | <0, (D
| ox * -1
Q) Coa(0)Gs(0)
a6t -xm) T ©
tr(Q(0)) < n?, ©)
Hor:
M,(0) = Aa(0)G1(0) + G1 (0)AL(0),
M;(0) = X5(0) — GT(0) + Aa(0)G2(0).
I 3 X THIRALPV RS @4), WRAAERFRIE

€ BE XD (0), 3 2 X (10)BT 7~ FILMIZ) 3R, W FR 1%
LPV R4 e D(q, r) FRE 118,200,
—’I”XD(Q) qXD<9) + ACI(Q)XD(Q)
ES —TXD(H)
D (g, r) B2 FH BRI, e (—g, 0) (15
FELMIX 3,
E 1 TAEFARRLPV 22456 N 2 A Hoo/Ho 3545 FLi
SRR AU, W5 3 R I AR O T SR, R
WL AR R X oo (0) = X2(0) = Xp(0) = P, BIfE RG M
AN R DX AN SR — A 2 JL 1 Lyapunov PR B0 R P, iX 5

<0, (10)

SRS PE IR BT SR T AR <P, X ik, v CATE I 5 1 A4 5t
AP B R G E 5 Lyapunov AR FEFRE, DUELEAN R AT 8 L
i FHANAI ) Lyapunov BEEUHE R, M B A4k

SIE 4 X TEYERITREEREM, N AT
FEPEL, T ANEA A 7210,

T
I I

s ]
2) AFAEIE A YER AR AR AR PEGALTS
NT
—I

M + G"+G[N —1]<0

YT

it 1 X THIALPV RS 4), 2iAFAEXNFRIEE
R BEX o (0) LA KO FR AR BEG 1 (0) FIGo (0), i A2 T 41
LMIZ

M3 (0) My(6) Ba(0) M5(0)
=y Dia(0) Cia(0)G2(0) <0
* —I 0 7
* x  —Go(0) — GI(0)
1D
o

M;(0) = Aa(9)G1(0) + G (0)Aa(0),
M,(0) = Gy (0)Cra(9),

My(8) = Xoo(6) + Aa(6)Gs(6) — G1(6).

HE S ERIAAN, BIALPV RGu4)feoe HEA
Hoo PEREFRFRY I 78 53 451 A A2 2 (6). R HA
& MR RS BRFEFE[T 00; 00 15 01 0]43 51
7 e Je A Fexk(6), BImT 13250(12). #E—2, K (12)
AT LA T A2 (13).

MR 5124, IE5INGT = [G1(0) 0 0 Ga(9)],
MR, iEE

2 RIS UL, R 4, T LU %
SRR T R B3 MEE IR, HER2UE L R,

Aai(0) X oo (0) + Xoo (6) A (6)

Xeo(0)C1a(0) Ba(f)

—yI  Dia(f)| <0, (12)
* -1
I 0 0] [0 0 Bald) X.o0)
0 I 0 —yI Dia(6) 0
0 0 I * % —~I 0
AL() CLE(6) 0 ok * 0

[;N]T M
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I 0 0 _T1 LT T, 15 T ]
0 I 0 <0 (13) * 1Tr Y5 Yo Yo T
0 0 I ’ x x 11 1y T 1is
Ach 0) Cchl(a)O o) = * x ox T Ty Tis <0, 9
e * k  k % Zg Iy
Wit 2 HFLPVRSA)IEXIED(q, ) L e
SE I, 24 HLACAAELE IE S8 HERE X (0), UL Bt AT )
G1(0)F1Go(6), 32 FHILMIZIT: Z = %EZ?X (193 T?ZQE ;g%
T 2 = Ca(0) + Doy )
rXp(0) Ms(0) Xp(0)—Gi(0) 1Ty = X(6) + X" (60) — P (6),
* —TXD(H) ACI(H)GQ(H) <0, I, =1+ U(9) P12(9)
* CTGOmGO] L=y O) £ YT6) - Pa),
2 ={A0)X(0) + Bz(0 )0(9)} +{*}7,

HAM,(6) = aXo(6) + G (0)4a(0) 2, = A(0) + AT(6) + Bo(6) D(6)C5 (6),

32 REHWREESEHE RE % H 2% Mixed 5 = Pi(0) + A(0)X(0) + By (0)C(6) — XT(6),
objective robust dynamic output feedback con- 24 = Py(0) + A(0) + By(0) [)(9) 5(0) — U(0),
troller) Z={Y"(9)A (9)+B( )C3(0)} + {*}7,

h T SRIRLPV R NR A B AREFEsh 50 H 15t Zs=PL(0)+ A(0) -1,

PR, ASCIE I 5 IR R T AR R AR, Er = Pyu(0) =Y (0) + YT(0)A(B) + B(6)Cs(6),

e T IR A 78 3 25 AF. T BLe ETE K Se=—-X(0)— X"(0), Sg=-U(®) — 1,

s LPV RS IR A H b & #e s 2550 H R w1 3= o= —Y(0) - YT(0),

TR Iy = XT(0)CT(0) + C* (6)Di(0),

EE 1 XTHIRLPVRL4), FAFAERTFRIE I, = CE(0) + CT(0)DT(6)DL(6),
HIBEQ(0) A1 = C1(6)X(6) + Dix(6)C(9),
Bo) 2 lPu(Q) P12(0)1 I'y = C1(0) + D12(0)D(0)Cs(0),
x  Py(0)|’ T =—-rPu(0), 1, = 1:’12(0),~
L AT SR BEX (0), Y (0), U(0), A(o), 13 = 1Pu(®) + XTOAT6) + CTO)BF(0),
B(9). C(O)FD(0). (Ef FIILMIZIAEL Ta = aPua(6) + A(6),
s = P (0) — X1(6),
D(0) = Ys = Pra(0) —U(0), Tr = —rPa(9),
(=, 5, T B =5 =4 Ts = qP5(0) + AT(0) + C5(0) D7 (0) B3 (6),
« S5 I YT(0)Bi(0) =5 = Yy = qPp(0) + AT(0)Y (0) + CF () BY(6),
x« % —yI Dy(0) Iy Iy Yo = Ph(0) — I,
Lo s —7(1) 0o o| <% @ o = Par(8) — Y(0).
 x % * Zs By T, = A0)X (0 )+Bg(9)é( ),
i * ok * * * 510_ T13 = A(Q) +BZ< ) (0)03(0)
(5, 5, 55 5,  By(0) T = A(9), Y15 = YT (0)A(0) + B(6)Cs(0),
x 55 Zg =7 YT(0)B(0) i A2 X B)ILPV R Ge i A H AR B4k 5 280 H it
P(O)=| % x S5 T 0 <0, e filas A HOHFE AT LA 00Kk A, Hord, RiFE XL ()
x x  x = 0 N ACHEIDSiibu
ok R —1 X,/ (0)Yi(0) =U(0) — X (0)Y (0)
] N Gy k)
Q(O) I 11 Ak (0) = YT (0) M (0) X (6),
Al6) = [T Iy >0, a7 B (0) =Y, (0)Ms(0),
x o« Iy (20)

tr(Q(0)) < n’, (18)
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Hrp:
My (9) = A(6) — YT () A(6) X (6) — Y (9) x
Bo(0)C(0) = B(0)Cs(0)X (0)+
YE(0) B2(0)D(0)C5(0) X (0),
Ms(0) = B(6) — Y™ (0) B.(0) D(6),
My(8) = C(6) — D(8)C5(6) X (6).

HE AREAR, e BT S(18) i 2 2N (9) IEEK,
Bt DA LR IR B o 33 2 X (15)-(17) X (19) R AT
B[ BE2, HEIR LRI 2 0] 40, 7EF IR GTER T,
S A IRLPV 2 S0 (4) 70 3 AN 2 DX 380 78 3 2
(D)= A DHFAHFT7RIILMIZIR, BRIl R4 [H
B A2 Hoo/Ho PEREFE AR S AR s 29 SNSRI IH DL B
1.

FE 3 b AR 1 i B S 25 R AT A
RET LSO OTC55 LA, T LR T SRR
Py, HOTTCHESEEL. VR E], e

Q(9)= P(9) = P,

X(0) =X, Y(0) =Y,

U0) =U, A(9) = 4, B(9) = B,
C(9) = C, D) = D,

IR AARBE AT RN —AB RO A8 I LR S FIARSIA A R i
il T, T LANINUE A3 20 R L.
#it3 X T2 MWLPVRSi4), #5 17 1 Ji bE

Q(0) = Q > 0, IFRIEEREFE
~ ~ P P
P9) = 11 1712 ,
Py
WFEX, Y, U, A, B, CHID, i L LMIZIK
(2155 I By =3 5]
* 55 FQ YTBM EG 57
—~I Dyy; I I
®; = *ox T ni At Ll g o)
* ok * —I 0 0
* % * * =g Eyg
| * % * * * 510_
=y By Z3 By By
x S5 5 =7 YTBy,
U, = | x *x ESg 5Fy 0 <0, (22)
x % % =9 O
¥ ok % Xk -1
(Q I, II
A= |x Iz 1| >0, (23)
_* * H5

tr(Q) < n°, (24)

N LN s Y
17 Tg Y9 Tho T
* 11 1o 1o
x *x 17 Ty

* ok x Iy

*

<0, (25)

1 =53

[x
Ne)

* k% % ok

(1
=

Lrp:
IT) = Coi X + Dy2;C, ITy = Co; + Dag; DCs;,
I3 =X+ XT - Py, I, =1+U — Py,
H5 Y +Y7T - PL4+ A1,
= {A;X + ByC} + {+}7,
A; + AT 4+ By, DC4;,
Py + A X + ByC — X7,
Py + A; + By;DC3; — U,
{(YTA; + BC3;} + {+}7T,
Py —Y + YT A; + BCs;,
X - XY Eg=-U-1,
Ewo=-Y-YT,
= XTCE + CT DL,
F2 = COL + CEDT DL,
I3 = Oy X + DigiC, Iy = Cy; + D12 DCs,
11 =—rPy, I3 = —rPya,
T3 =qPy + XTAT + CTBY, Ty = qP1p + A7,
Ts=Pu1— X", Ys=Pa-U,
Y7 = —rPa, Ts = qP + AT + C4, D" By,
To = qPoy + ATY + CLBT, Y19 = P — 1,
Ti1 = Py — Y, T12—AX—|—B2,LC
Ti3 = A; + B, DCs;, 114 = A,
Ti5 = YT A; + BCs;,
W AL R)ILPV R SR A H An S8 ) &% X
’ﬁf?’*%J%%%i&%E B 1] DL 2R26)k 15, Horh, R
M X, R Y, T DU XT Yy = U — XYY R0 i
133,

M

Py, Zg =

~ wt =W (V]
I

n [ [y [y [y I [1

oo
I

1

(26)

Myp(0) =A—-YTAWB)X — YTBQ(G)O—
BC3(0)X + YT By(0)DC5(0) X
E 4 ERIEHRA T RMRG)F RS H RS
FELPV 3l &40 H R B 1 8% Kpor A IRYEBILMI T i, H
SR I AL TR E SR — AN A3 [ Lyapunov iR 4, X6
SEEE ) SR AR SR T ARSFVE. o BRAROR S It FH 43 21 mT bk
HI4&At:, 2225 3CHk [91FNSCHR [22]H FiyZ:, it 5| —Fopr
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I T 23, FE25 2 WA 52 ILPV 22 88.02(0) T Ak, ¥

SEFE T TR ERULMI 540 A BRSNS L LML
EE2 N TZMLPVARYI4), 2574

FEQ; > 0, M FRIE & -

Pr1; Pro;

P =
* Pog;

WiBEX;, Yy, Ui, A, By, Ci, Dy, Ayj, Vi ki, vig 18453
LMI(27)—(35) %7

Bij+ Dy — Agj — Aj; <0, 1<i<j< N, 27)
u?ij+wji—r--—T-T-<o 1<i<j <N (28)
Aij+ Aji — ki — k5 >0, 1<i < j <N, (29)
;i +0j —v; l/ <0, 1<i<j<N, (30
tr(Qi)<n77’_1a2a”'7N7 (31)
(@11 Ay - Ay
* Doy - Agy
2= ) ) <0, (32)
* * . .
| x x PNN
(W1 Tho iy
x Wy --- Ton
Xy = ) .| <0, (33)
* % : :
|+ x UNN
[A11 Ko KIN
x Moo -+ Kon
X3 = ) ) >0, (34)
k * . .
L k * . ANN
(611 v12 -+ vy
* O - 1oy
2y = ) ) <0, (35)
k * . .
S OnNN
R
(2155 I By 53 54
* 55 FQ Y;-TBlj 56 57
* * —"yI DHJ Fg F4
Dij = ;
* % % —~I 0 0
* ok ok * Es =y
| x ok % * * 510_
Z1 59 53 By DBy
* S5 56 27 Y By
wzy = * * 58 59 0 3
*x x *x S 0
* ok % % —1I

533 %
(Q: m, I,
Aij_ * Hg H4 5
* * H5

M BT Y
17 T3 Ty Y10 111
x x 11 1o T2 Ti3

*

O = ;
* ok ok T7 T14 T15
* ok k  x Zg =y
[+ * x * *x Zq

DYSe
ITy = C9;X; + Da2;C, 1Ty = Cyj + Doy D;Cs;,
3 = X; + X;" — Pyyi, Iy = T +U; — Pya;,
IIs = Y; + ;" — P,

E1 = {A4;Xi + By Ci} + {+},

S = Aj+ Af + Bo;D;Cs;,

S3 = Piy; + A;X; + By;Ci — X,

E4 = Pig; + Aj + By;DiCs; — U,

s={Y,TA;+B;C3;} + {7, 56 = P54+ A, —1,

~Y; +Y;'A; + BiCsj, 53 = —X;— X[,

= -U;—1I, 59=-Y; - Y,

In = XTCU + C’TDHJ, = + C3;Df Dy,
I3 = C1;X; + D12;Cy, Iy = Cyj + D12;D;Csj,

Ty =—rPu, 1o =

T3 = qPu; + X A] + C}' By,

Ty =qPigi + A, Y5 = Piy;— X", Ts = Pioi— U,

Ty = —rPa, ¥s = qPly; + A] + C3;D] By,

Yy = qPyi + AjY; + Cy; B, Yo = Ply; — 1,

Ti1 = Pagi — Y3, Ti2 = A; X; + By;Ci,

Ti3 = A; + Bo;D;iCsj, Y14 = A;,

Y15 = Y;"Aj + BiCsj,

M A2 RB)LPV R G0 A H br B 3 A% %

T s REGE T LU 2020) k4G, Hir:

[I]

N

7= Pay;

[1]

—rP1o;,

N N
X(Q) = Z OéiXi, Y(H) = z OéiYi,
=1 =1
N ~ N ~
U(G) = Z Oini, A(G) = Z OJZ'AZ‘,
i=1 =1
~ N - - N - - N ~
B(0)=3Y a:Bi, C(0)=Y0:C;, D(0)=>" oD,

HHFEX(0)F1Y4(0) T LU I X T (0)Ya(0) = U(0)
— XT(0)Y (0) ik o fEA3 21, E R DB 2.
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FES  dEBME IR T LAF Y, Lyapunov B U
HEP(O) BRI P(0) = 5 aq s, EBHARIEN. B, S
I 5, BRI KA R A S MR
B B I SR DR, A E A 4 AT SN
(R,

SE 6 U R AT WL 1, 5
TR, RN 5D o 0 P A 2 24 AR (X (St
SR L P, T FLRHPE R d6 b R th S e 10, DAL,
T LA by Ry 75 FR B 08 25 Bt 75 28 B
B ey oy 5 T B DI S50 0, 6 0T A3, 7
ST = oy + B, B8 WAL, TR 2R
SPEAE

min J s.t. to (27) — (35),
over Q; >0, P, > 0,X;,Y;,U;, A;, B;, C;,

Dy, Aij, Yij, Kijs Vig, Vs 0. (36)

4 i ESZHIF43HT(Simulation and analysis)

TR A AT AR b, B & R B
BEIRGINN 5y 2 — FEL 2], At -5l R AL
FEBovh i 2 AR AR B AR SRR 2 HY
S Tl O N s R g, B S
IR NI FEBBE e R L, Sk S BR ARG P AN
A7 3P A R4 . [ L mg ok 25 B e (B 1R
), ok R TR (BN IURD); kg Flleg 23 ) Ay e
REINIBERIFLIE 2L, Ky MECHANIEE, F Sk Ak
ZERS PSR IR AT TR, 20 26 2000 0 25 5 RO 2
(IR 5 2 Ky B THI T 177 ) LR B, PR
AR by IR R sl dl . DY 4y
2 — R ) PR AR BN A O T R

msZs(t) + cs[2s(t) — 2u(t)]+

kislzs(t) — za(t)] = u(t), 37
muZu(t) + cs[Za(t) — 25(8)] + ks[zu(t)—
2s(0)] + kulzu(t) — 2:(8)] = —u(t). (38)

M B, RGUH)- TP 5 E ELAZ RS
2z, BT LLHIR

GoVw(t), (39)

b Go o BTN BE R KL, Vo ARy 3 T
Qo N B AN, w(t) N ZIME  FRALBR L ) i
FIE RS, 75 B3R Eala R G, 2 5 i im
SBEERE (GO Z DR AR AR, B
Bimy < ms < mo. BT PIREAR

2(t) = [x1(t) z2(t) z3(t) za(t)]”,

Zr = 2mqo

JEH
z1(t) = 25(t) — 2u(t), 22(t) = 2u(t) — (),
w3(t) = 2(1), @a(t) = (1)

I3 MR RSB AT R, BB RS, 75 T Pk

RS (0 ELHORE. ek 2 A B R0 1 S

B AR TG VTSR, 17 T IR 5, (1)

PP T AT IE P 10 b, AR5 IR

BRONEASEYE, VRS I 5 BT I R,

(I WS B 5 22 1 Vs e B 7 i

Fig. 1 Quarter-car model with an active suspension

FARER g 1) 225 T ELUINTHE 54 (¢) ko), el
EPEMERRGT; 2) M ZEAREAT R AT Bl AR A
A 29 JF 10, B 4G iR S 8% T TR) 1 3h 3N TR A
By (20 — 22) < (ms + my) g5 3) BABNATHEZ 5
HUBREE KR BR T, PR B AL AT RE PR BIAE 34 e
Y0 ] PN DLOBE f di o IR 7 B T R BA 3 AR & O P,
B |25 — 20| < Zmax; 4) B EH B R IPLIH R
i, 42 o oy SRR PR AT BR 194 3 7, B ju| < vmax.
AL, FoRATi g B SR o, R34S AT DL AR R 4R
ZF, T IE ESR R MU IR EE 1AM R R, BRIk
G E NG, 25 LTk, B RS
BUPERES AU — b 20

[ z(t) — zu(t) 7]
Zmax
; _ ku(zu(t) — 2:(1))
oo (t) (e + 0 )
u(t
22(t) = (). (40)

LR 7 T L 2 (1) T B
e B 88 5 B 2 U SRR, TR R 2 (1) —
(6 TV RERS P R DR RS 4
LL3E () = [5(0)7 (2s(t) — 2a(0) ). B U
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TSR G TR (3T)-(38) PR M &

B B
(t) = A(o)z(t) + Bi(o)w(t) + Ba(o)u(?),
2o (t) = C1(0)2(t) + D11 (0)w (1) + D12(0)u(t),
2a(t) = Ca(0)x(t) + Daz(0)u(t),
y(t) = Cs(0)x(t),
(41)

o o RIS Kims, AN R BRI

0 0 1 -1 ]
0o 0 0 1

A(mg) = ks 0 -5 S |,
Mg ms Mg
T
L Ty My My my
F 0
0 0
-2 GoV
Bi(m)= | VOV gy =| L
0 msg
0 _1
L my
1
7 0 00
Ci(ms) = | Fu 0 0]
(ms+mu)g
0 0 00
I .7
Di1(mg) =0, Dya(ms) =10 0 " 1,
ks Cs  Cs
Ca(ms) = [_Hs 0 — P ES]’
1 0010
D = — g
22(ms) ms7 03(ms) [1 00 0]7
THE R AT, AMER H EBIESE RS (41) K

BT 255 R m [N RS T AR IRl
(A(ms)a B2(ms>7 Ch (ms)y C2(ms)a D22(ms)) =

2
> ai(Aj, Boj, Chi, Coj, Dagi), (42)

(A, Bai, Chi, Coi, Dog;) =
(A(ms), Ba(ms), C1(ms), C2(ms), Daz(ms)),

ms = mq(i = 1)8ms = ma(i = 2).

225 CHR[25], EHE R Y 5 2 — G il 5
Bng 1 pn.

A1 Wy —ERER G RH

Table 1 Parameters of the quarter-car model

ms/kg ks/(N-m™1) co/(N-ssm™ 1) ku/(N-m™1) mu/kg
20000 50

300 17000 1300

KT HBUE L LRSS HL, SLhr 5 i
ms= (300 + \) kg, H A < X\ R BN = 60 k(B
5 A U A 95l £20%), e B4
HIR KEATHE Znax = 0.03 m, JJR B RERE) )
B R wmax = 1000 N, % 11 A F B R BN G =
64 x 1078 m3, ZH 2 AME KHgo = 0.1 m~ L, %40
A REE AV = 30 m/s. 76 NI TSl FE R, 45
Eq=571r=>5a=/p=0.5 FHEHL2 PR L
FIMATLABFRAEILMI T LA, SKAEAH N MLl
W] L, FEXT IR RGEIPEREAE LA AT, BI2-5 74y
A 2 IR AR BT - BB TRE AL
ERnpsy At WAL GASR

% 005
: — wHER
::' 'I F: 1
# 000 , . w
W
w —0.05
N 0 20 30 40
t/s
Pl 2 25 2 1 e
Fig. 2 Vertical body acceleration
ril : 1 ‘
E — BEheR
= Y --- R
-g 0“%’ b W V‘ﬁlrc‘(rtr’\lf\z JMJ),/WXV
A i _
9
-2 . ; ‘
0 10 20 30 20
tls

Kl 3 Bt

Fig. 3 Suspension defection

— WEhR
T ='.F'.-‘.*;’4_*,~fj'f_,7r-,

HEBh#HT /N

ad
b

t/s
Kl 4 4Reshidar
Fig. 4 Dynamic tire load
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100 T T T [6] LIMX,JIAY M, DU J P. LPV control with decoupling performance

200

R
& 100
= :
i

_300 1 1 1
0 10 20 30 40

K5 Tahasedil s

Fig. 5 Active control force

MR U Y, 522 38 25 Ho/H oo 728 il 25 H
T, TR I BB AU AL AT AR 23 s L BRI e
PERE SRS EER T, 4 B 2 TN R s 1 R R sk
/N, NS N A5 4 Al A RN 32 B B A0 4 B T
T 2 35 75 ARAE 2330 4 0.01238F10.00516, BT 15
$158.3%, 5 IR . [N, 2% R R S HLTh &
KN, SR AP ) 4 WP 2 i AT 0o, St 42 o
JIFE100 NZ P, 38/ T80 e KA D).
5 45i&(Conclusion)

ASLLL—R B SHA e RSN AR BENL T8
R AEZe 1t R G AT TN B, AEH o 1 ] Hof2 il A1
DX S A o T S e 4 o SR e T e b, o,
R T IESI 2 LPV RS TR A HArEVEsh 54
HHSCEE ) I, LR, 51N () 4 A A st R
AR g Lyapunov PR AR FE -5 R G0k PEAERS, 101
T2 HAHO Ly apunov bR U B FRAI T 45 il 4 1) £
SPAES e, T A TR AR HE Tk T A S SR
(PR B bR M BT H S s il i 2 £ 2 1k
AN S5 O 2 P9 (™ DAk ) R 47 B4 SRR B,
AL HAT B (s R e v SRR T
Re), T Z AR ARL M RS P e
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[24] YU Zhongwei, CHEN Huitang, WANG Yuejuan. Robot manipulator Ay = AT(0)G(0)A0) + AT (0)GT (0)A(6)—
LPV robust Ho, controller design based on LMI approach [J]. Con- T
trol and Decision, 2001, 16(2): 146 — 150. A (G)P(Q)A(G),
(BT, MR, T H 48, 2 TLMDY P8 ALPVE R 3 As = AT(0)Aq(0)G0)A0) + {x}T,
(il |:]‘L‘ . ’{*‘iu 53 M, N : - .
*'J?#liﬁ'”[J] Ei] J(.)%ﬂi 2001 16@ 146 159) | A = AT (O)GT(O)CL(0).
[25] GAO Huijun. Analysis and synthesis of uncertain dynamic systems
based on parameter-dependent Lyapunov function [D]. Harbin: A7 = AT(Q)P 0)A(0) + AT(G)Acl(Q)G(Q)A(Q)—
Harbin Institute of Technology, 2005. T T
(B 2. 3T He ML yapunov BB R ADAS RNV A7 15 AT 0)GT(6)A),
Lty [D]. WRIE: WURIE Tl K, 2005.) Ag = gAY (0)P(9)A(0) + AT (0)GT (6) AL (6)A(6),
Ay = AT (O)P(0)A(0) — AT()GT (0)A(0),
Bff 5% 1 7€ #1iE B (Appendix 1 Proof of Theorem Ao = AT(8) A4 (6)G(6)A(B).
)
E A Xoo(0) = Xa(0) = Xp(0) = P(0), G1(0) = L5, HAGHAD-(A3) DT L FOCRA:
G2(0) = Gs(g}) =G(). Hl IEZ%D\%[ B30 %, Xp () >0 BY0)A=[BY©0) BLO)Y(®©)],
FG3(0) + G5 (0) — X2(0) > 0, FTLAG(0) > 0, BRAEFEG () o X)) I
AT R (0) = G (0), IRBHEEG (0)FIW (0) e by AT(0)G(0)A(0) = [ ALl YT(Q)]’
Cra(0)G(0)A(0) = [A12 Ass],
oy = [XO O] o [YONRO) (OGO46) = [z A A
X4(0) X3(0)]° Yi(0) Y3(0)] Coa(0)G(0)A(0) = [A14 Ass),
Ag Arr
X " s A AT (0) A (0)G(0)A(6) =
TEAR K RRERS I T, T X4 (6) PV (0) IR A5 (6)Aa(B)GOAE) [Als Alg}

B, T LR X (0) M1 Y(0) J3 59l It i 7 23 /I 9 5 0 1 B

B AX4(0) AT AYL(0), BEBATTF X4(0) + AX4(0) A1 Y4(0)+ Aok
AsYy(0)3 AR5, I X A =YT(0)X(6) + Y. (0)X4(0),
[ x(9) J} B [1 Y(@)} A1 = C1(6)X(0) + D12(6) Dk (6)C3(0) X (6)+
0) = A(9) = .
) {X4(0) o) 1= o Y4 (0) (A2 D12(0)Cx () X4(6),
WA A3 R SIS o R A3 = C1(0) + D12(0) Dk (0)C3(0),

Ayy = C2(0)X(0) + D22(0) Dk (0)C3(0) X (6)+

(ow® —a0), a0 w0,y
X(0)Y (6) + X1(6)Ya(0) = I. Da2(0)Cic () X4(6),
RS IRAITI®) (1)-(12)F, 451 diag{A(0), Ats = C2(8) + D2 (0) Dk (6)C3(6),
I, I, A(0)}, diag{A(0), A(0), I}, diag{I, A(0)}, diag{A(0), Ajg = A(0)X (9) + B2(0) Dk (0)C5(9) X (6)+

A(6), A(0) Y E(T)~(8)(1 D(14) AT A4 e, AT 43 iS5 Ba(6)Ck (0)X4(6),

(AL Ay AT(0)Ba(6) Ay = A(60) + Ba(6) D (6)C5(0),
*  Ag 0 <0, (A4)
. 1 Arg =Y (0)(A(0) X (6) + B2(0) Dk (0)C3(6) X (6))+
[Q(0) Caal(0 )Gw)A(a)] -0 AS) Y (0)B2(6)C (6) Xa(0)+
L * Ay ’ T
e Ay AT(0)B(0) N Y4 (0)(Bk (0)C3(0) X (6) + Ak (0) X4(0))
« =yl Dia(®) Cla®)GO)AO)| _ (A6) Arg =Y (0)A(0) + YT (0) B2(0) Dk (0)C3(0)
DD o Y (0) B (0)Cs 0)
_—TAT(Q)P(Q)A(G) AS Ag F‘Jm‘ ML&DT}E% Tﬁ%
* —rAT(0)P(0)A(6) A 0 5
' OPOA®) Af] < AT @ P@A®) = Po) = |10 BB,
(A7) U0) = XT(0)Y(0) + X1 (0)Ya(0),
o, A(0) =Y (0)(A(0)X(0) + Ba(0) Dk (6)C5(0) X (0))+
o YT(0) B2(0)Ck (0) X4 (0)+
A1 = AT(0)Aa(0)G(0)A0) + {+} ", Vi (0)(Bk (0)C5(0) X (0) + Ak (0) X4(6)),
Ay = AT(O)P(0)A(0) — AT(0)GT (0)A(0)+ B(0) = Y™ (0)B2(0) Dk (0) + Vi (0) B (0),
AT(0)Ac(0)G(6)A(0), C(0) = Dk (6)C5(0) X (6) + Ck (6) X4(0),
Ay = —AT(0)GT(0)A(0) - {7, D(0) = Dk (6).
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29 1Y) Fh5: &
)X (A8) W] LA 4
AT (0)C(0)A®) = [Uﬁ((?) Y{(Q)} ,
Cra(0)G(0)A(0) = [Az Aai], .
Coa(O)G(O)A0) = [Aza Ags] (&39)
Aoy Aog,
AT(0)AL(0)G(0 -
(0) A (0)G(0)A(0) A(6) Aug
.
Ay = C1(0)X(0) + D12(0)C(0),
Aoy = C1(0) + D12(0)D(0)C3(0),
Agy = C2(0)X () + D2 (0)C(9),
Aoz = Co(6) + D22 (0)D(0)C3(6),

Agq = A(0)X(0) + B2(0)C(0),
Ags = A(0) + B2(0)D(0)C3(9),
Ags = YT (0)A(0) + B(6)C3(6).

F I 30(A9), 2(AD—~(AT)F] 3 il Ak s B ) 5K
(16)—(19). ML HEWR2. 5IBI2 e Z ARG 2 I
T, BIFRLPV RGO IEN A H R B HI# Kpor fEH T
SR E IR, A 2 — 58 I Hoo FTH 21 BEFE AR, 117 FLFA
PRGN i B TR I LM X 5, IEEe

i)
orem 2)
HWE e E A AL AR TR Q)R A B bR shas
u\hﬁﬁJ%%KDOFH’J?Eﬁ%’%#ﬁﬁﬂ%%ﬁﬁif@( ) >0, P(9)
>0, X(0), Y(0), U(), A(6), B(6), C(0)F1D(0)il AL K(9)-
(15). R Bkl 2 4R R A FIB

EH2UERH (Appendix 2 Proof of The-

5 N Pr1; Pro;
P®) = lgaP ; [* P22i:|
N
Q0) = Z @iQi, X(0) = 3- ai X,
lEl '3\?1
Y(G) = Z a;Yi, U(@) = Z a;Us, (A10)
i 1;1 i i 17\[1 i
A(0) = Z a;Aq, B(0) = Z o;B;,
Z]:\Il i ) 11:\/'1 i
CQ): zal i) D(a): ZO@D“
=1 =1

Wz, R Q2T)~(30)(32)~(35) KA (A10), FIFFUIT 454

N N
®(0) = a;ojPi; =
j=1li=1
N 9 N—-1 N
Yoo P+ > > aioy(Pij + Py) <
=1 i=1 j=i+1
Z 2gb“ + Z Z aja; (A + A};) =

= i=1 j=i+1

o X1, (A11)

vo)= > > ajayW; =
j=1li=1
N 9 N—-1 N
Yo+ > D0 (P 4+ ¥y) <
i=1 1=1 j=1+1
N 9 N—-1 N T
z ;i + Z E 7187 (sz + ng) =
i=1 i=1 j=i+1
o' Dap, (Al12)
N N
A(0) = ajajdij =
j=1li=1
N 9 N—-1 N
z a; Azz + Z Z ala](AlJ + Aﬂ) <
i=1 i=1 j=i+1
N N-1 N
Sagdy+ Y Y ok + “zg) =
i=1 i=1 j=i+1
50, (A13)
N N
0(0) = > > aja;0; =
j=li=1
N N—-1 N
;i + 3 > (05 +6j;) <
i=1 i=1 j=i+1
N 9 N—-1 N T
2. 0;0u+ >3 >0 aiaj(vijtv) =
=1 =1 j=i+1
0 Ty, (Al4)
Forp
goé[all agl --- aNI}T.

H 0 A5 50, AN 45 3K (32)—(35) R UIE @(0) < 0, w(6) < 0, A(6)
N
> 0MO(0) < 0fE % H . BEAh, HTQ0) = 3 u;Q; F1

=1
N
Q) = X astr(QuIIE A, MM RAG VY, T

eI ffjﬁas)ﬁm ¥ (A10) A (20), T LLAF F A
AL T

Y A
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