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FAKFHEFERL Abstract

LMI-Based Approaches to Model Reduction
and Static Output Feedback Controller
Design for Linear Systems

Abstract

Due to the increasing development of informationization, systematization of the
modern society, the dimensions of various control systems are becoming larger and larger,
and the resulting complexity for system analysis and synthesis are also increased because
the increasing order of the system model and the corresponding controller. Therefore,
the reduction theory(i.e. model reduction and reduced-order controller design) is always
a burgeoning research area. Great developments and wide applications have been made
during the last several decades. However, there are still some problems that cannot be
properly solved via the existing methods. For example. to some extent there exists inac-
curacy and unreliability while using the existing method to cope with the known operating
frequency information of the system, and there exists no approximation performance in-
formation over the known frequency interval. Besides, how to reduce the conservatism
of the existing LMI-based design methods for mode! reduction and static output feedback
control is also an important problem.

This thesis, based on previous works of others, presents new methods for model re-
duction and static output feedback control problems via LMI-based approach. For the
model reduction problem that with known frequency information about the input signal,
the design conditions are developed with the aid of the generalized KYP lemma. which
can deal with the approximation error over finite frequency directly. Therefore. the in-
accuracy resulted by the existing methods such as frequency-weighted method can be
avoided. For model reduction problems over entire frequency interval and static output
feedback control problems for discrete-time systems, design methods with less conserv-
ativeness compared with the counterpart ones in the literatures are developed. Besides,
static output feedback controller design methods for systems with polytopic uncertainties
and time-invariant delay are also presented respectively. Parts of the developed meth-

ods are applied to the model reduction of RLC circuit systems. Numerical examples and
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simulations illustrate the advantages and effectiveness of our approaches.

Chapters 1-2 summarize the development and main research methods in the bur-
geoning research areas: model reduction and static output feedback control. Preliminaries
about the considered problems are also given.

Chapters 3-4 present new LMI-based design methods for H,, and H, model reduc-
tion problems for linear continuous-time systems and discrete-time systems, respectively.
Based on the recently developed generalized KYP lemma, design methods of H,, model
reduction are developed under low-frequency, middle frequency, high frequency, and en-
tire frequency interval considerations according to the frequency information about input
signal. Consequently, the uncertainty and unreliability of the existing methods for finite
frequency model reduction problems are avoided. For the entire frequency H,, model
reduction problems, it is also pointed out that the conservativeness of the proposed meth-
ods in this chapter is less than the existing ones. Numerical examples and simulations
illustrate the effectiveness and advantages of the proposed approach.

Chapter 5 investigates the static output feedback control problem for linear discrete-
time systems. Stabilization, Hy, and positive real static output feedback control design
methods are presented based on LMI technique respectively. By utilizing the parameter-
dependent Lyapunov function method which originated in the research area of robust
control and introducing more auxiliary variables, the conservativeness of the proposed
methods is further reduced compared with the existing ones. Besides, the differences
and relationships between the proposed methods and the existing methods can be clearly
demonstrated due to those methods are presented in a unified framework in terms of the
Finsler lemma. Numerical examples illustrate the effectiveness and advantages of the
proposed approach.

Chapter 6 focuses on the static output feedback control problem for linear discrete-
time systems with polytopic uncertainties. Firstly, robust positive realness analysis results
are given based on the parameter-dependent Lyapunov function method and the relation-
ship between the proposed result and the existing one is clarified theoretically. Combining
some relaxation techniques, H,, and positive realness static output feedback controller
design methods are presented. Numerical examples illustrate the effectiveness and ad-
vantages of the proposed approach.

Chapter 7 investigates the static output feedback control problem for linear discrete-
time systems with time-invariant state delay. Combining the Jensen inequality approach

that dealing with the delay items, H,, static output feedback controller desi gn methods are
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presented. Numerical examples illustrate the effectiveness and advantages of the proposed

approach.
Finally, the results of the dissertation are summarized and further research topics are

pointed out.

Keywords: Model reduction, static output feedback control, linear systems, linear un-
certain systems, linear delay systems, finite frequency, parameter dependent Lyapunov

function, linear matrix inequality(LMI), H, control, positive real control.
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Fig. 1.2 Model reduction for large-scale circuit system.
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RIE R BT LA SUMAL F A LI, HRTe 58P, O) BRI x4 1Lt
R, Hr (P, Q) ATl (B, Q)4 FHI T R 4 8 K

5 P P [ Q Qh D
B, o) = ~ ~ ) X« ~
( Q ) < HZI Pi22 Q021 Q022

R FEGET 2N, EBRIEERFEF—AEEN MR R —AF
FRNERE, HERTERFEREERBAENE KA RHT, TERTENE
ZITiE RER MR 58 E aM U EMR CHEARRERER, TEF
AETPEH T RAZTEGHNETIRER, BHRKRELMEHIIRERE
it

(2) & T R A0R 1404 e 0 T A BT V>0, R TG 415 B A B A AL 8 S5

_8-—




A kFHEFEAL $—% %k

EEARR, X AR R T M AR 905 B [y, wo 5 P /0 WA S R PR
E XA
Py = %fe (jwl — Ay 'BBT(—jwl - AT)
& [ (=jwl = AT)ICTC(jwl - A)” ldw

%E%&%ﬁﬁ¢ﬁm%%mm&%ugQdﬁﬂﬁ%%%%ﬁ%ﬁﬁ%%i@
RO N — AN T L. S EUEE T LN, R EE T m
BB B A T — R, 07 R IR R R BT A R PRI 5 B UL AE
R N EIERERE R, LR T A% LG AEE AR
FEHFRME T H SRR E R, EATP RIS — DGR R X —
fo BAMDAMANGESHR—RE SWHERBEN, BT 4 RS
PR (Po, Qo) TE, i RBUATTHELEH.

gk, B KRR EA G IR AR A OB R, X
RAELELAZINLZ —.

1.3 BEMEHIBIRIt AERNA

A DM ENZH T REN 2P, MERLEHFETEH TN
%WWI%IFWMWﬂﬁmWW W% B 475 1 28 (Reduced-order Controller)7T: X
ik 1 SRR 1] 52 B 45 4 2% (Fixed-order Controller)!'6% '), {&Fji #% % #8(Low-order
Controller)!', iX (MM RADX T S M 2 G148 01 5 R L T RO 35 T0 5 89,
2 SE IR B 0 g — LR T iR Hyy Hoor p TSN RSGEH, B
B E RN E— R 5 REMEER, X0 ERE MR RRE R 2 M Ei
SRR RIE A0S0, FRHE RIS A LI TR 2, MWK L
HRETEE LI, FUTERFHEHIER G A, — A RN EHREL 2N
SIS E I TR ERE. SRR R REH0 TRt R # AR 1 R 15(Static
Output Feedback)¥E #1128, th T H kA4 B & S5 BSR4 4, BANSEHL R 2
BE, BTLAERA W R B R B Bk T LA AU, {6 i 88U, VTOLH
FHS Ly L e TRLRTAET R ZHNA. B4 —MEER K
B B 42 0 2R % T 1) BB TR ot — AT R4 B B A B R B L 48 1 i)
SIS0 BT LAER A B R IR P e R A O B bR SRR, 5
ZHRUARGEREEAH,

£EFATMAANE, BERNEENBEAEHEHEASRERTHHE
R A B 4 R 19974, GahinetSHil i #2 3% 7 F(Projection Lemma)#k

—9_



FAAXFHEFEAL FF gk

BT AR AR RS HLMIG A, RIR, Scherer OB —HIFLH TR
B, BATH-AEANRTLMEHBOEEEEAS R ZM[156). BRRH
, NE— RV ER AR N RRERSEANNBENEH RN EEBE /R
BRASLERRITEME. ZERRAAREHNRE T 2R RS AR TR G
il 1) LR — A E R B A R AT,

7T fE B AR R R A R RIS RIS R AR, — R B RSB SC[107)F
W75, NBETIBER, BEEUA—AHERERE &4, m—1 3
X THEEZERMOAR. FRHENESHKRNARDE, FRARSET
VL AL BT a0 3C[172] 70 42 % 7% 3 4 i (alternating projection); 3C[173]7142
RIXY H0oi: ST[174] $2 IR HE %02k 4 4k i(cone complementarity linearization);
X[175] 48 i I Newtonik 5, ffE il — MERE M FE A SR 077 176 5k
o5 R AV I B 1 28 0 A K R

H—AMUGHEEREL N TANHAR A KR I RO &4,
PLOR <P 4 0 (XA SR 3 B B v H O feT 3o 4l 5 % Lyapunov 8 8 — M Bk (9 45
PR, SC[181] [182) [183]H4A HH T — K BF A S HH R 15045 h BB RO ot o 85
—AMRFBRA )RR, 3C[181] [182] [183]1 iy 1% itk — 1 5% T *fLyapunovi®
BEIRR S SC[184][18514 Hi % it 4 # W & i@ i it Lyapunovds & I} in — 4 4
HEXARBE. AT X8 TLyapunovi 45 MR &I, 7 3C[179][180] [188][189]
(1901191 F Ry it i, B IIA—NERZ IR T REB AL S B
LyapunovE # 2 [ MRS X R B LLEER, MRXEFEKREELETFE, B
sEan ] g — L A BUR T D R T R AR — AN EE A E R RIRE, X
HEALMEERAR T HNZ —,

HTHABERBERULBEHRERNNEERREHELPFHEE
fr, FFZMAARNEMESRGS ), EEUEHAEXNELZ 5
BRETHEZEBRBHEE, WREE FE 7 #(algebraic Riccati equation) 5

- &8, Youla - KuceraZ 84k 77063, 3 TBMIR {46 k063164, 3 TR & 1

5E /B HL(Mixed Deterministic/Randomized)H kK A iEY, 3T 2 M AL4LSOS)HY
Jr U 16815 71 3 W Apkarian®s iE 48 H — b % T 3F 5% 1 (non-smooth)ff 14, &
IO A RIS 38, FEAT LA AR AR AR

14 AXWEETE

TR A58 7 R A0 AN R4 1 8 A S SR 8 o B A ) RS T T
BIME, NFaTUES, REENIIEFEAER—HEOANETRERE,

-10-
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FRXFHEFERAL F-¥ 4%

HRRIHN A B T whrh 3, BROHBEARTERFEALA —LHAMNACZAL.

A FE TR LR 20 ) B T — LRI

TEMIRIBRIN R b, TRV AE RIS S E R 4 RV RS AT
7 XKYPEI M, AH T, 4, SMURSIMGEH N AR R &
o X A AE— 4 EE R T BLA KB A BRAT R B 7 i ) AN HE R P A0 A
RN, B—HHMD T O K70 A B R R v R RSP LS
B4 T H TLMIB AR B Ho BB BB i vt 4

AR R EN BT A E, BidERSEKEiLyapunov g, HXE
BB R RGAR T —ARFREERS, HJ 250, FyEbiEnmidhd kir
W&, MIA T RE TR, RCABERTFHRTERGELHR
P WANE S E RATE BT EN U R AL, SRR T 3
B RGP OH L RAHEEURSERANER FE AR S RBEE, FanT
FIN IR &, ST ESRYAH T ANKMEEERE, HyHraRNA
FRLCHE RS, URMMAKHETHET, ZHEAEMMARERIX TSR
BRI AT YRR -

WX LS AT

BoEAMEMIM, SHTRXPEESRN—EX, UEREFMRINIL
A5 EA—LE AN,

H= USRI T SRR S Y R M H o Ho BB PR o) 25
W T T A AR R & X MBS, Bl

- HIIGKYPTIE, HREHAE S AFMRRTE S JIL8 HERIR, T, B

LURBT ) H MBI R G R, X RERE B S T i 22 07 i RO P A SRS B W 19 A A
EYERRATSENE . WAMEE T 5H SR FRRY I B, A FER 77 VAR LU A Sk
ffif— e[ 2%k B BB R, BB BRI S T A SR
A AR R .

B4R T BRI RGBSR RS S, B TLMIBR, 25
BT B, Hobsdl, BURIF seis sl dddm i R e dl ot &
. MOBLA ORI BRI OT AL, AT RS T & BRI TS
B LyapunoviB B 7%, BINT ELMMBIRR, HfAATOMRFE. M
g, AT IR R A B TFinslerd| B7E — NG —(HEAR A, AT LA 2
HHABAERZ MR AT REAAERZ MK EHR. RERG#E—D
PO T A A M S

BN T AA SRR E R B B RS A R i e
BT % TS EUK $Lyapunovi BT B S HEE A AT 4 R, SFARIR L

~11-




R KFHEFERTL F—%d

I TRELERSIE RS MRRE RZRHIRR. REREELEF BT
Fik, HEEAHERET I — LRI, DARHIEE, TFLEHEES Y
T—HAHE R LN SRR RBER SR TE. SEEITHET HEN
AN

R T A I AN BRS04 P T T i) 2R 0 8 2 o S TR
. RS HEA BT, PSS R R  ensen N ER T, 4
T B Ho B A ROIRIZ IR Bt i RGBS B Al — LR\ A
RITIERARLE.

FNBETAXMEELRE, FRET FT—IHHATLE,
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EAkFHETARL £ % Hibdoin

BT &R
2.1 —EY

BT U4 BV EI AR ELENT (8] R4

2.1

Her(t) € REAEHRE, w € Lof0,c0) WELRA S MSMBHRE), W), =
U T(Hw(t) < 00, 2(t) € RERLKH MM . A B,C.DECRIINITSHH K

HilE T LPHGw) R RLEQDI R R A, XLG(jw) = C(jwl -
A)'B+D.

EX 21 USSR MRENL] Sut) =0, WHRELZLQDELETIF
flz—
(a): BHQ.DIVRE L BEAR AT $F LAY HAT 53, BllRe (M(A4)) < 0
(b): ZLQ. DRSNS YA 0) T EE TS, W lun r(t) =0
(¢): 47 4ELyapunovER BV (x(t)) 2V (2(t)) < 0
WAL QDR FE

FEN 22 [ AGMHL EREY 22(0) =0, MEELRLQDiE F41%
Hz—:

(a): ZZE(2. 1)k A IUIBA T 2 G(jw)G*( jw) < .o

(b): FREL(2. 1) AL I AR ikf( <7 f (t)e(t)o

(c): £11:Lyapunov & 2V (xr( uméf( 2T(1)2(t) = YT (w(t) + V(1) < 0
MRS (2.1) BATH Mg

EN 23 [ELEFEMIEEYE] 20) = 0, WMRELRLQDIHL FHIF
-z —:

(a): BLEQ.1)i AR FURAER: G(jw) + G*(p) > 0,

(b): BAQ LN EAFR: [F2 ) +wT(t)z(t) >0

(c): {7-{tLyapunov bk Z(V (x( m;?.f t)+wT(t)z(t) + V() >0
WHRLQ.D) M HIEEN .

~13-



ALKXFHEFEAL =% Higsoin

FIET Rop IR AR LR (7] R4

z(k + 1) = Az(k) + Bw(k)

2.2)
2(k) = C(k) + Du(k)

Heazk) € PEREMKRE, w € L0 co)hBEEH R THF,
Blllw(k)ll,” = %w Jw(k) < 00, 2(t) € RFEZZWI B HHH. A B,C,DRE
C 4N 14 & 4 BUE B, Z—E'F"IqjﬁEG(ejo)i‘éﬁ/%?f(Z.l)ﬂﬁﬁiﬁPﬁﬁ%ﬁl‘i, X
HG () = C(eT - A)'B + D

EX 24 [BHAZKNRENE] Suk) =0, WREBRELQ)HL T4
2z —:

(@): RAEQONRERFEANTAHEE ARG RN, BN (A) <1

(b): ZHEQMPRNE R ELEFL VA (0) FABIETE, Eﬂklilr;) z(k) — 0

(c): 7 {tLyapunovER 8LV (z (k) LAV (z(k) < 0
A 4(2.2) 4 (BRI B TE I o

EX 25 [AHERSEMHMET 20(0) =0, MRBHAKQOFHL T
22—

(a): RA(2.2)ifh LA A LA G(eJ")G*(eJ") < /21
(b): REQ2)WHAL WT—%‘FI\ZZ )<y Zw
(c): fF7ELyapunovi& #V (x {Wiiz — YT (k)w(k) + AV(E) < 0

W £%2.2)BH H, M REy

EX 26 [EHAZMELILY 42000) =0, MEBEMALQ2)HL FH%

(a): BRAR(Q2.2)i T AIRA G R G(efo) G* (&) > 0.
() RHQWLMIRHR: 7 (k) +7 (0):(6) > 0

(c): ¥t LyapunoviER BV (r(k))iH AL izT 0) + wT (k)2(k) + AV (k) > 0
0
WA Q2. 2) & H IE T

—a




-

bR FHEFERL $ =% Higsoin

2.2 —45[18

] Sy S
3|38 2.1: M (Schurkh T ) WA E M A HHEES = [SITI 512:| R
12 P22
Sy Rr x réElf]. T =AM FHH:
@i S<0
(i) Su < 0,52 — SHS;'S12 <0
(i) Sa2 < 0,51 — S1255' ST <0

3|3 2.2: (Finsler3|#): Bz € R", Q@ € R™", U € R™™, U+ REEHEH

EBUU =0, THMMEREN:
(i) 27Qr < 0,VUTz =0,z #£ 0"

(i) Utout’ <o
(iii) 3Y e R™: Q+UY + VTUT <0
313 2.3: (BEEI3P): LD, A, O, FEERFEFHETFAT+(TFAT)T+0 < 0/
L ELM R T IR &AL

rtert’ <o, Ateal’ <o
3132 2.4: (MY RAEFEX RV, € ROMHE T HIAER

Vij +V;i 20, 1<j<i<N
N
Y (Vi + Vi) <0, j=1..,N

i=1

N N N
ﬂB/AZ EaiajV,-j < O,E'T'QG RN toy 2 0, Eai =1
i=1

i=1j=1

3138 2.5: U (Jensen N %R 31 H). BEXMHFEEHEMEM € RV, A €
R, u&ﬁﬁ’)’l < Y2, TﬁﬂK%I’Qf&S‘Z

<§j vT(k)> M (k:z u(k)> <(p-m+1) (:z UT(k)Mv(k)>

3138 2.6: (7 XKYPE| (&L R %) IPYE R A A BRBRAG(w) =
C(jwl — A)'B+ D, HEAHFERI, TR EFMNH:

~15=-



FAXFHE R0 F=% Hidsmin

iVH PRI ER

o
1% comen 2.3)

T
G(jw)
I

Hr, QO XAERAL ii) FEn x LB ILHERPRIQ, HEQ > OF!

21 FRMARARTERELEL)

Table 2.1  Different finite frequency ranges (Continuous-time)

[ Gk = e
Qlwl<m |m Swm | w2 @ |wE [—00,+07]

T
A B| _
I o] ~

HAPERITEH | < of,

A B
I 0

C D
0 I

+

T
¢ D] I <0 (2.4)
0 I

s={ -Q P+jwcc2] 25

P-jwQ -wwQ
We = (wl +ﬁ72)/2

LRI E ] > w, bt

0}]

Q P
P -aiQ

TE M Hlw € [—oo, +oo] i

n

0 P
P o




AKX FHEREAL %% Hidsmin

3138 2.7: (I~ XKYP3|E(E MR L)L R BRBG(”) = C(e] -
A)7'B + D, # R FRIEBETL, TEME R RS-
)HRIEAER
T/( .76
[ngzh{Gﬁﬂq<aveee 2.6)

oL, K ORRARMARMERE, &2

#22  RREIAA BRI R EDR)
Table2.2 Different finite frequency ranges (Discrete-time)

fiK3 41350 A EES
o) ]H‘Sﬂl 191§H§l72 |9|2l92 |f)|§7r

) AETE A3 4 JE 2 S0 R P R R PRIQ 6 2Q > O

F}Y{AJT Fo B o]
= + I <0 2.7
c ol |co DI| |DI
HAERAEH 0] < 9,84,

= _ -pP Q

Tl 0 P-(2089)Q

SN, <6 < 9o,

(11

| -P e?Q
) e %Q P —2(cos?, )@
Ve = (01 + 92) /2.9, = (Vo = ¥1)/2

RS 0] > 0.1,

—
—-— =

-P -Q
—Q P+ (2c0s95)Q

-17-




FAKFHEF48 L # =% Fésoin

-P 0
0 P

TERITEH|0) < 77,

1]

il

2.3 FXERHS

XTHBA AT A ADHRTEWHE, GHAHROERH. A =
AT(AAT) RRAMBE R B . TRRAH B R R BRI, X F—
MR FRRIEA, A > (2)0MA < ()05 BIR R IEECE TFR)M A ECERE). F
PEMBEE AT TR HHe(M) = M+ M. RS HFn x BRI, —
AN B SR AT BUB R R BEIBI TEE ¢ 0maa(G) T B R HGHI B K
A .

-~ 18-



FRARFHEFLEAL 2 g AMERNENRR

B=T FULMRRREEN

31 35

BRI O BB e — N R B RS, UL ERLTERESERE
TEXMRE, Hh—2 55 Moore 3 H A F @ HEN, ZHENZ
FIRAET TS EHRRALNMRCLEKE RA SRR L. ORMBEENRENAE,
TAZEE bR BRI TRk OB, ERSENT, FaRkELE
U A — AN S B T R RA R AR . AT N O AT RN T AT [

() MFBUB RS, EIEMEREEA---ADTRNKE, S5 A
HHCHRAESHEHR AL, LRILRHARUTERZREE, CRIEMRR
BRETE MEEMHEEA. TN RER RN R SINE T 2 R T i
HEGXAN BRI EHEARN, BFAH T LS, mET MRS
(1) 7 AT LU B e T PR B 2 9 e 1 T R V50479 8, LRI B 7 AR
TNBENE R L (¥ 2 A7 PR AL Y R By i) AL o

Q) - H W ES T {EH, S0 E M Hanke 5 508 SCR iR 2 94, MR EVEIE
S5 T Ho OB L e i SR B B UM A . TAME Ho g Lt
Be RIS IR, E A BNOES AR A B TR R TR, X ULA A
YL TRNRBO T RIECIENE R U ST H 08, Ha B S CT R EAL
BRUTRA . 7E LALMDy 0 H A S VO B B ) Y i T 5 T LAY R — K
SR H ik g — AR P A UK AR ) 122, X KRR TR
MR, SRR LR ol SERE A il - R, R ER IR
AN PS50 P 9 T B A P R B R B A DB, R R R A B
o, LRI, (BIRTTSCHR P A RO R A A 1, HAT e MR ERE, AN
AMESF AR B A I T IR EA A TSR

B LA FT g, AEHSESINIRAN T f£He Hy WHGE
SUR MO BB Wit & 0. Hr fE Ho B FERR T, @i 5 B ¥ SCRR(103]'] ke
T XKYP ) PR BB R SINS S AERS , E4e T AT ikt i 70
B O RO AN HERTE, LR RSAE R RBY i R 5k, 0o, 7
AP T H e, B 1R Ho SRR LA, AR s e Y Rt & 0
MFSIANE 2B Y, HiAAEDMRTE. SUAHBIMERIET A&
PR IO A R i

-19-



ALK FHFEF0L FEF AGENEGRNRYBER

3.2 EHEEM R HAREEMH

3.2.1 [B)ERIEA

FE NS R — I ELEN R RE, HRETETRE:

3.n

o2
~
——
I
Q
2
~
~—
+
&
IS
=

Hrhy(t) € RRAMMME, ult) € RRABARE, A R™" B e R™™ C ¢
RP™, D € R CAITHEME. FSG.1 LAFHH0H 1 i 7 2

G(s)=C(s[—A)'B+D (3.2)

R&m, Khs = jw.

ATMHNRIHE o (n, < n) MBI L.

Y (t) = Crir,(t) + Dyu(t) (3.3)

KT G E RN REBAQGY). A, € R B, € Rvw*m (O, € RPxm
D, € RP™JFsm LA B RAMIRG3)HL LR ECH:

G,(s) = C,(s] — A)"'B, + D, (3.4)

s = juwo 1XHELRERIHEN(3.3)i 2

(): RIFRAHMTELE.

(2): AR FER A TE MO M HBEEfigy, B ||G(jw) - G, (jw)|l, <
7, Yw € Q WP QR FRFMIRTH. WR3.1.

AR ENEMBERGHABNERGHN AN IR, TEHIERE ALY
WA TR _
£(t) = A&(t) + Bu(t)

e(t) = CE(t) + Du(t) S

I

~20-




ARk FHEFEAL BI¥ B AHAZAHBYEY

#3.1 AR RELERGELRE)

Table 3.1  Different finite frequency ranges (Continuous-time)

(& G =t EX
Q<@ |m <w< = | |w] > @ | we[-2,+)]

Hrhe(t) = () — y(O) WBERERS, £(0)=[z,0)7 @) |7, UK

il5 A 0] B,
1" |_|o 4 B
¢\D —C.Cl-D,+D

3.2.2 EE&MRERITER MR H AREEMN
T IR 45 AR R 79 5 1R R H O BB IR B 78 /0P B R AF

IR 3.1 BERSHHG.D) LURMAERIREREH RGBS, WREFERX
En g cc)

P, Pg;
P32 P.93

UK B RG), Gy, Gy, Ar, By, G, DB R T HISM PR E A

| -Q = * * * *
~Q: Qs « x
® ®3 b
31 32 33 ‘ * * * <0 (3.6)
@41 @42 @43 wleg - AG3 - G%‘AT * *
0 0 &3 ClI 0)-CGs )
0 0 BT BT DT-DT -I |
Uy * * *
Uy W *
a T * <0 39
U3 Yy ~pA, — pAT *
\I’41 \1141 _pAG2 - p[[ O]TAZ —pAG3 - pGaAT

21—



FAXFHEFEAL FE¥ EGEBAGOBAER

Hebp, o2 qp + pg < ORER B E ¥,

&3 =P +GT

@y =Py +[I OFGT

P32 = P +GT

bp=P+Gj

®g3 = Q1 — A, — AT

By3 = wPQy — AGy — [I 0)TAT
@53 =C, - CGy

¥y = —¢Gy — ¢GT

Uy = —gGy — gl O]TGT

U3y = Py +pGT + g4,

Uy = P +p[l 0]"GT + qAG,
Uy = —¢G3 — ng

U3y = Py +pG] + qA,[I 0]
Vg = Pu3 + pGj + ¢AGs

AT a0 T KR E — A IR E IR R R

AlB] [4crB
Gr(S) = Cr Dr = C‘rGl'l Dr (38)
T2 T FUHEAIE H A B H ARG YL e s b
Tmax(G(jw) = Gr(jw)) <y Viw[Lwi (3.9)
WERR: ¥ X RAB8)IAG.6)T 1
( -Q * * * * * ]
Q2 ~Qs = * * *
O3 O3 Os * * *1eo (3.10)
(‘)41 (“)42 @43 w?Q3 - AG;; - GgAT * *
0 0 O5 CGiI 0]-CG; -2 *
0 o0 B BT DT-DT I |

-

.




g

KRk FHEFEAL FoF A RBAGOBYEN

K

O3 =P +GT

Q4 =P+ [I 0]TGT

O =PI +G}

Ogp = P3+GY

O3z = U?Ql - A.G) - GIAZ

Ou3 = wiQy — AGy — [I 0]TGTAT
Os3 = C,G1 — CGo

WIEIERZERAHFEQG.S), T EABHE A

—-Q * * *
pT T 20— AG — (AQ)T
TG WQ-AC-UAGT . e 3.11)
0 -CG I x
0 BT DT I
Hrp
G |G 0
g |G G0 (3.12)
Gy Gs
HiSchur#h 5| FE, A4 EXFEM T
: T
-Q * * 0 0
P+G w}Q-AG-GTAT « +| B B| <0 (3.13)
0 -CG —2I D D
23 A3 U
M -HGRT ~RGHT <0 (3.14)
e
-Q P 0 -1 0
M=| P 2Q+BBT BDT | H=|A4|R=|I
0  DBT DDT-7I ¢ 0

-23-




FXFHEFEEL P AN A GOENEY

B AR RMHPEH AT /M, R HFZR A

H =

Qo
It
——
Q' D>|
~
—

0
io|, | [0
00 I

WRIERETIET A, AEXLGIORLEA TR SR AL

_ _ T
Al
HlMHlT=[ O}M[AIO}

C 0 I Co1I
_ _ T
AI|l-0 P
=" @ “_1] (3.15)
C 0 P WQ C 0
Bol|lI o B 0
+ 1 _ <0
DI||0 —4||DTI
‘ 101 I r
| RIMRAT = M 01
‘ 000 000

3.16
-0 0 B (3.16)
0 DDT -4

HGAS)ARS™ XKYPF B AT 41 F FR ST A i A S

T
lcw(.;w)} [I 0 }{GE"(]w)}<0,Vlw|Swz (3.17)
I 0 =1 I

FRIL, KA R R 6 45 s AL R M i 2 R (3.9)e
BT REARIE I B AS E bE, T R B B AT AR B (3.7

<He<

-1
A

0 P
P, 0

c[ —qI pI }) (3.18)

-




FAKXFREFEAL F=% A AMEAGERNER

B HEAR

L 1
-1 _ —ql
[A}=[AI][pl}=[ﬂq4 (3.19)
B ERBZIE, TTanRAERGI)HL, TR ITER
] 0 P,
1]
P, 0

0 P
P, 0

[ 4 I]T=AP+PAT<0

(3.20)

[pl ql] [PI qI]T=(qp+pq)Ps<0

L. (3.20)7F 1 & A% M LyapunovES E I &1, A RAX %k bt E, WARSE
A RE. IE5E.

30 EEBIL BT EL LN RAIT MG HAMHMYBEN R %
. AR EE I RE TR MM AE R, o LR
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Gi(s) = ao| = |aem, (3.24)
i 2 T AR A B IR M RE SR AR
Omax(G(jw) — G.(jw)) <7 V@1 Sw< (3.25)
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P7E TR — A I 0 4% 158 R B T SRR X AN B B, o A AL 2
7EER R TG 40.1 rad/s B2 rad/s Z AT H BT TERE

Gy(s) = (3.44)
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(3.45)
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Wis)= 3.46
G2 ()= 37061015 1 8.72 (3.46)

H A 75 e 4 () 4 TR R 7 AR AL O PR B O

1.028s% + 1.906s — 3.207
L
_ 3.47
Gy(s) 2113175 + 13 (347)

BAEEBATR X LA BEMRIGE(s), GY (s), GL(s)h 4 B HBLG(s) TR E
FETH W € 0.1, 2) NI HBIEMRE, HHERWTRAR:

32 BBIHCRMTRE S AR BRTH, B e EhF.

Table 3.2 Finite frequency H. model approximation performance index
via different methods in Example 3.1.

T 1G(jw) — G3(w)ll
b 77 i Gals) wel01,2] G=BWL
-k b G3(s) 0.7542
e SN E R GY (s) 0.7319
EXFi G5(s) 0.3874
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Fig. 3.1  Maximum singular value curves of the error transfer functions ob-
tained via different methods over the pre-specified frequency interval in Ex-
ample 3.1.
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Table 3.3  Finite frequency H . model approximation performance index
via different methods in Example 3.2.
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e T PRAIURS o 203 R e g 4 7 B G$(s) 0.2597
KT i GL(s) 0.0998
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Fig. 3.2 Maximum singular value curves of the error transfer functions ob-
tained via different methods over the pre-specified frequency interval in Ex-
ample 3.2.
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Table 3.4  H, model! reduction results under different frequency interval
considerations in Example 3.2.

R B ] < 0.5 lwj < 1.0 W] < 1.5
IG(jw) = G.(jw)|l, ,w €O, 00438 0.0593 0.0801
SRl tdi) 1<|w/<3 1< <5 3<|w<5
1G(jw) = Grjwll, .« € Om 0.1112 0.1201 0.1115
BB (R w| > 30 lw| > 50 k| > 100
IG(jw) — G+ (jw)l, .w €Oy 0.0023 0.0013 0.0007

~36-




AARAFHEFEAL B G RHAGOBEEN

A ERTUE S, MAFTRR FHRAEEE, AR HEBEH THS
(1 Hoo BT HERE, FE2MNBEEA T 2S00 xS A PR AT Hoo A B R ) BR800 o

53.3: % e T I — AN A TLRRIRLCHLES (9 42 L5 BERIRR B ] B

Ci C
R T T
| | Y
y 29\
@ Ly My oy
Y

B33 —AMEFHLENRLCHEEAS.

Fig.3.3 A RLC circuit system with mutual inductance.
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Fig. 3.4  Response curves of output signal U,(t) of the transfer functions:
G4(jw), G5 (jw), GY(jw) with input signal U,(t) = 2.
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Fig. 3.5 Response curves of output signal U,(t) of the transfer functions:
Ga(jw), Gy(jw), G5 (jw) with input signal U;(t) = (2 + 0.1e~2)sin(nt).
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KAFEHEARNST ZYRNA, BREHALRHTH - PHE. BTHT
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FEREEEHB TR, SRR, TERISNEEEENEREE, X
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W R ) T R R, HELRIRE AR A AL 8 BB R - L
S, U B R P R BB, oA ST BT R DR A R AL T 2 e L
K B (Butterworth)iZ: s§ 171 Lt 25 K (Chebyshev)i i i A i 8 /75 A I8 98 8 2% [ bt 3of
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4.2 BELA MRS H ARBEM
4.2.1 [k
HFETFML B — N BB R, HRATRENA:

ok + 1) = Az(k) + Bu(k)
y(k) = Cx(k) + Du(k)

4.1)

trhu(k) € RPHERERAN, y(k) € RRHREGHH, Ac R Be RV C €
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RP™ D € RP*m, BRI (4.1)iE 7] AR N (145 36 i 4K
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KFR, Pz =,
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HIEIE FTRAIngER R, A, € R B e Rv*™ C € RP*™ D € RP™H 1§
SESKHERE, PRI (15 3 R OB RN -

Gi(z) = Ci(zI = A,)"'B, + D, 4.4)
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(R ARG 5E
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7.V0 € ©, HHOR WAFMIIFRTEH, L&4.1

K41 AFIRAT PR AT R S0 B (2 AL )

Table 4.1  Different finite frequency ranges (Discrete-time)

kS H1 g IR
e ]9|§ l)] ')1 §9§02 ’9'21)2 |9|§7T
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E(k + 1) = AL(k) + Bu(k)

_ _ 4.5)
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Table 4.2 H,, model reduction results over entire frequency interval in Ex-

ample 4.1,
KB 7 Cule): |~ |G(e) = Grule®)]| .| A
—1.1935 0.1504 [-0.2244
EH4.2.4|G,q(s): | —0.8612 —0.5943)-0.8928 0.6357 -0.12
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Fig. 4.1  Singular value analysis of the error transfer functions over entire
frequency interval in Example 4.1.
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(2). FEAESEREP = PT > 0,G, F, ZI 2 TSR R AR,

e e * *

AG~FT -—P+AF+FTAT « [ <0

| cG -CF -1

[ —Z « & (4.24)
B -P % [<0

D 0 -l

Trace(Z) < +?

EIB 4.5 tll]ﬂ%ﬁ?f%ﬁ%Gl,Gz,Gs,FQ,FMr,B,,C',,DT,Z =277 > 0, ﬁ'?
o, URHERE

P T
p=|D B,
P, P
R THIRBEAER
[ @ ]
by Py
B3 B3 Dy <0
Dy Dy Py3 Puy
D, B 0o 0 -I
c : (4.25)
-7 * * *
Br —Pl * %
<0
B -P, —-P;
-D,+D 0 0 -I
Trace(Z) <+
Hrp

¢,=P -G -GF

T
<I>21=P2-G2—[I 0] GT
By = Ay ~ AGT

T
@41=AG2—[)\1 0:[ G’{

~58-—




AIKFHEFERI FOE BURAKLAGREESN

ds; = -Cr +CG2

By =P~ Gy~ G}
Op=A 1 0|-F

B4y = AG; — ET

¥ =-C.[ 1 0]+CGy

®y3 = —P, + AA, + 2AT

Dy =-Pp+ AR+ [ AT 0 ] AT
by =-P+ AR+ FIAT

T I T BT R IE — MR RRGE YRR B R AUAE Y

A;|B; A,Gl_l Br 6
) =: = |—= 42
GT(b) Cr Dr Cr 1—1 Dr ( )
2 NN Hy BT e fabn
G(e®) = G ()|, < v (4.27)
IERR: i o6 £ (4.26)TT15(4.29) 5
[ P-G-GT * *
AG-FT —P+AF+FTAT % | <0
CG -CF -1
I -7 % %
B -P « <0
D 0o -I

Trace(Z) < 72

G:[cl (G o]

G, Gs

Iy
(4.28)

>
9
Lo |
>
Q
<
—
————

GEOT| A3 A KR R Y(4.5) 88 B HoPEGEIR bRy, iERE.

WRAEFEASPMN, Fy B%STE, WG M.

-59 -



REXFHEFEAL

FOF BUAMHZROBEAED

it 42 HFERBHAKGDMHMEYER IE. mRFEFEMZ = 27 >

0,G,,Gs,G3A,, B,,C,,D,, WENLLHRE

P PQT
P= >0
P B
R T AN PEARER:
®yy
by Py -G - Gg:
®3; A, [ I0 ] -P
D4 AG; -P, -P;
73 —Cr[.[ 0]+CG3 0 0
-7 * * *
B. -P x *
<0
B -P, —P; x
-D.+D 0 0 -1

Trace(Z) < +*
H
&y =P -Gy —GT
Sy =P -Gy - [ I O}TGT
&3 = A,
o4 = AG,
&5 = —-C, +CG,

Wiur o BT R AN RE MRRR REEHR T

-1

WAL T T B Hy B RETH b

60—

<0

(4.29)

(4.30)

4.31)




FXFHEFEAL Fo¥ BREAHELGBRER

4.3.3 HEEHSHE
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WAL, %B1FKIE T 30EK[126],
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Fig. 42 A four Spring-Damper-Mass mechanical system.
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IE(k + 1) = Agl‘(k) + Bgu(k)
y(k) = Csz(k)

He
[ 09219 00516 00003 00000 01907 0.0045 0.0000 0.0000 |
00607 09084 00306 00001 0.0045 0.2423 0.0026 0.0000
00002 00153 09691 00152 0.0000 0.0013 0.2474 0.0012
joo | 00000 0O00L 00279 08567 00000 0.0000 0.0024 02089
05630 03678 00045 0.0000 05405 0.0516 0.0003 0.0000
04710 —0.7165 02307 00013 00516 0.9084 0.0306 0.0001
00025 01199 —0.2449 01177 00001 0.0153 09691 0.0140
00000 00012 02075 -10482 0.0000 0.0001 0.0279 0.6498
. [ 0.0262 0.0003 0.0000 0.0000 0.1907 0.0045 0.0000 0.0000 ]T
| 0.0003 00308 0.0001 0.0000 0.0045 02423 00013 0.0000
CS=_100 0 000 o}
(001 5000 -1

XA B AR RR—ANHIEEHERE T R R B BB, 24 3% $F B B 85 50 B &%
20, AR A T ) H R BR B 7 A (HER4.2) AT 13 RRRAREEY b«

A [ 0.8466 0.1274 0.0730 0.0574
2 = =
0.1162 0.6639 0.0348 0.0274
0.7598 0.1441
Cy =
i —0.0934 0.4286
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LIEPEREM AL b ant, B3

[ 0.9317 -0.0198 -0.0684 -0.0632
—0.0396 0.9686 —0.2258 1.3016
0.0232  0.0423 0.8703 —0.6052
i 0.1048 —0.1339 0.0561  0.2025

00771 0.0376 00163 0.0036 |
| 0.0586 0.0322 0.0089 0.0037}
[ 0.7576  0.0545 0.9944 —0.6888
| 0.9922 —0.4943 —0.8160 —9.9249]

Ay =

B4‘—‘

C4=

AT RHIA A H BB A, RINAHT TR, Utk

®43  Pla2HH BRI BE R 5.

% 4.4 H, model reduction results and comparison for example 4.2.

KHEHERA2) | Vi | [126]
1Gs(2) = Gi(2)]l, 0.0513 0.1595 |[0.1623
1Gs(z) — Ga(2)]], 0.0565 0.1899 |0.1936

4.4 KENG

ALfE E—FHIEM L, BB A N R H . H BB RRRY R 4
HTHTEEHEAEXFENLELE R, FHXLETENEETARARZ
MKYP3|EAHE 1| B (Finsler | 1), T HiX g ROBAFBA E—Rrh g 2]
HIEM, HATDRAAHFMENSER. TEEBHEY T EE D HENAR
AW S c
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R XFHEFEAL FEF EREMZAGHBAR L AGES

FRE BHEMAZAMFRSE D RIGE

5135

FREE A RE AT RN L, 4T R T AR AR
Fik. AFTRIFGHE—REEMMBNEGIE, ME A RIS H8 M w it R
B WIRLE ERE, #AmERBEHBREM BRIt SHRnfy, &
GBI T A5 % TRME 0k, MBI EUF, (ERR B S8 8 &
HOAT BURE 4L — AN R AT B A R IR ) RRE0 1 g ) 2 A A h R R
5150 ) B i AR R ) S — A R0, R BB AL R B
H0# T HORRAT eI et i R e-191,

7 DA R A S R0 TR dh At R B SIRF R T H WA A R R RTT
Mo —FERE—AEEOERHR, ST LI —MEROEERHFEARF
KA R TN, SR TTERNH, DR, TEAT
#— LR, B—AFHRIFIR-AASEORIEERFRENY, X
FEHERR, AR AR RURKR, W — LA X KT iR )
A RHRAF RSO — AR B KRRl

A TR AMEVEB I RS, BT OBEFUERH. H 56, ESAzZHiEn
(I & R A RIS HI . R EEN, SHT —HA TR
AR ERWE T &IF. XL AFE S Finlser5| B LL— R E A — A X FH,
MAE BLE M B BB MK A SHR, BT UERERNE LR RENA
JyiEU88 1900 SLpl FANGEZ AL, RIS BUE S B T SC(188] 45 R 5 X190 T
GROEACEH, KR & TP RIEI A, REHBOE EHIN Rt A
W T Ho BUR T SC AR A R I B0 R T b, JREA T MM R T4 At
{545 A5 38— 3L R T AT R T S A R A

5.2 BH&MREMEERSE L RIRE

5.2.1 (BRI

X ET WS &R
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2(k +1) = Az(k) + Bu(k)
y(k) = Cz(k)

Hiz(k) € RRERBR R, yk) € RIEAMHEAE, uk) € R™ZIEHIHA W
. REBREREATFHATER,

(5.1)

BEEZGG.DHHEEES, HtEAe s RmEsH s
u(k) = Ky(k) (5.2)

/AR RS
z(k+1) = (A+ BKC)z(k) (5.3)

iE 5.0 AR—BUHE, B/CTIRE AFIHRRATHRK, RATIEHEMT, THHRL:

I
T,B = 5.4
-y o

CT, = [ Io ] (5.5)

WHTEERB/C, RAX NI T/ T.— A RME— B —DRRMT, /T 7] LUl
B TERMAXKSE:

(BTB)—IBT
b= (BTHT ] (3.6)
T.= [ creent ¢4 ] 5.7

H A BT, CH IR B, O I TS HEHT I R B o
5.2.2 B AR ME TSN W R IRZH BT

T LA RS ERCRMAEBI 2 MO, THS
HTHHEEHRRHENS R TS hT TRHARUARRENTE, Ek4
1
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3132 5.1: FHEBERL
(i): RREECRFHIHRG+GT >0, MAGHHE.

i) s s = | O" 0 |Bwe
21 GZZ
TG+GTTT >0 (5.8)
WAG AT,
(ifi): W0 BB MET AT 3 H PG = { Gu 0 ]ﬂiﬁf&
21 G22
TGTT + TGTTT > 0 (5.9)

LG AT,

IER: ():EHG+GT >0, FIUANTHEERIFEN S H: 276Gz = 27(G +
GNz/2>0, TR2TGr #0, HMGCH .

i):MGRG)P R G, RIMNATGH ¥, ETAIH, B UGH ¥, #
MG A#.

(i) MGORIG)FTHIZE R, BINVETGT o ¥, WTof®, UG, #
MG ATH. iE5E,

T 5.1 MBFERRIEEMEP, FEARMHEG, F, Y, Hf

Gy 0 Ve
—| o }.,F: 1 Y= [Yl 0] (5.10)
G21 (;22 F21 FZZ
W2 FHAER:
P-H
e(1.G) . <0 511
(AT.G + BY) - (T.F)T He(AT.F +\BY)— P

MAAR RGNS I)HEIAE, HAPEHERG.2)MMEREPEA:

K =Y,G;} (5.12)
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IEBE: ARG, F, YRR BRE AR K = VG I 18:

KCJG:K[I O]T‘ITGz[K o][G” 0 ]
Ga Go (5.13)
=[Kk6u 0]=[vi o)=Y
KCzTF:K[I o]T-lTF=[K 0][’\0“ 0
By Fy (5.14)
- [AKGH 0]=[/\Y1 0]=AY
HRE ERG13)M(5.14), FERGIDEN T
P - He(T,G) *
<0 (5.15)
((A+ BKC)T.G - (T.F)T He((A+ BKC)T,F) - P
HEF RGN AT R,
. .
P 0 GTT.” -1
(5.16)
0 -P FITt [M+Bkm
D — N, /- -~ v
P Mrs1 H
WIEA AR REGA6)MB RS, T FR:
ik +1) = (A+ BKC) z(k) (5.17
MIXA B RGCR A TTFE(5.3) T &0 F B Ao
I " sk
[ - HE1) ) (5.18)
(A+ BKC) (k)
WIFEAER(S.15) K%K (5.19) 1% HFinsler} | F @] 13
s+ ] TP 0 #k+1
[x{+) [$(+)]<0 (5.19)
(k) 0 -P (k)
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HRH(5.17)ikBE—/MLyapunoviki ¥
V (k) = 27 (k) Px(k)
K PAHRG19PHEFEZRRPE—ATTH, WMAKE19F 5 EH
AV(k) = #T(k+1)Pi(k + 1) - 27 (k)Pz(k) <0 (5.20)

X RESINDE ., WANGIDA G B5.1, BNEG TE, T
BY, = KGy RFG.12)R M. iF 5,

5.2 TERESITH I T — M AL RA RO S R B
MR AR, H B AR, XTI OB — M & R F ok
A, R ERERAGE, RAVHA(.16) T8 =P, Mrs, KA BN F
itk fesib, RTAN. RASHER. JHRTHY T OERCRF ) HINE
. X BT UL SR A EORT R Mrs RERRLS R MH S RGHERE
P AR, I MR TR ORIERG, FANR= MR
HTAA MR R R RS OIRBERE = 0, WRAFTH
Bh: Mess = [ngl ] £ T L8 S0 SCRR190) Y48 1 7 TR RATI A —

MR HTEX S H.

#iR 5.1 O REEEXNFRIEERP, MG, YV, H

Gn O
Ga Gn

Y= [y, 0] (5.21)

WETIIAEN:

[P—Hdﬂm " <o (5.22)

(AT.G + BY) -P

WA IR RS DFHETIE, KD EHIRGE. MM .

K =Y,Gj} (5.23)
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53 GRS AL, EESIPIANT MMM ERF, XERNE
HIBS R IR T KM, HEMR/N T HERS 1R R AR RR S

RERNE YDA T =S AR TTi%,

EIR 5.2 MRHEEMRIEERP, EENNEEMG, F, Y, Hf

G:{G“ 0 | po|ou O ,Y=[Y1 0] (5.24)
G21 ng F21 F22
WETHAZER:
P — He(T.GTY) *
<0 (5.25)
(AT.GT! + BYTT) — (T.FTY)T He(AT.FTF + \BYTF)-P
BAHARRGESI)FERE, KPEHIESG.2)M8R%ERN .
K =Y,Gy} (5.26)

UERR: UEBTERE M E FES A AE R, A TTE, AW Z AT T IRk

T T
FHEEAMps 2 = LG T, . iEEE
TFTTT
N . o s - T.G'T. |,
MNEHS2HR, TAAUBEILORFHEREN: Moo= B3
X[188] TR IHER, ZEUHRMERSEH.
#it 5.2: U8 i REFFEXNFRIE R PRIEREG, Y, Hi
Gll 0
= Y=Y 0 5.27
’ Ga G?le [1 ] 2D
’ HETHAEL: BLETIRER.
P~ He(T,GTT)  « <0 528)
(AT,GTT + BYTT) -P '
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WAMH RS I)ELRE, HTRHHG)MMEEERA:
K =Y,G;} (5.29)

5.4

(1): FIEER, T EHS27E MRS 20000 LI T HAMOHBI R RF, Filk
EHS2A AT ORR T, BAMERS2 RISC188] FRIE &SR, REER
AR, B (5.28)A M — AN M IR (E n] 8 2] 3188 T K.

Q) T EFAREN R HEPECARKIEREIC = [I 08, EHS.1(3E RS A
EHS2(HERS.2) PRIt & RZEAMAN. JREWMUEECHEZREN,
TSRS ) R HS 20 RS2 A FERBEXRR, BANEES HM
UG B F T IRATET LU 2 (08 B XA L5 B S IGEIRS. 1) A W7 I % FE5. 20
5.2) kff, RZIFR, R RENRFATHRIER. EXLHFRAD, 7L
[ 4% F8 SR X A AN E BRI ot &1, DA D R s it sl i

55 LHGAEHHNR L RBEHSERYEERETRTRLEMCHE
LA, [y FRER R R A KD &M, Bl R RA—
ERRFIE . A0 BRI € H(E FES. LRIE H5.2) 89 ik BIWT AT b, —
MNINER R B R (S.DIIAE RS

z'(k+1) = AT (k) + CT/ (k)

(5.30)
y'(k) = BTz'(k)

RIGAZAMBRAGI0VHA LSRR, A FEAATHEGISH K, Nk
BRSBTS E RENG. DTS, FERSEHRBREHEG2)
u(t) = K*Ty(t)/EHAARGEGIRGE, ZHEB T LU — Lidb K 15 00 i
W MREFRTTIELTUHEAREGCDOTRAEN BT 2R A, #
P55 LR BB R & AEBER, TERNAMES S HNRYE
AR P B2 WL B B — AR TSR

TIB 53 MRFEMRIEEMP, BEONENG, F, Y, H

G=|Cu On F= L (5.31)
0 Gx

0
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FAE BHEM A G0 AN A URIEH)

WE TIIAREN

P - He(GTy) GT,A+LC — (FT,)T
He(FT, A+ ALC) - P

%

(5.32)

HARARKGIIHERE, HPEHBE)MMEEN Y. K =G5'L.

#ig 5.3 MRFFEMKEENP, BEMIERG, v, Hb

WETIAER

|

*

Gu G
0 Gz

?

—-P

|

Ly
0

|

P - He(GT) GT,A+LC ] <0

(5.33)

(5.34)

ARG5S 3)FIERSE, KA EHBGCAMMHERERR: K=G61'L.

54 MAFENHIEEREP, HEOEKG, F, Y, K

w2 FIIAER

*

0

Gll GIZ

G

AGy B
F= n I
0

P - He(TIGT,) TIGT,A+TTLC — (TTFT,)T

He(TTFT,A+ ATTLC) - P

L }
(5.35)

] <0 (5.36)

MARARL(SIFERE, HPEHBRGC)MMEREMN: K =Gy L

#EiR 5.4 WRFEMNRIEEMPRENG, YV, Ko

HLTIIARER

|

P - He(TTGTy) TIGTyA+TTLC

%

|

Gn Gp
0 Gn

-P

-7

L

|

L,
0

|

]<0

(5.37)

(5.38)
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WAFRRLEGIWIERE, K EERG)NMEERS: K =Gy L

5.2.3 HEEH
fis.1: £ THAHN—NBEES

—-0.1677 1.3218 —0.9336
z(k+1)= z(k) + u(k
-1.0199 -0.7873 0.9751

y(k) = [1 O]z(k)

EAGG, HTXEHEBEECHIFKRNI 04K, BILNAGMNS, €
S IREES 2R ELFMMN, FIFHERS1IARERS 22U BREN. 6T
MBRGTFRAKGE, A EES.1(EES.2) AERS.109 (HE 5. 20880k %} Ktk 4T
A N R BRI S R T RTR

F5.1  Fls.IHABIEERBEEHRRIER.

Table 5.1  Static output feedback control design results in Example 5.1.

it [T e as i K A
RS0

EFS.2 afT 0.9374 0.23
185,109

f i2:5.21188) ATTAT —

M BRI E S RO LA, EESIGERS.)H THRMT — M 4B Z
BF, AW THERS AU (2S5 20880 i ik R (R FHE, BB T A3
T ERILELE .

Bis.2: ZIETHA MM AP ERRL

12719 -0.6321 —-2.9528

Y z(k+1)= z(k) + u(k
0.6409 -0.8411

y(k) = [ 3.3627 0.8557 ]

-0.9076 1.4624 —0.1708
Yy z(k+l)=[ :III\?+{ ]uk

—0.9809 ~1.0706
y(k) = [ 03014 0.4359 | 2(k)
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EAWPRATL IS RS IR 2 REANFITHE R, AEREHES.IME
HS2 BRFITHMER, WS4, FTEANXENRLERESE B R FIZHER
TR BN IR EYE. N RHERS. IR IRS 20 RUE(T, To) B it E A
RN i E R T RATR

R52 BIS2HMARAL,, S NEAR I RIRIEHI SRS R.
Table 5.2  Static output feedback control design results for systemsX 1, X5 in

Example 5.1.
H:ip5.2000 Heips.2 1188
I ATAT K =0.0526
PN K = 45027 AT

MERTUEE, MEME, HRS2T B —ATITHR, WSS R
PR RUATIT, MO UAHRMER, XHASHETHRSIRERS2Z
AT, M, EESIHEES 212 PSR,

BUTESRAA I8 T mANX A B iR 4

0.9108 0.2151 1.0312
T3: z(k+1)= (k) + u(k)
16523 —0.2127 0.7659

y(k) = [ 04082 —1.5107 ] z(k)
YZRSKT S, HASS.IRHERS 2B EERBIAIITHE, T FAAMEXE,
WL R E A HER S 3RIHERSA AT AR — /NS EMIEHI 185, WX

KR53 BIS2HXTRET AR SH R B B 4R

Table 5.3  Static output feedback control design results for systems L3 in

Example 5.1.
fEigs.111%0 Hrigs5.2 (188 #igs3 #ies.4
Ty AT AHTAT K = 0.3865 K =03713

MR TR I ERFATLLE S, ARERMNEMBE SRR, B
FAGERS 3FHERS.4) 7T LAD R GRS 1 MRS 2) BER R AT etk [
B, MEBRZ MBEREKRR. FULKERNAY, KR ATaerHKE —A e
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HETFRRLGG. HWERH Y RIREHG.2), TENMEZREETHIANEE.

5.3 BRI RENH 550 H R IRITH)

5.3.1 [k
1B I 3 R R

ok + 1) = Az(k) + Byw(k) + Byu(k)
2(k) = Crz(k) + Dyyw(k) + Dygu(k) (5.39)
y(k) = Coz(k)

Hz(k) € RPERANE, yk) € RIZTHIBME R E: 2(k) € RPRBIE S
Hig, wk)e PREERAFRHTIRBANR, u(k)e RPZEHHAN .

AN HMES R R G R IHER SC)ERARRE

xd(k -+ 1) = AC[JId(k) + Bdw(k)

(5.40)
2(k) = Caza(k) + Daw(k)
BE R E Bl R R Ho M RETRbRy, Hrp
Acl Bc[ A + BQKCQ B
- (5.41)
Cq|Da C1+ Di12KCy| Dy

5.3.2 BEELMEREMH, B ERIRIES it
AP HIRINEE BN BEHRLECINNH AL RIRTEH SR F
%,

EIB 5.5 WIRMEEMNFIEEMRP, EEOREMG, F, Y, H

o Gy O ]sz AG; O
G21 G22

Y=[v o] (5.42)

Fy  Fy
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e FFIAER
@11 * * *
0 ~-I = *
<0
@31 Bl HB(ATCF + /\BQY) —P x
(1)41 Dll (C]TcF + /\D12Y) —"/2]
Hep

T.= [ crecn ot |

&y, = P — He(T.G)

&3 = (AT.G + ByY) — (T.F)T
&4 = C1T.G + DY

AR RG(5A0) R E Bl R Hoofi ARy, HPEHI RS2 s mpER
K= )/lGl—ll

HERR: ARR(5.42) T4 A F K (5.43) TR :

P — He(T,G) * % *
0 -1 x* *
<0
AC[TCG - (TCF)T Bd HC(ACITCF) —-P x
CdTCG Dd CchF —’)’21
TEE ERGA5HXNEMT
)
P00 0 GrIT o | [ -1 0
0 =P 0 O FTTT 0 Ag B
+He ¢ Lood <0

0 0 I 0 0 I 0 -I
0 0 0 —721 0 0 C(:l Dcl

P K Ml’l?':.’s.l h H
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EZEBGAMXBRR

Gk +1) = Alzq(k) + CTi(k) (5.47)
3(k) = Blzq(k) + DT (k) |

T e 0 18 R PR A A TR AT T R T IR BAL
T
1 0] [ak+1)
Aa By (k)
0 -I 5(k)
Ca Dy w(k)

=0 (5.48)

<0 (5.49)

o o o N

JEI T i (¥ Lyapunov iR 41
V(k)) = 27 (k) Pi(k)
Hh PAAZEA(543) T RS FRIFE R P, HAER(5.49) 7173
V(&(k+1)) = V(£(k)) + 27 (k)2(k) — y*0" (k)w(k) < 0 (5.50)

%f bR B8 O F oo K AT

V(oo) = V(0) + > (£7(5)3() - 4% (d)w(i)) < 0 (5.51)
I8 A%ENG43)F L.;EATXTﬁ?‘%U“”F‘iE B‘J%ﬂ i LAV (00) =
ﬁﬁi‘f%%)ﬂz‘*%ﬂ?ﬁz T(k)z(k) <72u k)a( E?kl%ﬂﬂXﬂ%?
FKOANMH MR AN T t%ﬁ%fﬁﬂ’]xﬂ%ﬁﬂ Tﬁu I 7 4(5.40)F1 &
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FAF BHKH ARG HEM SRS

4i(5.47) AR RN H R, HANAAFAGA)RGIHESL RINECLTHE, T

=1
zZY;

= KGy fRIE(5.44) XML, .

G=[G11 0 }’F___[)\Gu 0 },Y=[Y1 0]

Gu Ga Fy Fyp
WETHAER
by x x *
0 S *
<0
®: B He(AT.FTT + \B,YTT)~ P «
®y D (CiT.FTT + ADyYTY) -1
Hrp
T.= [ cf (e ¢} |
¢y =P- He(TcGTcT)
®3y = (AT.GTT + B,YTT) — (T.FTT)T
@41 = CITCGT‘;T + D]QYTCT
4 R R Y (5.40) 80 FLl 2 HooFiikiy, HrpiBHIas(G.2) A msrh:

K =Gy

MERR: HAL PR R e HES. SR, REBR(46) PHIT TR LR

HARUEMT 7 A AR

i 5.6

(5.52)

(5.53)

(5.54)

(5.55)

(1): EHSSHIEFES.645 1 T HL F AR R 4% h 28 i it &1k, HhmE
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ik FHEFaEL FAEE BHAMNRENBANERITES

O LR R R R A, B b, REBAUS LR EE
FRENBMERFETENMBRFERNEE AR R FH&
BHRHR, mARHEEES. 6 HEIM R T MMM SR N.

GTTT 0
Mrs31 = 0 I 0, G= Gu 0 (5.56)
0 0 0 Gy
0 0
o E IS 6E AR N SC[189)H 4 4 R
Q) M—EMEHARL M 5 H—RPEAHIE B TR
z(k + 1) = Az(k) + Byw(k) + Bau(k)
2(k) = Ciz(k) + Dyyw(k) + Disu(k) (5.57)
) Czl'(k) + Dglw( )

ELES HOEANERERE D, = 0XFHETE T4 HNHL SR, K
Dy = 0 R AR B B AN I B, (8 X AN BR R 2 AT R
— P TEMESR, HERNE AR — LXK EEED, = 01X M
o B EF—H#E, RAIWAT LA 5 (04 H DUS AR PR Bo )54 ] A ALl B0 HES
R, ZAERTAHBR Dy = U1 245 B A —MREEI D, = 0, RARKHM
145 RN BFEIE

5.3.3 BUEE

il5.3: VN 18— BRI ] R4E(5.39), HBHCN:

I . a 03 2 10 01 01
A B | B 0 1 |1 olo 1
03 06 0610 01 0
T~ 0 0 [0 00 0
Co/Du|De |- 0o 1 0|0 00 0 (5.58)
o 0 1 |0 0|0 o
0 0 0 |0 o0]1 0
Gy 0 0 0 |0 o]0 1
] T 1 0

Hha— MK TEHFR, TERNRBORFMERTER T R AT R4 R0
MR H, B AL RS H 88, WA ELE, XK L[189)0 A% th Bt
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R, ERTX

%54 GISITH BARERIAEHSRNEEER.,

Table 54  H, static output feedback controller design results in Example

5.3.
FETS.6 [189]
—0.9866 ~1.0192
a=30 K ~0.1907 —0.3760
5 10.1240 33.5548
[Hewll 9.1140 23.9512 .
) 2028 —
~1.0097 71,0442
a=31 K —0.1564 —0.3441
5 13.0519 97,3011
[EZ 11.1999 482416
) 2029 —
~1.0318
a=32 K ~0.1224 X
~ 17.5058 X
TH..T. 13.9340 X
) 2030 —
~1.0530
a=33 K ~0.0891 X
~ 752006 X
N 176014 X
) 031 —

LS54T Hoo | JHAWARE M Ho TR, WRSAPEGEY, XPHHEEY
BT XHR[189] P4 AR k. REHT—HHEATKA T =ML HrHEh
ZRG, MARSRR[189) PRI AL H—THHEH THIIANMHERFE.

5.4 BRIZIE ARG R IELE S Wt R IRIEH

WAFZ LT RAMEFBBMEENH—NEERME, FLHUURES
AU KBALLKZ B T VS RN R RT002 1480, o — B TP AR R B FsE b &R
%, HANBERFERHENSBERARRLIESE, W153), BIFLBEHNMHXER
FRAED[147), T 5 BA AR IFLRHINSRT AL L

5.4.1 |[a]gRiEk

AN B KRR RG(S.39) it — M A L R IRIEHI8(5.2), HRAH
RY(5.40)kE B RAHOE bk
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5.4.2 HR{L N R A IE LA R IR Bt

EIR 5.7 MEFCAFRIEERP, HHMREKG, F, Y, HF

G 0 AG 0
G=| M },F= 1 ,Y=[Y1 o] (5.59)
Ga Go Fy Fp
R TFHIAZER:
q)u X *
by HS(ATCF + )\BQY) -P * <0 (5.60)

(1)31 —BT + CITCG + /\D]gY —He(Du)

Hep
T.=| CH(CCT)™ Gy

c1311 =P- HG(TCG)
&3 = (AT,G + B,Y) — (T.F)T
by = CI.G+ DY

A RGEIE BRTOM S, A2 B85 (5.2) B8 TR P AT IR -
K =Y,Gy} (5-61)

IERE: EM A ER b — e S SHIE M R, X B R4 — A RER A iR
Bl ANE3R(5.60) T 4 o] i) AL B A FE )y .

- .
P 0 0 O GT'TT 0 -1 0
0 =P 0 0 FTTT 0 A, B
+He ¢ 1 <0 (5.62)
0 0 0 I 0 0 0 -I
0 0 —I 0 0 -I|!|cCy Dy
b ¥ Hre s .

K ABLH b 5 S SEAIE B 5 2 AU 3115 F Finlserd | 39 7] 40 4 2 20(5.60) B AL sk & F7 4
—/MLyapunov &
V(k) = 2T (k) Px(k) (5.63)
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Hp PARER(5.60)F PHI— /NI 1T#E. [FIFER, w7 LLER
V(z(k+1)) = V(z(k)) = 27 (k)w(k) — wT(k)2(k) < 0 (5.64)

AL R AT L EHS SIIENLE, HAREIE. B/il.

an K RS TP I T RE IR N«
T.G'TF 0
T.FTTT 0
MT5.4.2=
0 0
0 -I

BT AR 20 T i A —A 5 52 #1575 AT RO IF S S i R BHE 4R iR iH S R

FIE 5.8 MBHEEMNKIEEKP, EHMIKERG, F, Y, HP

G 0 AG 0
=" F=| " },Y=[Yl 0} (5.65)
G21 G22 FZI F22
R TIIAER:
Uy * *
Uy He(AT.FTT + AB,YTT)-P <0 (5.66)

\1131 —BIT + C]TCGT? + /\]_)12YTCT —HB(DH)

Hep
T.=[ crec) o
¥y, = P — He(T,GTY)
Uy, = (AT.GTT + B,YTT) — (T.FTT)T
Uy = C\T.GTT + DypYTT

WA MARGRGE R IESCH, Sl 51855 2) B8 2 M Oy

K =Y,G;} (5.67)
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54.3 BIEEH
fils.4: HRTE—MEHRLSI9), HBEER:

CalB B, ] [ 06176 —0.3298 ~0.4373~0.3107] 0.7515 ]
0.5473 —0.0607 —0.5942|—0.1344|~0.4492
Cy | Dy D | = | —0.1606 0.1825 0.6208 | 0.4217 |~0.2636
09758 04357 0.2300 | 0.5051 [ 08437
Co —06483 03178 03022

ZRGRE, HELELTIEMTTMZRETMEA T AR ELY, H
Bt BATTE L A 15 45 H RO IE S 88 v e F l Ll i — DRSS RO 1 2%

u(k) = 1.4001y(k)
B R AR B h— ], RATEA S u(i)y (i) TETF AR RUA B 1S
0
ST B f

k
WS S u()y(i)TEJFERFIMI A BL B (4w g 2% o

0

k
Fig. 5.1 Response curves of _ u(i)y(¢) under open-loop and closed-loop
0

circumstances .
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MNEETUERNEL, REAEFFRERTARBIELYE, MELATEE
Bt R AR R RIS RIS T LAER AT RE R A ESHE, XHEH T A
SRR TER A,

55 KE/E

AR EM B R M RE, FRBTABEEEN. HiEH. FLEHER
B & E A R TS ER . B NEERET, AT AR THTFE&H
HEANSRER TR, X5 ETFinlsers] B —FEELE—M TR S,
MR AR E IR 5 SRR, e IEENE dxes RENA
Frik88 1900 Feph b BGHZ AL, FF@E BUE G T B T SC[188)H 4 R 5 3 [190]%
ZRMAAEEYE, ZBRIZXMPREHZL. REEHEEHHIN R TR
R T Ho DARESKF AR R GBS0 L, e THNM®R &M &
Ja S BUE BB — S R AR R R A R B
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od

RXFHEFEAL Ft BRSHTAZ RAGHAR LIRS

ERE BHEMAHERFRFSELR
TR

6.1 31&

ELFEHRET, HTIERREY). tiidmEit. DESHNES.
DREHREMGY, HEMNSZHERERETRESR . UHAER, &
¥ IR — N S0 A AN S RS B Rk 4% 8 R W IR G O 07 M FE S 305K
BTEAMKRE. ELNAHEHENGEHEEFARmEND, 5 SHAHE
PR3, LR A SRR T (00 %2 B 5 J AN o Y

ML MAHEZRARI T, BE 2 KA L FLyapunovif £, {82 ™4
M RSP LB K. RBP4 R K B TOliveira %G 7E 3 [137]H 4 Hi ) & 12
EWSMER, AAZIAN—ANHBHER, FHTE AT YN ER—
/MLyapunovAZ B, IXFHJTVEALE #FRVES BUK HilyapunoviR B . 1A IETE]
ZRBETHVHRBRNE, X[138-141] TAHTREHE SN EHTE
PEHIHE, SC[142][1881[146] 45 i T 4 T- S 84K ¥iLyapunovil 8 /i VL1 & beHy. &
HWH EREANIE R . A EBTELHS AR RE REMN T — 1N EE
B ZE T —EEEH X, DuanF7E3[148] 45 IS 40 ] REH & IE
YR, ZhouH(EX[14T)PIEE SR ETI B M T R EHRANEASEHK
#iLyapunov i £ 7 i B & FE IF S KR

BETRXENPITER, —LEHBEERNRTIEREEERTEX,
X[45][146) P A T & B H M H JE W 28 ¥ it 46 R . C[149][188][190] 1 45 t
TEMEEEERARE R TSR SR TSR, 14748 TERRERIRIE
S SR ik BRMNMEEH,. i g e Amh R &
HEBA LT HAD R,

KLl A LA EERER AL, HAAHT HHo FRtENS &
Py JFBR A A TS 0 B M T S ABLA SCRRUAT e B 6 1 S AR Z IR R &R
BTT S LR, ERTRNZENXR REEL-THNELE, ST
—HEEH M AL RSP SRS AR N RS a8 R it & 0, BT ARl
B3I ARSI R, #—LRED T &t P e RFE. BETTES
Filk— VR T AT DGR L M AL R %k &0 A .
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6.2 BT HEFREHIEES

6.2.1 [Q)RRIEIA
ZETHLENEETHESHRSE

2(k+1) = dx(k) + Bu(k)

(6.1)
2(k) = Cx(k) + Dw(k)

Hrpz(k) € RRERA MR, y(k) € RETMH LR 2(k) € RPEBEEHL A
B, wk) e RRERBHFANTIMBWAME, u(k) € RPEERMANE, THE
W, B,€, 9 BT T % HEIN S H

g|B] X [AlB N
(G RN IS 2N N

AV BB RN AT E RLEG.)K & T LN H M ) AR & 6 IF skt
BT, AP OA —EMHNPSNE R, KEBSHFNETSEK
#iLyapunovif # / iE I B B IS AR, FARTHESMAERZEHELXR.
A AT BRI, ELATFRAIERA H T X[146)55 P I HI & H A Fhsk HE

6.2.2 BRI RERGHE REHE
5138 6.1: M6 IR AFLEHEBER, = PT > 0,G, Fik & TS HME R SR

P-G-GT GA, -F 0 GB;

" FA+ ATFT — P, CT FB .

<0,i=12.,N (6.3)
* * -1 D
* * ¥ =2

IR E R G0(6.1)i 2 Hoo Tk fiE T bRy o

IERR: X EEAIE S G F6 M —FHEB AR, FMREEEHL—F=FE
2K FFinlserd | B 7. b B (6.3)F Lho 35 KA A4 58 % .

P+ He(MH) < 0 (6.4)
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Hrp
P 0 0 O
0 ~P 0 N
P= P= aiP,-
0 0 z=zl
0 0 0 —»
T (6.5)
G o0 -I 0
F 0 T €T
Mie1 = H=
0 I 0 -I
0 0 BT 97

IE AR 5 L RPERS SHIEM A ERL, HAAHFIE. EF.

6.1 XERMIK(6.5)F PP, Mper, H 238 TR, RT
MR R R SRR 1T BT & B G K Prh A $) ¥ LyapunovE &P R #i T
A ERLEO.DH S B, FUUEHSI NGB E R LyapunovER 5 R4S
O P ARBRAR & R R T E BB WAR A 5 8K MiLyapunov R 5 77 i%, IXFH 7T
BAAE % 52 (5 SR 3t ] Lyapunovil 20 8B & R4 92 BT 1R T4k, BEAH,
R T E (6.5 TR T T AP -

G
0
0
0

[a=T s == e

T =] LA15 317 3K B 2 30K i Lyapunov BR B 1 — M HEIR .

it 6.1 MBFLHEMP, = PT > 0,GiH 2 P& ALK

P.-G-GT GA; 0 GB;
* -P CiT
* x =1 D,

* x x =2

<0,i=1,2,...N (6.6)

AT E RY(6.1) 2 HooME RERTR Yo

—87—



RXFHEFERL Fr¥ BRARTAZ RGN HAR GRS

6.2.3 BRI HERKRIESLAIRE
TS HE AR E R (6.17)0— MBI & BB IE L A48
EI6.1: MRFLEREP = P/ >0, GHFERTIAER

P-G-GT GTAT-F  G'CT
X He(A,F)-P FTCT-B; | <0,i=12.,N (6.7 1
* ¥ —Di - DlT

T LT RS0, s LA PR Tt

UERR: X £ 3X(6.7) TR Ao KA AT R H )y »

P+ He(MH) < 0 (6.8)
He
P 0 0 O
0 - 0 0 N
IP = P = aiR
0 O 0 -1 Z%
0 0 -I O
T (6.9)
G 0 -I 0
F 0 gT T
Mrg, = H=
0 0 0 -I
0 -1 BT 97

IEAM RS 5 L EHES 3IMIERATERUL, HEABEFOL. EE.

62 MENTHEHERLINBEREM, WEEHE LK (6.9)F HF
FMre1 4:

Mce.2 =

o o o Q
oS ~ O o

] A7 3 8 R B 2 80K i Lyapunov i 50 H I — MR .
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it 6.2: RFFERPEP, = PT > 0, GEBTHIAER
P-G-GT GTAT GICT
x P -B, |<04i=12.N (6.10)
* x —D;—DF

T ATRHE R Yi(6.1) SHIE H R A IEsLM,

TECHR[147]%F, Zhou®F i3 #2 515, Al T A ob—FE S HLyapunovel
B EEIELE AR, XESEIERE .

3138 6.2: MM RETEHFEP, = PT > 0, GHZ THIL MR ER

—&;G—T * * *
AiG '—Pz' * .
<0i=12.,N (611
GG -BF  —He(D)) *

GT+22G—2P —GTAZT __GTCiT —He(G)

TBATHE RE5(6.1) B R E O H AR IE stk

iR FI7E 5] MR HE b2, MK RGIA—A T HB & 8GkK %
P LyapunovE 7 55 BRI FE R RMIM AR, MA—D BRI R 2 1L
BAMABMRER, REFBMERORFEED. RiREY5 6. 20HER6.22Z ]
MK F, HATE S T HE I,

3138 6.3: MHERLTHEBREBFEA B,C, D, MELETLEMP = PT > 0,Gi#
RTFHEMERPEAER:

_G+GT T AT TAT  G+2GT-2P
GO GTAT GTeT  Gue =P

* -P -B -AG

<0 (6.12)
* x —He(D) -CG
* * * —He(G)
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RAKFHLFEAL Fr¥ BURRMTAR R G AR SRR 4]

BA—ERTEHERP = PT > 0,Git 2 THI& BB AER
p_é_éT GG‘AT GTcT
* -P -B <0 (6.13)
* x —-D-DT

MERR: B AR R(6.12)RFA:

0 0 0 -P 1/2 -1
0 -P -B 0 ~A 0
+He G <0 (6.14)
0 -BT —(D+DT) 0 -C 0
-P 0 0 0 -1

SR R ) B o AT A

TL TL

1/2 I 0 0 -1 I 0 0
AT o 10 o 1 o0
<t o o 1 | o o I
-7 Ij2 —AT —CT I 0 0

WD, WRMEAFNXG 1ML, Wi FFIRA AT,

I 0 0 ! 0 0 0 -P I 0 0
0o I 0 0 -P -B 0 0o I 0
0 0 I 0 -BT —-(D+DT) 0 0 0 I
172 AT -CT -P 0 0 0 1/2 -AT -CT
-P PAT  pCT
=| AP -P -B <0

(6.15)
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A KFHEFERL FAE BREAMIRRE RGGHALERGES

100 0 0 0 -P{lI100
010 0 -P -B 0 010
001 0 -BT —(D+DT) 0 001
100 -P 0 0 0 I 00
-2P 0 0

= 0 -P -B <0

0 -BT —-(D+DT)
(6.16)

AP =G =P, W ARER6.15)RLBH6.13)KL, iFEE,
tH EERX A5 H06.3, B LA H 56, 2R HE186. 25X AN & 4 IF 5L #IHE 2 (8]
KX R,

EHE 6.2: HEAWHTERAOGDHETFERSNE, R4 HMAE
K6, MHEL(6.107 IR ZER ML

JERR: K3 630 A B A M S B BSL. TIE .
6.2.4 BUEEH

fl6.1: HE—AEMEIMIHAN MM L WA EFHALS,: KT
AT Ay I

(o e r—0.5776 —0.1874|—0.3287
_’T | — | 04297 0.3855 | 0.0970
CcTDT R

1 LT 0.8456 —0.6702] 0.4613
Y L d
A 41(B)] —0.1174 0.6299 | 0.7434
_ | 0.1815 —0.7937/-0.5528

C3|Dy :
L 1 |702592 0.8012 [ 0.3409

XPERMNFZIEERHERKENT LA E R, RN HAELTTEH
& B TF S I3 ( 2 BL6. 1 R IR6.2) LUK SCL14T)T 45 HE B 8 M TF sk 3R (51 B6.2) ¢
HEAT0, s RnTRAR
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%61 FloIFHAHERES, MEBELIIER.

Table 6.1 Robust positive realness analysis results for uncertain system £}
in Example 6.1,

Fik affrfk
EF6.1 Gk
#1062 AqT
5 FH6.2 147 AT

RERNKER BN BEFATANS RABEBNES, LB HEN
%,

( 2|5 [ 0.0245 —0.2248|-0.2061
— | ~0.4988 0.2404 |—0.0829
CY|D} -
- L | —0.2931 0.3310 [ 0.0976
Ac 42 B2 [ —0.1241 —0.1916] 0.1142 7
=ipr| = 0.4887 0.4778 |—0.2963
| L 2|72 ] —0.1084 —0.1096 0.0204J

RGN BB TEL T RIT

%62 Bl6IHNAHIERLTAMBRIEL LR,

Table 6.2 Robust positive realness analysis results for uncertain system 22A

in Example 6.1.
ik AT
E 6.1 "wfr
#i6.2 Aulf7
771 6.2 1147) A affy

A 45 (F) BB ) T E W 0B T e R6.1. HEiR62LA KB H6.2, R =&
IECHEZ BB R R, BEE6 MR FHENTRIR62, XEHTER6IHT
FEHIRO2RIFERL LR T HS B ERF: MR AN HYZHCGHHE
06.2F17 | 6. 240, HER6.2HIIRFIE BT 5] 6.2,
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6.3 BECRME RAMBML R REH Gt

6.3.1 [EIREHAIR
ZETHARNEESAHEEHRE
Sa: ok +1) = Zz(k) + Brw(k) + Bau(k)

z(k) = G1z(k) + Dyw(k) + Drau(k) 6.17)
y(k) = Gox(t)

Hepz(k) € RPRREME, y(k) € RETHB MR 2(k) € RPEHKE R
®, wk) e RRERRBHAMTIRMANE, wk) € RPZEHBMANE, THE
W, By, B, €1, Dra, G2 I T F L I 2 1HE

4 951 ;@2 N Ai B]i Bg,‘ N
P = AN Z(’/i Cri| D1 | Drai a; >0, Zai =1 (6.18)
62| Doy i=1 Cy; i=1

AATH AR RR NS RL R B a8

u(k) = Ky(k) 6.19)
fEF AR R AR
cx(k+1) = yx(k w(k
z(k +1) = dyx(k) + Buw(k) (6.20)
2(k) = Cuz(k) + Daw(k)
Horp
Ayl Ba A+ BoKE | By + B K Doy
= 6.21
Ca|Dy 6 + 912KC, | Dy + D12 K Dy ( :
W THBAA 2K

(1): VRER R4 B HE R E
Q) R & HBHE RE T bRy, B0 7E B A 8RR & & 4 F i 220"
wlk)lly*s A w(k) € Ly
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6.3.2 EHIAHE R YA Hoo B0 R IRIRH

M EFEPFRFR RGN Ho A AR 0 RIBHEH B E R R, BSHETH#ET
A E .

T 6.3: MRFENFEEEMP, i =1, NUHKY, G, i=1,..,N, HF

¢ o
6= [
e

R T IS

,)f:[y1 o] (6.22)

P, — He(T;G;) * * *
0 -1 x *
ATGi+ By Y B -F «
CiT;Gi+ DY D 0 -1

<0i=1,..,N (6.23)

KT, = [CL(Cu CR)™ CLl, i = 1,...,N, AW R 46.20) & b5 & H ik
RH N by, A HSE19M BRI K = Y67 .

I8 6.4 WRFCHFREERME B,i=1,..N, #Y, G,i=1,..,N, K

G 0
= | e GAJ’:[Y1 0] (6.24)
i OIS RPEAEA
P, - He(T; G; TlT) * * *
0 -1 % *

<0,i=1,..,N (6.25
ATGTE+ BQiYT;T By —-F x )

Clz‘TiGiTiT‘f‘ DmYTiT Dy 0 -1
KT, = [CL(Cu CL)™ C3), i = 1,..,N, WA F R H(6.20) & He ki i HLi
B H, MRefekry, RSB 619MB AN : K = VG,

¥ 6.3: EH6.3M6.ATT LUIRE 5 19 M B R bRBR REE 0 H oA A R B2
W4 ROEMSSMEHES.0) #i A%, HEME R E. FERS.SHE
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5.6, EHE6IM6AF LB T —MHEZRG, JRTLLEETIAMIE
BFRHE— PR RFE, BREFERLGINNT AN HRLH, LB
BFTHMNTENEERRIRTEEALE K. FTHAE - MIIANERF, #
BAT LA — b/ RE 6 3R THR TR R 45 R

IR 6.5 W RFILXMNIEMEP, V1 <i,j < NHEMKG;,i = 1,2.., NUAEH
Fry, H

Vitox o+
G! 0 172,30 72 SR
e — . — 1) )
G'—[G?l o ,Y~[Yl 0},‘@— sy oyE (6.26)
¢ ¢ ij ij J
Vi Ve Ve v
R T EEHRPEAFR:
[0, * * ' * * i
0 -I+ VZ;I * * *
O3 Biu+V} -P+ VP <0
31 1i T Vi + Vii© o« * 6.27)
On D11i+V£I V,?Z -v2I + Vz§’3 *
I N B VY
1<4,j<N
Vij+Vi201<j<i<N (6.28)
N
Y (Vi+Vi)<0j=1,..,N (6.29)
1=1

Hef
T= [ CHCaCh)™ 4 |
On=-TG—- GI'Tf
Oy = AT, G+ ByY
On = CuTiGi+ DY
i=1,2.,N.

AR R Y(6.20) & MR T HLigh R Ho M e biy, LB I R8(6.19)H1 2 BT I
W: K =Y,Gyl.
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iERR: MHEFEREG,, Y (6.26) K HI AT 40

G0
e[ o] =[x o] [ 2
Gi* G (6.30)
~K[I 0|16 = KCiTiG,
% ERWANG2T), THO62T)EHR:
.q’ll * * * * 1
0 —I+ V;;l * * %
&3 By +VE P4+ V2
31 bt Vi + Vi * * e
@y D+ VP VP I+ VS «
LBV v Vi — P+ Vi |
1<i,j<N

Hrp
&, =-T,Gi— GT I
®31 = (Ai + BuKCo)TiG;
@41 = (Cri + D12 KCo)T,G;

X W; = (T; Gy) A (6.31)5 B 2 e 5 Frdiag{Wi, I, I, [LA R G e KL%
ﬁir ﬁI?*EJ”:

Uy % * * *
0 -I+ Vi}l * * *
Lva _p 22
Y31 B+ Vjj P2 + V2 o+ X 632)
Yy D+ V,:J“ Vif'2 -1 + ‘733 *
L PV Vi Vi’ - B+ Vit |
1<4,j<N
Hep
Uy = -W; - WF

U3 = A; + By KCy;
Uy = Cii+ D1 KCy

~ 96—

e




RAKFHEFEAL

FAd EREAMTAHZ R GG H SR ERIRES

X‘jiﬁ(6.32)% Uaiaj#*’ﬁl, {4

r

-HT W * * *
0 = * *

A+ BK6 B —-P  x *

G+2uK6 90 0 - 0

Hhot | By, 6,6, Do RITE X (6.18)F M,

V. 11

ij

N N p2t
V=3 Yoo |

oy S 31
i=l j=1 1/11

v
A’!
P =3 aP
j=1

N
W = Z aiTiG,'

j=1

BAEAT(6.33) A e b

o o o
S © =~ O

FRTAFARAG:

-

— T —w! * * *

0 -1 x *

(o + BEKG)W ™ B -P 4
(61 + D12 KE)W ™ Dy O -7’1

P 0 0 0

—97—

PV 0o 0 0 -2|

)

|5 A

Y )

V42 V43

S ~N O o

ij ij

~_ O O O

_9‘

V44

if

<0

(6.33)

<0

(6.34)



B 2 (6.28)(6.28)IF U 3 — E P4 tH 5 2.4, 7[R

-7 -1 * * * % |

0 -I % * *

(o +BKG)W ' B —-P  + x | <0 (6.35)
(G +DuKG)W ™ 2 0 - *

4 0 0 0 -2 |

BN FISchurkh5 |2, 75

P-HT-—w1 x « %

0 -1 * *

(A + BKC)W ™ B -P
(G1+ DKW 9y 0 —I

<0 (6.36)

R(6.36) X [ #F g .

T
-I 0

Ay By
0 -I
Ca Za

+ He

P 0 0 0

0 -2 0 0 0
<0 (637

0 0 I 0

0 0 0

o o~ O O

_72 0

| R e Brd BRI TAZ AR Ak R
BRI LS 2 T HS SRR T, HAERBEE. FHE,

S 64 TERTL6 STV, M3 NEEE T THES Ho MIERES o, = 1), 7
St — B S I ORF R, B, W T3IAT S MMPER, FLUmd
FRM6ITE, EEeSHETTRMIER, KIATHBMMEE, B
UV, PURE A T4 e S R 3R (6.27)h B — B

6.3.3 BRI E R SR IESFS M H R IRIZH)

AR LAy B S H S AN T R BHE IS iE, URE—F9E
SHRRER R A4S I IF LA RS I 25 1R 7T 4 IR (E BE5.7R15.8), T IIkATI4E XS
AERL(6.17) Bt Fi%.
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EH 6.6: WRFENMRIEERBP, i = 1, NRFEFY, G i=1,.., N, Hf

Gt o
G=[G21 Gm],}’:[n 0] (6.38)
R TR AR
P,— He(T; Gy) * *
A;T,Gi+ By Y - P, * <0,i=1,..,N (6.39)

CiT;Gi+ DY — BY —He( Dyy;)
HAT, = [CL(Cyu CH)™t Cxl, i=1,...N, BAHKRL(6.20)E k€ BRE™
HIFSCH, BHEHI2R619MSEARA: K =Y:G.
MERR: E TS TR S BAEEM, FHAEEABTE. EF.
EIR 6.7 WRIFENMRIEE®MPR, i = 1,.. NRHEKY,G,i=1,..,N, HF

G" 0
Gz{Gm GQQ},Y=[Y1 0] (6.40)
R TR R PEAER:
P,— He(T,.G; TT) * *
AiT;GiT;T + By Y TlT - P, * <0,i= 1,.,N (6.41)

Clz‘TiGiﬁr + DY TiT - BZ; —He( D)

KT, = [CL(Cu CH)™ C&), i=1,..,N, BAHALREHR(6.20)& ek g A& ™
BIFSEH, WA 199MBHTRA: K=YGy .

WERR: tHE S8R B MEMAAL, THIRAHTE. I,

FI 6.8 WMAPIFILAFRMMP, V1 < 4,5 < NRHFEG; i = 1.2, . NELKRE
BEY, Horr

Vit & *
GV o Y »”
L — - 21
%= | gu gn y=[wolw=] e . 642
1) 1] 5 R%
Vit Vi3 v
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RAXFHLFEAL FAE BRAMTAL R G HEEERIRES

W R THIEMH RS
-T.G;-GITF  « * *
AiT,Gi+ ByY —PFi+ V' = * 0
<0,
CuTiGi+ DY - Bl + V' —He( D)+ V2 *
P; Vi vi? - P+ VP
1<ij<N «
(6.43)
Vij+V;i 2 0, 1<j<i<N (6.4)
N
Y (Vi+Vi) <0, j=1,.,N (6.43)

HAT, = [CL(Cu CH)! CL], i = 1,...,N, A AT RS (6208 HFE BR™
RBIFSCH, MR EHISE199SHTRN: K = Y6l

ERR: HEFSTIHEE LT TR TH6SA L BHEFR, FATEREAH
k. L.
6.3.4 B{EE

fl6.2: BT L H I —MFH WA TR ZATERLS(6.17), SHRH

A

0.2398  0.2299 [0.2177 | —0.1367
Ay| By | B |

—0.0485 —0.1184 | 0.2948 | 0.2393
C’Tll Dlll DIQl =
- 0.3783 0.2178 [0.0630 | 0.3881
a —0.3718 —=0.1114

0.1629  0.3667 | —0.1834 | 0.3397
A2 Bl2 B22

~0.3112  0.3290 | —0.3048 | —0.3581
CTI2 D]]‘Z D122 = - .
- 03850 03520 | 0.3843 | 0.0454
2 03750 —0.11%4

BRI L 4h & R 0F st TS RO 8 A R AE TT A5 UL
u(k) = ) THIESHE, #RER, HMERARFHERNEHe 1B LERIALE
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TRAIEENE, dut, XEFER—NHSHERBELEWNEERAKRRR
RATEEH. XRRITE S EE6.6 LR 1EEH6.64 M E5IANT S MK s it
X BV, TREINEReS, WHERERRMEMR.6 Tkt HAENIMR, XAE
#6.8, ARE|—AATHNA:

u(k) = 2.5424y(k)

EAMFR T ES R, T EE6.8H TEH6.6 IS HURMI A it
Z&V;;, #imwd T e 6.6 (R Tk,

6.4 AT/NGE

AT E L RMAHELNER RS, HERHT HH. FEHHDH5&
P, FFBRRS AR TGS A B b IE SR RIBLA ST 8 B TESC AR 2 Bk &
BATTHR ERLE, fUTHNZEEXRR. RIG7ELE-FREMLE, Sd7T
— Y 18 H.o Pk At LR TF 56 P B e A Y R TR P 2 B A 1 RS FE LAY,
LB FIAS B AER, E—L RO T RAFRFE. B EB
Fit— R T AL S HE LA E DA 3 o A0 4 i
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RARFHEFEAL FE¥F —ABRL AL SH LRI

¥tE —XBHRERFRIFHSE L RIR

71 318

U LHRYELRMARIRREPHEFERERR. EEZEN2ME
BNBHHE T HS B TREUREYE, ¥, BF%, HESNNET 7
ERRRELE. HEMFETTEBRALEHENEREE, WERRENI
MEERBEMESR, WANHRAAEANRHIEHIRESR, FULELEXT
W RGN 55 & —HR NIRRT 1.

B MBI RAHR R, BRI A RGE 4R BRG] TRZHAN AKX
M. T BB i R K AT W — AN E E 1 %5 2 il i Lyapunov-Krasovskii B
UL K 45 A — IR 1 0 iPark-moon R F K, B th A FEU), Jensen A F
AUME, HE IR LKA R RE A& . R RARMEHSRE R &
A E] T I DA )R EN 196198201201 (R F A B IXHERFR THEh % 06 TR
AR IEHIAS R . IR RS R R A R RS I Bt OB T4 SRAR et B
M, TESC[199][200]) 738 i R A HEAN R kAL 7 i, BT BI— AN Tk AR
Pe AR SRR M HE f AR R B B8R ik, RRXA S T 58
th A1 Fr il — LR

AT T i A AR A i B Bk B A ) R4 RO ET A B R 4 1 )
o W HEEN R A R EIRE bR R RE Rt AIE R, T4 & K0 F W
f)Jensen A TR 7B, LA H T — 4 B I AR L 0D H o 0 AN A 1 BRI 1 AR IR
W, BRI BEGF i — LRI AR

7.2 [B)REIA
18 T A N AR B 4 A 15 O ) B 24

z(k +1) = Az(k) + Agz(k — d) + Bjw(k) + Byu(k)
2(k) = Lz(k) + Lgz(k — d)
y(k) = Cz(k) + Caz(k — d) + Dw(k)
r(k)=o¢(k) k=~-d,~d+1,..,0

71.1)
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Hez(k) e RREREWE, y(k) e RETHREME; 2(k) € RREBIZHL M
B, wk) e RPRRUERAFOTHRBANE, u(k) e RPEBHHMAME. d> 04
—AEHRR R FFHHER— AR RIS

u(k) = Ky(k) (7.2)
#BAHE RS

:c(lc + 1) = Ada:(k) + Addx(k - d) + Bdlw(k)

(1.3)
2(k) = La(k) + Laz(k - d)

KA, = A+ ByKCy, Aga = Ag+ ByKCy, By = By + BoKD, 2 TIHM
ANEK:

(1): AR R%IRE

Q): EEMHEREZTz(k) = 0,k = 0 ZFHTHL|2(R),° < Yw®)],’ #
Fuw(k) € Ly

7.3 BAET N EETIE R GEAY Hoo B3 75H IR
RER6. W RAHAEXBRERHPEP, Q,U, BRI T A BRI 5 A

Gy G Y;
G=| "' ly=|" (1.4)
0 Gz 0
W TIIHRAEL
(U 0 —-@U+GTA+YC, GTAg+YCoy GTB +YD ]
x —T L Ld 0
¥ * —P+Q+(d2-1)U U 0 <0 (19
* % * -Q-U 0
|+ * * —721

B =P+dU -GT -T7GT, BAWMKRL () i ARH GHEAN T, B
1 38(7.2) BECH:
K = G1_11Y1
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AXFHEFEAT $L¥ —KERNERGHBAR L RE

WM. MIREF ARG, YR RE AT 13

I Gll G]2 K
GTbBQK = G K=
0 0 Go 0
(7.6)
_ |Gk i Y
0 0
tH ER(7.6)TEARER(7.5)F H:
P+ He(MH) <0 7.7
Horp _ _
P+dU 0 —-d*U 0 0
* I 0 0 0
P= * *+ ~P+Q+(d*-1)U U 0
* * * -Q-U 0
* * * * —2I
- - _ - T - (7.8)
G 0 -1 0
0 I 0 -7
M=|0 0| H=| 4} 7
0 0 A;r,d LdT
[0 0] B, 0 ]
Hi PR R 48 5 72 K(7.3) Tl 1%
_ oT . -
-1 0 r(k+1)
0 -I|- 2(k)
AZ} LT z(k) =0 (7.9)
L BSI 0 ] | W(k) ]
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A% K(7.6)F1Z K, (7.9)3 M. FFinsler5 | 2,

T

[ 2(k+1) ] [ zk+1) ]
2(k) 2(k)
z(k) | P| zk) |=0 (7.10)
r(k —d) z(k - d)
| wk) || wk)

PLTE 31 B 0 F BT 7R # Lyapunov-Krasovskii 5 41

V(k) = o7 (K)P(k) + '°5:1 2 (K)Qa(k) |
ey = (1.11)
+dz Z k+z)) U (z(k) ~ z(k +1))

i=—d m—-k+1

HAPQ UHAMKREEERK, AEAREXT.S)PHNEEERENTIT

o E&JensenNERGIE(BIFH2.5)0 B

AV (k)

= V(z(k +1)) = V(z(k))

=xUk+UPdk+U (mpam 2T (k)Qz(k) — 2T (k — d)Qu(k — d)
-1

+d Y, (n(k))"U —-d §: U (n(k))

i=—d i=~d

=z7(k+1)Pz(k+1) - (k)Px( )+ 2T (k)Qz(k )—xT(k—d)Qx(k—d)
+d2(n(k))TU(n(k))~d 2 ot k)T U (n(k))

< aT(k+1)Pa(k+1) — T(k)Pr( ) + 27 (k)Qz(k) — 2T (k — d)Qu(k - d)

r k-1 r T k-1 r
+ & (k) U(n(k))—z(k))—( S (n(m») U( > (n(m»)
m=k—d m=k—d

=27 (k + 1)Pa(k + 1) ~ 2T (k) Pz(k) + 27 (k)Qz(k) — 27 (k — d)Qz(k — d)

+ (k)T U (n(k)) = (@(k) = z(k ~ d))T U (x(k) ~ z(k — d))

+ 1 P+dU 0 -d*U
= | % * —-P+Q+(d®-1)U U

* * -Q-U

z(k +1)
z(k)
z(k - d)
(7.12)

¥
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Heppk) = z(k+ 1) — z(k). SGEERTIFREX(7.5)05:

AV (k) + 2T (k)2(k) = YT (k)w(k) < 0 (7.13)
Xt £ MOE|c KM TT 17
k
V(00) = V(£(0) + Y _ (" (1)2(3) = Y  (i)w(s)) < 0 (1.14)

1=0

tiLyapunov-Krasovskiitf £(7.10)M A& F K712l M B R & 18 &
BV (co) = 0, W i R(7.14)°] %1 ] 48 3% R H M by, 9 HSAU R A%
ROS)ATMGy i, TRY, = GuKRIEEHENEHMKER. iEE.

P — B, IR A IR B 0 R T PRV . M =
T T
(T°eT)y” 0000 } . RAVET AR AT T 2RI R,

0 1000
EIR72 M RFEMNRIFEEEMEP,Q, U, LLKINT 454952 IR ¥ 4 Bt BE
G:[G1 G2 ,y:[Y‘} (7.15)
0 Gs 0
W F A FEARER
[, 0 Uy Uy Ui |
x = L Ly 0
x x -P+Q+(-1U U 0 |<0 (7.16)
* % * -Q-U 0
- * * e
H

Uy =P+dU-TTGT - T7G'T
U3 = —d?U + TTGTA+TTYC,
Uy =TTGTAG+ TTY Coy

Vs =TTGTB, +TTYD
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BARRREINBE S BHAJOHED Ty, HPEHSB02) Z2H0: K =
Gy

74 HEFH
18— AT R AORA I R O 18] RE(7.1), B ROHBE

Al Ay BB, 1.20 0.32 [—0.07 0.50|~0.90|—0.32
~0.80 —0.04] 0.09 0.18] 0.22 | 0.16

LLa = | 7082 007 [=0.16 0.5

clc D 0,78 0.02 [~0.22 0.86]=0.43

ZRAEMME A = 5. ZRETFRARE, ELENGTERTTMZRE
fEd = AN CEAHRE. RAZHTIRBAWH

2¢703k + 0.5sin(2k) 20 <k <40
w(k) =
0 k ¢ (20,40]

RYTCTFAAE LT (u(k) = O)B] FFPRA AN il 2%

x10®

asfF

-05k

Bl 7.1 #d =58, JRARZNAEN L

Fig. 7.1  State response curves of the open-loop system withd =5
B, REAFRTRE, HEHE1178— N H, AR MR IBIEH S

u(k) = 2.8969y(k)

~108 -



FRXFHEFEAL R e I G UL Sty

HEB— AN AR RGN Ho e RE R Ay = 09181, BLIERAIG MRS AT AR
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Fig. 7.2 State response curves of the closed-loop system with d =5
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Fig. 7.3  Regulated output and control input response curves of the closed-
loop system with d =5
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