#®1% glHE . & w5 B A Vol. 1, Initial Issue
19844 1 A CONTROL THEORY  AND APPLICATIONS January, 1984

SE WL B G I

EERF Ignk
C R S R R AT )

o E

ANEZ BBMBRIERHRGIC N R, WHE T EH & RGN EARE 12 K

S

KR, MR, —AR% S RASREE R BRER SEEEN A 5 R 4 A
By RZ, —AMERS, SEBEHb ARG AR RERRENTRLL.

S

= 5 E
R. E. Kalman @@k TRMAREBEBRERORAE Y, FHE K AE, 250
RENEFERERGN—AF RS RBEH A, FRES TR, fEy
EAPE BB R R, Kalman M T XA & 8 10 30 1 &4, o,
Kalman - fxySonnm S5 B ¢ 4l 45 T — M HIBIIE STl B MR Sk RN
SITERAUPEDERARFMAEL, RATRRRAMERKZMMRTR, B—
PEFEGERAZREQ W HBRMRERWEANARRERER; K2, —EN
ERGERGE BRI AR PR AN RERRENTRREN. R, ROEX—
BRI IEIN - SHBMAG D L. TEEH, FUWEE I ESER (7 BES
THRARERIEN, HE, BOFTANFELTRERLEES, '

TOERA-ERUAL
BB W R R | |

o - :sz}x-x-bug ‘ (2,1
E x Bo@ERERE, « BEHEATE, 4 Boxn [ EEEE, b EndERE,
CHUTE, RS (2,1) BI— D ERIS R AR
, u=—k"x, v (2,2)
Hip k RaffiE, “07 BREE,
EX T R A- bk R EERES VNI TN, AT 0% HREE
AR (2.2) RIGER; WMREFEE—NEE ¢ RIREEHNE (2.2) FHetsEin

izf (xT qq* x +u?) dt
[

AT 1982 4R 12 f 21 HRE. 19834F 5 A 10 H B EikH.
AXET 1982 £5 AEMIREEZBEERHMEL RER A2RZTHS F 5.




EERERZNIEENREE ‘ 61

’H” .............
kﬁwbb WiFR (2,20 RARG C2.1) MR REHE, XN, AHRRHE(2.D—2.2)
B R ARE Gie _ . ,
A G (sy =det [sI ~ A+ bk™), ¢(s)=det (sI~ 47,

~
o(s) = KTAd (sl —ADb, Frzdet o) RIRMIFRITHIN, Adj ) FoREREsE K,

BRE s
@, (8) = P+  (sI—-A)"' b3,
oy B4 -
1+ k7 (S.Tm»_é)”b:—??ii)w, (2.3)
_ bisy ‘
Gu(s) = dls) +PLs), S (2.4)

B RGO RsHWEFHESRN, s RELE, RIMEREIESS, nH
1. % s BN, G)yREW;:

2, Gs) 775 B IF LT BT

3. TEREHh 9C®mwﬁmﬁm4u,%%ﬁmx ERHEIP

4, WEBEIZEE 0, RE s=jo FECG) Wk ERE Re{ G (jo) } =0,
il Re{ s }&T1%m7%,;hm%$ma
51 &
g{s)
G(s) = BTOE
Hrp f(s) 0 g(s) #H R iﬂ*}fv W, [(s) 5gls) 5}}\'9 T G(s) MIELEBITE4r B
£H2

L, A(s)=1(s) +g(s) REBENLHR, W 4G) WBS M A L FFF EHpys H
AN fs) REHEA R, ‘ |

2, RPESER 0=0, REjo FR G(s) BiEERE Re{ GGo) } =0,

EA BB LI WS 22 X Ek (3D, -

BRI BWMALK (2 1 AR BIEEIAE (2, 2), #(4,b) BBIE, (A4,kT) 8
WMo nB A IBE B kT (s~ 4)"'b IESL, B4 (2.2) BRAL (2.1) 0 —PIREMN
m%ﬁﬂﬁ@%

it ﬁﬁﬁ%?&uwA>%aﬁImMﬁ m<2nﬂuz4>fﬁﬁﬁ

N - P(s)
kfﬁifﬁ)lb;-aag
TR 0(5) 5 ¢(s) B THBIE L AR, 0= +90) B—Ar BEKSH
o HIA- BT RARFEIEM, X (2.2) 2E% (2.1) B—ABEEEnE,
%m&wmzA;%}%pﬁuﬁsﬂﬂIHWWMEMﬁ
%1MUM~A>W}>m VES C (2,60

I (295)

X B % .
11+ KT (jol — Ay~ 1b“-~ mwie{ k- (,a/f A) p } 3=



62 BHERLSNHE 13
+Um{ k7 (jowl—A4)"'b }jzo
ERIa{» Y RREBHEDR. TEE (2.6) A, 4 jo ARK (ol - A)"'b g S/
F

. [1+K (ol = A)~ih|2>>1, (2,7
%o E K Gol- A)T'h WIRAR, (2.7) BAKIL. EL, FER (2.7) HEZE
Boo Rir. TRERMCERNRAMOFREE T, (2.2) RAG (2.1) K~

AT, N E B
- EEER, R4 (2.1), E(A b, kT)T’JEBZ*‘"%%J)\ BT OIE R 4 CHD
KT(Is—A)T'DIEE )Y, H4A (2.2) MERS (2.1) WERERRMLEHMNE,

CRBE2 BRREL (2.1) MBHME (2,2). & (4, b) 8B, (4, kT ) REW I,
AR (2,20 BEL (2,1) W-—FERN B % 6l 31 8, BLAFEER B Kk"(sI-4+
bk™)7'b RIESEH.

it B, B s ZEHA, k"(sI-A+bk™) b BB, BT (2.2 ) RRENTE
e, BHILHEEEE KT (sI - A+bk™) ™'b FEE L HFHE M. 164, B T (2.2)
RRG (2.1) MR ARG, FkdRmsmsgsssm,
11+ kT (ol ~ A)71h|2>1, VN o, (2.8)
BiE(2,3)/2.8)%8

dGw) e o
——I<{1, VEEH o, 2,
XS VEH o | (2,9)
FREE C2,9)ES ,
P (jw) l .
R . -<—-: 4 "‘\ [ @
e{ PR §» 1, Vo (2.10)
%"“’jjﬁx E(Z.S)X’ﬁ’ .
v P(s)
T - TY~Ih o= o
k7 (sl ~ A+bk™)"'b NG (2,11)
T (2.4 Bt
o (s) d(s) /
e T am e (2.12)
RBH (2,110 (2,12) %
Ro{ K7 (jol = A+ bk~ 1b} =1~ Re § - 2U2) . v, (2.13)
a‘l’k(lw) : -

wE, m(z.lo)im(z.ls)f%
Re { K'(jwi - A+bk*)"'b } =0, VK w, (2,14

GLEPTR, MEXMK (sI-A4A+bk)"'h BIEFH, AMEE 2iFLE.
EAPEHEER, SRENRLENNESANETRAZLRIER,



= EEEHR }EYJ:Erifaaxszf 63

Z. WA E2RU AR
ER—- TR ERELTTLRTBSEA - SHHRL.
BEERRGN '
>:=Ax+Buin - (3,1
g % A5 (2, 1)BEXHER, Blhax M EME uh B4 ANRE. RS
(3.1) B— A RBE RN ‘ ,
U= - Kx, (3,2
#h KR rxnBEE. o
=X 3 R A-BK Hﬁ#%fﬁ%%ﬁ&ﬁ?ﬁﬁ@?ﬁé#?@m, LFRATEE #r (3.2
BARS (3.1) WRENER#E NRFE-TNRIEREEREO0=CC, 3} H (4
C) BB, RBIEHIHAE (3.2) fHleRiEM ’

J= J (xT Ox +u” w)de

EBEAN, WER (3.2 BRES (3.1) B—BAEEHRE,

BN A B Z(s) BR—-1DEHESRNERE, Wi,

1. Z()MEADTTERLE Re(sI>0 NIETs

2, MINELE 0, REjo REZG) BEMTENL S, I 24 Z9Ge) +ZGe)=
0, XB “H” FoREMRLEEE; '

3. MR jo, R ZOG) BN TERRS, AR -HBEEE, EBEEERIE
R WK JE

MK Z(s) JoIE S8

RWS DAL (3.1) MBHME (3.2), M KGI-A) ' BRESLW, 38
(A, BYER¥E, (A4, K)BRWW, 54 (3.2) BERES (3,1) H—RE WML
B, v

W OWT K(I- AT BRIESN, EEREESLSE WAL, B xnREL
M axn i IEENFREBEP, #15

PA+AP=~I"L, (3,3)
PB=KT, (3.4)

EER (3, &)r’?@di r Rl 2 PBB'P 1 K°K, 1%
PA+ATP-PBB' P= ~ (L' L+ KT K), o (3.5)

4 Q0=L"L+K"K, \udﬁ0>0, FH O X, HAEE | xn By EEC, [=rankQ,
512 0=C"C, AT o :
IFL+ KK =C°C, (3.6)
TRE(3.5)F(3.6)75& '

PA+ AT P~ PBB*P+C'C =, , (3,7

BRI REBRETE, SENHEER.



64 B HEE SN A 1%
BT 4, K)SEWM, TIREER (4, C ) Wmasum, WL b, HA kerC BRI
CHMZESNR, #HH x, CkerC, IPLHE
X" LT Ly +x," BT Kxy=x,"C"Cx, =0,
y\ﬁﬁﬁf’xnzm Kx, =0, EB '

X, €ker LN ker K, (3.8)

Bl x, HEEEFE ‘
ker Ccker LN ker K, (3,9)
BE
ker Ccker K, : (3,102
R xR AMERBTERE, WINRBEEN A, FARITE
A I-Ax, =0, (3,11

BT (A4, K)REWMW, HEsE
rank (A~ A7, KT)=ny,
MIT Kx, 0, FRE (3.10) BHBE ,
. . Cx, 0, (3,12)
R, WA KGR A, R
’ [ M- A N X
. X= 0,
L ¢ Jx=0

F x=0, XL rank (A~ A7, C"I=n, HI (A, C) GEMM.
NBEZy Ay B)YGEES, BTRL P BREE-EE T (3.7) F I — TF 8 X BR AR, 3 E

A-BKRRREME' o WA LUIR, (3.2) ARG (3,1) AT HAEIR T 5% S
EMBRE R, FREMSIE. o

RAEEREIR LT, BARA SIS (7 WEAE T, Hk B
&%wﬁﬁﬁ%oﬁﬁﬁlpﬁM%é%ﬂ$%%$ﬂM%9ﬁﬁ%@&ﬁﬂﬂ%ﬁﬁ
LR R AR 7 TR AR ) 18—V SR 5T 3 30 AR O R e o T B e

EEA BRRE (3.0 MEHME (3.2), URIEAZN REEQ=CC, &
A, B) BB, (A CORBMM. Wk (3.2) REL (3.1) W— R 0 BMhE
AR, HALRRIRIRY 7, W2 G 8 HiNE K (T~ A+ BK)™ ' B EE,

W BT (4, BYGBEE, (4, C)RMIM, 3E (3.2) REL (3.1) M %
RBTRDR T OB S L S WA, NRIEL S R EB MR BT i, H7ER— R
XIFRIERE P, 45T 50 B AL

| K'=PpB, (3.13)
PA+A"P=PBE'P+Q =0, (3,14)

5 5, . : '
P(A~BK) + (A~ BK)™P = - (0 + K* K, (3.15)

B O+ K K=0, WAHEMEEL (15 0+KTK=17L, FREH (3,13) f1(3.15)

WK, A-BK, BifiRIESEIRE, #K(sI~4+BK)™'B 2 I SEJAE T 8 BARTE



. - i, /‘ ﬂé V‘ " 4: VB‘_T “L—q—i )
s - ERRERGNIERN RS 65

T BAFRS (3D MEHE A (3.2). R (4 BYRE, (4 K)En
s, O WARFUENAERE, HE0=CTC, (4, C) fEMW, R (3.2) BAL (3.1)
g AT B B, T, WEREAY m, |
u=-mKx (3,16)
S RELE (3.1 XTI BHT T (050 MR IER: B L4, 3 H K(T- A+
mBE) "' B BRETLH. :
E Bm=10, REETE, (3.16) Z2RTHERER

J, = r(x‘" Ox +ufu)y di
0
R O B RS AR, HREEE 4 T, R K (T - A+ BK) ' BRESM. M2,
it 1 m=1ZIERT.
T, BRIRAENETEHE. B (3.16) BRS% (3.1) LFTHAT Kk MERER
T MR SRR, HEAEARMEE K- A+mBK) "B RIESHY, B UIE
B, $EE LN me 1 WRIEHN. B L, RENEEENSREHNEROE, FEE
2 XA P AR S R B SEIEO, 445 |
mK = BT P, (3,172
PA+ATP -PBB' P+ 0=0, (3,18
H£rh 0=C"C, (4, C) M.
BT, T (3.2) BREZ (3.1) WREQEEEHNE, N—2EEEE
AR P, R TR |

K=pB"P, , ‘ (3.19)
PA+ A P-PBEFP+0 =0, ’ (3.20)
HH, A-BK SRaENEE, | |
nfE, 4 \
P*=pP+ P, (3,21)
R PHRERNWREL, B (3,17). (3.19) F1(3,21) &
(m+1)K = BT P* (3.,22)
B (3,18) 71 (3.20) 18
(P+PyA+ A" (P+P)-PBB" P~ PBETP+0+0=0, (3.,23)

W17y, (3.19) F1(3.23) 8
(P+PyA+ A (P+P)y~(P+P)BE (P+Py+2mKTE+0+0=0, (3.24)
TR, B (3,20 % (3.24) 12 | '
P*A+ A7 P* - P* BB P* 40 =0, €3.25)
B OmomkrK+G+0=0rC20. 81 (4, K) M, MEE 3 ik 1 —H,
CAC) b mm, EH (4, B) el FORBEERIE (2.25) 7 © — ER



66 o BHHEeE5EA 1%

SERIE P =P+ P, }H K*=F P*RERRK B EE A-BK*RIEEHEN, B
u= —(m+ 1)K>{

BEREL (3,1) RTHERIER
ylmﬂ = r(xT 5x +ul u)dt

R A, A= (n+ 1) BK BERAE, FAAEE 4%, AEAR K K-
A+m+DEQ1&@E%%O%%,mﬂ%%%ﬁ,ﬁmlﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁw
Wi 2 (4, B)BEEs, (A4, K)EEWMW, MREK(sI—-A)"'BRIFEILH, #F
L EEE RS m, K(sI-A+mBK) 'B B ETFH, FHu=-mKx B R 4 (3,1)
R AR TR T R I B AR A
WIE, BATHES 1A 2 AT TR ENRE, S, S5 FE IR R R R
G WEADRGKIN, AEn=1, BR—AERG, BLEEME MK T
R, MEILEE R R R A%, | |
S A K R T 1 AL “epf & pmg—frrprfpel
R, Rk, WEYSn=1H XA RER “ij = -
BRI TR RS RS, TAt l”4z}w
REE W RAT, TN B F
TR ARG, BRI NS
K, KSR R AR T
Amﬁ%m#”uéﬁi,&MMmﬁmf%mﬁgﬁgﬁﬁzmmﬁmm@mwT
B,

T JEIE

L]

ERZRRET B

£ % x W

f13 Kalman, R. E., When is a Linear Control System Optimal? .
ASME. Basic Engineering, 86, 1 (1964), 51—60.

£271 Anderson, B. D. O., A System Theory Criterion for Positive
Real Matrices, SIAM I. Control 5, 2 (1967), 171—182. ,

£32 §iljak, b. D., Algebraic Criterion for Absolute Stability Op-
timality aand Positivity of Dynamic Systems, Proc. IEE. 117, 10
(19703, 2033—2036. . v

£4) Popov, V. M., Hyperstability of Control Systems, Spring— Ver-
lag, New York (1973). '

{571 Landau, Y., Adaptive Control -~ The Model Reference Approach,
Marcel Dekker, INC. New York and Basel (1979).

(63 Martensson, K., On.the Matrizx Riccati Equation, Information

Science, 8 (1971), 17—49.
L73 Anderson, B- D. O. and Vongpanitlerd, S., Network Amnalysis




HIFIE EERERZENEERMSMAE : 67

e
e

and Synthesis~~A_‘ Modern Systems Theory Approach, Prentice
~Hall, INC. Englewood Cliffs, New Jersey (1973):

{831 Anderson, B D. O. and Moore, J. B., Linear Optimal Coutrol,
Prentice—-Hall (FWEA ) (1971),

POSITIVITY AND OPTIMALITY FOR LINEAR
MULTIVARIABLE TIME—INVARIANT SYSTEMS

Wang Enping Wang Chaozhu

( Institute of Systems Science, Academia Sinica, Beijing )

Abstract

].h. this paper, the reiationships of positivity and optimality for
linear time —invariant systems are considered. First, the relationship
of positivity and optimality for single— input single —output linear
time ~ invariant systems is discussed by the frequency domain meth-
od. Next, for multivariable linear time - invariant systems, this
relationship is discussed by the time domain method. The main re-
sults are as follows, The closed loop system formed by stable optimal
state feedback is positive, its transfer function matrix is positive
real. Conversely, if the open loop transfer function matrix is posi-
tive real, then the closed loop system obtained by negative unity
output feedback is stable and optimal. Finally, from the discussion
of the relationships of positivity and optimality we showed that

the stable gain margin of optimal control systems is infinite.





