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e & oE 27 . .
LeBEEBHELNTWwAs fl2E Kalman, Yakubovitch, Aizerman

£T, ERErFEDIKCH LTHE Halanay, Popov  FHOWERD b,
CHETHAEZHRPTEIRELDT T
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2T x, b, ¢ % n-vector, A % nxn constant matrix,



o, £, o & scalar & L. vector, matrix ? transpose (&

Bl vt w200 THbFCERLT,

= Ax + bg
dt
(1) LE - o)
dt
c =c'x - pt& .
* 72 i
dX_ - ax + be
dt ’
g = ¢(0)
(2)
g = c¢c'x

THHEINS dynamic process % FET b5, @E (1) OH4LE in-
direct control, (2) O@OHBE&WE direct control &EFFENZI DT,
direct control ¢ indirect control & technical HHFMT
BN amplifier, servo-motorb DEELRAL FET AL LA
control system OFBICE LAZIDT, BEHIKIZ, 1indirect

control - % direct control @ particular case & LTCH b

FTEBTE B,

¢ (o) & control system ¥xF A characteristic function
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o)

rriEn.s vNTCD o WWH L TEL IR, plecewise continuous,
$(0) = 0 »D additional condition %}ﬁifttaf‘%@c‘:?"éo cCT
ZEEH O 72 B
(i) ¢ (o) JXFXTD o LT continuous T+ ¢(0) = 0
& L. additional condition & LTl WAABSEHLAREZLLND,

FO—20%4aF

(ii) 0 ¢ qb(gc) < k, k: finite positive number T 7% infinity,

k== orzidcozfad 0<% 22u coi) 2 0 cEbINI,

% HEEO® rral number kl’ kz(k1<kz) eHF LT

k. < 209) _
1= 9 =72
¢4 (o)
PHEEE 0(0) = 0(0) - Iqos EFNEL 0 2 —5— g kyoky 2%

b (ii) OEAWE B

% 728 %% additional condition & LT

o0

(iii) -o6(c) > 0 for o # O, f 4 (c)do = J $(c)do = =
0 0 |

BEZLNL S,
wE (2) Wit b matrix A @ characteristic root D—D20
0 ThhET5

nonsingular linear transformation gt b (2) &

dz
dt

= A%z + sg, £ = 9(0), o =c*lz

€ transform AN A, CCT A¥ FE8 n FloEEGZSTNT 0 OFfF

1
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FThHo c* OB n FHOBRS c * HF 0 OHEE z OS>
‘?fff@@'ﬁ?‘% system @b, CO system & z;
n-1 =0 oz = éOHSt{ &'Wkﬁﬁ%fc%@@ﬁ%%% L, zero
" solution & asymptotically stable "'C“ﬁ“&/)ﬁ”b?j%"\’ DEEIT % Ao

yorey 2. TEDINEDLER.

% TR
CH#O b zn@ o & zq 0
Yy, 'S, € % (n-1)-vector, o % scalar, Aq % (n-1)
x (n-1) matrix CELTN () i
- Ay sele)
dt
(3)
do_ . e'y - p¢ (o)
dt
{© transform XN b, 3 oftbhics LELE u # (n-1)

-vector & [ differential equation

du

= Aju + sg
at 1
dg
(4) = ¢ (o)
dt
c =¢e'u- pg
v%bb (1) OHOIOEPE: Ao (4) TxsnTs (u,8)— (y,0)

)

<
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ten
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(3) ¢ transform I NB, 3 L

R
€N
(%1%
(hud
ra

Bl (3) & (4) & equivalent Thdo LHBL 8 # 0 (& (3)

CseT ¢(0) =ho, (h#0) OLE, Fhbdb

= ayy + sho
dt |

(5)
do e'y - pho
dt '

D y=0, o =20 0y asymptotically stable TH 572 ONELE
THbHbo L =0 OFE|EL asymptotic stabality WEHT LZAZWD L.
&é@%%ﬂmgéo

+ 7% det Al #0 T (4) |z  nonsingular transformation

y = Alu‘+ sg, g =g

cxby
= ayy + s0(0)
dt
(6) NG,
dt
g = f'y - y& f:(n-1)-vector, y:scalar
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77

g transform  Fp e LewoT. AF 0, det Ay £ 0 oz (3),
r' (’4),“(76) E 4T equivalent TH 5,
(3), (4, \(6)" @ linear term  [CXf3 5% characteristic
equatvion & | o
A det(AE - Ay) = 0
L7zd>2TCs det A1 #0 HbE, det(rE - Al) = 0 |3 zero root
PROCEETERR, 12T (6) @ 1linear term R T 5
characteristic equation B simple zero root 3 Do
CoLs LTy 3L AD characteristic root D—2% 0 % b
< system (2) T (3) %7kl (4) @ transform BN b,
X5 ¢ zero root % simple zeor root L5 (2) o (6)
¢ transform TN b,
A @ characteristic root 233 -NTC negative real part 7 3}
Dk E. A & stable THALEEbN. COLIRBAL system

principal case Fnabni, A ©OF® characteristic root 3

|

il

real part W@ETHEWHGEE. system & par;cicular case &
o AN C@%EU&%%& LT+ zero root %3 %, ff® characteristic
root‘ X negative r.eél part %%9@%%@ (3) %772 | (4)
kb kd‘iscuss INbHo C@ zero root 0> simple roof DA
dEk (6) ZHAHETHCLERTES. |

Al @ -characteristic root ' 4+ negative real part
£ OBAE EROWL (3), (4), (6) RI<CTHET, ¢ OHA K

# indirect control o system. & LT h 32330 T3 5,

system (1), (2) & (1), (ii) =2kRiE 1), (1i1) %24 %%



characteristic function ¢ (o) @ class (TEI4 A absolute
stability C2onTELR TH 5, & 2iE
Bgbne kLTS (i), (i) #*32TEED o(0) KL
T (2) @ zero solution & globally asymptotically stable
ThHAHEEL system (2) @ class % absolutely stable T3
HEBEDN Lo

(i) epd 5% 0 < 29 k@ principal case €@
TDORAERED S, EE particular case KEHnT, ¢(o) =0 FCZ
DEEEER T COHE  zero solution I asymptotically

stable T#%w, L7iz# 27T particular case [Tx\» Tl

) 0< ) x5t 0
F 2

(7") | e < ¢§O} <k (¢ # 0), € : arbitrary small>0.
BERAZEEELT, wbww b Aizerman's conjecture #dh b, T b D

(0<hi<k)

+~T® linear characteristic function ¢(o) = ho,
éti\]“@‘*z;'system (2) @ asymptotic stability @b, system
@ absolute stabilityvi?i"@%ﬂ'&mzﬁo D X5% conjecture I
—mIZEL BBE Eld Pliss ICLD1958ELCRIN A,
ccTCHh LB RcERENSEL 194 44T Lur'e EPostnikov |
B k=e DBACDATEL, IBTs x KETI2RERE ¢(0)

DiEHS %1% 7D Liapunov function %Hwik, Lur'e @FIHK

resolving equation & X@EN A#ZF A %% 2. Liapunov func-



tion AR ERERGR S L T 3

i

—

3 >
To T

O #EEC Yakubovitch (2D FE%whHWP DS indirect control &

tX LAes 195 1 Malkin (& direct control

% indirect

control @ particular case & LT, direct control system

%

B hitw Lur'e @3# 2 % L 5 % Liapunov function @ system

DT DT derivative #i negative definite (€% 5%

&%

Sylvester criteria PEHEARTACERIIRDZs L L1940

™

o=

{C Rozenvasser (I Malkin D% (d indirect control OH &
DLHFHRH B D, direct control WA LTEERGARWC L ZEH
7o X IEEDEL~FERE, Kalman, Yakubovitch @gF# T, Fh

Lur'e @ resolving equation @ 5% & Popov @ frequency

FEOHOE R EE T D OICERHICE ﬁr‘%@” 2o

Liapunov ©® second method # /w7 absolute stability %

SR ADERIT RS Barbaskin-Krasovski

F#sn e s A Liapunov DVEFHTH A,

Theorem 1. autonomous system

(8) dX - F(x)

dt

x> TTHEET DHES
o T D& ET
1° V(x) {T positive definite
2° gy xp—e OE X V(x)—> e
3° v 2V F(x) < -c(uxi), c(r): positive definite

F(O)= 0. oD%l
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21

coE i (8) O zero solution |§ globally asymptotically
stable (asymptotically stable in the large) T3 3 .

—{T P % nxn matrix, P = P' 3 AL E AR x'Px 9
positive definite bl P>0 THbt+o 7% nxn matrix Q
D3 XC o characteristic root g negative real part %o
., Q (T stable ThHrEwnbnib,

Theorem 2. A% nxn stable matrix o©&x. £ZF® nxn
symmetric matrix C K& L. B =B', A'B + BA = -C % Anxn
matrix B H—BFHLCHFEET L, I C>0 #%ALE B>0 Th

2o

ZCTIfr4l M © determinant K 2WwWToO., »AHBER% lemma
ELTARXTEL,

Lemma 1. M % (n+l) x (n+l1) matrix & L.

M=(N p>
Q' «

35, i N ([ nonsingular nxn matrix, p, q {£ n-vector,

o & scalar &9 5H0 T5hHE&

det M = (a-q'N 'p)det N

InEDoEOLARLTHEBEIN S
S T
0 1 q' o q' )
%E nlpl =t Tl = a-a'NTp
o 1
i q a 0 a-q'N “p



v N p =w¢w%
0 1 q' o
-1 -1 1
N1 0]=det NI = .
Tor N ThHHhb
0 1

det M = (a—q'N—lp)det N

Rb NS, t0MEE N, R %Zn£p nxn, sxs matrix, P, Q
% nxs matrix, N i3 nonsingular o %

N P| = det(R-Q'N"!P) det N

Q" R

T4 system (2) @ particular case $%bH indirect control

dU_ - Au + bg
dt

(9) _3.3_ = ¢(0) A: stable, ¢(o) i (1), (iii) #47%+
o =c'u - px

CDnT# 2 b system (4) KRDO»TRNRLH lCEk

(10) x = Au + bg, o =c'u - pg

TED (u,e) kb (x,0) KHEBRTLL



= Ax + b¢ (o)
dt
(11)
do . c'x - po(a)
dt

A b | #0 i ¢(s) =ho, (h#O)
c' - -p :

O & &@© asymptotic stability OUREEZMHE, nabhi (T (10)

F LB~ LSIC, A=

%3 nonsingular T LRBDOURETHEHETH L, WEOHAE A i
stable THBhb det A# 0., LDT Lemma 1 OBFEIRLDY
(12) o # -c'A"lb
(12) & x=0, o =0 % (11) oME—>0 critical point
ThIARODDODNETHIFHETEH S0
EEO C >0 @HLT. A F stable ff;axz Theorem 2 (T k
Y, A'B+BA=-C &2 B>0 %% matrix B 0FET S, O

B LT

(13) © V(x,0) = x'"Bx * Jo.cb(o)dc
0

»Es25E. Vid x,0 @B LT positive definite, x| + |o]—=

ol Voo, (11) offlcin>To derivative 23 E 3yh (T

.

(14) Vo= x'Cx + p6%(0) + 26(0)d'x,

d

- (Bb + 7¢)

L7z#>C V % negative definite 7% 5 (¥ Theorem 1 (Ck b

X =0, 0=0 {7 globally asymptotically stable (€% %, -V
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ﬁ;pgsxtrvedafxnlte 05& éﬁ_b@%%*‘*v‘%ﬁﬁi Sylvester inequal-
ity ©rp. GCso THBHD

C d > 0

d' P
det C > 0 TH 50 b Lemma 1. DEKRICE b

(15) o> b+ 1) c iy« Ll
2 2

L7e2>T € >0, (12), (15) BRIV THE  absolute stability

BiEgwmdNnbo L L—#&IIK LaSalle €k

A ¥ stable, C > 0 %t d'cld s -c'alp

PRYOEDCLBRANIK. L2C C> 0 & (15) DHUA  (12)
(SLIHARHE o> -c'A™lb ) By 2o, FoT.

Theorem 3. system (9) it

(16) c>o, o> (Bb+ = cny'cim + Loy,
z 2

A'B + BA = -C
% b absolutely stable T3 2z,

—% Yacubovich (3 (14) @ positive definite TH D7 DDINA

C - gg' >0 %% real vector g =

THAHZ & %R Lo TREHEME (1I6) CRERETS 3,
%7 Theorem 3 DEEDTFTTIE 4(0) O e (1ii) 2

W integral 98 divergent TR AE&MER LT, +%5b bk



25
op(a) >0 for o #.0

% & 73 characteristic function @S] Lff ébsolu‘t_e Stabil-ity,v
REEMTEAC EH LaSalle WKIDVRINTLLe

WwE FRERLLIAEZES  derect control‘ (2) TS

9X - Ax ¢ be(o)
dt A: stable,

(17) :
| | 0(0) B (1), (ii1) Eafs

c'Ax + c'b¢ (o)
dt _
CH LTHFDTH B B LT system (11) rFLTH %, Liapunov

function (13) 2%25%&. W2 OHBAER (14) ORI

(18) -V = x'Cx - 2(Bb + £ A'¢)'x4(0) - "B’ (o)
2

L2 T (15) KH%TL30K

—¢'b > (Bb + L ateyrc @b + L are)
2 2

>

LéLohid LaSalle o inequality @k b -é'b > -¢'b w3
%%%EC?@Bﬁﬁoﬁm%@m&%oChﬁﬁ &

(19) V = (2Bx + ¢(o)c)' (Ax + b (o))
E3EETAEND V g positive definite "’C‘“’@V;‘C&ﬁ:‘:bﬂxéﬁzfg\ z
D X 9ic direct control % indirect vcontroly ORI AT E LT .
indirect control (CHFAHEREZOF TMMAS 5 EMAAHSE T 5o

system (2) @& LT absolute stability ¥R DI IZEDRDITE

- 13 -
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HEAERHE—D® critical point THLS THEADLARV, ThADD
Ax + b¢(c) = Ax + bg¢(c'x) = 0

%GR+ OE x=0 RITARLSTEAREDL RV, £ TROC EEZRES

(a) Ax + bg(c'x) = 0 @FFXTOD admissible function ¢(g) &
HLT x=0 OXEFCED,

() 5 C>o0 kLT, -c'b=(Bb+-12—A'c)'c"l(Bb%A'c)

4+ 5 & -V [z positive semi-definite T, X, ¢ D n o+ 1@(7_{;
O —REBAEECERTOR V=0 Thdo hALrnE

W= (x-clagcx - ¢ layy, a=3Bb+Llac

OegLe V=0 —% (19 rry

THBHL x - Clde
Ax + by =0 OkE (=0 Thihb., AX +bp = 00L32L<
#0rE0s V=0 LR#EDSTRE (a), (0) #b -7 & x 1
L’C positive definite (€% 5o XD T absolute stability gk

BT E Do &fF (a) & c'Alb > 0 & equivalent Tk A, #hid

1l

DEDLSIRLTARINSs ¢(o) = ho(h > 0) CRLTd x =20

OHAPBFETHAEhD (A + hbc')x =0k b3 ~_To» h>0 KHLT,

A + hbc' ¥ nonsingular T%HL(THZEDLARWV, #HICFXT® h >0
{xt LT A + hbc'$® nonsingular ¢ 942, %5 Xg R LT

Axg +b (c'xg) =0 £Fhs  0< L (op0) THEBL. BB
o ‘

hy >0 EHLT ¢(c'x hye'x, FTEbBH (A hgbc')x, = 0

0 0)
L2T x) = 0 @ELNE, COCE@EME (a) & A+ hbe' gy

fl

THD h >0 @& LT nonsingular T& 5 & (% equivalent T3

- 14 -
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=1 + hc'A_lb
ro<T ' -1

det (A + hbc') = (1 + hc'A "b) det A

s> det A£0rp c'AMb 20 0rrzorzoasr~co b0
kLT det (A + hbc')#0 TH AT EWBDRP b0 LD TELE (a)

2 C'A-l

b >0 o equivalent TH AT &b bhbe UL Ehb
Theorem 4. &M (b) HIWK c'A b x 0 BEDIOEDLIE.
sysfem, (17) (% absolutely stable T 5%,
% % Aizerman, Gamtmacher & (lé) DHELDL  acé(c) (a > 0)
FMATS BT

Vo= {x'Cx - 2(Bb + L A'c + L ac)'x¢(0)
| 2

2
- c'bg? (o)} + aod (o)

%%, chd x, ¢ KB LT positive definite K% ZULEFHE

e (15) 2HBALEEfKFICLT

1 1

(Zd) -elb > (Bb Zatc s }“GC)'C-I(BB + = A'c + =qac)
\ 2 2 2 5
8o
DXz system (2) +%hbb
___d_E_ = AX + b¢(0)
ét A: stable,
(21) : P
s = c'x (o) g (1), G %k

- 15 -
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%% A, ¢ T Liapunov function & LT

(22) % Vix,0) = xfo + B J ¢{0)do B>10,820

#%250 C>0 WAHLT B @& A'B+ BA =-C 2Wr+d07 2
 & %$@6&;@   @ﬁ- 7 | :
(23) ¥ = xiCx ¢ (26D + Bt AIxp(o) + setbsE (o)
Ths x, ¢ VC“)VA'C posi‘tive definite b inwold
' ¢ = (2%'B f84{o)c')y(AX + bo(0))

Ivbhb, 22T (0 - £00y400) » 0 2MRLT
k .
V= -S(xs0(0)) - (o - f’f—f’—)—)w)
500400)) = ;¥ - (o - Hy(o)

= x'Cx - (2b'B + Bc'A + c')x¢(0) + ¢2(o){§-8c'b}

{Rozenvasser d k= o DHEEEEBELTRe TOHFA/E o¢(a) %*
MEFTNEL. o LeBDT, 3L S(x,6) # positive definite
b v < -S(x,¢) T Theorem 1D%HE%R2 A% T,

o' = b'B + -I-BC'A + lc'~,, r=21 -gc'b, y = ¢(0)

2 2

=

EE L

8{x,y) =’X'CX - 2d'xy + ryZ 

- 16 -
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LaaociEi SGY) % Xy [t w7 positive definite ¢

+ AT ELT Ao
negative defini’te O dérivative- D positive definite

® Liapunov function V %185 E#RDHFEE S-method & Sbn b,
r>20 ok & Sylvester inequality @kl b (15) \égmy‘a
rAEKICLT | € -o -1

>0 XIbr>a'C a BHLADL, LDT,

"Cf." -r
r>0 Ok& S(x,6(c)) % positive definite IC7% 57z @ Db

ol

(25) a'Cla + gc'b <

=l

r>0 OBAIRHAFEE LTKROEERS 50 SX,y) HE7

(26)  S(x,y) = r(y - La'x)? + x'Cx - La'x)?
T T

EEFT Do NI VDI BHLIK S(ic,y) ¥ positive definite (€%
B DBE+HEMER |
27)  x'Cx - La'x)? = x'(C - Loa')x = x'0x

4 positive definite ICARBCETHAo C-Taa' = Q L
. _ -

(28) c=q+ Laa’

r
Theorem 2 I35 C % Q HLU aa' X LABARELABFH
tzhzn D,F r33,3%bb

A'D + DA = -Q, A'F + FA = -aa’

- 17 -
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A'B + BA=-C Thamb (28) kb D=8B-LFm@Eons,

T
Db = Bb - LFb, Bb = o - Lgatc - lc
T 2 2
THHEDB L
9wt osdearc s Iom

T 2 2
3 {_,\ Q >0 &(29) - g8 real solution a =‘(oc'1,..., ocn) %
| %’:ﬁoiﬁk@é,szc:mffgéay C % (28) kiIbm&E+ng %w'
d positive semiv-deﬁfiﬁit’e ThHiHhb C > 0, C;}(L’JCE'C‘\TL'C B4 F

E#F 5o FHE 620, T =" -8c'b > 0%B & AT 5 Liapunov

=

func‘tion (22) & sysfem (21) @ >a~bsbo‘1ute stability %» %%
5o |
T=0 OLE,FEDD i-sc'b=0@a§a¢
S(x,Yy) = x'Cx - 2a'xy
& x,y ‘GC'DEA'C posiﬁive definite KA bihwvwe LrL o =0

b x @DWT positive definite KA YV 3B, 2O* & (T
S(x,y) = x'Cx, ¥ = -x'Cx - (o - $y40)
k

COmE. ERLAMCLT u= (ug,eeenu) (€L
 ceQew, Qso0 |
~A'B + BA = -C, A'D + DA = -Q, A'F + FA = -uu'
EFni B=D+F LesoT (29) ST 5304

1

(30) b+ Lgare + Low b =0 |
TN 2 L

- 18 -
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rEBo (29, (30) o= /Tu :FhE—DOR

.’{"?u=Fb+l3R*c+l—c+Db
2 2 '

THEbINDH, Chds Lur'e @ resolving equation & XN 53
ODTHho
UERRNRECEGTEEDAHE

Theorem 5. resolving equation - 9 ‘real solution FEOL

5 B FELRCEBTESL L. system (2-'1)‘&‘3%1/'(
] .
Y= x'Bx + B J

O ® Liapunov function BHFEE L. LetiDT system "(21) (I

¢ (o)do, g >0, B >0

absolutely stable T 5,
CCTHIRD HiERE
Theorem 6. (Pliss)

(0] R
V= x"Bx + 8 I ¢(c)do, B > 0, g > 0 given
0 ;

9 system (21) k&5 5 Liapﬁnov function T& b7z &!’JVC{:;‘\ FEO
linear characteristic ¢(o) = ho (0 <h <k) ~WHLTV =

1 V id x l@>wT positive definite

2’ Xlj—> DE & V— o

Y _(Ax + bs(0)) < -c(ixi), é(r): positive

ax
, definite

3 Vo=

(3T CEBUETH D, b LENLOEFERFNTO linear

(A S N

characteristic ¢(o) = ho (0 < h < k) KHLTHELIND

- 19 -
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N bOFREEEZMEED nonlinear characteriétic $(a) (0;4’ (ic);k)
TR LT HRINZo a:@'c&m k = m@&g%,&bﬁﬁ9¢ X

(23)‘ :@xfgtfg;@;(ztﬁ‘:" @ definiteness [ linear characteristic
DATEBLNAEED RV TNE 6(0) DEBOME O < ?:fﬂ <k
kb ¢() = hoo' (0 <hy 2k} TH286, COFHERID LOE
HBRDEDCE B DD Do | |

> BT VP‘o-p»OVV‘ : Kl Z,"ffeiquehcy method vc-?b&ff}" LAN T {o

system ‘(2)’ ThEbD

(‘ dx = Ax + bt
: dt R A: stable,
Gn e el yer @), (DEIRT
| | o= c'x | :

%#%%2 50 E % unit matrix & L. matrix »E - A % A, T

b+o operator-:— *p TEDLTE (31) it
t

px - Ax = bg, c'x -0 =0

p ERPNLC—20 number E LT

(PE - A)x
(32) i

c'x - 0o =0

bg

b -y ®HELo, Ap 0 l = det AP’C&%)@:B p ¥ AdDcharacteristic
[} 1 : '
root Thd & |

det A
et A, £0 Yo ol
o c., o0 g
~det A
‘ . ‘ p."“’

-120 -
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det Ap F p ®© n TE N Ap b| T p ® m(m<n) &

HEATH D c' 0 :

J_A——__b'l v |

l = W(p) &< -0 = W(p)e
det A .
P

W(p) % system ¢ linear part . o transfer function & [

EnBo w% real number, i = /7T &LT W(iw) = Mo b/
ST c' 0lidet Aim

Iz system @ lenear part @ frequency response L bR b,

1.

A it stable ThH0b det Ay 4 0. Lemma 1 DEFBRRICE D

A, bl = (-c'A7l b) det A,
1w 1w 1w
c! 0
ThHhrb
N |
(33) W(ie) = -c'A]l b.

S>Ec system (1) oW TEE +5, Agstable <, 40)
& (i), (iii) %2k$ET 5o det A# 0THB0b (1) & (6)

@%KE%EYZ’L%O ﬁ?é‘ é#xfziﬁﬁﬂfcﬁ’?’

dX - Ax + bs(o)

A: stable, .
dg  _ ' Y B
(38 -} =) 0(0) i (1), (1i1) #ar+
L o = c'x - Y&

=5
»
G‘P
=
W
[ew]
(A

&+ b, v =0 OLxiL direct control (T% 57

\olz!
boe)

ﬁ*
-
it
ﬁH
f kL
-
v
[ew]
tac
e
)‘*F
M
7
—
i
S
(35}
Y
v

T Ao (12) FHWnR EE



34

BbhBe v > 0ThABL (34) @ER
X = X, o = c'x "‘YE‘

T Xb equivalent system

[ 19X~ Ax + boo)
dt |
- A: stable,
35) -%‘i— = c'Ax - 04(0) $(0) g (1), (iii)%aps
t : .
| e =y - c'd

& transform 3INb, D& EF

A b Aiw‘ b
P
T . 1 e
SRR L4 S W(iw) = —S A @
p-det Ap oy iw-det Aim
iB-A b | =|ieE-A 0| +|iuE-A b
c'A Y’-c'b : ctA Y “ClA -t'b
= y det Aiw + 1wE—.A b|
iwc! 0

=y det A, + (-iwc'A;i b)det A,

L7ed>T -

(36) W(iw) = -c'AIl b + o

1w -
1w

frequency response XERKRDX Sk LTEEINS, system
@ linear part  $%4%b % axo g Ax D vfund‘am'e'ntal. matrix e,At
; Sdt : : :

T LT
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v(t) = c'eAt b

¥ L. v(t) o Fourier transform

o fA- t
F(v) = N(iw) = -c' j e ™ 4t - b
0
PELAE
-A. t
N(iw) = 1

© - =1 5
0 b= C'Aiw b

IoT W(iw) =

N(iw)+T— TEZHEIN b,

1w

T T Popov OEHEERNTE (o

Theorem 7. system (31) @ absolute stability kX3 5+
EBE. TXNTO w20 Kﬁbf

(37) Re(l + iwq)W(iw) + i > 0

DK b IED finite real number WEHEET AT ETDH 5,
k. = o

DHAEN BB 430 EFNTO 4 0 E©HL
(38) Re(l + iwq)W(iw) > 0
YN

lim iw W(iw) # 0

M e

% b L system (31) (& absolutely stable TH 5,

Theorem 8. system (34) ¢ absoclute stabiiity' Ocjﬁ*}*é—i—ﬁg\
SfE. 120 T %3 q20 BHIX+~To real v EHLT,
(39) Re(l + 14q)W(iw) >0

BERDEDC ETH Do

Popov It % 7% system (2) CHwnT. A B2DD zero cha’raéter—
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istic root %3 DOHEGIHDOT EEME Lize £/ Popov  DHFEAR
functional-differential equation !C Halanay X bv#EHEINK.
WIOhOEBESIC? Popov O method L Fourier transformation
BHADN BHBHEHITT R Y elementary ’C‘%Zo

RELEERE (39) OBAENEREDOEDOISTH Lo

C'A;Llwb + X = Sl[w) + iwsz(m)
e

Ex <&y W) & p © rational function THBHL s;(w),
sz(w) It w ®» real rational function THh A, +5& (39) F
sl(m) - qwsz(m) >0
real xy-plane = ET, E#L : x-qy =0 %E2 5, +5& (39)
i curve @ x=s (u), y=us,(w) WEM L OFEHHCLERLT
nbe
#ztklc Liapunov function & Popov DEBRDATRNTEH o
5+ Popoy RKDEEER Lko
Theorem 9. 3 L system (34) ©@ absolute stability & x, ¢
@ quadratic form & B I;qx(c)do DD D Li»apunov function
v(x,0) kY EBLNEELE. (39) xRRFLIE a >0 X
HEFT 5o
Esystem (3)CALTED>EDC L Jéi‘EE'Hﬁ INnbo
M' ~ Popov ‘i ,‘@«%#](37){::@'S-method: ZLbiEs
CERTE B e | '

V= x'Bx + B J- ¢ (a)do
0 L
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%o Liapunov function BIEES

FETARODIZT - RETH S0
oo 2 ® Kalman, Yacubovich Def ZiC D TANTEH { s &

Z.

3 % system & (35) '?Z“Z%J:)o‘ Liapunov function & L T
(40) ¥(x, 0 = x'Bx *+ oo - C'X)Z + 8 J ¢{o)do
i}

yEaBE T H
{41) -V = x'Cx + 89$2(0) + 2déx¢(c) + 2ayo¢{a}

d

o = “Bb - (Rea'c + axc)
2

Popov @ inequality (39) & Kalman X b D% X 5 (€ modifw
ANk THRHDS '
(42) P(a,gsw) = By * Re{(Zay + iwd) (-c'A] Y > ©

for all feal w and some pair g, g such that
«>20,820,a+g>0

HAe e#0 ELTE (39) HROYZDED equivalent T % B
A % stable matrix, D >0 % symmetric matrix, b # 6, k. &
vector, 120, e>0 % scalar & i, system

(43) A'B + BA = -qq' - €D, -Bb -k =/T q
? solution B > 0, q(vector) flf?ﬁ‘i@‘?‘é?"t@@ﬁ%‘f‘%%ﬁé‘i & }31
FirRE ST |

(44) t+ 2Re(-k'A{.b) > O

BN To real o THLCHRINST ETH S,

k = -Bb - dg = Loare « ayc. &L (44) ©OEJIT, t=8p=8(y-c'b}
2 .

Ex &
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(45)

+2Re{-(§sc'A+avc')A;ib} - T+2Re(—k'A£tb)

{}-BC"A‘FOLYC')A;}U}J = -1-BC' (iny-A

iw)A;thr ozyc'A;tb, p=y -c'b
2 2 -

TH LD

w

(46) T ZRe(4k'A£1 b) = P(a, 8,

BFO N Do
A AREDEOEENE D LD,

ﬁﬁiﬂi& vMW;MU D VmIn -V srilkc+<To
X0 & admissible ¢ [CxP LT positive definite T3 5720
DLETHFEER (44) ;gg;(;‘

(a) a 20, B2

v
(eo]
-
Q
+
w
v
[an)

(47) |
- (b) t>0o0r t =0, d, = 0,

BEDIEDPTETH D TH HOBRERRIEDE & system (34) (&
absolutely stable T3 3,

COMERELBE R, —BHERES LR LIC, pair (A,b) &%

45 complete controllability & pair (c¢',A) TR+ 5% complete
observability #E LT, complete controllability zx¢
FABBEFHRER. TRTOt KHLT werth = 0 w2 vector u

[é

T u=0 RZELZTETH S,

complete controllability OUEFTHERAELDIDHB L 5. com-

plete controllability & transfor function W(p) &*E&TF3

% 5, complgte observability

&

RHLTIABRTD 5o
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