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~~~~~rr~~-~§~~~~~~~~~~~~m~I*~~~. rnr 
~~~m~~~~~~.-~~ft~#&~~~-~~~a~.~~~~-~ffl~ 
•~#~@~~.~~~mm~~~.•~~•2tt~~~&~~~~o·~~ 

iffiir~~ml£tl5:!e~Ti!!*9.,IC;$9.,1C;Y.M~~ff!l~.•~~~~~~ttRi5?tEl~*~ 
~.f2;1Jit~~i!!*~•~~.ep~~~T~~~ttRi5?t~m~.&ttttrnr::RTM~ 

?t~~~rr~~~~To~~rr~~.~~~~&~~~~~~~-~-~JJt.~ 

M~·~~~-k~rrW*~~~-~~~~I*·#~~~-~-~~I*o 
••re~~-~~~~~m~n•~•I*~~tt~•••tto-~m•~•• 
~~•~tttt~~-~~-.~~~~-m~at~5nu~••I*· ~-~•~ 
~-211100 l*l~~~~a-t. :tLo*m~i.t~~ifi!JB~U-f*iiE~~ -~~~2tt. ~fn 

•••~A~••~2tt.•Jit~*·~•~-®tt~•~~~m~m~.~~~ 
b!&~,TtftfllJifi!j~Pij~Jifft,Jjltl$.~A~··ttfi~. ~B;f·~·-~2~···jj: 

-~~~u~rr~a•~••~~-~m~~.«~•~~~~~~ft~~-~ 
~~EZ.-.#~fuHk:Jit~ftlJB~1't!J~Ji. ~A~~~ifi!J~~~i.t~.~2~~'-J 

*tt ~~ft.llt~f'Pttfi~mtj. r&m ~~PI ~t&'J,~tt~mtj~f'Pm~~~ifi!J~. :tLo 
H2 El Hoo11!~. *.:f1m*r±~~ Hoo~ifi!J-~,HoolL.>fTtftffiHI1lftlJB~.&·· 
~~~B&'*~·o 

t:J Zames[4Jtj{X~W Hoottft~ifi!J~*·~i1~~~+1f:~,W:3:B~lilf~X 

•~-~~o~lilf~I*~•~~••$~·~~~•~m.llt~.&~•o~ 
Zames W- HoolllJB~~-k.::kA~liJf~I*~~~IPJB~m~i:. lf.W}~lilf~ 
.llt*::k$*.ffl~~~fEiJ~~~$~ti~tt*,Jt~§ffi~~1r~:CDff1Hii1r~<# 
.!4!.XM[5]); ®~~1J~<# .!4!.XM[6],...,[8]); ®$JY!i.\1J~<# .!4!.XM[9]); 
@J-i~?tmn~<#.W.XM[lO])o -ili~*·~ft~ Riccati 1rW<ARE)~-k~ 
~~fEiJ~1r~.llt::h3:mt<#.W.)CM[ll],_,[z6]) o ~~~~&~~re H=•«~ifi!J 
~~?t~~~u~•~-}!g<# .w.xM[z7J~czaJ) 0 

XM~~::k$?t!a*tl5fiU~&~m1~~~l1U:ft~ Hoots!ifi!JIPJB<regular case). 
f&~~-~~~~~W$~B#~-~~®-#o::RT~.moo~amft~B~
~.tttt~~~-®A::h~~t£·Wdtft~~m.lltd~~-m:~~Bo*.:f1~~ 
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-~~-A~-fift,~*~-~~-~mm~-~~~-~&R.~~~B-tl! 
f*1g-/N:~I'iiJB(singular case) ,jt Hoo ?X-ftt£1fi!J:H~f¥:tf*'f4B~:(£)Cif!X[21]f!l 

[22]r:f~~¥1JT1~M~1ilf1r. ?&ffil*~ ~ tfL~~!JJ~ltf'&~lfll ~, l!GffJ ±~:kt±~ 
~:CDH={t~l'iiJ.f».IJvfi~it)l:;@-Jli~ Hoo -ft~l'iiJB~JWf;@-Jli~ Hoo -Ttlt 
mmriiJ•~m.~-t-riiJ•*~Silt;.f!-1-~~li~~~•;®ff$fll~~Rtu*riiJ•~ 
m; ~lit®~®W~~~~mm. 

~r:p~*W*~*~;.f!~-~~lit~~~t£M~+~r=F~1ilf1rmm.*~~ 
'EffJ~r:f:f£-~:ilHrlH:k±B-*1-/Jiii~it~. 

*~~§r&~%~~1-~%.rlii~*~~~~. 
~-W%m~z~~~4~m~.§m-®~~~mfll~*#~.~z~ 

;.f!Ji~~il!J t ±~;.f!~ttftJifJl~~-~~-@~il!J~lJt, ~})t.!3 Hoo !'£1fitj;MJ;k 
~-®ffl%fll*m~Ji~~~~tt~.~3~••~m~tt*mw~~~*~ 
it, ~n~ttat~1!:*m~i9J~nrn£il, *•~~tt, ~t£tt~ilJ~tt, PJl2.ttlitJt~ 
f1J -*•~m~.¢.(~xm~l~(~#J ,JLM-T:2:JBJ, ~lit*•~~& i1t~~ mi1fA 
~%=tt. ~ 4 ~~li~M-®~tt*miA.~n Jordan~~ Jordan-~~.~ 
lit~tt*m~JL1-~#J%Fm.~PJt£~#J%Fm~%=R~5~.m•n:m~*• 
~~m~xm~~~#J/Jiii~Jt~%=~tt•·*iE~~~·~m~r:r~~T~ 
~tt~~m.:f£~4•r:r~~oowwT~~tt~m~~tt1!:~r~~-~~* 

-~~~~IBJ*mZ.JBJ~#J~M. 
~=~%§~~5~~~6 •• Jf;r:f~5-~lt~M~*~H=t£~W~, 

±~ftfiJ~T Hoot£1fitj~~;2js:.~J~~~~&i1f~litttitrlli&i1fr~ Hoo t£$Jfii]J81fm~ 

if:(£*'#· ~ 6 ~~lt.¢.(~}!JL.~~~IBJftJi Riccati /J~~~-~IBJftJi 
Riccati/f~Z.I'6l~li'J:(£:k*· 1>\Ji~..t.F~iiEOOT~~~fllJf-tJi Riccati /J~PJ 
~imii-1-~~tt~~~~~.-1-~-~IBJf-tJi Riccati /J~.~1-~*~I!ij)Cif!X 
r:filf$:k-T>J(~~~IBJftJi Riccati /J~z~~:i!f-t)l:i!;.f!$~~. :(£~'--~~ 
iiEOO r:p, IPJat-tl!}!Jl. T~~atJBJ Hoo t£$J~~-~IBJ H= f£$JZ.f13J:(£~~tt~~ 

Z.r~pg:f£:k*· ~1-~*~}!JL.-&!1~~~a;J-f13J*m~ Hoot£$JfiiJB~~~;MJ~~ 

1[~~··· 
~-=:$%m~ 1 •~~ 14 •mmJVt,-tl!;.f!~~~~'L'. ~ 1 ~rwlit~•atJBJ 

H={t~~-iVJvfi~i.t)l:. x;f-TlH~-*~~-M~ Hoo t£$1HiiJB,Jtr:f~*m 

-~~® JLM*'fif,lJGffJ~lli TPJ:tA'liffli.t)l:ii:IJv(i~~~~f-t/Ji!<ii:,Jv(i~liffltJJ~ 

~.~~.!A!.~ 5 -~~ 5. 2). x;J--T~-~~®JLM*'f4~*m,lJGffJmU~llii9J~ 
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~~--~~•m~~~~-&~~•m~•m.~~a•~•~•~~-~~ 
~~~M•~-~~~•~·•s••M~••m~~~&•m~.~~~~~ 
~Uittlltrili&M·~t~r~~-H~ Hoo rtifi!J~ r~tltt:tifi!JHC~Jli!.M 5 ~J;E.)( 5.1). 
M~-~~~~M~#~-~--~¥m.a~~ili~r~tltt:t.~B~ffi~M. 

~•m~m£m~r~~-~-~•.x••~mJlr•m.~~aney~~~ 
:ttl!.~~~- rm. ~~~UAAm~-TtJttQJifi!Jtt~. X;j~J!-H~¥m. 11JiQ~~fltW: 
~~*~~r~Mtltrt.$.M9.~ili~~~&MdM.&MM~r-H~
¥m H,~-'f-TtJtM*MfUJB~M.~-$?t:J!;ff~~--m Hoo ~-¥-TtJtM*MfUJ 

··%·~~-.~···~%~·-~-~-®·~~~d·-~·10·~· 
~~~-~W~~--M~2Ma~~~-A~lt-fi~B~rt-$.~~ffi~ 
•m•wr~~2~ ·*~;ff7~ms-TtJt~·~tl£r .x>ta~fltt:ttutr ili1ll~JAff~~m~ 

~#H~~ff·~~-~·-~~tlltrA.ft~--~·ili~2~-~~--ey~ 
~~••~%~m•tt~~-m~?t~~-~#·*~ili~~tt~•~*~~• 
~-31(~t:tifi!JK. ~~~{P..l,M 11 :$:--M 14 -~~~-~1tt~fBJ¥mfUJBjt:Jt 
}JIJ~M 7 ......... 10 .ff!X;j[iiz. 

*~~ME-$?t~tt~--®~~liiZffl~B.M15:$:~~Tffl~lt•m 
~!il!J!KZJJ~ifi!Et!.m<voice-coil-motor)t)l.frK~f~Hil¥m~lt. § ~:JHE&~~ 
~~--~%~R-~~~)~Jjizffl~PID~~~~~.~-£A;ff~~~~~1 
~••~%~m•t:t•n~•~••~§~<x~•~•~~~~a>8tlt~~• 
~ PID rtifi!JH. M16 .£f!Jffl Hoo ~-'f-TtJtM*IJI~~iiltffiEt!.(piezoelectric)t)l. 

BKt:t•¥m~~~.m~W~ffiEt!.tABft~~d~~tABH.mffr-~~il 

!J!KiJJ~A;ffliiZfflHtr:JJt. *~~ME-:$:,l!PM 17 .-.m••~%~R·t!~~lt 
T -~i\ili~lt~tk•~~~-~2tt~Jl&¥m, ~f'P •m~~JJ, ~n~2""1<.m~:l!l. 
~~~~~~~~Jl~~;ff~~m~m. 

~~~'fl*fflrmi~r.t%: 
R:=~-~~; . 

R+: =~F:D1~lt~~~; 

N :=eH'&lt~~~.l!P0,1,2,·· · ; 

c :=m-t-~~oo; 
C0 :=lti&miPdilt~~; 

~: =1ti&IMI7~~·~~; 
co: =~~mi~lti&ml; 
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c- : = 7f tr: * ~ .lJl-oo ; 
c+: · 7f:ti-*~.lfl-OO 1 · 
co:=~ .lfl-iJij_t(!{Jbl~; 

I:=lft{IL~~~ 

r.: =kXk ttlftm~~~ 

xr: =X I'J9~•~ 
XH: =X (!{J~;i:UB~It; 
det(X): =X (!{J~i"Jtl~; 
rank(X): =X I'J9a; 
lm(X): =X (!{J{i[~:£18) 1 
Ker(X): =X (!{J~:£18) 1 
xt: =X (!{J Moore-Penrose(~):i2!1 
;\(X): = X I'J9f¥UEUli#:!it; 
Amax(X): =X (!{J:ftjcf¥U£{j[,Jt~ .HX) C R 1 
Umax(X): =X (!{J:ftjc~jf{i[; 

p(X): =X I'J9i~-*~·~T max. 1;\;(X)I; 
I XI: =~~X (!{J#~ 2-711Jil 

I X I: . *• X (j{J~JL.liH~m:Jil 
II G !12: = ~~~~ G(s) 1lX: G(z) (!{J H2 1i1Ji1 
11 g 11·2: = m% g(t) 1lX: g(k) I'J9 l2 m:J.t, 
Lz: = lz 1tU1r~ll!li'J9iiNJi~IHh 

II g II p: = ffi% g<t> 1lX: g(~) I'J9 lp 7!1Ji; 
Lp: = lp 7!1Ji~ll!li'J9iiNJi#:!itl 
II G II L : = G(s) 1lX; G(z) (!{J L.,., ii!Ji; - . . 
dim~: = -T:£18) ~(!{Jtftf{; 

~ : = R' ~-T:£18) ~-(!{Ji£5(:~~; 

c-1 { ~ : = {xiCx E ~.Jt~ 9r~-T:£18J,C~~~~ 
4.: .= Iii (A. ,B. ,C. ,D.) !ff~ffii'J9~tt~m; 
4'. : = Eb <A! ,C! ,B! ,D!) !ff~ffi(!{J 4. I'J9MfFil~~. 
liz ,.ffl normrank {Xq;>} ~ffi X(~) (!{J#~a.Jt~ X(~) (!{J:JG~~ ~ (!{J~JJJ! 

iiNJi~. 



2. 1 J¥f i~ 

*•~•oon-®~•~•~,•~m.~•~•~oo~m~·~~-® 
~*~~~~~•-m~.m%~~-~~~-~~~m•~~~~tt~o~® 
~~~moo•~~~R~~•+~~mo~®~oo~~w•~~~~~~~n 
~-~~f4~9.X;;lt{1B~tt*- ~~t:litfJ •it~f4~ ~ ~¥IJ (~ ~ !Ji!.Jt\tiX[l8], 
[29}--{39]) 0 • 

~*·~~~~·*·~~3~*~~~C~n·~-~~tt*-~-~
~c3' 40J~~m z •~mw~.::f'liiJM-*T;lt~~-®YE~ .;it~~1f•~tqx>t~R 
*-~•it~t:litfJ.it8~~1i:k8MW WJ o 

am••••~~--~~•~oo~~*~~B~~TMo 
~ ~~-~~--K~~~-~OOo* g~ ~~T~~*H*~~~-K 

~~~:S: ~fEij ,Jj!tlf* ;;'~ ~~r~IBJ o r~IBJ g~~-ffl dimg*~, t!P g~~~ 
~m::k~tt59ut~~•~•o 

~· S! ,sz, ... tSl E g,k = dimg,~ll*'Ef(J~~tt59tll.~. t!P9.~~a; = 0 at~ 
l 

I;a;s; = o ~.ll..D!tlf*i$<tll~:it%~ g~-~~o~ll* ifn "W= {o} ,Jj!tlf*M~r~ 

IBJ if~ "W ~5!k.ll.~ o 
*~~ .A.ffl¥UM~'Iitffl~~:I.:~IBJ, t!P R"<f,~Jt- K=R )~C·<f,~ :l.: :ll!l K= 

c >.~~'EfWBr~IBJo ~~.M~~·t8~m.tt~o x ~y.IOC~~~R·~.m.~ 

~~C'~.~~Jg 

(x,y) = xHy = xt Y1 +xi Yz + ••• +x: y. (2. 1) 

;if;~ X!tX~ ,• .. ;x. ~ Y1 •Y2 , .. ·,y. ~Jjljjg X~ y ~(8~:J(:;xH ~X (8~~W:~ 

~;x;" ~X; (8Jl~~o ~!l*(x,y)=O,Jj!tl~:Jt x ~y ~J£3C(8o 

~ooamoon~•~oo~-r~oo~t8-®'/itffl~~~ttmo 

~)Z 2.1(-T2f8JI'(.J~o) ~ if~ "W~~:I.:~IBJ ~t8r~IBJ ,Jj!tlr~IBJ if~ "W 

(8~~~1g 
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fl= if+"#!:= {v+w! v E if.w E if} (2. 2) 

~n* if~ "W JH!luL.a<J ,Ytl!l*~ if~ "Wi'J<J1i~ .m .ct-="JJEB "#!*~~ ,J&?&tr:WJ#~ 
t£~ ,Y~IHio 8ri'J<JT-~fBlo ... 

~~ 2. 2(.IE.~~~T-~fBJ l ~ if~~•~rBJ 8ra<J--t--r~rBJ .mu ifa<JiEx*" 
~)(~ 

if.l·:·= {x E 9t1 (x,v) = 0, V v E if} 
if.llii]f;F~ 8ri'J<J-1'-T-~fa] 0 

x +"Jf:= {wl w = x + v,v E if} 

(w+"Jt)+ (x +"'') = (w+x)+"Jf 

(2. 3) 

... 

(2.4) 

(2. 5) 

a(w+i')=crw+"Jf (2.6) 

nJ ~ iiE ~ ~tHfH1J ~ T ~:I:~ fa] a<J 5G~, J9f rz: j:_ a<J ~fa] l$ ~ 8r * r if( !!ltX>f "flfJt:m) 
a<Jlfl~fa] (quotient space) !!ltj;;§~~IEiJ (factor space) ,Jij 8r/if*~~ o 't:a<J~~ 
l$~ if(J<J~~ (codimension),Jij codim if*~~.I!P 

codim "Jf = dim~/"Jf = dim~- dim"JJ 
t£~ 8r/if#-~~ ~a<JT-~IEiJ .~~!::if= {o} o 

(2. 7) 

... 
~~ 2. 4 (~1Hi$tf..J;f.1(~1J) ~~~II$ AEC"'Xn(!!ltJRmXn) 'I!P-1'-b\ 9{: C'(!!lt 

JRn) iiJ O!f C"' <!!ltRm) I'J<J~tt~M, Ji!tl A i'J<J~!!It~~ IEiJ~)(~ 
Ker(A) := {x E 9t1 Ax= 0} 

A i'J<J ~~fa] !!It til :~lit~ IEiJ ~)(~ 

(2. 8) 

Im(A) = A8r:= {Ax I x E ~ (2. 9) 

J&?& Ker(A) ~ 8ri'J<JT-~1Eil ,Im(A) ~ <!Yi'J<JT-~IEiJ o ... 
~~ 2. 5 ( -1-T-~fBJtt..l~il) ~~m!I$ A E cmxn<!!ltRmXn), I!P-1'-b\ 8r= 

C'(!!ltlRn) iiJ ®'= C"'<!!ltRm) a<J~·I1~M .~-1'- <YI'J<JT-~IEil if.Ji!tltEW:~·I1~Mr 

if(J<j;i2!~~)(~ 

A-1 {1'} := {x E 9t1Ax E if} 

J&?&l!~ ~i'J<J-1'-T-~IEilo 

(2. 10) 

... 
~~ 2. 6 (~~T-~fBJ) ~~~II$ A E CnXn<!!ltRnXn)' I!P-1'-b\ 8r= cn<!!lt 

Rn) iiJ 8r(J<J~f.t~M, if~ 8ri'J<J-1'-T-~fa] .~n* 
Aifc if 

Ji!tll$ if~ A ~1ei'J<J,tl!ll4~A i'J<J~1er~IEilo 

(2. 11) 

• 



( .<f'.L ) .L = .<1 

< 11 + "#0 .L = "jj.L n "Hf.L 

< 11 n "#0 .L = "jj.L + "Hf.L 

.<1 + <11n "HH) c < .<1 + "h n < .<1 + 110 
.<1 n < 11 + "#0 ~ < .<1 n "(!) + < .<1 n "#0 

.<1 n < "~~ + "#0 = 11 + < .<1 n "#0 
~;J--1'-~tt~M A ~A~~~~tlti'B-1-~fBJ "Y~ "HH, ~ 

A<11n "#f)C A11n A"H" 

A(11 +"#0 = A"Y + A"H" 
A_, {11n "'f} =A_, {'t} n A_, {"'f} 

A_, {11 +"'f}~ A _, {'t} +A_, {"'f} 

<A -I { 11} ) .L = A H11.L 

Ker(A H) = {Im(A) } .L 

Jt~ AH :1! A a<J~~$B~Jt. S:Fo .~rooa<J~1ft~* = 

A.<tc 11 ~ AH11c, .<t.L 
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(2. 12) 

(2. 13) 

(2. 14) 

(2. 15) 

(2. 16) 

(2.17) 

(2. 18) 

(2. 19) 

(2. 20) 

(2. 21) 

(2. 22) 

(2. 23) 

(2.24) 

*111ti~IElJ®i-®£*1'B~!t*ftlt*"-®11t ffli'B~it*tt.&l 0 Jg 7 {!! -T'31 ffl' 
~ff1!Efl A E cm><"~*fi'B m X n ~!t*iC.J-J 

[

au a,z ••• a,nl 
a2! azz ... azn 

A= =[a ·· ] • • • !J . . . . . . 
am! am2 ... a,., 

(2. 25) 

epJto*-1'-*~~-BJ:~~--t~lf*a<J~ .lHDiZa<J'J'~~-BJ:~rt,~ ij tt~~'EI'B~ 
(i,j):)t:ll:. A I'B~It)E)(.Jg 

Jt~ a; :J!a;;I'B~~$&. 

2.3.1 tT91Jj\.~~*~ 

AT:=C= [c;;:=a;;] 

AH:= C = [c;; :=a;] 

(2. 26) 

(2. 27) 
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n 

det(A) = 2::; (-l)i+1aiidet(A;j), Vi= 1,2,···,n (2. 28) 
j=l 

;it~ A;j:Hk~i!liA a9m i trfllmj ?tlJI5(J9(n-l) X (n-1Ha!~. x>t-T ACt) :R-

cmx" .~lt*=Eiflia9Jt~Wx>t t iiJ ~.11~~ 'ta9~fl~)(~ 
!A(t):= [ttaii(t)J= [d;j(t)] (2.29) 

~ll:'=M1':1J~A E cv<nf!lB E cv<niiJEAB = BA = I,.oltlf11\B ~A (J9J2!,ffl 

A-1 *~ffi.~ll* A :i2!ifi£,.oltlf* A :Hk~F~:ff(J9 ,fi.oltl~~~:ffa9.tl:~ A :J:MF~ 
Jf,~Ji-ot~ det(A) ::;C 0. 

r00~~-T?tlA,J2!m~:fll>J(~(J9~®lf fflttE!J:fll~A. gft~ A,B E CnX":fll 

aEC,lf 
det(AB) = det(BA) = det(A) • det(B) (2. 30) 

det(AT) = det(A) (2. 31) 

det{aA) = a"det(A) (2. 32) 

-iNti A :fll B ~Ali:i!~mfla9:1J~.~Il* A :Hk~F~:ff(J9 • .oltlli 

de{~ ~]= det(A) • det(B-CA-1D) (2. 33) 

~~.~11* B :Hk~F~:ffff9,.oltlli 

det[A D]= det(B) • det(A- DB-1C) (2. 34) 
C B · 

gft~A E CmXnf!lB E CnXm, Ei:l:d:C2. 33)fllA(2. 34)iiJ~.tt 

· det(I., +AB) = detCin +BA) (2. 35) 

gft~-1'~F~:ff(J9 A E CnXn ,filii,@ vHA-1u ::;C-1 (J9 u,v E C', li 

A-1 HA-l 
(A+ uvH)-1 = A-1 - uv (2. 36) 

1 +vHA 1u 

J!~~ Sherman-Morrison 0Jt (~X~[32]), 't(J9Mf}~;d:X;f ~I£ ~~:fllrli!JtJJJI 

~~a9ilf~li~~*~~F11tli .ffl(J9. r00a9 Sherman-Morrison-Woodbury 0Jt 

l!X:fiif* Woodbury 0A~~'t(J9Mf}Z.-: 
<A+ OCD)-1 = A-1 - A-1 BCDA -t B + c-1 )-1 DA -t (2. 37) 

;it~ A E CmX"':fllC E CnXn~~F~:ff(J9,B :fllD WAli:i!~a9mfl,DA-1 B+c-1 ~ 

~F~:ffa9. rooa9~A~JJtlli m = 

(l +AB)-1A =AU +BA)-1 (2. 38) 

[I+ C(sl- A)-1 B]-1 = I- C(sl- A+ OC)-1 B (2. 39) 

(l-BD)-1 :...__ I+BCI-DB)-1D (2.40) 
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~tr~J$:l£RIW>Jt~<.Yi!.X~[34]), ~OOIW~lt-tf!:l!~~'ilt;ff ffl!W, :!ln* A~ B 
:l!~~~#IW ,!i!tl;ff 

[
A o J-1 

[ A -
1 o J 

C B = -_B-1CA-1 _B-1 
(2. 41) 

[
A DJ- 1 

= [A-1 -A-1DB-1] 
0 B . 0 _E-1 (2.42) 

:!ln* A :I!~~~#IW .!i!tl 

[A DJ-1 __ [A-1 +A-1D.1-1CA-1 -A-1D.1-1] 
c B -.1- 1CA- 1 .1-1 

(2.43) 

jtq:t .1: =B-cA-1 D. tf B -tf!.:I!~~~#IW ,.flHWJ:\<2. 37)PJ~.tJ. 
A-1 +A-1D(B-CA-1D)-1CA-1 = (A.:_DB-1C)-1 

~¥-FitPJI:..{reJ:\<2. 43)£3n\t 

[
A DJ-1 __ [(A-DB-1C)-1 -A-1D.1-1] 
c B -.1-1CA-1. .1-1 

(2.44) 

liiJ¥-f,:!ln* B :I!~~~#IW .!i!tl 

[
A D J-1 [ v-1 _ v-1 DB-1 J 
C B = -_B-1Cv-1 _E-1+_E-1CV-1DB-1 (2.45) 

jtq:t V: =A -DB-1C. ~Jltl:..{9~.:!ln* A -tf!.:I!~~~#IW ,!i!tl 

[
A D J-1 [ v-1 _ v-1 DB-1 J 
C B = -_E-1CV-1 (B-CA-1D)-1 (2.46) 

~iti~~ A(t) :R - c...x..lt1 B(t) :R - CnX" ,'£fOIW:Jt~~r t :I!PI~IW .!i!tl 

~t[A(t)B(t)] = [!A(t) ]B(t) +A(t)[!B(t)] (2. 47) 

~~ A<t) :R - CnX",:!ltl*A(t) ~;fJ!Jf;ff t~~~~~#!W,'£!W5t#~-Tt Pfl:..{)jt~, 

!i!U 

2. 3. 2 ~.*i:tiEti~ Jordan~ 

$!t£!e~lf$ A E c...xn i&£3 '-1 

(2.48) 

(2.49) 
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Jtqct c;(i=l,2,···,n)lU r;(i=1,2,···~m)5HJ1j~A l'J{J~tllnfi o ~)(A ~fk1-J{ct, 

Cz, ···,c.} qct~:ft:::k~'fi!lfl:ll.~:l:~-1'-lt, £1l~fftj&1-J { r1 ,rz, ···, r,.} 9't:ft:::k~'fi!lfl 

11:.~:1:~1'-f.{,Jij rank<AHIE~~ ,Hf'&:fl 
rank(A) = dim{Im(A)} = n- dim{Ker(A)} (2. 50) 

~~-~~~~fkl'J{J-®:flffliimo+AEC~lllBEC~,. 

rank(A) + rank(B)- n ~ rank(AB) ~ min{rank(A) ,rank(B)} (2. 51) 

i!~- Sylvester /f'~j\o ~It~ A ~1f~~F~JFn!~,9!1j 
rank(AB) = rank(B) 

-AVIHJl, ~11.-.'= A ll1 B 1f .f§ fliJ ~ !tlt, 9!~ 
(2. 52) 

rank(A +B) ~ rank(A) + rank(B) (2. 53) 

~~fkl'l9rr~~~9't~~#~tt*~~~*m9't®~7+*~m~~m.~m~ 
2. 3. 41l9't~~#iR*mttPJ~1f~J&itJt:ili~~~fko 

~~-1'-1r~AEC-lll-1'-5:1:AEC,~.-.'= 

Ax = ,tr (¢=HAI- A)x = 0) (2. 54) 

X;f¥~F~~- X E c·~}L • .P!~fJJ\A E c•A ~-1'-~~iRoi!~~ X P4~ln~~{R 

). .f§~!OC ~ ( :.tl) ~~~. 0 

rank<AI -A)< n (¢:9det().[ -A)= 0) (2. 55) 

~~A~~~mtt•£~~~$~A 

X(A): = det().[- A) =A"+ a 1Arr-1 +···+an--~ A+ a. (2. 56) 

~~,,~,jk:fl n 1'-~o j!®~£1l A ~~~{R~~f*Jij.-g. ).(A) = {) •• ;).2 ,···,A.} 

**~o ~ilii~ii~- Cayley-Hamilton~JI: 

X(A) =A" +a1A,.....1 + ···arr-1A +a.I = 0 (2. 57) 

~)(.A ~i~~~1g 

p(A) :=max{ I A II A E A(A)} (2. 58) 

n 

trace(A) := -I; a. (2. 59) 
i=J 

n 

trace(A) := I; A; (2. 60) 
i=J 

~ii-1'-11~ A E c..x•:fl n 1'-~ii~.!fl}L~~~~:I:x • • x2, •·• ,x. ,Jt§Jijf!l~~ 
{RAt ,Az , ••. ,A. (/J'-~~.flj]F).flj~JOC,+ 

. T:= [x. X2 ••• x,]E c..x· (2. 61) 

i!~- A ~~~~-~~ '9!~1f 
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(2.62) 

1 1AT =] := [~' ~' ::: ~] 
o o ··· I. 

(2.63) 

;It~ ];(i = 1,2,···,k) ~-.®rOOmi:\£13 Jordan tic: 

(2.64) 

• 
Hf&~ .\; E A<A)(i = 1 ,2,··· ,k) fill: n; = n.A(2. 63) 9=' 1 £13~>*tli~fltl*~A 

i~l 

(13 Jordan ~m:~. f:.t!fJT .ffl:l~ ,:t£tt• Jordan ~(!31fit~~~~::k£13~fii-t•m~ (]A!. 

xntt[34]). m~n*~~ttH!ffl:it!!Jt:ili .~PJ~:t£.5oo•~~~~:it!!mm~tt~~£13 
~~~,¢.(tli~f!l;ltfi!!~tt. fl~l£-~mili£13~,J~Uf Jordan ~~?}~~~~tt 

£13~~IA, :(£~~ ~tp~~ll!P~ffl £13. 
riti~.:X:r-7!2:1fm~lrt~tiE«L£13-.®~1:11t~JfJ£13-1'~A. 2. 3. 3 ~~~ttl 

~>*~lrt£13£$tli*· ~;f-Tf:f~-1-~lr$ A E C..x", ~ 

(A+A") (A+A") .\min 2 ~ Rel.; CA) ~ .\max 2 (2.65) . 

(A-A") (A-A") Amin 2j ~ lm;\; (A) ~ .\max 2j (2. 66) 

;it~ j =FT. 
~;fr A,B E c..x.. .~~r.:X:r A+ B £13~tiEta-1'~i:t: 

maxi .\;(A+ B) I~ v'.lmax(AHA) + v'.lmax(BH B) (2. 67) 
i . . 

.\min (A" iA )+-'min ( B" i B)~ Rel.;(A +B) 

~-'max (A" i A)+ .lmn ( B" i B) 
(2. 68) 
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M-TA:fHHIR.I~f£(19/J~ A lll B ,iff~,rr~-T AB ~{IE{ila9ttmt: 

HAB) = . .HBA) (2. 69)' 

maxiA;(AB) I~ VAmax(AHA) • VAmax(BHB) (2. 70) 
j 

~if-T A E c..xmlll B E CmX" ,jf: !l. n > m, Iff 
,HAB) = A(BA) U {~} => trace(AB) = trace(BA) (2. 71) 

..-I 

2. 3. 3 !tij:'*~l{$ 

*~I••w~-®tm~~•m~.~m~m~~~2lll*~2m~.~ 

~~~a•w~•mlll~~~-~g•••~m.fta•lll•••2tt~~~~ 
B. ~2-1'-A= [aii] E CmX" ,:!zltli!H~ i =F j ~iff aii = 0,9!tlffl\A -~>tffJm~,iff 

~~¥-F*~ffi: 
A = diag{ai .a2, ···,a"} (2. 73) 

I!P a;;=a;(i=1,2,···,n). IR.I¥-fB9,fe?t:tlc~;fffJm~EJJVt 

A2 . 

[

AI I 
A~ •.. A, ~ blkd•ag{A, ,A, ···,A..} (2. 74) 

~00~~~--~/JBm~.f/J\m~AER-~ 
on>tffl\~.:flll::,=AT =A <~¥-Fm~~FRiff~m:mua~~J:); 
<2)1ifE~.i;fffFB9. :!lit~ AT =-A <~¥-Fm~~FRiff~m:m~am~J:); 
(3) ~3<:~, :fLit~ AT A = AA T = I <~¥-Fm~~FRiff~m:«ra!)1m!MIJ:); 

<4)~~.:tLo~X;f~fl k iff A~= o <~¥-Fm~~FRiff~m:muamc¢.o; 
(5)~~.:tLo~N =A <~¥-Fm~~~m:m~~ 1 ~ o); 

<6)fl~m~.:!lo~ A -~~~~B9, ~~&-~tl<!ilfi) .Riff -1'-~-r 1 ~~~~ 

ffl\m~A E C,x"~ 

<DHermitian,:flll~ AH-A <~¥-Fm~~~m:mua~*UJ_t.); 
<2)M~.:tLo~AHA = AAH =I <~¥-Fm~~~m:mua!)1U'I!MIJ:); 

(3)~2,:flll~X;f4IJ1-~~~~dl x E C"iff xHAx > 0; 

(4)*~2,:flll='=~if4IJ1-!l\::it x E C"iff xHAx ~ 0; 



<5>fA~.:tLn-*x>tti1-~~~!JC:It x E c•:fl .XHAr < o; 
(6)*fA~.:tlll-*~>ttJ1-!JC:Ii X E c•:fl xHAx ~ 0; 

(7)~~.:tlll-*A R!t~~*JE~-tf!.~~*fA~~. 
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:till-* A ~1£~<¥-1£~) .D!tliC A>O(A~O); :till-* A ~fA~<¥-fA~) .D!tlic 
A<O<A~O). ~)EM1- Hermitian m~ A,B E c-><• .:tlll-*A-B~O.D!tliCA~B; 
:tlll-*A-B > O,JjltlicA >B. 

:t£~~fllt£ffirJEllfflr:f:l .~;J"JJ\~ Hermitian m~~JE~t!:fll*JE~tl:tiHc~~ 

-*~lltlil:~ff]~~~. ""Fiiil~~tl:L*rx>tJJ\~ Hermitian m~. tt&JE)Em~~ 

-J!t:flffl~*· 
~)£-1- Hermitian m~ A E c-><• ,;Jt~Vf{l,l.(A) = {).1 ,}.z , ••• ,).. } cR, ep 

~~Wf:fl~VEflt!S~~~.~ 
).min(A) := min{,l.(A)}, ).IIIIIX(A) := max{,l.(A)} (2. 75) 

. xHAx xHAx 
Amin(A) = mm-H-, Amox(A) = max-H- (2. 76) 

x;CO X X x;CO X X 

-maxi ).;(A) I~ Amin(A) ~).;(A)~ Amax(A) ~maxi ,l.;(A) I (2. 77) 
i i 

1N-i1 A,B E c.x• ~Hermitian~ .D!tl~r A+ B ~~VE{l:flt{""f~~~: 

maxi ,l.;(A+ B) I~ maxi ,l.;(A) I+ maxi ,l.;(B) I (2. 78) 
; i i 

).min(A) +).min(B) ~).;(A+B> ~).max(A) +).mox(B) (2. 79) 

Amin <A+ B) ~ min {).max (A) + Amin (B) ,).min (A) + Amax (B)} (2. 80) 

Amax (A+ B) ~ max{).rnax (A) + Amin (B) ,).min (A) + Arnax (B)} (2. 81) 

~r AB ~~VE{l-tf!.:flt{""f~~~: 

maxi A; (AB) I~ maxi ).;(A) I• maxi ,l.;(B) I (2. 82) 
i i i 

).min(B),l.;(A2 ) ~).;(ABA) ~).rnax(B)).;(A2 ), i = 1,2, .. ·,n (2. 83) 

;Jtr:f:l ).;( •) ~f:I~J¥~ AI (•) ~ ,l.z( •) ~ "' ~)..(•). 

~fi'J~ii-1- Hermitian m~I*~JE~~<*JE~~). ~..§. -&~~~Wf:fl~VE 

fl~JE~<~~fA~> ;~fft)E~<*fA~). ~.Ei-&~~~Wf:fl~VEflt!S~fA~<~~JE 
~). !E-1- Hermitian m~ A E c.x• ~HtJJ 

A= [Au A12] 
Atl Azz 

(2. 84) 

Au > 0, Az2 - AtlAil A12 > 0 (2. 85) 
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Az2 > o, An- A12A2l Atl > 0 (2. 86) 

:li~:ltMsi!Jfl ~~~~,fiT!;,{ 1lE ~ A £i£)£ a<J , lli li-& lli 'E a<J 19f:ff ± -T A:~£i£ a<J ; 
A £-* i£)E(I<J, llill-& lli 'E a<J 19f:ff ± -TA:~£~~ fA (J{J o x.ffft )£ ltl-* fA )E~]I$ -tl! fiT 
!;,{ 1~ ¥1J lEI {P.{ a<J~ ~ 0 

tft)EWJ~ Hermitian ~II$ A,B E c..x .. , 1f 

A~B>O ~ IJ1 ~A-1 >O (2.87) 

:fm:W: A lt1 B £fiJ3C~a<J, I.!P AB = BA, JilU 
A> B > 0 => AA > BA > 0 (2. 88) 

~)£Hermitian ~II$ A,B,S E c..x .. ,# li A> O,B > 0 ltl S > o, JilU 
ASA >BSB => A>B (2.89) 

;t\;(2. 89){£ffi&:/JIPJ-!i#/f'~j'[ ,@fiT J;,{:ff 

A> B => f!{£-~ S = SH > 0 ~1i ASA > BSB (2. 90) 

t£m~~tt~~ltl~~W~a<JW$~:W:~.r00A~1f*A+Blt!AB(J{J~ 

tt-tl!£11Hiffla<Jo ~)Ew:i~ Hermitian ~II$ A,B E c..x .. ,1NiiA ltlA + B (I<J~fiE 

m !;,{roo a<J:/JA:f-1~ F¥ = 

(2. 91) 

AI (A+ B) ~A2(A +B)~ •.. ~il .. (A +B) (2. 92) 

.\;(A +B) > .\;(A) , i = 1 , 2, · · • , n 

il;CA+B) ~.\;(A), i = 1,2,···,n 

~)Ew;j~. Hermitian~II$ A,BEC"x" ,jt~ B>O,:ff 

).(AB) c R lt1 .l.CAB-1 
) c lR 

I.!P AB lt1 AB-1 a<J~fiE{Jl~£~a<J, ~§Jrj:ff 

(AB I) · · XHAx Amin - = mm--
#o. xHBx 

(2, 93) 

(2. 94) 

(2.95) 

(2.96) 

(2. 97) 

B.f&,:flltW: A:H5£iE)Ea<JC-* i£}£) ,JilU AB lt!AB-1 (J{JJ9f:ff~fiE{Jl~£i£(1<J(~~f!!.) o . 
tft)EWJ~ Hermitian ~II$ A,B E c..xn ,jf li A> 0 lt1 ~ ~ O, 1f 

Amin(B)ilmax(A) ~ Amin(B)trace(A) ~ trace(AB) ~ ilmax(B)trace(A) 

(2. 98) 
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2. 3. 4 ·~Uf'!i~M 

ta~-1'-mli$ A E CmX", 'Efl9~#ffl.1Jt~)(~ 

CT;(A) := .J).;(AHA) = ./.:\;(MH)' i = 1,2,· .. ,k (2. 99) 

Jtrp k: = min{m,n}, fl!H~ AHA ~ AAH fl9%'tl:«£v.A ~.Ff/JJ:tfl~~tl. lllt&lf 

err (A) ~ crz (A) ~ ••• ~ cr" <A) ~ 0 o~J( A fl9 ~Jdtff{~ 
cond(A) =err (A) Ia. (A) 

~~ = diag{crr (A) ,crz (A),··· ,a" (A)} 

PJW.YE~ff{Ejjij"i'-"@mli$,~~-tJ A ~~Ml:5tff~ 
A=U~VH 

(2. 100) 

(2. 101) 

(2. 102) 

(2. 103) 

~= [~r 0], ~m~n (2.104) 

J:\;(2.102)~:5tff~~ A ~~#«£:5tffo ~ff1~tE@l!®i~#ffl.~-.®lffflft19L 
ttmi 2.1 ta~ A E CmX"~ B E CnXP, lf 

C1max (AB) ~ C1max (A)crmax (B) 

:!ln=* A~ B ~IH~::Jrli$,9!Ulf 
crmin (A)crmin (B)~ CTmin <AB) 

~ min{crmax(A)crmin(B) tCTmin(A)crmax(B)} 

~ max{amax (A)crmin (B) tO'min (A)amax (B)} 

~O'max(AB) 

~ O'max(A)amax(B) 

(2. 105) 

(2. 106) 

XHf~(Jg A E CmX"~BE CnXP ,Jiittf-Hilllt~m,n~p «£, PJW.~l±l~T AB 

(19J!lf~~*'= 
<D:!ln* n ~ p ,9tU 

O'max (AB) ~ O'max (A)crmin (B) 

O'max (AB) ~ O'min (A)amax (B) 

(3):!l0* min{m,n} ~ min{m,p}, 9lU 
O'min (AB) ~ O'min (A)crmax (B) 

(4):!lll* min{n,p} ~ min{m,p}, 9ltl 

(2. 107) 

(2. 108) 

(2. 109) 
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amin(AB) ~a_:.(A)amin(B) 

( 5) :!!ltW: p ~ n ~ m WC; m ~ n ~ p, Y!tl 
amin CAB) ~ amin (A)amin (B) 

(2.110) 

(2. 111) .. 
amax(A +B)~ amax(A) +amax(B) (2. 112) 

.b\.Jt(2.102)~Jtf8¥1t~liJv.A~~it!1.~ili ,~~A ~f;lc~:;tikA ~~~~~Jf{il 

~-tJio Ebr~JF{il~7tf8¥JU1HUfliiJW~#b 'E~~ftj:Ji~ 1 ,Flfv..t'E~Ji{il~ 
~ttRS,IiJv.AM~it!!.~~ili~~~fko.JFU1i7tf8¥~1iJfflr#·$·JF~~~ 
~0 ~J:!!Jl, :mtmA :Jik~~~JF~7J~,Yitl'E~~~ 

A-1 = Y..1-1UH (2. 113) 

tt•~*~1 "RWW~5t*~o-JFU1i7tM~~-'}Qffl~:Jik#·~~~~ 
~o ~~-'}~~AECmx",'E~~~(~#fl\~ Moor~Penrosei9D~~_)(~

'}pt-~~~ AtE C"xm ,~m 
(1) AAtA=A; 
(2) AtAAt=At; J 

(3) AAt=(AAt)H; 

(4) AtA=(AtA)H o 

~ q ~A ~~F~~Jf{il~-}Ji,Y!tlJ:\<2. 102) 1t A ~~JF{il7tf8¥1iJv.A:J:.tf~~ 

(2. 114) 

(2. 115) 

. 2. 4 "HI. f£ 

&lUJH~f3tii-:--t~:I.:WC;~~ ~ *13tWC;7oJ\ o 111Ji ~liT v.A~>tffi% .ln1Hli!~Ji 
P.NJi*~Sl.o 

~~--t~5t~KL~~tt~~~HM--t~rxE~~~{il~·P.NJi 

om'iltm 11 x 11 *~ffi> ~rvt1i!rOOttf9t~·~~iSfr$:Jik~ ~L~--tm:~t: 

(1) II X II > 0' .¥i X # 0 .lJl II X II = 0' .¥i X = 0; 
· (2) II ax II = I a I • II x II , V a E K' V x E ~~ 

(3) llx+zll ~ llxll +liz II ,Vx,zE ~o 

2. 4. 1 9\:Atelt 

-roo~prE:~t:Jik~~-~~~L•'iltm~m:•= 



• 17 • 

n 

II X II p := ( ~ I X; I p) 
11

\ 1 ~ p < 00 (2. 116) 
i=} 

II x II = := max I x; I (2. 117) 
i 

;ltqt XpXz,'''tXn ~X E cnl'f{J?HI. II X II dH.n4{~x l¥1 Euclidean MJX,Jij lxl * 
fij{t;&$. 

2.4.2 ~~m~ 

~~-~mlr$ A = [av] E CmXn, 't:l¥1 Frobenius f[f{~..)(,., 
m n (minfm,n) ) 1/2 

IIAIIF:= (~~lavl 2 ) 112 

= ~ a;(A) 

A l¥1 p M!tt~~:l:l¥1 p MJX~~Iffl*, ep 

II A II p := SUP lltxllll p = sup II Ax II p 
#tl X p ll.rllp=l 

A.f*:l&iJt,X>tr p=[1 ,oo) ,::ff 
m 

II A 1!1 = max~ I av I 
J i=l 

II A !12 = VAmax(AHA) = 11max(A) 

i! -tl! tlt ffJ\"' A lWif 111~ , J1 ::ff 
n 

II A II = = max~ I av I 
' j=l 

(2. 118) 

(2. 119) 

(2. 120) 

(2. 121) 

(2.122) 

II A 11· ~ p(A) <2. 123) 

Jtqt II A II~ A l¥JfffPJfi1J!{,p(A)~ A lWif*-12. l±~FJf::ffJ!®mlr$MJX:f£W1t 
~(F JVF1tl¥1. 

2. 4. 3 ~~IJi:tiBJm-ij-tf..lm~ 

X>j"{:f:fnJ pE [1,oo) .~ L'; ;&$FJf;fffA..@.~rf£!9l:l¥JiiJ~ffi% g :R+-RmEJT 
%nltl¥J~f£~1BJ: 

f~ I g(t) I "dt < oo 

X>Trf:f:{PJ-~ gEL'; ,pE [1 ,oo) ,;ttl" M~~..)(,., 

(Joo ) l/j> 
II g II":= o I g(t) I "dt , 1 ~ p < oo 

~ L~;&~EJT::ff?'AJE~rf£!9l:l¥Jffi% g:R+-Rm EJT%mtl¥J~fi~IBJ: 
I g(t) I< oo, v t E ~ 

(2. 124) 
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~~ffM-~gE~.x~mamx~ 

II g II = := sup I g<t> I (2. 125) 
c.;.o 

riiiHHltff JfHI~ffi%Mf((J{J Holder ~~;a:: 

II fg !11 :::;; II f II p • II g II q <2. 126) 

X'P 1<p<=~ 1/p+l/q=l. iit.PJttYE~:!llt'= g(t) ELt nLoo ,Ji!tl g(t) E Lz. 

2. 4. 4 iJJft!ra1fBJm~tt-rmtt: 

X;f{f{iiJ pE [1,=) .~ lj; ~mBJf:fltv/L!ittrft.&J:(f]~~atfBJffi% g :N -R"' 

Flftll~ (f)~ ft~ fiij : 
00 

~ lg(k)IP <= 
k=O 

00 

llgllp:= (~lg(k)IP) 11P, 1:::;;p<= 
k=O 

~ l~~mBJf:flfAJEVlrft.&J:(f]ffi% g:N -RmBJftll~(J{J~ft~l'aJ: 
I gCk> I < =, v k -;;::. o 

x-t~ff~ gEl~, Jt l= MJ!LmX~ 

(2. 127) 

II g II = := sup I g<k> I . <2. 128) 
k>O 

:!tit'= g(k)Eli,Ji!tlPJttYE~ II g II p:::;; II g llt<=,pE [1,=) ,J!~'*ff ltClp, 

pE [1 ,=). -~*i>i, liClj;Cl~, pE ( 1 ,=). 

2.4.5 ~~a1t'BJ~ttfi¥J1Blt: 

!fi~-~ft:l!PJ§f£~ GCs)(J{J~m.JEJi!tl:ii~atl'aJlUif,X H2 MJ!LmX~ 

(2. 129) 

II G II co:= sup C1max[G(jw)]= sup i
1

1 h 1

1

1

1

2 (2.130) 
..E;[O,oo) II wll 2=1 W 2 

Jt'P w(t)~ h(t)?HJij:Jf:: G(s)~~A~~tfi. 

~(A,B,C,D);Iik~mft:l!PJ§Jin!~ G(s) ~-~~~~fa}~lm. l!P G(s) = 
C(si-A)-1B+D. PJtt1UiYE~JH~J3.-f)(.~ D=O at II G liz<=. :(£ D=O (f]•h'f 
~r, PJttW:i:t/D¥ttr-m~ Lyapunov /JWZ.-~Pf£-ffl¥ P>o Wt Q>o *ilf!fri.Jt!! 
it.IIGIIz: 

(2.131) 



II G II z = /trace( B1 PB) = /trace( CQCT) 
II G II ~(J{JitJHI::tlt~l]J!. PJ~Ji:l:ttt-1-ti~it r>amaxCD) .M!~-tJ 

[ 
A +BR-1 DTC . r-z BR-1 BT J 

M= 1 -CI'([ +DR-1DT)C - CA+BR-1DTC)T 
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(2. 132) 

(2. 133) 

tU~~tL.t~Yff -1-tHiE«i' jttp R: = r I-DT D. :!1Jl51H!f-f(J{J r f:f;{£' lt:f!Jlr= 
r· ,Jjl~ II G II ~=r· ;~Dl~ II G II ~ =a,_<D>. 

~- tttlt'llt ffl (!{]Pi§ J.tli!f£~ L~ 1i1f£. .Ej H~ Mf£ 7f' ~ (!{] ~, L~ 7i1f£7f' ~ >1t 
~)E(J{J-ffl:iiPi§f£~~)£(!{]. ~)E-1-it~atiBJ*tfe G(s) ,jt L~1Q:Ji)E5Ch 

II G II L := sup a,_[G(jw)] 
00 wE[O.~) 

(2. 134) 

:fiJI* G(s)~~}E(J{J ,Jjl~'t;(J{J LooMf£.Ej Hoo1Q:Ji~~1ft(J{J o 

2. 4. 6 iP4 It 1M' fBJ ~ t1f tt-.rtalt 

~)E-1-~}E,j£Jjl~(J{J]lf~fltiBJ*tfe-ffl:iiPi§f£~12'f G(z) ,jt Hz 1Q:f£)E)(1:J 

II G liz:= (2
1
7t trace[f: G(ei"')G(ei--)Hdw J) 112 

J't Hoo 1Q;Jfi}£)(1g 

IIGIIoo:= sup C1max[G(ei"')]= sup i
1
1hll

1
z 

.. E[o . z,.] l wN 2= 1 W 2 

(2. 135) 

(2. 136) 

Jttp w(k)lU h(k)?HJ~j! G(z) (J{JtUdA.l!l~ ili. 
-ffitii<A,B,C,D)~G(z)(J{J-1-~~~IBJ~~. ;{£ D=O (J{Jffli':5fr ,_.R~fer 

00~1- Lyapunov /J@ 
ATPA -P =-ere, AQAT -Q =-BBT (2. 137) 

t:p(J{J-1- P>O El Q>o ~Mili*~PI~itJt:ili II G liz ,liP 
II G liz= /trace(BTPB) = /trace((QCT) (2.138) 

II G II oo (J{Jtt)t:~f-f:J!~l]J!(J{J, PI ~f'Jffl~~tt~~fe G<z> ~1ft .llt-1-it~HtiBJ 
*tiC· PJ~idE~tf~~tt~~r ,G(z) (!{] Hoo Mf£~r't:(J{JJ!~atiBJ~11t*tfe(J{J 
Hoo Mit. ~m ~ (!{] :J!, :iF it:J!:lt~ at IBJ * mll :J! ~ fiiHt IBJ * m, tl5ff 

II G1Gz II oo ~ II G, II oo • II Gz II oo <2.139) 
l!1-~tt:J!/F~~(2. 105) (J{J-1-f:i4t1tit·. 

:ii:J5 ,1)-!g~fiifltiBJ*tfe(J{J Loo1ilf£. ~)E-1-Jl'ifiiHtiBJ*m G(z) ,jt Loo 7i1 
J.t)£)(1:7 

(2. 140) 



3. 1 Jif. i~ 

*•±~@~~~-~tt~~~~~~-®~*~~o*~~~~~~tt. 
~~m~tt~m~tt~®~~s~~x~~~1~W~tt.~~m~ff*~ft~ 
~tt*~Jli!.~Ar'1 fif-4-:J; ~ ~iiJ~/fOO~:fl-!~ <~ ~X~[3o], [34], [ 41]~ 
[45])0 ~~£.~ff1~~Uflx~[3o]~[45]~~-®ft~~1t~o :13-/fOO, 
~~~w~~@~~~fi~RM~~ma~&Ma.~~tt~~~~~~~M 

~< ii!P4ti:ff~~~M~)~JC~~.~M~, m:i2!ttM~ ~~JL{PJ-=f:2:fEiJ o ~® 
~ffmmr~-~~*B~~W~o~~-tl!m~ff-®~r~tt~~~~*~M 

. ~~x~~f!Jffl!f:.:fl-ffl .~nx~[37],[39],[ 46]~[ 47]; :i15:ff -®M~x~. ~n 
X~[48]~[54]o *•~iMM~Elf.ml~~ Kronecker~!111~*i31A:ffm~x~ 

~.~M~ .~~m:l2!ttM~~~~.~r JLfPJT-:2:fEiJ ~ ~3JJ!U*$:7tltit § x~ 

[37Jo ~®~*~~~M*Jik*~~±~1L!lh..~mmr•~~W~Jll!.ifJl-tl!Jik 
~~ :ff ~UfJ ~ o 

llilff~iJl!Y3~Jik,*if~~3~*_tJikm Chen~ii:ili:Elf~~~tt~~Jll!.~ 

-.:f;[3
•
40

J ~~~ 3 -~$tWJft,ff!.IJJfJ1i: 7Jt~~Elf~ AU:YEIY3 o *•~t:tfr*~ 
~!f:.M~-IJ2:1t~ Hoo ~$HiiJJl!>J(IfJl;fO~:ff ffl .~}JrjJikJL{PJ-=f:2:fEiJ ~~~JikifJllk: 
HooJ13JZT-ttfm*MfiiJJl!~~-EJfffo 

~fn±~~m:it~~ra:J~tt~~~*~.mroo~~~~~mn~*Wiit: 

{
i(t) = Ax (t) + Bu (t) 

.!: 
y(t) = Cx (t) + Du (t) 

jt~ x(t) ER"Jik*~~~.u(t) E RmJik*~ttltrA,y(t) E RP~*~ttltrili ,A,B,C 

~ D JikA:ff~~~~f,(~#lt~~o tl:~.! :ff -1'~).li?J§f,(<~:l!il~7R): 
H(s) = C(sl- A)-1 B + D 

~{~~ 'Jliit~raJ *~~~7R1g 

(3. 2) 

{
x(k + 1) = Ax (k) + Bu (k) 

.!: y(k) = Cx(k) + Du (k) (3. 3) 

lli]ff,x(k) E R"Jik*~~~,u(k) E RmJik~~tDUA,y(k) E RPJik~~ttltrili o ;fft~ 
~M*~~~:it~~fEil*~llilti;!t!!Jitilio Jli'Ia~fSJ~~<3. 3)~f~i.li?J§~1g · 

H(z) = C(zl- A)-1B + D (3.4) 



~~~~~*••oo•~~tt•m~a*~~= 
( 1) ~fta;f/F1t•m~i9J~Pjlijjj)z; 
(2) ··~)Eft; 
(3) PJ~ttft!PJX!.\I.tt; 
(4) ··PJ~tt.&Jttt~; 

<5> 'ff!Sf!~.~fnx!Sr!~.~ttffil; 
(6) ~fiiJ-T~fEi]; 

(7) •mtt~&~fO~tfH1!AI'J9~tt. 
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*~1l!W-'iftti~ttat/F1t.mi'J9tt~ftl~WPIIiJJj)z~ff!¥. tt;t~®;r.\:<3. 1)JYf 
ffi~Jt~a;j"fEiJ•m~. X;f-TtJJ!Ia~f4 x(O)=xo .~ l'l9tt~5t:l:x(t) ~ff!¥~!f*~Pjlij 

Jj)zPJ~ilfE~:ll!!.*ffijJ 

x(t) = ~x0 + J: eA<r-r>Bu(r)dr, t? 0 (3. 5) 

Jt~m~JJ!~m-TtJJMi~f4 Xo i31~~Pjlijjj)z,m=JJ!~5'Hl!S~iM u(t)JYfi31~~Pjlij 

mz. •m<3.1)x-tmz~~mnjli]mzj; 
y(t) = C~xo + J: c~<r-r> Bu(r)dr + Du(t), t? 0 (3. 6) 

-*ia~~APjlijjj)z11J ~~:{f~'ff~A ffi-\}~·lf(£ ~, EE tJJMi!f*~JYfi31.itg~Pjlijjj)z. 
x-tit~atfEiJ •• < 3. 1 > *i>t, -*iH itimM-~Pjlijmlfnitim!!* ?lfnlliJmz~m:tt~tJJMi~f4 
~ •• m?Hi'JX>ft!WAffi% 

u(t) = [ n fll u(t) = [] 8(t) (3. 7) 

JYrtz:~~nlliJmz,Jt~ ~<t) ~itim!!*?IPP.NJX. 

Jil~atrEiJ•m<3. 3)i'J9i9J~nlliJmzPJ~Jitt~®fm-!f!.I'J9~JJI!*itJL t£tJJMi~ 

fttj; x(O) = Xo at' PJ~1it1He•m<3. 3)i'J9!f*~Pjlijjj)z*ffij; 
k---1 

x(k) =Nxo+ 2:;AH-1.Bu(i), k?O (3. 8) 
i=O 

k---1 

y(k) =0\kxo+ 2:;C4H-1Bu(i)+Du(k), k?O (3.9) 
i=O 

~{!;_(~ •-*iH~~APjlijjj)z11J~~tf~ff~Affi%1'l~J'!f!£~, mtJJMi~f4JYfi31~ 
~~mnjli]mz. -*iaitimM-~nlliJmLfnitim!!*?lfnjlijmL?Hitlm~~:rt<3. 9)t£~tnMi~ 
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8(k) = { 1' k = 0 
0, k>O 

(3. 11) 

*'~~)Et£,%'JJlJ~*'~89pg$~)Et£,,~,~tiit~~J(~$JJ*'~89.±Jm. Xif 
-T~tt*'~,~~~i!~Bif1Eil*'~(3. l)~~~~Bif1Eil*~(3. 3) ·*~P3$~)E89 
;fi~Wfttxif89tl5~i§t~;.~$tu!A u IJ.t89~~~~. Wf~Xifi!~lftfiij*'~(3.1)* 

i)i' pg $~)E!t~ 
:i:(t) =Ax (t), x(O) = Xo 

89~~;X;f~~lft1Eil*~(3. 3)!t~ 

(3. 12) 

x(k + 1) = Ax(k), x(O) = x 0 (3.13) 
89~~. :Af*.i&iJt,:!zn=*=i!~IIt1Eil*~<3.1) 89~~~~Xif4Ii:1'~ W-89fJ1:Mi~f4 
Xo :W~~ :W-89 ,Jj!Jjf*~*~~ll{ijj1t(marginally)~)E89WttE Lyapunov ~Jl.r~)E 
89,Wt;ffliiti.i&i.Jt~~)E89. :!zn=*=*~<3.12)~~)E89 ,.ftX>f{f~fJJ:Mi~f4Jt~~ 

~~:wm,@ 

limx(t) = lime4'x0 = 0 (3.14) 
<-+= <-+= 

Ji!Jjf*~*~~~:il(~)E89. PJ~"YEOO:i!~IItiEiJ~tt*~(3.1):g\(;*~(3.12) 

~ ~)E 89 , ~ 1l & ~ A 89 ~®:til tE ffi ti:-* ~ .ljl- iii , .it 1l EIHdL.t 89 %'®:til Wf Xif 
liil89Jordan~*'j\~J;j 1; ~)E*'~~j$f:il(~)E89, ~ll&~ A 89~®:tiltE3f 
ti-*.ljl-ifi, l!P HA)cc-. ilEOOJ!.®~~~~tPJ ~ tt5tre A ~~nt Jordan !W.7i1 
ru!' l!P . 

(3. 15) 
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(3. 16) . 

[

ellt l 
e"' = Pel' p-1 = p elz' •.. p - 1 

ell 

(3. 17) 

tf!;t ••• en;-1f!,t /(n; -1) '] 

f!';' ••• tn,-2 f!,t / (n; - 2)! . 
• ' t = 1,2,···,q . 

0 ... f!,t 

(3.18) 

~lt~f&~ t-=M ell-O,~ll{St~ A;EC- .~*F-*xiffffi!J xoER",~ 

lime"' x o = P p-1Xo = 0 (3. 19) 
t-= ··. 

limell 

~ll{St~ A; EC- Ci=1 ,2,··· ,q) .~ HA)cc- o Jj9~.:~llHI~:XifJ!If~tJJMi*f4ffffA'IS 
fi*~W..~ll{St~ ACA)cc- UC0 lf1Xif A;(A)EC0~ n1 =1o 

Tlfii89~J;J!Xif~Kffl Lyapunov 1ri!l£fi~)Eft7HJT~.*~~. 

lEll3.1 Ji~B;j"fB]~~(3.12)~lffili~)EB9' ~Jl{S[~XiffffPI~)EtJ9j£)E 

~~ Q=QT E R"x", Lyapunov /JN 
ATP+PA =-Q (3. 20) 

~ -1'-PfE- tJ9 iE)Effff P= pTE R .. x .. o .fa 
~:(£@1¥Jj.J:\;(3.1)J!If~B9~~ ~o Tlfii89~~~Alfl~ili~ft* ~ Desoer lfl 

Vidyasagai31J. Em.FIFf$Tili~)EB9~~0 

lEll3. 2 ~.Lttr.\;C3.DJ!If~B9li~MfBJ~~ ~.jtq:t A ~$Tili~)EB9. :(£ 
D=O B;j" ,ep ~ ~F~iE.mUtJ9,~ 

CD :!lllJiJ! uEL~ .mU yEL~nL~ ,y EL: ,y !txif)i~,lfl~ t-=M~ y(t)-o; 

(2) :!lllJiJ! uEL; .mU yEL:nL~ ,y EL: ,y )i~.~~ e--=M~ y(t)-O; 

(3) :!lllJiJ! uEL:, ,_mU yEL~ ,y EL~ ,y ~-~Ji~B9; 
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(4) ~n"= uE L:::. ,jf _§_~ t-=JJ;t u(t)-Uoo E Rm ,.OOU~ t-=JJ;t Y= E RP ,jf _§_ 
~mfi~&~; 

1 
(5) ~ll"= uE L;, 1 <q<oo,.OOtl yE Lt lll.Y E Lt o 

~ D=FO IJ;f,_Rlf~f-F~~"==~ll"= uEL;,l~q<=,.OOtl yELto 4 
tt~.J:\<3. 17) l!l.J:t <3. 18), x-t-T~)E ~ ¥~. m ~ 1iltYE a,ij :fft£iE ~f,jdl: 

hm>O lJl a>O,f!J!~l 
II ~ II ~ hme"1

' V t ~ 0 (3. 21) 

TOOW~··JJ;t~¥~~-)Eft~Bo~"=~-~1fW~~M~#~.¥~ 
ff:Im~~ ~ $Jt :li!t ~~1f w ~, .mu f*• aJJ;t raJ~~< 3. 13) ~ rlffi wa )£,!!X: t£ 
Lyapunov~..)(T.)E,!ll(;fij!)i!miJt~a)E~o ~ll"=~~~·)E~,jf_§_x;fff{PJ~ 

M~f"t Xo ,Jtff:JJ.i)I~~~$Jt:ii/t x(k)~r/4..@ 

limx(k) = limNxo = 0 (3.22) 
.t-oo .t-oo 

.OOtlf*1-JWTJlia)E~ o ~fP.{imr:iJ~ Y£a,ij, ~ll"= A ~J!Jf1f~UEU1t£1tifi'Lml l*J, t£1tifi'L . 
mi..t~UEtil~ Jordan tkj;:'J'Jg 1 • .mu•t!J;ffaJ¥~<3. 13)~~)£~ o ~)£~~~ 
~WTilia)E~~li~~TOO~~#z-~~= 

(1) A ~~UEtil~t£1ji{ftmJI*J .~p ).(A)CC0 ; 

(2) ~~)E~fffiiJiE)Em!I$ Q=QT E R"x", •t!J;ffaj Lyapunov 1J~ 
ATPA--P=-Q 

1fllt-l!liE)E~!fn P=PT E R·X· 0 

(3.23) 

~~~~r:iJ~tt.r:iJ~tt~~~~~~M~A*~~-~~~~m~~~$Jt 

:li!l!o Mlti!miJt.~n"=t£1fll&~atfaJI*J .~:l1i2H~il-~~~ibtJtlltrA. ~~~~~t£~ 

~~~£r:iJ~MffM-~MB~Jt~ffM-~.-f*¥~~r:iJ~~.~-T-~~ 

ttJJ;t~~~~.~~ttm•~-rre~~$Jt:li!l!Mff•-~~~~~~~~~~~
A-f*imiJt.~~~Tii~JJ;tfaJ~~= . 

~:.i =Ax+ Bu, x(O) = x 0 (3. 24) 
Jt!ft xE R" ,uE Rm ,AE R"x"lll BE R•xm. 

lE~ 3.1 ~ll"=xiffffiiJ~M~f4 xo lllff{PJ xi E R" ,:fft£-~JJ;ffa] ti>O lll~ 

ibtH~% u(t) ,tE[O,ti],f!~l~~$Jt:li!l!f.W..@x(ti )=xi • .OOtlf*A:<3. 24)J!Jfm~~m~ 

-~~~-~---~r:ij"~~. .. 
!IGffllfTOO~~~ o 
lE:Em 3. 3 mA:<3. 24)~)£~~~~ ~m~~.~H~~m!I$ 



Wc(t): = J: e-ArBBT e-ATrdr 

~J9f:fl t>O :;lik~~~jf.l'fj o Wc(t)fm:f*:J;} ~ l'fJ grammian m~o 
~!13. 4 EI=Jj.\;(3. 24)~~1'fJ*'t!f ~ :;likPirtl'fJ' ~ll{)(~ 

rank(Q) = n 
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(3.25) 

(3. 26) 

Qc: = [B AB ••• A,...1 B] (3. 27) 

tm:~:J:T~I'fJPirtm~o . • 
~!13. s E8A:C3. 24)~~1'fJ*'t!f ~ :;likPits!l'fJ, ~11 {)(~x>t A l'fJ4lJ1-~UEU1 

A;(i = 1,2,···,n), t15tAJE 
rank[J.J-A B]=n · (3.28) 

:!! 1'-~l.!l!:§it:;liklf f61'fj PBH (Popov-Be levi tch-Hautus) f.&~, :;lik E8 PopoJ:55J , Belev
itch[ss] fn Hautus[57J ~~l'fj o • 

l:lG fll tt :f: ¥1J ~l.!l! 3. 5 }til: T *' t!f PItS! tt fn *' t!f m ~ A l'fJ ~ UE ~ #J Z IBJ l'fJ ~{X 
*' o :!ill*= A l'fJt#UEU1tl5mJEA:C3. 28) l'fJ *f4, *'t!f:t'".JC:;lik Pits!l'fJ o J'H'r, :!ill~ A :fl 
-1'-91£ ~ l'fJ ~UE U1 ~ tA JEA: < 3. 28) l'fJ *f4 , *' t!f~:;lik ~PItS! l'fJ o f& .lltf* A 9=J m 
JEA:<3. 28) l'fJ~N:iil:J:TPirtm~. i!f JR~ ~:;lik~PI~m~ 0 t£ilf~rt$tJ *t!fiiit:n 
7! 9=J , #-~-~1&~ ~ ~ *' t!f:;lik PItS! l'fJ o :!ill**' t!CJ9f :fll'fJ ~PI rtm ~ :;lik~~ l'fJ , 11! 
PI~mM•rtM~oPI~Rtt~ml'fJ~~&mrtM~~~~.:l!~l'fJ*t!f•f*:h 

PI~~I'f3o:hTt£5W~~:1J~.rW~A:~~PI~~I'fJ~~o 
~)t 3. 2 :fllljfi!:J9f:fl~Pirtm~:;likl9ri!I~~I'fJ. Jntl m J:t<3. 24) ~~l'fJ*t!t ~ 

:;lik PI~~ l'fJ , i!f .!Rtl ~f* ~ :;lik~PI ~~ l'fJ o • 
l:lG tn 1i ~ r l'fJ ~l.!l! 0 

~!13. 6 x>tl:t<3. u~~l'fJ*t!f ~. rW~,g:;lik~fftl'fJ = 

(1) m~x;fCA,B):;likPI~~I'f]; 

(2) :(ft£-1'- FE Rmxn ,J9f%ffltl'fJ~~&-$ 
u = Fx (3. 29) 

PI~ ffi Ji1' *' t!f $f i!I~J,£ , l!P A+ BF l'fJ J9f:fl1'fti£ {i ti5t£ C- 9=J o • 
~~ l'fJ , x>t r W l'fJ :XJm Z9J *' t!f ~, l:lG fll iJI A PI~<~~ Hi fn PI f.&19!~ tt l'fJ ~2 : 

.i =Ax' y = Cr (3. 30) 
Jt9=J, y E R· ,y E RP ,A fnc :;likJt.:ffm~£t~l'fJ~11tm~oJJ¥-.!RLt.:!lll*~~Jmimu 
:lttOOili Y ~PI~:M#J<~~mn ~~5ttx.~l**t!t<3. 30) :;lik PI~cmn l'fJ o:ftfn:fl 
~ r£ iie tJJ l'fJ J-E~ 0 

~)t 3. 3 :fllljfi!::(ft£-1'-HtiBJ t1 >O,~~~fffiiJ;p)j[fJ~~ x(O) =xo ti5PI ~~ 
iroU:II:tOO ili y(t) ,tE [o, t1 J 9=JPf£--ifeJ-E, .!RU~A;C3; 30) ~J-EI'fJ *t!C ~ :;lik PI~I'fJ; :a 
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JnUUfJ\ .t ~~"itJXW.~ o 

~ffHrFOO~~*· 
~~ 3.' m.J:\<3. 30)~)E~~m .t ~nrxw.~, ~H f3t~m~ 

W0 (t): = J: ~T·CTCe"'dr (3. 31) 

X;J"Nf'ff t>O ~~~~:n~ o W0 (t)1Jtf$:1g .t ~"ilJXW.~~ grammian m~o -It 
ritif&~.J:\(3. 25)~ Wc(t)ftl,J:\';(3. 31) ~ Wo (t) ttJk)EJll! 3. 3 ftl)EJll! 3. 7 ZfBJ 

~X>t~tto ~ll~~ • .J:\<3. 30)Nfffi~~m.t~nrxw.~.~Jlf3t~~WJ<x>t~r*m 
i =Ax +Bu := AT.r+CTu (3. 32) 

~nrt1~o *lffl)EJll! 3. 4 ftl)EJll! 3. 5 'ffroo~~*o 
~113. s .J:\<3. 3o)~)E~~m~nrt1~. ~Jlf3t~rooi~·t~z-nltJL:: 
(1) .t ~nr~m~ 

(3.33) 

~t.Wfk~' ep rank(Q,)=no 

. (2) X>tr A ~4IJ-t-tHiEi~L\;(i=l,2,··· ,n) ,'If 

rank['~J ~A J = n (3.34) .. 
~fg{~ ,A ~f.W)E,J:\';(3. 34)ftljj~.®~f.W)EJ:\(3. 34) ~t#ID:ii?HJIJP4it .t ~"iij 

xw.m~ftl~nrxw.m~oroo~~mnrt&~~JE~o 
~Sl. 3. 4 ~n*Nrlf~~nrxw.•~~~2~ ,JnUf*.J:\<3. 3o) ~2~ ~m .t ~ 

ey~~~~~:amutt~~ey~~~~. -It 
nr•2fllnr•~~-~~•••~·~'-'~~m~•&•t1M$*~2~2 

~m~&,•lllJt::Jtgfdlj:o ~ff1'ffroo~~*<.!1i!.xmtc5sJ). 

~~ 3. ~ x>t.:r.J:t<3.1)~2~~m .t. roo~~~~~ffl'~ = 

O) m~x>t <A,c) ~nrt&~~~~ 
(2) ff:t£--1- KE R"xpft~'A +KC ~Nf:flt#Vf-(i$t£C- t:fl o 

~llttt5'~. roo~~~*m1f@ = . . 
£ =A£+Bu-K(y-C£-Du), £o ER" ·(3.35) 

t~:~mmw~*#xo~m~r.Rm•~m~m~iliftlt1M~Attnrtt*~~rr 
*m~~~$JI.~ x(t) ,ep~ t-=at'lf e(t): =x(t)- £ (t)-Oo ~~1f@(3. 35) 
3!1ltlltf*'-' .t ~~~xw.~~W<:~rr~o • 
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:S:J§" ~Xif~ttlltfBJ~Mf(3. 3) (I{JPJtltt<PJU:)Ef£) lllPJ~tt (PJ~~fi):fll 
~a9-@m~*M*~-~.~@:fll~8Alll~-Bt~~Mt~~~a9,M~A 
)EJI 3. 4,)EJI 3. 5lf1)EJI 3. 8 a9M*8PI~1ltt~.ffl¥1Ji!~rtaat~~Mtr:F. 

~•m~tta9~~~w~tma9~tt~RJI~ftW~r:F*m~•~,~•~ 
~n••~~~~•••~~••a9.•~~,~~ttat~~~-m~mB•• 
511fl~RPJ~tta9~~. ffil}ij!:J:\(3.DFJfffitBiita9~t:F~iEJi!~~·atfBJ~R ~' 

~~3:\<3. 2)J9f~lfl a9ftiiBi§~, llP 
H(s) = C(sl- A)-1 B + D (3. 36) 

~~-IJlttt,-®ii[BT DTJlf1[c DJ8Amfka9. )£)( ~ a9PJ~tt:ttnr. 

lE:S( 3. s ~liA<3.DFJfffia9i1.BtfBJ~R~,Ji!~ 

0) :!ln*f¥~-1'- s (I{J~JI~~Bi§Ji, lt:!ln L(s) ,~~-' 
L(s)H(s) = Im (3. 37) . 

)jl~f* ~ •tcPJ~(I{J. 

(2) :!ln*f¥~-1'- s (I{J~JI~~Bi§~, lt:!ln R<s) ,~~t 
H(s)R(s) = lp (3. 38) 

mUf* ~ Jikti"PJ~a9. 
(3) :!ln*~IOCAti:PJ~XAtiPJ~,Ji!Uf* ~ APJ~(I{J. 

(4) :!ln*~IOC~Jikti:PJ~X~•ttPJ~,)j!Uf* ~ A:ilHt<degenerate)(i{J. 4 
mm)E)(PJm--t-PJ~~-~~A-1'-~a9~R,~••~Afimlll~R~ 

lflfiPA~~a9 •• W-1'-~a9~R*~-)E-PJ~a9.~~a9-x~r:Fiit 
mm7PJ~ttlll~a9~R.W~A~~~a9~R~-PJ~a9. 

~atfBJ~r:Fx-ttcPJ~fnttPJ~a9funt:ttnr<mx~[sl]lt1[s9]). ~rti:PJ~ 

~Me ~' ~ tJJ !til ~ftj: Xo r ' •• ~ J9f tz:-1: (I{J ~ lfl y ~PI ~ fWf lfl!Jft- (I{J PI tz:-1: ~ )£ . 

$0tr/fly (i{J~$JJ{~%u. XifrtiPJ~~-~'~)EfffiiJffi% Yre!ER~>,$PJ~~ ~fifft 
)£-1'-flf!itHwA u fn--1'-tJJ!lft~ftfxo ,~~~~lfl y-:y .. £. 

a-~PJ~-~ff~-@lf1~tt~Rti:fnti"PJ~~~-a9M~,~~--@ 

~•ma. •w~l!J.ffl~MttBM~M~~£t&~1H!51A~@~~. r -~11-m 
~ tB·Mf~~ag Kronecker ~ii!~Rt-Ni.t~~-1'-fii] •• 

:S:J§", 1~HttatfBJ.MCPJ~tttB~~fn~·atfBJ.MCAie~~~tB. 
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Wi')~f4J:(£~ft¥1ft!JJM~~ 2t1¥Tm:~fl9+tffl. ~FJTJaJ~, ffiJf~~fl9flt~ lli.I~ 

~T¥1·~~fl9~~tt~,~-~~~~-m~~.FJT$a9AR~HJf.~A~ 
¥1~JtJxmfl9, ffi Jf ~~f.& A :t£~PJl· 00 l:fl9lli.Iit ltJ l~U.lfi~i&lfr!ll. ~-:1f00, :fl ~ 
~.~fl9lli.IxtffiJf.~fl9mi*tt~tl!.:flm:~fl9~~. i91Hm, -1'-41:!VJ,~1Hft~.~ 
<:e..l(;/f'~~fl9/f'~~A)xfilf~¥1ft!J~~fl9ttnMW-*~*· /f'$fi9A:fl~ll~A:e..l(;/f' 

~*A:f£ffffl~~&·~·A/f'~fi9,FJT~/f'Ma9~A:t£ffiJf·~~m-~m•. 
l§Jlt,1£fifft:t&Jll!ffi't~A~f4Jxtiitt¥1ft!J.~A41:1it~mfl9. 

/f'~~A~:JC~~A\(l§x;fW!') (19:fl~x;f lttfiiA~lttfii t±i (SISO) -~-*iJllt 
~fiiltt. f91J:fln ,x;f-TJ{.:fl~OO~;liPJ§JJ((I9 SISO -~: 

H() s(s+ 1) 
s = s3 +2sz +3s+4 (3. 39) 

~ll~~2t~-~:(£ s=O ~ s=-1 ~HJtl1f~1'-:fl~~A\,l§X;f!m"~ I. x;f-:J!ifl9~ 
tMA~~fii m <MIMO) •~, :fl ~~xm~ A fl9:fl~ m ~41: 11r~~. x~ ~ xt~ 
®*Aa9~.SCf¥:(£~~. :f£1E.J:\~..)( MIMO -~/f'~~-~ZlW~~siA.~1it 
~fk(normal rank) (19:fl~. · 

~)t 3. 6 ~,tit,J:\(3.1)~~(19-~ ~. ~..)( 1:;(19~;lipj§JJ( H(s) =C(sl

A)-1 B+D (191jt~fk,:ij.l(;fij}[!~ normrank[H(s)], f1P 
normr~nk[H(s)]= max{rank[HC..n] I;. E C} (3. 40) 

• 
:t£m4-~ltJ~~~,R~~-T-~fl9~f41*1Wttt*,.~#~fkfl9tt•~ 

~llfiilttT. ~OOsiA.J:\<3.DFJfffifl9-~-~~ fl9/f'~~-~fl9:fl~,-~EI=J~Il!f 
tm5Gm.<A,B,C,D)FJT~@:, ltJ~li:l:t Kronecker ~111~~..)( ~ (19(Rosenbrock)~ 

[
si -A -BJ 

P:r(s) := C D (3. 41) 

)E..)(~ii:fl~~¥1J~f4Jm:~<.!Ji!.)C~[SO])~Iill. .. ~.~(!Ji!.)C~[60]),,@~:(£~ 
~t~tt-~fl9~lil~~:1JOO:fl~llm:~fl9ftffl. ~OO~t±i~r/f'~~Afl9~..)(. 

~)t 3.1 ~..!it.J:\<3. D~~fl9-~ ~. :fln* 
rank{P;r(fi)} < n + normrank{H(s)} (3. 42) 

9ltlf,jfl PEC A~ (19/f'~~A. :fln* H<p)==0,9ltl pEC A~ fl91m._.~A.- . 4 
~~~fi9-~A41:il!1-t~ ,~fl1t:l:~¥IJ/f'~~A~~ffl-rx~~~..)(fi9FJTi!i 

~fii~A\(~)(~[61]~[62]). 

B.•--t-m .. ~A~:J!/f'~~A\,@AX;f MIMO -~-*iJl,-1'-/f'~~A/f' 

-~Aiill. .. ~.~,-rmxt SISO -~-Al§IP.Jfl9. :fl~fi9AX~~kE:fl1tf1B~~ 
(J(J~A\~..)(,:flnfiiAffi't~~-~, 11P~Il!fxt<A,B) f19/f'JtJ¥1m~ ;fU) t±iJW~~A, 11P~ 
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. ~X;f(A,C)~~ilJX!\!.m~;tiA-tii:IHuHM~.~.I!PA ~~ilffl~~ilJX!\!.~{iE{a. 
J!®~.~~~-g.,§m~~~-~~mt&~~.~ffJ\~ 4 ~*~~~. 

Eb~)(ilJ~,~~~*P~4 ~~~~-~.Jj!tlf¥tf-1'-~~~.9Cit XREC"~-1'-.9C 
it WR E em '{51!1~ 

[ XRJ [{11-A -B][XRJ · P~Cp) = = 0 
WR C D WR 

(3. 43) . 

J!!J!,xR ~ WR ?HJijffj\~ 4 ~l'¥j~~~~p ffi*J0t~:tiit~~~/JrPJ~:titiA~ 

~/Jinl.~OO~tt£MWT~~*~~·~/Jinl~---)(. . 
f£~ ·3.1 ~ p ~4 ~~~~-~ ,fl";ffillii~:ti~~~-~/JrPJ XR ~:ti41fYA~.~ 

/JrPJ WR o ~ 4 ~1JJMi~~~ Xo =xR, *~~~A~ 
u(t) = WR~, t ~ 0 

Jj!tl4 ~tiWMi~~~,I!P y(t)=O,t~O,t(~ 
(3. 44) 

. 
x(t) = XR~, t ~ 0 (3. 45) 

l!•~•tt~~~1JJMi~#~.tt~~~:ntnJ~~*~~*~~Am%~~~~ 

~tt*~~w~w~. • 
4 ~x~ll~.~ra~~PJ t<fflffi*I'J{J ttUJL~Ri.~*~)( < ~ ~::tmx[52]), X PI 

t(Jfl~:iiBi§fitfx~z~I'J{J Smith-McMillan~-~*~.)((~ ~::ti!X[16], [ 46]-
[ 48]) o ~~.)( H(s)tfx~z~I'J{)~.~ra~ ,!JGfflilft(lfJJflf~:iiBi§fi~~ H<s)t£ 
fl"m!Jj!$~~-~ra~I'J{J Smith-McMillan tfait,I!P~Il*fl"Wf~:iiBi§fiH<s)fl"-1'- k 

M"x~~-~,Jj!U HO/z)tf z=O fl"~*FM'?ki'J{Jfl"m~~o tf.x~z~·-~I'J{]-1'-fi 

;fOIDf?k~liiJ~.)( Txm~.~I'J{Jra~o 

~00~1*~~~ P~(s)51A$~1'J{J Kronecker Ji!Ui1~,1:;PJt(~flt.M~ 41'J{J 
~~•~ra~,ilf~ra~~xm•~ra~o~•~*~~-#••I'J{J•m<~•M
i9J~*~~~~1itmxt~), PJt<YEI!ij<~::tmx[63])#t£~~~:1fi'J{J~~ u ;fO v,f51!1~ 
P~(s)PJt(flt)tfUl~ 

l lkdiag{si-J,Lt
1 
,··•,Lt ,R,

1 
,···,R,m ,1-sH,I"'o} 0] 

UP~(s)V = ,., c 

. 0 0 

(3.46) 
~ll**~:ff:tEJL~I'J{JtiA~tiW ,0 ~~~lliii'J{]~j[;~~~,] ~Jordan 1i'l1i!~, 

··. 
s-p, -1 l (3.47) 

s-p. 
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j= 1,2, ••• ,r;, i= 1 ,2, ••• ,b',Lti (i= 1, 2, ···, Pb) ~-1-U; + 1) X l; ~.)OC){;j"ff.l 1;J!jr$ , 

*,f!P 

[

-1 1 s ··. 
Lt. := 

r •.. -} 

s 

(3. 48) 

R,i (i= 1,2, ••• ,mc)~-1- iX (i+ 1) ~JOC){;j"1f.I1;J!jr$*, f!P 

R ·= [s ~.1 ··. ] 
ri • 

s -1 

(3.49) 

H ~-~fll Jordan ~~.I-sH 'ff~r md 1-1;J!Ir$*f'F:1'J)(;j"1f.l#i: 

I,,+> - J •+• (O) ,~ l-:..' ·~ ~ J q, > O,i ~ 1,2, ••• ,m, (3. 50) 

:liFo Imo ~ ~ mo ~ D ~fk,.I!P mo =rank(D) o 

!1Gfl17ff ~ r ~)E;c 
~>£. 3. s ~mE8Jt<3.D~)E~~Mt };, 'E~~Mtmlr$ P};<s)Jt-'ffJ:\:<3. 46)~ 

Jt ( 3. 50)~ Kronecker ~, JJ!U'ff 
• 

(1) {J; ~}; ~JL{iiJ!ti:~:1'Jr;,{"t~!ti:~:1-J ~niH ~/F~~.~.'E~~.~~~~ 
j=l 

S~(};):= {np; .t•nP;·z••••,np
1
,r;} (3.51) 

:flll='= np;.l =···=nP;.r; =l,JJ!Uf* fJ; ~-1-fi\llJl/F~~.~o 
(2) )E)(}; ~ti:PJ~~~:1'1 

Si. (};) : = { l~t l2 , • • • , l"" } 

(3) )E)(}; ~:tlPJ~~~:1'1 

(3.52) 

SR(};):= {rt,r2,•••,rmc} (3.53) 

<4) :liFo .mo ~}; ~ o W!":Xm~.~~-1-~o )EJl.}; ~W!"?Xil1li-T o W!"~xm~ 
t.\~~:1'1 

s;, (};) := { Ql ,q2 ' ••• ,qmd } {3. 54) 

JJ!Ul*}; 7ff md 1-!Sft?X7HJrj:1g qt ,q2, ••• ,qmd ~:Xm~.~ o :!Lil='= q1 =···=qmd fll mo =0, 

JJ!Ul*}; 7ff -~(uniform)~fk QI 0 ~-:noo ,:flll='= mo>O fll s;, (};) = SZf ,JJ!Ul*}; A 
7ff -~~a oo · • 

!1Gfl1tl:~i'JJ!Jf7ff~/F~~.~ {J;(i = 1,2,···,<)') fllfflill~~t.\~~~Jilt7 

Morse .f~7~cs•J oJI:t7t- ,SR ,Si. f1l s;, :fr£U){;fill7 Morse~ ,.!3f!l.f. o ff!JIJ;ftl:~i'J ,:flll 
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*SR = ,0,JilU};~li:llJl21':f{J,~Il*S.: = .0.!ilU~~IlJl2(:f{Jo 
lliHf (:f{J , it~at fBJ ~~~¥Jtt=tt, ~11 :flllll~ .~ fll x IIIl ~ -~ ~ f41, ~ .& llJ i2~ f41 

ePT~•••••r~••at~~~o 

3. 1 JLM -r~ rBJ 

•tt~~fll~~~~l':f{JAM~~~~~~A+•~m~Tm~~~tto~ 

Mi=f 2o t1t2 70 .ft,jf~ so •1-t~ll~~Ji.!Vt~. ~at Afl'liatOOMlk:=fiftffiH~ 

~Bfll~•=ftt•M~B.~W·-~m~l':f{J~~-~~*SI':f{J=f~~-~
t/j (:f{J~Pjaj~=f~~tt:ilr=f~(JA!.)C~[39]' [65}-{69]) 0 ~ ~_t' •tt~~~ 
~~l':f{J:X$7t.fa~811J~~Il%~•~AMllHJ~r!ftt/j (i'iJ ~~:::l$ Wonham (:f{Jf£ 
Ai=fFC39Jf!lft:ilr(:f{J Trentelman ~(:f{Ji=fFC37J) o JfJ~M~it; llJ ~~!l fn'jillf·*~ 

•tt~~~(:f{)Ma~~offi~R~~~~~&#~~~~-·-~-~

ili*o • 
*~••*mx•~•~l':f{J-@~M~~~(:f{J~*•~·~•~PT•~~~ 

fll•PT~~~~o~@AM~~~~•w~~~~·~•£m•tFm.~-Ttt• 
M,Hz f1l Hoo ~lfitlo 

:::l1.ltEI:JA<3.D~Ji:(:f{Jit~atiBJ~~};.jf1))t~tt~jj~llJ·~~f8Jo llHitt 
mt 3.l,f¥~-1-}; (:f{J;pj:flii~~. ep~~~~-~~rti.l ,fll;tiV.illl':f{J~ifitJm%~~~ttu 
ili:Mi•~•o};~~~·~~~~~·~~~•~m:fl«•~:fl~~~:m:Mi~ 
~oW};~-~IlJS~~~~~~~-~0 

rOO~*§ Trentelman ~c37J (:f{J~jj~i'iJ·~~IBJI':f{J};ES(.fllttmio 

~~ 3. 9 :::l$.ltEhA<3.1) !ftJi:(:f{Jit~~fBJ~~ };0 X;f}; l':f{J-1-:W:Mi~~ 
Xo E R" .~ll*f¥~-1--Af~% u(t) .~~~4Glill(:f{J~~tlftrt/jX;f~:fl t~O :fl y(t)=O, 

m••=mM~~~-~IlJS~o};~~:fla~PJSOO~I':f{J·~~%JVtl':f{J~~~
~}; (:f{J~~~IlJ·~~IBJ,JfJ 11* (};)**~0 4 

rOOI':f{J5IJ_I:!4ID:~lkUL=f 11* (};) pg l':f{J=VJMi*flf ili ~. ~ft~'ttu ili y <t > = o 
. Ct~O) (:f{J~ifitJ*OOA t'FJfJr ,}; (:f{J~~t!L:i!f:Mif!f~~~~~llJS ~~ IBJ 11* (};) pg o 

5UJ3.1 ~ Xo ~}; ~;p]:flii~~.jf ii Xo E 11* (};) ,u ~{t~,~~:fl t~O :fl 
~~-t/j y(t)=O ~~lill(:f{J.A,JilljX;j"~:fl t~O.~~t!I.~ x(t) E11" (};) o 4 

~r*S:>cM[37]1':f{JJi:~~aJH~~IlJ·~~fBJPJ~J=IH3-#~A*Ji:S(.o 

~IJ3.to }; ~~~~PT•~:2:18J 11· <};>~fft=tm~ roo*fif~il*~~ 

fBJ "Y: 

CD [~]11c (l'XO) + rm{ [~]} 0 
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(2) :fft£-1'- FE R."'x" ,{t~~CA+BF)"VC'ffl(C+DF)"V Oo 4 
*'lf'IHE:fll! 3. 1 o 8<1~ * , PJ IV.ltl:-zv J£ :X. 4 8<1 ~J£ ;fi:J~~J£~~ ~PJ %11. -T-2 fEIJ o 
~)( 3.10 ~Lttffi~ll$1m5Ggli.(A,B,C,D)Yf*N:B<l*m 4,)£5( "f"" (4)1Jjl 

* 8<1 -T 2 fEij 't', -it~~ 
CA+BF)i"c "V, CC + DFH 0 (3.55) 

1t-Jl:Xt F E R. nXm , CA + BF) I "V B<Jt¥N: OO:tEC xc C 9=' o JIH~, :tln*c x = C , !i!U 't" = 
"'I* oJtl:-zv)£)(5lO*C x= c - U C0 ,Jillj i /- := i"x ;:tlO*Cx= c+ ,Jillj "j;+ := i"x o 4 

~OOB<JJ£:X.M~T-1'--T-2~.ff~~~1'--T-2~~*~B<l~~~~t£~~ 

a-t fEIJ ~Lit me ¥~J ~ • .11J 1iii B<J * m~ tl:l PI 0. tm ~ 11 ~ 0 ~ :f-f B<J -T :2 fEIJ 1141~ 4 B<J PI t:i B<J 
~~~PI%\1.-T-2fEIJ,J'H fll * (4)*jRo 

~)( 3. 11 ~Lttffi::r\;(3. l)~)EB<J:ii~B>j"fEIJ*m 4 ox o E iR";lik4 8<1-1'-fJ:Jtzil 
~~.:tln*:fftE-1'-~AfB"% u(t) ;fi:J t 1 > o.{t~~:XtEFf~ t E [O,tl].~*m~tl:l 
y(t) =0 ;fi:J~~~~ft t = t 1 :ff~¥U x (t i ) = O ,Ji!Uf*itfJ:J~~~jgPJf':i~~~PJ%\l. o 

48<JEFf~Pit:i~~PI%\l.B<J~·~Yf%~8<J-T-2 ~-l*1J48<JPJt:i~~PJ%\1.-T-2 

fEIJ • m fll • <4) *5R 0 4 
~f't, :.f{HJ&J£5( 3. 9 ;fi:J}£5( 3.11 PI~~ g(* (4) C il* (4)o ~ITiF7IA4 B<J5jPJf':i 

-T-2fEIJ .'1(4) om "11£ 11' (4') c 9"' (4)1_ 8<1:\t.:X...t:likxtf~B<J ,jt"f 4' ffi~ll$1m5Ggll. 

CAT ,cr ,BT ,DT) * * uL9' 8<1 !Jm J1l! M ~ ~F 1lt Ml ~. llJ IV.~~ Trentelman ~ 

8<1 .:f5 [ 37] 0 

~)( 3.12 ~Lttffi~ll$1m5Ggli.(A,B,C,D ) Yf*N:B<l*m4,)E:X.4 B<J5SlPit:i 
-T-2 fEij g x (4) 1JW/j JE 

CA + KC)S"C 9', · ImCB + KD) C 9' (3. 56) 
B<Jjl!J\-T-2fEIJ 9'0 :Xt:;!t{ KE R.Px • ,ffi~M A+KCt£1!lf2fEIJ R" /9'PJT~~B<Jt¥ill:ta 

·§:~t£cxcc 9=' 0 :tln*c x=c .!i!U4- 9'' : = Yx; :tln*c x= c u c o .!i!U4- g- : = Yx; 
:tln*c x=c+ .!i!U4- g+ : = 9'x 0 4 

~)E)( PI kJ~I:1lt1i%\l.:lt!!.~ tl:l, PJt:i~~ ~PJ%11. -T-218J :lik~~ ~PI%11. -T-2 fEIJ t£5$ PJ 
t:i-T-2fEIJ B<J$:71-. np 

gz · C4) = "~~' <4) n .:t· <4) (3. 57) 

~8<J1iJO:lik1Hift8<J Ci$~iiEIY3 PJ ~!A!. Trentelman ~c37J ) o J3 -1'-1lt ffl 8<J-T-218J C ;fi:J 
9l ' lfCxt):lik:Jt;(jl~~~PJ~-T-2 fEIJ em JV · *5R). ~fft-r~~~PJ~ -T-2 fEIJ;fi:J5Sl PJt:i 
-T-2fEIJz;fi:J, np 

JV* (4) = "V* (4) + 9'' (4) (3. 58) 

flFo .N~:X.M1'- 4 B<J-T-218], ~;lik Scherer[20
'
21J tf~:fll! H, JVf-T?JtMft.llfiJ] 

I!B>til5t'11 AB<J o 
~)( 3. 13 :Xtrffi::r\;(3. l)~)EB<l*m 4 ;fi:Jff:\ta<J A EC ,)£)( 



~<~):={~EC"I3wECm:o=[A c;.r ~J[:J} <3.59) 

~(~):= {~E C"l3wE cm-m:[~]= [A CAl ~}} (3.60) 

~~l:* An::~ l'fJ-1'"/f'~~.~ t ~ (~) fJj :J'A (~)~n:: ~ lflJ.ilZI'fj~~~~JflnJ o _$.~ 
~ (~)="~:; (~')j_ 0 .. 

~*•~m•l'fJn::,*~m~•~~~xl'fJ~~~M~~~-ey~m~•• 
~~¥~o m.n:: 1"- .. :~- .. if+fn y+~jJ-,m~~®~fEffi~~l'fJCx~t1'JC0 UC0 

(X;fffiiM1'"~~fa})fUC0 U;fJ§"M1'"~~fa}) o 

ey ~q~~~:tmii£~1£~~~:n~~ .. ~Afn~ ili~~ r .~tt~/f'~¥~1'fJ~~ 
tt .. ey¥2tt .. eyAA!.iY!~tt .. ey~tt. ~.&~·mfnxR!~~ta~8n::/f'~l'fJ 0 ~~_t. ~ 

1'-ftmey~~~m,J§"WI'fJ·~~R~iliM~*•tt*·~•AmM~I'fJ¥~~ 
~ili~~~Jfl'fJ~~ .. ~Afntfjlfi~~.1fJ-!f~~l'fJ~®ta~~ft$ey~~Btf:t&JIU!l 
ili*oft~n::¥~1'fJ~•~•1£GM$~JFI'fJ~~~~r~*/f'~.~~•7* 
~~~~<~•~•)fiJ~~<~~~raJ~m)l'fJ~JJe~~Pft-o 

*~-R~1WW~-~I'fJ¥~ta~~tt1£M#.~rl'fJ~JJe,~~~&Mfn 
~iliMA.~1£¥~fn¥2lli!Jm!~~n::!~'iitfflfiJI'fJo ~l!tA<3.D~ffil'fJ~-IJ;f~¥ 

~ ~.~n-&~~&a:ttn::51A¥2lli!J$ 
u = Fx+v (3. 61) 

»"&:bDfiJ ~ Lo ~f=~(fjffiJ:F¥~ey~ffi:1') 

{
i = <A+BF)x+.Bv 

1 ~F: y = (C+DF)x+Dv (3• 62) 

RP't:Eb-1'"tlfl'fJ1;f!lf$1lQ:JG!Jl <A+ BF ,B, C+ DF ,D)**UEo ~ iliMAfn~~& 
Ml'fJ:t~~n::x-tfMI'fJo m.n::1~XlftA<3. 6D1J~*FHA:tt!!*ffi~iliMAI'fJ%Ao x-t~ 
M~ l'fJ K E R"xp, ~ffl1Ut1E~ iliMA l'fJ ~»"& ~ ~f=~ 7 -1'-tlf l'fJ ¥~ ~K, RP Eb 
(A+ KC,B+ KD,C,D)1;f!lf$1l9:7Gtfi~Jilt(fj¥~o 

rOOI'fJM1'"~~*~7~1'fJta~~tt1£~~&Mfn~iliMAr~*/f'~,~ 

m~M~~raio 
~JJ. 3.11 ~J!tEb1;f!lf$1lQ:JGtfi(A,B,C,D)~*UEI'fJ¥~ ~. lii]a;f~J!t-1'"~ 

~&i1!~~1;f!~ FERmxn o !i!tlEb1;f!~ll9:7Gtfi<A+BF,B,C+DF,D)~*UEI'fJ¥ 
~~FA~~r~ft: 

(1) ~F n::ey¥2(eyil\~) l'fJ¥~;~.§_fi(~ ~ n::ey¥2(eyil\)E) l'fJ¥~; 
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( 2) };F ()9# ~f!Uil }; I'J9ltl IPJ ; 
(3) };F I'J9~~~,g~~fll}; I'J9ltJIPj I 
C4) };F l'l9xm~t.\~~lll}; l'l9lll!P1, 
(5) };F ~Cli:~ti) PI~~ilHt.~Ji{)t~}; ~<li:~ti) PI~~ilHb 

( 6) "ffX (};F) = "ffX (};) lll yx (};F) = .'f'X (};) I 

(7) ~ • (};F) = ~ * (};) fll._N* (};F) = ..#* (};)I 
(8) "'i (};F) = "'i (};) fll 9i (};F) = 9i (};) o ... 

~~ J.u ~m--t-rumlr$11Y:JCm<A.n,c.o>JYr~~I'J9~)E~~ };,IPJflit~ 

ltt-1'--tfH1JAmlr$ KERnxp o .91U };K i'l9mlr$1!Y:JGmCA+KC,B+KD,C,D);(f 
~rl'l9ttmt: 

( 1) };K ~PI xw. (PI f.&llj!tl) ()9 ~ ~ ' ~ Ji {3t ~ }; ~PI xw. (PI f.&llj!tl) ()9 ~ ~ I 

( 2) };K I'J91jt ~ f}( fll }; I'J9 ffi IPj ; 
(3) };K I'J9~~~.~~~fll}; I'J9;fi:IIPJ; 
<4> };K l'l9xm~t.\~~lll}; l'l9ffi!PJ; 
(5) };K ~<ll:~;t:i) PI~~iiHt, ~Ji{)t~}; ~<ll:~;t:i) PI~~ilHt; 

( 6) "ffX (};K) = "ffX (};) lll .'f'X (};K) = .'f'X (};) j 

(7) ~* (};K) = ~* (};) fll._N* (};K) = ..#*(};)I 
( 8) "'i (};K ) = "'i (};) fll 9i (};K) = 9i (};) o 



4.1 ~ it 

~m••~~~~-~~~~m•~~--~~~•a~~--~~«~ 
l'iil:lm ~, --~1f ll!Uuxm~ -~~~, v.A.& PI ~~~tff&,N.ilUil~ ~it• ~ t15~lf 
••*m.~v.A~••R~att••~~~am~~~~~••· 

•M~•ffiatt••~~~tt~~~~re~m~•~~-~~·*~&~ 
(SCB) ,:)!~Eli Sannuti l!l Saberi (1987)[59

] ,Saberi l!l Sannuti (1990)[7oJfljffl Sil-
verman[71J~~~-~~~l:I:DfEI'J9". £f&,~{1!!.ffJZ.IW Schumacher(l980)[66J-tl!{~ 

l:tl-@~~'ilt#=I{P.{~~:W:. f&ffij~q~$1f(£r Sannuti lll Saberi ~Mt!lii~R.~.lHi-F& 

~JE.v.AWii£Htt••~~1f~~ .~lJrJwmm~~.~1f1f~~•*ti-&~ttmt~ 
Sannuti lll Saberi MtXW!.t~~N:;ffF~~YE~. ;i!@ftmi:~F~~~YE~~Eb 
Chen0998)[nJ~lf1~. ~7£:1!1!1J:it!1.~~~~--.Chen ~[3 ' 40J J.illffl-®~!UI! 

ID!C:«Il Jordan ~!1l!ID!, PJ!l~~~l1l!ID!, v.A.&~~~~~~~fa:J?t~c73J )~~-* 

~am-~•?t.Mmr~~£~~•~••~~ttM~~J!-£am~--r.*•~ 
lltW ~PTFOO~~*: 

( 1) ~'ilt~~~ Jordan l!l~ Jordan ~!1l!ID!, PJiJ...~J!~ 11:1 ¥it--~~~ 
~~; 

(2) ~11t~~~1~PJ!l~~?t~lll#c~11fi f:li!Jr1~!1l!ID!; 

<3) m~~.::::7Gm~trn:7Gm~~ffi~Htt~~~-•~~•*t-F&; 

<4) ~•tt~•--r~m•atra:J•alll•a~ra:J•azra:J~~~M. 

~@a1l!ID!lll~R*~&~att•a~M-H.-H~-~--J.illm•M• 
H.~1f~~~~tttl5~{~m~li1Hrm~!Ji!.. 

li'l.lf'f~-*~1f~Af*iiE~. ~~.@~~#PJ~OO Chen ~c3 ' 40J*7~£~~ 

~-tt·-~~?t~tt~.li'l.l~.w~•ml:tl~;ff;l!@.aM~?t~IA~-# 
~•mnrv.A~ Lin~c74]~"Htt*aiA~"~~f!J,1f~.@~ii#PTv.A:i~Htv.Ar 
fXXJM http:/ /uav. ece. nus. edu. sg/~bmchen(~ www.linearsystemskit. net):f,eJl 
r~. 

•mmmatt••~~•*t-F&,Jordan •m:ID!lllPit:l~tfiJ?t~~tt*~x 
W!.t~fltffl*ffHk:i.lf~*-lllf:li!JIJIOJ»! .• :«IlHft*a~~~~(squaring down)l!l~ 
f/1lC!Ji!.XWi.t[59]) ,Htt*a?t~<!Ji!.XW!.t[75]lll[76]), !ill.-~ R.i:lll~£ ~~ < !Ji!.XW!.t 
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[77]) ,~,¢,(~f1gJC.ft<.W.::t~[78]), lmBM~iiiii§~f9<~ <.W.::t~[79}-{81]) ,H2 

:ftttt£1M <.W.::t~[82}--{84]), D~~l!i& i~rf a<J -=ftttfuHili<.W.::t~cssJ) ~*:fl 
~At§~-*~ti<Jt£11itJ <.W.::t~[86]l!l[87]) o ~®IAllt-iE*~'Fim:fl* Hoo t£ 1M 
fiiJJ!'F~ilJt'*AJ.iizffl o 

4. 2 Jordan fll~ Jordan ~_mm:~ 

;$:-;l~ ;53 )E 'lit 1J ~ a<J Jordan tt 1fi. ~ ~ ~ Jordan ~l1B ~ 0 1:t )t :fl r iii a<J 
)EWo 

~JI 4.1 ~.£tt)E1ltm~ AE R"x" o {fi£--1'~~~#~~ TEC"x·~~~k, 

~~~· 
1.1AT = blkdiag{]J,J2,···,J.} 

;it 'F 1; ( i = 1 , 2 , • • • , k) :fik-® n; X n; a<J Jordan ~ , ~p 

]; ~ ['; .~ :: :;] 
I< 

~f&:fl A; E A.(A)(i = 1,2,···,k),~n; =no 
i=J 

(4.1) 

(4.2) 

J::~)El]!tf<J~*:!ik~JYT,fflj~a<J o 1$: Jordan tt1fi.~a<J Matlab ~Jl1J~PJ~~ 

ChenC88Jl!l Lin ~c74J 'F~ilJo rHffa<J)EJ]!PJ~ilJ~ Jordan ~lrB~o 

~JI 4. 2 ~m)E'Ifm~ A E R.x. oftiE--1'~~~#~~ P E R.x·~~~k, 
~~~ 

p-1AP = blkdiag{]HJ2,•••,J~t} (4. 3) 

Jt'F4ii:-t-~ Ii <i = 1. 2. ••• ,k) :flrnoa<Jm.J:t: ~ll* A; E A<A) :fik~JX.JJ!tl 

(4.4) 

(4. 5) 
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*~1t;t~):J~~Ir!fX1"(A,B)JYf~ffiB<J~tt~~(l<JPJ~~~7H8?f(controlla

bility structural decomposition, CSD), ilf ~ lVf ~IfF# :(E )C ftit .P ii!. .f$ 1t -:J.l 

Brunovsky AA'.ii1~(:~_!4!.)Cftit[34], ~.&*.:fHI~~)CtJ]Jlli[IJ) ;{§_~~?tf&l~~_t 
~ Luenberger T 1967 ~~J11.(J<j[90J, It 1970 ~B<J Brunovsky ~Ml:[91J..!f!-=:.~~~o 

Ellr~fll (A,B) B<JPJ~~~1f1i~*~ ,JYf~~ffJ!i;llf~PJ~~~?tffFHCSDH!E 

-61r~~AA'.ii1~o ~r*~;J-PJ~~Ir!fX1"<A,B)f11AJYfii;B<J~X11JJ~11J!Hl1H:~<hlock 
diagonal control canonical form, BDCCF) o CSD ~ BDCCF :(EJJ§"Mf-®~Ml:B<Jft 
.!if..P~*mtFm 0 ~#PI ~:tExifttC3JfllC 4oJ .Pft!IJ~Jii.J!®~lm:~ B<J~-f*jt:7*. 
ii!.PJ:(E)Ciftt[74]f!l[88]J:f:tft!IJ~ffJB<J~J'f~JI1.o 33:¥-M~~~AB<J A fll B :(EJJ§"OO ·. 
B<J-~H~~~~~mm~~mB<J~~.P~m~tFmo 

~;t-T-~)E~Ir!fX1B<JPI~~~*!Blfll~X11JJ~ffitJAAT.m:~.1frmtB<J)EJ.mo 
~Jm4.3(CSD) ~;f-T-~'Iit~lr!f~;j"(A,B),jtq:t AER"x",BER"x"',B tPl 

~0 1f:(E~~~#B<J~~fll~A~~ T. fll Ti,-fit!1~<A,·B): = (1';" 1AT., 1.1 BTJ 

~1frOOB<J~A = 

AoO 0 0 0 0 ... 0 

0 0 I•1-1 • ·•• 0 0 0 0 

* * * .... * * 1 0 
(4. 6) 

0 0 . 0 0 I• .. -1 0 ... 0 

* * * ... * * 0 ••• 1 

m 

jtq:t k; > O(i = 1,2, .. ·,m) ,Ao B<J~J!.(~no: = n- ~k; ,'J?;(J<)~U£{K~(A,B) B<J 
i-1 

=1'PJrl~~o ffif~Ji--ft <"C:= {no ,kit ... ,km} ~(A,B) B<JPI~ttmJ.to .. 
~Jm4.4(BDCCF)" ~_m)E1jt~jr!f~;j" (A,B),jtq:t A E RnX",B E Rn><m, 

(A,B) je~PJ~oDIUH=:t£-mJ.t k ~ m,-m IC 1'~Jik1 ,k2 , ... ,k", ~.&~~~#~ 

~ T. fll Ti ; -fit!1~ 
At o o ... o 

0 A 2 0 •·· 0 
1';1 AT.= 0 0 A3 ... 0 (4. 7) 

o o o ... A" 
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B, * * ... * * 
0 B2 * 

... 
* * 

T;'BT; ·= 0 0 BJ ... * * (4.8) 

0 0 0 B" * 
;Jtrp * ft~-®x5c~~t¥Jm~.A ~ B; ;:f'fFOOI¥Jt£fb!J~1111~Hi=1,2,···,"): 

0 1 0 Ci 0 
0 0 1 0 0 

A;= ' B;= (4. 9) 
0 0 0 1 0 

-aii - i ak,- 1 - j 
ak,-2 -a\ 1 

. . 
J!lE a1 ,a~,··· ,ai, ~-®~~tj:l;: .~~~ ~ k; = no ~fllffl\~_t A~ B 1¥J!$i~ 

i=l 

~ Jtt-/N:l'f.JiE9!1J~ttat~1t~tJf ~. , 't;iiJ ~~it~H;ffa] ~t1f-tl1 iii ~~~~at 
fa]~tJt.~m~lm:JG!.H.<A. ,B. ,C. ,D. HIE~~.!ilt1f~~~~faH~j\ 

~-: { ~(x) =A.x+B.u 

y=C.x+D.u 
(4. 10) 

:fmM!: ~.~it~ at fa] ~tJt, 9!U ~(x) =.i (t); :flnM!: ~. ~ ~~atfa] ~tJt, 9!U ~(x) = 

x<k+D o IJij~,xERn ,uER"'~ y E R"~~.1¥J:tR~,*UYA~~llio Xifrl!~at 

IBJ~tJf5HJIJft~ x(t) ,u(t) ~ y(t); :flnM!: z. ~7J~Oii:Hiffa]~t1f9!HHJIJ{~~ x(k), 

u(k)~ y(k)o ~~-:fN:tt,11?H~[B~ D~ ]~[C. D. JU~m~l¥1o ~.(i{Jf~ 

iii>Ei~m~nr~~:1-l 
H.(~)= C. (~I -A. )-1B. +D. (4.11) 

:fLU*~. ~it~H;ffaj~t1f,9!1J ~=s ~Laplace 1t~JFf;:fLUM!: ~- ~"lf6~Eitfa]~t1f, 

9!U ~=z ~z 1t~Jt:ro q&~~iJE19UftE~F~:1f1t~ U ~ V,f5e~~ 

UD. V = [1~ ~] 
Jtrp mo ~m~ D.l¥1~o ~~_tii]"~ U :19.iE3tm~,fiOOJI1fl!JfiH!-F.UIOtJl: · 

r· 0 (l;!Jit,~~-:PN:tt.~fiil?iii D. A~J:\<4. 12);(:1Jtlt¥Jmj\o j\(4.10)Eff~t¥J 



• 39 • 

j
~(x) = A.x+ [B .. o B.,,J[:J 

[Yo]= [C•,o]x+ [I"'o O][uo] 
y, C.,, 0 0 u, 

(4.13) 

jtq:t~~ B.,hB.,, ,C •. o ~C.,, A:fl~~B9!f£Ji. rOO~ ili:fl*~~*;t,j~ 

(special coordinate basis, SCB)~)EJ.I. 

~114. S(SCB) ~~A(4. 10)}!JfffiB9~tt~t!f ~. ,:ff{£ 

(2) ~~*#~~-m-ili~m-A~~ r.,ro ~ r; .M!~)E~t!f ~. {E~~*;t,j~ 
-r•:a::•~•ili:flm~~-•~M~. 

~~*:ltj~E!JrOOB9-m1iNttai£: 
X = r • .x t y = ToY t u = T;u 

~(x;;) = A;x;; + Bo.yo + L~yd + L;;.,yb 
~(x~) = A~x~ + B8.yo + L~yd + L~yb 
~(x~) = A~x~ + £t.yo + L!Jyd + L1Yb 

~(xb) = AbbXb + BobYo + LbdYdt Yb . Cbxb 

(4. 14) 

(4. 15) 

(4.16) 

(4. 17) 
(4. 18) 
(4.19) 

(4.20) 

~(Xc) = AccXc + BocYo + L~yb + LcdYd +Be (E;.x;; + E~x~ + E~x~ )+ BcUc 
(4. 21) 

Yo = Cacxc + CQ.x;; + C't.x~ + C't.x~ + Co.!xd + CobXb + Uo 

~4ij:1'- i= 1,2, •·· ,md ,:fl 
md 

(4.22) 

~(x;) =~;xi +L;oyo +L;dYd +B9; (u; +E;.x. +E;bXb +E;cXc + ~E;ixi) 
j=! 

(4. 23) 

(4.24) 
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md 

;Jt!:f~~ x;- ,x~ ,x;!"" ,xb,Xe ~Xd B-9£fUHHJIJ~n;- ,n~ ,n;!"" ,nb,ne ~nd_= ~q;, ffii X; 
i=l 

B-9£l~xif~1'- i = 1 ,2,··· ,md ~ qdt1ifi1JrP)jl: uo ,ud ~ ue B-9!t~?H.ltl~ mo ,md ~ 

me = m-mo -md; ffii~I±l rPJ:JI: Yo ,yd ~ Yb B-9£t~)t}}lj~ Po = mo ,pd = md ~ 

Pb = P- Po - Pd ;m~ Aq, ,Bqi ~ Cqi A:::frfiiDB-9IDJ:t: 

[0 Iq.~I J [OJ 
A . = . ' B . = ' c = [I 0 ... 0] 

.L "q, 0 0 q, 1 q, 
(4.25) 

ff!lii X;~!;,{ q;~qi+I1r.J:t11~J¥8-9(i=l ,2, ..• ,md) 0 m~ L;dJ{.:fl%'~IDJ:t 

Lid= [Li! L;2 ··· L;,H 0 ··· 0] (4. 26) 

L;dtt9fi:JJ5-H3!1J~o mill 
(1) :!£It*=~. ~Ji~!Jt!'Eij~~,Ji!tl 

.\(A;) c c-, .\(A~) c co, A<A~) c c+ (4. 27) 

(2) :tllt*= ~. ~~fiiatiSJ~~.Ji!tl 
.\(A;) c C0 , .\(A~) c C0 , A<A~) c 0~ (4. 28) 

Iii] at, <Ace ,Be)~ llJt18-9, (Abb ,Cb)~ llJ~B-9 o 4 
t;.{].!~~B-9IDJ:t-*1t~~W 4. 5 J:fm~ggjGm_ <A. ,B. ,C. ,D.) 8-9%'~~ 

f,j£:t£nr: 
A.= r;-1A. r. =A •.• + B • . oC. .o 

A;;;. 0 0 L;i,Cb 0 L~Cd 

0 Ao 
aa 0 L~bcb 0 L~Cd 

0 0 A~ Lt,Cb 0 L;!dCd 

0 0 0 Abb 0 LbdCd 

BeE;;. BeE~ BeEt. LcbCb Ace LcdCd 

BdE~ BdE:l. BdE;t BdEdb BdEdc Add 

Boa 
B8. 

+ Bt. 
Bob 

[CO. C8. ~ Cod Coe Cod] (4.29) 

Bac 

Bod 



Bo. 0 0 

m. o o 
- & 0 0 
B. = r-;1 B. T; = [B. ,o B •.• ]= (4. 30) 

Bob · o 0 

Boc 0 Be 

BOd Bd 0 

· C [Co. 06. Gt. Cob Coc Cod] 
c. = r-;1C. r. = [c: ::J= o o o o o cd <4. 3D 

o o o cb o o 

[
I"'o o 0] 

D. = r-;1
D.T; =D •.• = ~ ~ ~ (4. 32) 

m 4. 1 ~m 7~~ 4. sl'l9~?*~tj~~~m. :t£~1-m ~. ~~itr~:!k19f~ 
ffil'l9m%~-®~ilif~% y;. 1'19~f.t!ll-fr<i=o, 1 , .•• ,md) .;lt~~ltliW:!k~:fl.~J9f 

~ffil'l9m%~19f:«~~l'l9-®~tt.m-fr,w•~m~ltlft:!k19f~ffi1'19m%R~~ 

tl:i Yd 1'19-®~f£!1!-ft. ~!!$ Bo. ,L.b ,Lodf!l Eca:f1ftff.t.J.9t 4. 1 ~~)(.. :!lll:'= ~. ~ 
J!~IJij" fa)~~;!> ~;&ffi fg7j-ff; ~ll* ~ * ~ ~ 1tt!Jit fa)~ ~JJ!Ij ~ffif.§' JPJ {\Lft. =f o 

JA~?*~tj~~ilT ~:NJ!i!:lt!!.fi m rmUL.~ = 

0) ~:11: U; i~Li:J:q; 1-fg'ltff$<!itll§'rJi]{\Lft.T)~fli!J~tl:i Yn W X; ~~fll 

~®:t£ u; fll Yi 2:fBJI'l9fg7tff<!ltll§'rJiJmftJt:rH€1~~1'19~~. WJHAq, ,Bq, )fll 
<Aq, ,cq, )7j-~IJ*n1tili~fllilJXW.W~X>t. ~~f!ij x; IR.IatilJ~ilTXW.o 

(2) ~ili Yb fll~~ Xb .lf'~fffiiJ~AI'l91i:~~~ ,ff!.ilJiffBi~ili Yd fBJtt~ifi!J 

'E. ffiLI3.<Abb ,Cb)*JVtiliXW.W~X>t .~~f!ij~~ Xb ~ ilJXW.~~I'l9 0 

(3) :tR~ Xc Sf:tifgA Uc H~~ifilj ,fEJ.'fi:fl][~~~fffiiJ~ tl:i o WJl(A.., ,Be)* 

JVtilJ~X;J" .~~f!ij~~ Xc ~ ilJ~I'l9 o 

< 4) :tR~ x. IOC.If'fltfffiiJ$DiiA1i:~~f!i!J, -tl!..lf'1i:~~ntnJfffiiJttu ili. 
-rm~iliL~~?*~~~I'l9-®~~tt.J.9t.~®tt.J.9t:f1ffltr~~m*~~ 

~~. 

11J.l4. 1 ~~ ~. ~ilJX!\1.~~ <ilJt9:~0 1'19, ~13.{)(~ (Aobs ,Coo.)X>f~ ilJXW.WJg (~ 
t9:WO 1'19 , ;lt ~ 

[ 
A.. 0 J [Co• C0c] 

Aobs := BcEca A.., ' Cobs:= Eda Edc (4. 33) 
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(a) 

(b) 

(c) 

~ llo-o-y. tttll 
(d) 

(e) 

[A- 0 

0 l A.,~ ~- A~ 0 • Co.:= [CO.. CJ. ct.J 
0 A! 

(4.34) 

Eda:= [Ed;. El. E;t] •. Eca:= [E; Eo ca E;!;;] (4. 35) 

_ [A.. L.bcb] _ [Bo. Lad] 
A ·- , B ·-can. 0 A con. B L 

bb · Ob lxl 
(4. 36) 

(4. 37) 
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~Jlt~{P.{,~. JkPJ"r.l(PJlt)E)a9 • ~Ji{;l~(Aoon ,Ba,..)~PJ"r.l(PJ"lt)E)a9o 4 
:tmm 3 iJJ9fmma9.m<A. ,B • • c. ,D. )J9f~~~~~- a9/F1!:~.~PI~m 

~. a9 Smith~7!1~(Rosenbrock)a9~~m~*)E.)(,I!P 

['I -A. -B. J PI. (~) := c. D. (4. 38) 

)EJJ! 4. 5 HA:It!!.Jl~ 7 ~. a9/F1!:~.~~'M'~~. Af*:lt!!.iJt~~:ffrmia9 
tE.&L 

ttli 4. 2 

(1) H. ( ~) a91it~~~T mo + md o 

(2) ~. a9/F1!:~~~A .. a9t.¥W:U!,JkA;,A~ ~A~ a9t.¥W:iil.-% o lfflli!'ft)E 
.~~ ~. ~!VJ,:fHW:a9, ~Ji f;l~ A .. ..R:ff~)Ea9t.¥W:iil; ~llib::W-!VJ,:fHW:a9, ~Ji 

f;l~ A .. N::ff/F~)Et.¥W:U!,{E!~~:ff --'tllib,W.~)Ea9t.¥W:iil; ~~F!VJ,:fHW:a9, 

~1if:l~A .. ~~:ff--t/F~)Ea9t.¥W:mo .._ 
:h7 H~*-1'/F~~.~a9£Ji,~ x. ~~F~#~~m~.~~~ A .. tlt~~JIJ 

Jordan ~711~ (~)EJJ! 4. 1), I!P 
X~1A .. x. = J = blkdiag{]ltJ2t ... ,fA} (4. 39) 

jt!fr ]; ~-®n;Xn; a9 Jordan#Hi=1,2,· .. ,k),I!P 

· [0 In.-1 J ];=diag{a;,a;,•••,a;}+ 
0 

~ (4.40) 

MfffiiJ!'ft)Ea9 aE.l.(A .. ) .~ A .. :ff r., -1'~ a .ffl~a9 Jordan ~.n ... 1·,n.,,2, ... ,n ... r. ~ 

:fHilllJordan~a9£lf{o m!:tffFa~~. a9/F~~.~.A:ff£f{~~ S; (~. )(~.W. 
::t~[54]), I!P 

(4. 41) 

r• 

a a91LM£f{¥t~r .. ,ftJi£Ji~ 2::; n.,,; oi!ll!~mlljj ~. a9/F~~.~~'E11la9~~ 
i = l 

~~Morse a9/F~mf{~U .J1 (~. )C92J o 
)EJJ! 4. 5 t.j~~f,j£tf!PJ~Jlffi ~- a97GII!l~~~~()E.)( 3. 8) 0 

ttli 4. 3 ~. A:ff mo = rank(D.) -1' 0 !m"a97GI!ll~.~o~• a97GII!l~~~~ 
<!m"lX::k-T O):J;j 

s;, (~.) = {qltq2t .. '•Qmd} (4. 42) 
I!P4V:-t q; fflilll-T ~. a9 q; lm-xllll~~ot.¥JJU~m lfi a9~. M-T .lf'!~A.If'!tW lfi ~~ 
~ •• :ff s;, <~. ) = { qd • Jt!fr Q1 ~ ~. t!9$x>t!m-o 4 

·t.¥~*f.j£~~~m!lfi!'ft)E~~ ~. a9PJ~~~o:t£ 3. 51)~ 3. 6-;lB!itlfi 7 
iEAtl9~ti~~tiPJ:i2!~ti:PJ :12!a9)E.)(~~~ o :tfif!l #ffil£ r, ~ [B! D! ]~ 
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cc. D. Jlfil:kf'kat, :!Ln*:ff:tE-1-lfJJ!!mlr!foof{ L. c,), -M!1' 
L. (')H.(') =I,. (4. 43) 

!i!tl*~ ~. :gl(;~ffl"IW H. C')~li:itJ~IW ;:!Ln*:ff:(£-1-lfJJ!!mlr!foof{ R. (') .-M!1t 
H. (')R. (')=I, (4. 44) 

Ji!tl ~. :g~t H. C')~tiitJ~IW ;:!Ln*IOC~li:itJ~X~tiitJ~,JJ!tl ~. ~llJ~IW ;:!Ln*IOC 
/F~li:itJ~X/F~tiitJ~,Ji!tl ~. ~:ilHti¥J(degenerate). 

11mt 4. 4 ~~*~~1iitJ~IW' ~-§:{)(~ Xb(~Jit Yb)/Ffl:(£;~. ~li:llJ~ 

I¥J,~_§_-&~ Xc(~Jit Uc)/Ffl:(£;~. ~itJ~I¥J,~_§_-&~ Xb ~ Xc ~/Ffl:(£;~. ~ 

ill,{.ti¥J • ~_§_-&~ Xb ~ Xc ~ffi£o 4 
~~:U~.iEIW~~~f,j~itJffH~fq:il[~~*~ ~- 1¥1 Morse mf{~U .12 (~. )~ 

.13 (~.). 1g TliQ.~ .!2 (~. ) .~ Xc ~X; j}~j:~JFmlr!f,-M!1titJllXif<Acc, BcH&:1t 
~¥1JitJll~fq7tfHl<JJi!.~JJI! 4. 3), ep 

* * ... * * 

o o o L ~ 
'"c 

* * ... * * 

~~*~~#f{~·:g~tfi~ •• ~EitJ~ 
.fi (~.) = {ll ,l2 ,···,l,. } 

c 

J!m~<Acc ,Be) IWitJllmf{. ~{~1¥1 ,lf 

0 ... 0 

1 ••. 0 

0 

0 

0 

1 

(4.45) 

(4. 46) 

.1; (~.) = {p.pp.n"'•P.~>t,} (4. 47) 
~~ {,_,.1 ,,_,.2 , ... ,,_,."" }~llJll~<Arb .a>~WilTllttmf{. 

~:(£B~~11!~J!i&~l±l~~~f,j~fE~~:2:faJ7tf8lmtJL1-/FifiJIW$7t. $~ 

_t.~~:2:fa] 9rflt'lj-fijlj} 
9r= :r;EB :r~EB :r~EB :rbEB 9rcEB :rd C4. 48) 

3!£ :r;; ~~~IW/F1t~.~ffi!JC, epA;;; !Wf~U£00:~ ~. ~~~IW/F1t~.~. ~{rJ. 

~ .~~ ~ ?tJitl~ ~. ~-TrlffiW.~~~/F~~IK~IW/F1t~~ff!!JC. :13-:1JOO, 
9rb~1iitJ~t£;fH!JC,ep*~~1iitJ~~.~_§_-&~ 9th= {0}. ffii 9rc~li:itJ~t£;fH 
!JC, ep*~~li:itJ~IW, ~H-&~ :rc= {O}. ilE :rd~ ~.!Wx~z~~-~ffi!JC. · 

~~~f,j~~4}~/F1tJLMr:2:faJ:ff:(£ffi.:!L!JCJOC. :(£ 3. 7-;lB~~~I±lT~SJ/F 
iiJ~r:2:faJ 'f'X~~!ii.iiJllr:2:faJ gx~~:X.<JJi!.~:X. 3.1o ~~:X. 3.12). ~illiiJ~ 

£l£-tf;J&XifJ!®r:2:raJJ£figm?}. :!Ln*cx=c- uco ,JJ!tl~ i"-: ="P~ g-: = 
fr;:!Ln*cx=c+ ,Ji!U "ff+: ="fix~ g+: =9'x; :!Ln*cx=C0 U C0 , Ji!U i"0 : =i"x~ 



f/* :=Y"'o 

*f~*t,j~r!lit~9\::lt~?t:lti¥JJLfPJ~"~or 0 

ttmt 4. s ~o* ~. :l!ii~atrBJ *m, !J!U 
(1) 9L.EEl ~EEl fl"c~lt~ r(~.); 
(2) fl"~E£} fl"c*JOC 'f'+(~.); 

( 3) fl"; E£l ~ E£l fl"~ E£l fl"c *.J0C "'f* (~ • ) ; 

(4) fl"~E£} freE£} fl"d~*JOC :;r(~.); 

(5) fl";E£} ~E£} freE£} fl"d*JOC g+(~.); 

( 6) fl"c EEl frd *.IOC f/* o; * ) 0 

~o* ~. ~ii~atfBJ*m,!Jltl 
(1) fl";E£} ~E£} fl"c*JOC "11° (~.) J 

(2) fl"~E£} fl"c*JOC "'f®(~.); 

(3) :!r;E£} ~E£} fl"~E£} fl"c*JOC "'f* (~.); 

(4) fl"~E£} g[cE£l fl"d*JOC f/ 0 (~.); 

( 5) 9L. E£l ~ E£l fl"c E£l fl"d *JOC ffl® (~ • ) ; 

(6) freE£} fl"d*JOC f/* (~.) o 
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m Scheref20' 211 )EJl.I¥J-T~fa] 'f;, (~.) ~ 9l (~.) (9i!.)E)( 3. 13)tfli'iJ~f!Jfflt¥ 
~*~~••••m~orOOMW~~*f~*~~I¥Jtt~o 

ttmt 4. 6 

).1-A .. 0 0 0 

0 ybl 0 0 
~(~.):=I r. 0 0 In 0 

(4.49) 
c 

0 0 0 lnd 

lt"P 
Im{Y~>~} = Ker[Cb(Abb+KbCb-).l)-1 ] (4.50) 

Kb :JlA1fl!~~Jj:I¥J~:I~.nt§JEAbb+KbCb {£). ii1f*f{iE{ii¥J~:5Ro m~<Abb, 

Cb>:J!%~PJAAJ.I¥J,)~JFI¥J Kb .~d~:ff1£1¥Jo 

~(I.J, ~ 1+·[1" ~-]} (4. 51) 

lt"P~J* xa~ 1¥Jjtl:J! -roo-r~fBJI¥J~: 
{ ~. E en. I ().I -A .. >~. = o } (4.52) 
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X<),:= <Ax:+ BeFe- A.l)-1 Be (4. 53) 
Jt9=' Fe ~{EfiiJJ{.:fl~~£iJili9~~.t.11Vl!Acc+BeFe tEA. ii:flt~ti!:Uili9~~:~~L IPJ 
fF,(Acc,Be)Ji9PJ~f£-{¥Y£7 Fe Ji9ftt£. 4 

1M?& , :flit'= A. f!: A. <A .. ) , DIU :fl 
if;.(~.) c if"(~.)' ~ (~.) ::J :/"(~.) (4. 54) 

tt;f:¥JJ-T:2fa:J 11"(~. )ltl ::Jxq. )t£ if"(~'.)=::!"(~. )1. Ji9~5C.t~~1~Ji9,Jt9=' 

~'. Eb<A~ ,c.; ,B~ ,D~ )~ffi,mLI3. ~(~. )=ii<~: )1.. 

*~~lli-~Ji9~tt~~-*~t£~~ttlll~~~tt~~r~~~ttli9~ 
M ,1f:1~iHtt£~~tt<~~~f£)~~r .-~Ji9~f£1J;f:lf'~~~-:ii~B1fa:J <~it 
B;ffB]) *~li9:fl~l!l.JC~~t.(~~, ~.& PJ~·Ii~~~:flllfiiJ~M¥1J~itBtiBJ <it~ 

B;j"~)*~li9~~~~1i9.*~1i9~-~~~~-~:ii·~f£·~-~t£:ii.B1 
~~l!l~ttB1~~Z~Ji9m•.t£*~9=r.afi~~m~~tt~~lll~fili9~~ 

~M~f£1i9~***-~li9 Riccati 1JWJi9Mlll~itB11BJ R"'~ft!JfllJ:Im. 

~-~li9~*:S:Jf!lliJmt£)C~[93]9='. ~~f£l!l~~~f£~~t£Ji~~ft!Jl!l 

M%~B9='~~r~~m.~~~.~:ii•B1~~~ttB1~•~ft~li9W*m• 
t£ilf~IW®f~,-€Q.f.S~lHFJi~~ilifJ*~iiitl!lfx:~1J§f%5iH11!. f51Jit,~~~ffl9=' 

:fl~~~it~~W.§f.S~Aii9~~lll-~-f**H~A~~-~*:If'~~~l!l~~ 
tt~~c~x~[94]l!l[95]). ~tr~~tt~~~¥JJ r r~~m .m~x~9='*-T 
:ii~B1~*~1i9*•~~~tt~M~~~~-B1~*~*•~ttli9~oom~•~ 
••~·~:fl~l!l~~·~~~~.&PT~~tt.afi~m~~~:fl••t.(M~t£ 

~-*~ii#9='£~•~*m.~~••M~~tt~~rfi9•t.(~~:flD-TN:# 
**FJi¥~-*~·1tH~~Jm:flli9~~-f***~rli9:fl~~.JC~·t.(M~~M 
a9-~*~JC(~~)C~[96]~[97]). 

*~#f~oo•m~t£~~tt<~~~ft)~~r ,ep 

s=a(z . 1) ~ z=a+s 
z+I a-s 

-~Ji9:ii~B11BJ<~'IttB11BJ)~ftB1:1f'~*~li9~~~:tmfiiJ~M¥1J~BB11BJ<:ii~ 

B11BJ)*~Ii9, l!P:fl~l!l:X~~~~~, PJ~~~~.&JLM-T:21BJ. 

~~· ~~~~~~~~~~~ti 

~ ltt:ii~IJ;ffiij~fta;f:lf'~*~: 
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{
i = Ax+Bu 

~c: y=Cx+Du {4.55) 

lt!fl xERn,yER",uERm,A,B,CfltD ~~~!ifn'J9~~o ~~~1Jitt,@~ 

[C D]flt[BT DTJ:Jkf.Wf~Hf{Jo ~c Jl:fJffl':liPl§~ 

Gc(s) = C(sl- A)-1 B + D (4. 56) 
X>t..tOOB<Ji!~l#rau~Mtiiliffl~~tt~~.ii~J:\<4. 56)'flt'fJ s J'1 

s= ~(:+n=a(:+~) (4.57) 

lt!fl T=2/a :~!*f-FJi'iJMo .iE~llJ:\(4. 57)FJT~.~~tt~~1jtfltf*Jg Tustin jff 

f~[94] 'i10:lit~ 

a= tan(:IT/2) (4. 58) 

~~-fJ¥-lJHtrdiJ (pre-warped) Tustin ilif~, Jlta;fj!~a;fiBJ ~t!ffll~ftta;f IBJ ~t!ft'fJ~.$ 
~/.i)I~~.$~~~-~B{jo~f-F··~7-fttiJ;f~~tJf 

Gd(z) = t(a~+~l-Ar
1

B+D (4.59) 

rOO t'fJ 'i I J11!1Hi~ tfi 7 Gd < z) a<J ~~ 2: IBJ ~ JJe o ffif ~~It*= tf!~~fl :S:i& t'fJ <PI 
~ .JA!.)C~[ 9 5]) , Eb rYE IYl :li@ fiH~f!t;ffiX;f~!lul:, Elf!;,{ tf! §ffillt* 7 o 

siJI 4.1 ~~~tt~~(4. 57)r ,j\(4. 55)FJf~B{jj!~a;ffa]~t!f ~c ~ftt{t 
Foa<J Gd(z)t'fJ~~2:1BJ~J!A!Jg 

{
x(k+D =Ax(k)+Bu(k) 

~d: y(k) =Cx(k)+Du(k) 

l
~ = (al +A) (al - A)-1 

B = ffa Cal - A)-1 B 

C = ffaC(al -A)-1 

D = D + C(al - A)-1 B 

(4. 60) 

(4. 61) 

{
~ = (al +A) (al- A)-1 

B=B 
C = 2aC(al- A)-2 (

4. 62) 

D = D+CCal -A)-1B 

~mB~~~A~a~~:ff~~ffio 4 
r00t'fJ~Jll!}t.li:7 ~c fit ~d ~ftJ~ttZ.IBJt'fJlH1f.!l*~.~J!~1lt'fJ±~~.*o 
lEJI4. 6 ~~Eb llY5G!1l<A,B,C,D)FJf~HiEt'fJ~llJ:\(4. 55)FJf~t'fJit~a;fiBJ 
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. ~UJt: ~c ,A tEa ~ii:fit¥U£m:,t£Xlt~tt~fR(4. 57)r ,j\(4. 60) FJfffiB<J~~IJ;ffEiJ 
*tit ~d m :tt< 4. 6D B<J tm.JGmFJT~ffi 0 Jj!U:firmiB<Jtt~ = 

0 > ~d Ei<J PI~ CPT f1Ue > tt~ PI :@.?mH PI f.&1~!1J) tt : 
o. D <A , ih ~1:~ PI~< PI flUiD Ei<J , ~ .El:Ol. ~<A, B) x.t 1! PI~< PI UUiD Ei<J o 
o. 2) <A , C) ~>t 1! PI XW.?m~ <PI~ lY!O Ei<J , ~ J3:(5l ~ <A , C) .xt~ PI XW.lY!H PI ~ 

lY!iJ) Ei<J 0 

<2> ~l=~#;tt~,~ttl~~A~fR, J:..(Jk;tt~&~~~l:fH1!A rB<J·rt~: 
(2. 1) ~;f{ffiiJ~):EEI<J~I=~#;{;t~,~ttl~~A~fR T"' To~ T;. QY}Cgll 

(4.63) 

(4.64) 
tEXlt~tt~fR(4. 57)rB<J~:IJJ!:o 

(2. 2) ~;J"{f;f:~1,A+BF:(Ea ii:fit¥UEm:B<JFE Rmxn,}:E)(-1-~I=~#m!!* 

l\:= I+F<ai-A-BF)-1B 
I 

= [I- F(ai - A)-1 .B]-1 E RmXm 

F: = ffaF(ai-A-BF) - 1 E RmXn 

Jj!Ut£Xlt~tt~fR<4. snr, m 
<A+BF,B,C+DF,D) 

J9f ~ffi B<J it~ IJ>t fEiJ *tit ~cF fit ~M $; ei=J 

(4. 65) 

(4.66) 

(4. 67) 

<A+ .BF' ,Bfj ,C+ DF ,51\) <4. 68) 

FJT~ffi Ei<J~~IJ>tl'EiJ *tit ~dF o tl::f:~£ Ei<J ~cF 1! ei=J ~c ~:tt~& ~!tl~m!!* F FJT:m $; 

El<Jf;flYF*tlt, im ~dF ~ei=J ~d ;fll;tt~&~:Jt~m!!*F', J:..(Jk~I=~#~A~fR 1\ FJT:m$; 
Ei<J f;fl YF *tit o 

(2. 3) x.f{f~~1,A+KC:(Ea ii:fit¥U£m:B<JKE R"xP,j:E)(-1-~I=~#m!!* 

To:= [I+C<ai-A~Kc)-1 K]-1 E RPXP (4.69) 

K: = ffa<ai -A-KC)-1K 

Jj!Ut£Xlt~tt~!R:<4. snr, m 
(A+ KC,B+ KD,C,D) 

FJT~ffi Ei<J :it~IJ>t l'EiJ * ~ ~cK flt~M $; ei=J 

(4. 70) 

(4. 71) 

<A+ Rc ,.B + Ri5, f;;-1C, ~~D) (4. 72) 

FJf~ffiB<J.BIJ>t~*tltLott:f:~!I!Ei<J~~ei=J~~~ttl~A~~m!!*KFJT:m 

$;Ei<JfflYF*~· im ~dKH::ei=J ~d ~~lli~A~~m!!* R, I:..(Jk~l=~#~ ttl~~ To J9f 



~ .!Vta9 M ~ lUfc. 
(3) ~d A911J~11~!S~~~mfl7tJ -'2~ -'a: 

(3.1) .f2(~d)=.f2(~c)~ .fa(~d)=.fa(~c)o 
(3. 2) ~d ~tc<ti)11J~A9 .. ¥HI:Ot~ ~c ~tc<ti)iiJ~A9. 
(3. 3) ~d ~iiJ~<iiHt)(I9,~..EI:Ot~ ~c ~iiJ~<iJ!-ft)A9. 

(4) ~d A9~~~.~~ffimta9!S~IiffiiDM$7Hft.!Vt: 
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(4. D ~ ~c tl9x!Stt~,~!S~Cf.li-T o IIJJ-) 1'1 s;,<~c) = {q1 .q2 , ••• ,qmd} .9ltlz = 
-1 ~ ~d A9:fl~~~~~.~:#-A:fl s~~ <~c) = { q1 ,q2, ••• ,qmd } zmfl!S~. 

(4. 2) ~ s =a =I= a ~~c (19-1-~~~,g:#-Jt.:fl s.· <~c) = {n •. ! ,n •. 2 , ••• , 

n •. r.} zmfl!S~.!i!tl z = {3= <a+a)/(a-a) ~~~IJtfEij*tlf~d (19-1-~~~~ 

:#-A:fl s; <~d)= {n •. ttn •. 2····,n •.•• }Z.m:~!Sf1J. 

(5) ~d A9x~~.~!S~ffi"FIIDM$7Hll.!Vt: 
(5.1) ~mo=rank(D),md ~~c A9iWi-T 0 !lfl-A9x~~~.~-fl. lliJBt~ r. ~ 

Ic {E s=a A9~~~.~(19JLfilfmfl. !i!tl:fl rank(.D)=mo+md-r •• 
(5. 2) ~ s=a ~~c A9-1-~~~~13.A:fl s.· <~c> = {n •. l .-na.2 , ••• ,n •. , }Z . 

it fA!!~. !i!tl ~d :fl-1-x~~.~<~T- o IIJJ-)!S~ s;, <~d) = {n •. l .n •. 2, ••• ,n •.•• }. 

(6) JL1PJ-T:2:fBJA9~M1'1: 
(6,1) "ff+(~c)=9'0 (~d)o 

(6.2) y+c~c)="f/0 (~d). 4 
~ffl:fl~.rfM1-:fl@A9XW.~. j:jl-1-~*T- ~d A9iifJ\ffiflL~~~iifJ\ffiflL11 

1W:A9, iffljjl=1-9ltl~iE*f-fPilWJ T ~-r~at<~~ffta9 a-=)~d A9Wfllittmt. 
~- 4.1 ~m-~A9:it~BtfBJ*tlf ~c ~{E~~f.£~~<4. 57)ra9~~Bt 

fBJ*tlf~d.!i!tl~ti~JJI! 4. 6 (i9(4)iiJ1i 
0) ~d A9~~~.~~{Elf!flLIMJpg, ~..13.-{)t~ ~c A9EFf:fl~~~.~m:fEjfie-*.lfiii·* ..EI.ii:fliWi-r o !lfl-A9x~~~. 
(2) ~d {E-'f!{)LIMJ_t:fl~~~~.~J3.{)t~ ~c :fE.dHdJ_L:fl~~~'~'~ / ~~c 

~Y.:fl-1-iWir o Wr-A9x~~~. 
(3) Id {Elf!{)LIMJj~:fl~~~.~. ~..13.-{)t~ Ic {Ejfti-*1f-mi:fl~~~~. 4 
~- 4. 2 ~m-~A9:it~BtfBJ*tlf ~c ~{1:~~11~~(4. 57)ra9~~Bt 

fBJ*tlf ~d. ~1'J~JJI! 4. 6 A9!!51Lid iE*f-fPilWJ T ~r~Bt<f!:!~~r~)Jt:fl 

r m A9 Wfllitt.!m: : 
0) Id ii:fliWir o Wt-A9xm~.~. l!PbUtliA¥1J~tliii:flllfilL 
(2) ~n=': ~c :flff~A9iWi-T o IIJJ-A9xm~.~ ,Ji!tl Id iE z =-1 :fl~~mfl!S~ 

(19~~~~. 

(3) ~n* Id H5:fl:itft!!.~~~~.!i!tl~rli],g z = 1.1!1'1:fl@(i9~ ~d ~ ~c A9l! 
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)E~~~M:nlx;fJJiii'm~~~t.C~dH~)Et'm ,Jf HJAif!Ul:ml I*J~:iliM z = l.:nl&l'm, 
~d l'm:nll!ii-T ~c l'm~~)E~~~M-~,~~~)Et'm ,Jt.JA-'¥!Ul:mi5'Hi:iliM z = l.:ilJa' 
~c iEKIU!IL.tt'm~~~.~.~,~tt~M¥1Jif!Ul:mJI.Jf~Jfil.~ z = 1. 4 

~~2 -~M~~~~M~~~M 

*11'f-lgatJHu 4. 5.11lffi{P..ll'm~*·MFJf:ltl:fii'J<J~EI:11~~a;ffa.JlUfE¥1Jit~a;f 
fa.J *~l'm~~~tt~~. ~{111A~~a;ffa.J *~ id 7fMt, 't:l'mttti:i!~ 

- {x(k + 1) = Ax(k) + Bu(k) 
~d: y(k) = Cx(k)+Du(k) (4. 73) 

;Jt'f-1 xE R" ,yE R' ,uE Rm ,..;.L.B,c ~ l5 ~A:fl:i!~!IJXI'mn!Jt$. ~~-A2:tt. 
iNia:Cc f5J~c.BT f5TJw~mfktm. id :fl-wilBiSiJX 

Hd (z) = C(zl -:- A)-1 B + f5 ( 4. 7 4) 

ffil!ii-TA;C4. 57)t'm~~~tt~~tt~!EA;C4. 74)'f:rt'm z t1~~ 

z=a+s (4.75) 
a-s 

JA mH~¥JrFootm it~arfa.J *~ = 

Hc(s) =C(a.+sl-A)-
1
B+D (4.76) a7s 

ritil'msiJl~siJl4.1 ~{P..(,galliT Hc(s)t'm~~~fa.J~m'.. 

slm 4. 2 A;c4. 73)Flf~tm~~arfa.J*~id tE~~~tt~~c4. 7s)rFJr~~ 
¥JJ t'mit~a;ffaj *~ He (s) t'm~~~fa]~m'.~ 

- {i=Ax+Bu 
~c: y 'Cx+Du 

j
A = aCA+D-1 CA-D 

B = ffaCA+D-1B 
c = ffacc.A + n-1 

D = f5-cc.A+n-1.B 

{

A= ~c.A+n-1 c.A-n 
B=B 
c = zaec.A + n-z 
D = l5-cc.A + n-1.8 

~£H~1Nia:Tn!Jt$AtE-l&:fl~~m. 
"Fitit'm)EJl~)EJl4. 6 X;ff$. 

(4. 77) 

(4. 78) 

(4.79) 
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~!14.' ~miEirn:7Cffl.cA,.B.c,D)Wf~m:a9~nj.\(4. 73).P.JT~a9~'1ttatriil*~ 
tt.Jtrf:tn!~A :t£-1 ~N:1f~m:m. :t£:12!~~tt~~<4. 7s)r.P.JT~¥JJ~j.\<4. 77) 
.P.Jf~(J9:l!~Btfiil*~tc IEj.\(4. 78)(!9[1]jCffl_(A,B,C,D)f.)flU~. Ji!tl:fl~rtt~: 

<D ic 139PJrtCPJUU1D ~PJXW.~KPJ~~O 11:: 
o. D <A,B) ~if~PJrt<PJUUiD ~, ~ll~~<A,B) ~PJrt<PJUUiD ~. 

o. 2) <A.o ~-t~PJXW.~tl<PI~~n ~.~ll~~cA.c) ~PJXW.?jm<PI~~)· 139. 
(2) ~F~#;tR~~4tutl:l~4tuA~~. ~lit~~lii1!~4tutl:l11!A ra9tt~: 
(2. D ~iffffiiJ~F~#;tR~~ttY tl:l~4tA~~ T .. To~ T;, lrn:7Cffl. 

(4. 80) 

- 1- -1 - -1- -1 -CT. AT.,T. BT;.To CT,,To DT;) (4. 81) 

:t£:~mx:x.~tt~~c4. 7s)r~t¥JJH9:l!~atriil*~· 

<2. :h ~ff~a9 FE R,.x, ,Jtrp A+ BF :t£-1 N::«~m:{il.~)( -1'-~F~Jf 
n!~ 

F: = ffaFU+A+BF)-1 E JRmX• 

Ji!tl:t£:12!X:X.~tt~~<4. 7srF, IE 
<A+ .BF' ,.B ,c + i5F ,i5) 

.P.Jf~~a9~'1ttBt~*~i~~~M~IE 

(4.82) 

(4. 83) 

(4.84) 

(A+ BF ,BT; ,C+ DF ,DT;) (4. 85) 
J9f~~a9:i!~Btfiil*~icF. tt~ idF~IE id ~;tR~Iii1!~.2n!~ F .P.Jf%~139M 
1-F*~· iffl idF~IE id ~~~li1Yt~.2n!~ F, ~lit~F~#;tR~~A~~ T; .P.Jf% 
~139MI-F*~· 

C2. 3) ~ifff~MHtA:+Rc :t£-1 N::fl~m:m~ KER•x~>,~)(-1'-~F~Jf 

n!~ 
To:= [I-CU+A+KC)-1R]-1 E R,x, (4.86) 

K: = ffa<I+A+KC)-1K 
mu:t£:~mx:x.~tt~~<4. 7s)r. IE 

<A+ Rc ,.B + Ri5 ,C,i5) 
.P.Jf~~a9~'1ttBt~*~i~~~M~IE 

(4. 87) 

(4.88) 

CA + KC ,B + KD, T';;1C, T;;1 D) (4. 89) 
J9f~~a9:l!~Btfiil*~ icK .ttit i~ ·~IE id ln~ tl:li1!A:It~n!~ R Wf%mta9M 
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Jf*~' ffii icK ~Eb ic lll~:±it1!A:It~~~ K, ~.&~~~jffl!trtfBt~ To FJT%1Vt~ 
fflJf*~o 

(3) ic ~liJJ2!f:l:l!l~#J~~ffi~7'U .f2lll.f3: 
( 3. 1) .f2 Cic) = .f2 Cid) lll .f3 \ic) = .f3 (i:d) o 
(3. 2) ic Jikti:(:;ti)liJ:J2!~,~.§.{:l~ id ~ti:(:;ti)liJ:J2!~o 
C3. 3) ~c ~liJ:i2!<i!Ht)~, ~.§.&~ id ~liJ:l2!Ci!Ht)~. 
(4) ic ~~~~.¢.(l!lffiJ.ili~~#Jrt!rmiWHl157H!=I.mt: 
<4. D ~ id ~xm~.¢.(~#J<j';1fj-T oM->~ s;, <id) = {q19q2 , ••• ,qmd} o !IIU s= 

a ~ic ~---r~~~tHtA:ff s: <ic)= {qi ,q2 ,···,qmd }Z.m:~~#J. 
(4.2) ~z=a::;t:-l~id ~---r~~~KHtA:ff S; Ci:d) = {n.,Pna,2•"'• 

n •.•• }Zm:~~#Jo !IIU s=,B=a(a-DI<a+D~xtmzii~MI'a:J*~ic ~---r~~ 
~ .?.HtA:ff s; <ic) = { n •. 1 , n •. 2 , ... , n •.•• } zm:~~#J. 

<5> ic ~xm~.¢.(~#Jrt!riii~$7Hil.mt: 
(5.1) ~mo=rank(D),md :J!id ~j';1fj-T 0 M-~7C~ll~.¢.(~.f~,~.r-I:J!id {£ 

z=-1 ~~~.¢.(~JLfiiJm:~,!J!UiiJ~' rank(D)=mo+md-T-I o 
(5.2) ~z=..:_l:J!id ~---r~~~.¢.(.§.J{.:fl s~l<id) ={n-l.l•n-1.2•'"• 

n-1,._1 }Z.m:~~#J,Jtxtmz~Ji~Rtl'a:J*~ic !IIU:fl---rx~il~.¢.(<~-T oM->~ 
~S;,(ic) = {n-I,J•n-J,2•''',n-I.r_1 }. 

<6) JLfiiJT-:21a:J~~M: 
(6.1) i"0 (i:d)=J>+(ic)o . 
(6. 2) 9'0 (i:d)=i"+(ic)o 



5.1 ~ it 

*il89.±~ § 89£@.11@! Hoot£~MfiiJ.Iml~UitEJ~fill/m~;Yc89-.®~*Jli~:fn~ 
*, :tln Hoot£tlHiiJ lm~ 89 :ff{E ~ftt:~ o * -~ lt :1: 1t-m J9iiW 89 m'. 711 1tln-1&1t 
~t£~filllmiE*m~89~~~~-.®#~89•$t£~fill.lmo~~~-~~
~.~l7111t89 Hoo t£tlJfiiJ.Im < ~PJ9fiW89 regular case) e ~rtf Doyle, Glover, Khar
gonekar fn Francis ( DGKF) {E fi!!. ff] ~ ~ 89 )C :i1t r:f:tC 14J l~ ¥1Jffli'H~, ~ ~IJ ~!I ili 89£ 
Tadmor JL-lfiPJ~-tl!{E)C~[24] r:f:tlfi~lffi!b~t.k: T ~1'fil]Jm, ~~ Zhou ~[zsJ J9i 
~89_:f;-ti!£~::tfiiiixfH~89-*M~~_:f;o ~ ~£-!2:89 Hoot£t1Jfill.Jm, ~PJ9fiW89 
-~1tfil]Jl!(singular case), X;f~{Ebfl~~N:~~1!:~ ~ 89~-a;ffa] -~. Stoor
vogel :fn Trentelmanc9sJ ,Stoorvogel[zzJ~l:fj Tfill.Jm~89:ff{E~ftt:, ~~·~{Em~ 
~~~1!:~ ~,Scherer 9!tl{E)C~[l9 }-.-[21] 9=t ~ ili T l'ilJN!~:ff{E 89 Jt:?t&'~~ 
ftl:o ;jc~~~~fBJ.~89 Hoot£tfjfil)Jm,:fiJEli89~*{E)C~[22]fU[23]J:f:tB:flftl 
mo~.®~*~£*_:f;miiif:il~89~~0 

OOJ:f:t P(s)£1Jtt£xt~.K(s)~f.jiiit89t£t1JH,y ~~~11J!PH:fj ,u £t£t1JH89ti!Y ili 
ffi%o ~~~¥-f-f!P~~.t£t1JH K(s)PJ~~~~IPJ89 §fij-*i1Hiliito :tlu*~ 
matt~.--~~-~~~Am%r~·iliffi%yZ~89~~e~PI~~;~* 
£1tPt~Jtt~xt•~89~Jlli!J • .mu~~iiitrlt~J:n K<s)~mt£iliiJm%tt~ dM ~~Hi 
ffi%ift~ dy ~·~89~Pjuj~PJ~'J,,f.E!£~Mf!Pift~£~~1PJ89.'<~:i!A.~.li 
iE:X$~ffi'l£r, 'Efi1W:fl~[lij89~~?t;(fi, -~~f!Xliiit-1'1£*'1:H K<s) IPJ~ 
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~~-{JiW~~;f¥~89~11Jiilt-JS:i:;J\;:!£nJJ!Jl:-l-$~~filJ»!,9!'1~*'1ff K(s)~~~~~;f~ 

P<s)1£-~89tll9111!1E ~tl){lU~fflJiF¥~89 ~~~. ffif~ -~~R~¥mm~tt 

. fru89~>1t;fl:J~m o El:ult"iiJ .W..~*'Jff K<s) 8919:tt11~t1H~~flil89~*'J~>1t*l£ 
~i o 1J~.Z.lri2:lfltJfru1tJIJ-#JJ1!*m-i£~i~ft!J:H8919:ttiiJB? ~~00 5. 1 89M 
~.ftf11~ffi%?tmt 4 ~:-~fl:l>H'~'$i£A89.:tm r,d,. f!ldy.~!E§ffl"iiJ.lY!~:I:JIJ 

89~~1tJ~~:I:¥1J89 ;~=~!k"iiJl9!tl:I:¥1J89 .~11 y,r ~ u ;~.:::~/k~ft!J:H89~A~ 

~tfH~%.~11 r ~ y ;~~~Wtfl:Nfi~89ttfru:i::l:.~11 e,:~:t~m~89f£H~o ~11Jf!1E 

w 

u E 

I I I E~, I 

h 

y 

~lrn~ffi%89~¥.ffl00 5. 289fli~*i!fi~¥.9!tl 

~~71~¥~fli~,1£~~k~~~~tt?t~:i: 
~0 m 5. 2 Jfl ~ !ki ~x-t~;~anpfl:~~tt89~ft!J 
ffW(;~~~:H;w ~5'~*89ffi%, *~~t.fl5lr !ktt 
l9J 1h fl:tttru:i::l:. ft*.~-t~*'J¥mttfm89~>Jt. Nr 

oo s. 2 r )(.~m~tij ~ m~~~~~ te ; Y 1l: "iii iJ!tl :1: i!J 89 # il!k~~~:H 
89~Affi%;u Jl:~~~ff_Fg:_89~iliffi%,fl:.ffl1£j 

~x-t~knt, fru$~f.£fru:i::it h ~ir~tt~>lto !~H~~8900 5. 1 fli~;f(J tt~. 00 
5. 2 M~£-M1t#-ltJ~1E~flil89~i.tfiiJI!~A¥1Jm-89~~rl11:fi o ~~Jl:i£ 
fiHfl~~*'J~Jl:-Ttt1tll*'1 ,tl)"iiJ~~~JIJOO 5. 2 89M~r*i!fi o Nf~..R~ftx;f 
1~¥mM~~~ili~~:H89~ttJJ1!.~1tJ~~W~flil89~~fiiJI!o~~Jl:j 

~¥~M~89tt.~.mfl:-I-$~*'JW~893::~~~0 
.ffl:tt~JJli*~~j ~¥~ft1i~Jl: ttt3(1fff89, I!P 

{

8(x) = Ax +Bu.+ Ew 
· ~: y = Crx+Duu+Dlw 

h = ~x+D2u+D22W. 

(5.1) 

~11* ~J!it~nt18J¥m • .mu 8Cx)=iCt) ;~11*~ J!~~ntiBJ¥m • .mu8cx)=xCk+Do 
it~xERn,~*'J~A uERm .5'~'$t)tl9J~AwERq .~~J!:~ili yER" .~ 89~~
ili hER1 

0 :!111Jf! ~ Jl:it~llt1BJ¥m. 't:ffl~?t§JIHt*- x(t) ,u(t), w(t).y(t) ~ 

h(t) ;~11Jf! ~ ~~~HtfBl¥m.~?t§Jtlft*. x(k) ,u(k), w(k) ,y(k)ft! h(k) o ~*'J 
ff~~~~ff89:tt~1fN"iiJ *-ffi~ 

~anp: {8(v) = Aanpv+Banpy (5. 2) 
u = Canpv+ Danpy . 

;ltq:t v ~~~~ff89:tt~.Aanp,Banp,Canp~ Danpti)~fl~~i.t89~~~ff~~~~o 

~~~ff891m"?X~Jl: "iii ~H!5t~i.t89, im'iitlr ~lm-<~1 ~~1~89 lm-?X-f-0 ~~lm" 
.<-~1~x-!~89!m-?X)~j~x-J"~-~lfit·~•aiW#Ml5lo~1fff~m•~ 
~~~<JI.ffl,ftffl.ffl .S. ~ ~ ?t§Jtl~~EE~~ll95Gffi.<A,B,G.! ,D2)~(A,E,Ci .D1) 
~.mt89r¥mo 
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~gc-Mfl ,JNii~~~;f(A,B) 1! 1lJjj'i)Ef19 < stabilizable) lll CA, C1 )J! ilJ~imtl 
~(detectable). fl'iJ.f.F-tl!ilJ~JN~) )(*~ ~ fl9 D11 =0. ~It'= D11 #O,Jj!tlilJ)E)( 
-1-!ff~imtl:l:~ ili 

Yrew = y-Duu = C1x+D1w (5. 3) 

u = K(s)yrrw (5. 4) 

•1lfm~Wti9~~W*~-~fflD*~iliyfi9&M: 
u . [I+ K(s)D11 ] - 1 K(s)y (5. 5) 

t&t£*~!5~-~J:f1 .~~~%'JJtliJlf!ij ,-Mff!i~) )(*~ ~ ~ Du1J o. 
fail!i:tmiJLH., ~fb!JfiiJR2i8JtJ!t£00 5. 2 ~MJ~, ~it-1-~iM-H- ~anp .~~~ 

o )EI:J I )(~if~~ lll ~anpJYi}~ ~~ ffl Ji\ *~1! ~~)if tJ9, :i!J!~fb!UU!t ~ :ll~ 
*~*; 

(2)~!Jt;1J w ¥!J:tlt~~ili h ~-f{J!i?i§~~ H., 7i!~niiUEB!Jf6~)Efi9~>Jt. 

~T~~)E~~>J(<D .7~~.;rt(5. l)lJlit<5. 2) J:f1~ y lll u, ilJ~~fflJi\*~~ 

~1Jfi~*~~~J;J 

~~fb!Jfl., li!PEJT1Wfl9~imtlfl~~fb!Jfl.. ~1! Ett M1-~ ~~~~lt~ f19;1J~~fb!Jfl.. 
-1-1!~~~~~~ F ,J1-1-J!~imtlfl~~~~ L, W~fb!JH~~:rtl! 

{
v = <A+BF+LC)v-Ly 

~anp: F u = v 
(5. 7) 

li!PAanp=A+BF+LCI ,Banp=-L,Canp=F,Danp=O. fE:i!®~~ftA.itC5. 6) 
ilJ~~ 

A = [ A BF J 
e -LC~ A+BF+LCI 

(5. 8) 

~.$ii£JYj Ae lll~W~~~tiH!i-{: 

[
A+BF BF J (5• 9) 

0 A+LC1 

1lJ.!h!.~~Plj~¥~Jl;J~)£,_R~A+BF ll!A+LC1 J!~)£~~~~1lJ~7 o tEE 
oofl9 .H.,~fb!J-H-~itJ:f1 ·*m~~l!~imtl-H-~~fb!Jfl.,EJT~Jl;J~)£fiiJR2i~l!~J2t~ 
~~~M1-~.tt~~ F lll L o 

~T Hoo 7i11t~~>J(, 1tJf6~_$ff£~~ w ¥1Jh ~pfjJi'f{J!i?i§fi~~J;J 
(5. 10) 
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(5.11) 

C.:= [~ + DzDanpCI DzCanp] , D.:= DzDanpDI + D22 (5.12) 
/F~tl:~¥IJ .~n* 4anp~-1-.*~1Vl*~&i1J!t£1Mff, RP u=Fx,»~.Z,.b\ w ¥IJ h (!{]ffl 

lff~J! Pi9J!de~ J-J 
T~~w(') = (C2 +D2 F)('I -A-BF)-1E+D22 (5.13) 

~0* 4anp~-1-~~~1~.~,Jiij)!t£$1Jff, RP u=F1x+ Fzw,jj~.Z,.b\ w ¥Jj h (i{]ffllf 
~J! Bi§J!Ol~:~PJ ~~ J-1 

T~~w(') =(~+~F)(~-A-BF)-1 CE+ BFz) + (~z + DzF2 ) (5. 14) 
J-JT~~fiOO(!{]·~·~z-.a~~~~~A-tffi~(!{J~~. 
:it:>£. s. 1 ( r l~tt~ltiJH) ~.l!tJ:\;<5. D J9f~(!{J~~ 4 ~J:\;<5. 2) J9f~ (!{]t£$1J 

ff 4anp. ~n*ffl4anp*t£$1J 4 at .J9f~-i¥IJ(!{Jffilf.*~<5. 10):J!I*J~~(!{J, ~lft't:(!{J 
H=tiU~uJ\r y,9!Ul* 4anp:J! 4 (1{]-1- H= r ?X!tt£$1Jff~!Wif* r ?X!tt£$1Jff. 4 

:it:>£. S. 2( ilJJvQi y* ) ~J!tj:\;(5. 1) }9f~(i{J*~ 4 ~j:\;(5. 2) }9f~ (i{]t£$tjff 
4anp. :(£}9f:fljif ~ I*Jil~ 4 (!{] 4anp lfl J9f~-i¥1J (!{] fflJf~~ T 11w (4 X4anp), a111f*Jt 
H=ffl:f{:ilfJ\(!{J{il[JgfJVNl<infimum)~ r· , RP 

r·: = inf{ II T~~wC4X4anp) II= l4anp PJI*Jil~4} (5.15) 
~~H~-~.r· ~o. ~_t~xtiHtt~~a-t .afn:ffa-t-tl!~ r· :l! 4 (!{Jf11;J\Ull. 4 

:it:>£. s. 3( Hcoll:tt~lttJH) ~J!tj:\;(5. 1) J9f~ (!{]*~ 4 ~J:\;(5. 2) J9f~(!{]t£ 
$1Jff 4anp. ~n*ffl4anp*t£$1J 4 a-t ,J9f~-i¥IJ(!{]ffllf.*~<5. 10)~I*J~~(!{J, ~a-t't: 
(!{] Hoo (!{Jffl:f{~r r* , 9!Ufil\ 4anp:J! 4 (1{]-1- H oo :ltH:Jtt£$1Jff. 4 

:it:>£. s. 4( :i:m.~&tl~lttJ) ~ mJ:t<5. 1) J9fffi(!{J*~ 4. ~n*~~(!{Jij!HI 

liitrtliJ-J 

y = [:J. RP C1 = [~]. D1 = [~] (5. 16) 

Mf*Jtffi~~(i{]~t£•~mJ-J~ma&i1J!~•~•.-m.•~~-*~J-J~ma& 

i1J!*~· 4 
:it:>£. S. S(~~&tl~lttJ) ~ J!tJ:\;(5. 1) J9fffi(!{J*~ 4. ~O*.*~(!{Jij!Hiliitr 

iliJ-1 y=x, RP C1 =I~ D1 =o,mU~Jtffi~~(!{J Hoot£$1JiilJmJ-J~~&i1J!~$1J~ 
m.-m.f*~~*~J-J~~&ij}!*~· 4 

:it:>£. s. 6(M.\!1BitfDJI!) ~l!tJ:t<5. DJ9f~(!{J*~ 4. ~11* 4 lAJE~n~~flf, 
,!i!Ufil\Jtl9fX>j")jiz(i{J Hoo ~$1J~BJ-JJ9fi;(!{Jm,m;ftlilJm<regular case) • 

. o) ;fi- 4 :J!J!~a-tfBJ *~, 9!U!IZ,ffl7A JE: 
. o. D Dz :J!7U7Aa ,4p :f£11Hib_t &:ff/F1t~l;{; 
o. 2> ol :l!~T7Aa.4Q :t£t1Uro_t&:ff:iF1t~tL 



:!lo* l: :J!~~lit1J!¥~.9lU.Riffli'A_lE~{lf:O. 1). 
C2) ~ l: ~~Atflitfa]¥~.9IU&,@ffiW_lE: 
< 2. D l:p ~tr:Jtf :i2!# :(flti mi~L.t ~1i :;;p~~ ,g ; 
C2. 2) l:Q ~~Jtf:i2!#t£1tim!ML.t~1i~~~-g. 
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~*FIW ,:!£0* l: ~~~li~¥~.9IU.R~7fW_lE~{lf:C2. 1). 
!!GffJtfl.~fflij,lEk.{.l:~{lf:IW¥~:1gAA'.m:1t¥~CRPWfiWB':1 regular system). ~ 

~~mWB':J:J!,~-flit~-~B':J~#~·At~~-~B':J~#tE~~tt~-~~-
-X>fmiB':J 0 • 

~)t s. 7(-IHt-f.tiCJ~) ;;tj.ffi~<5.DJ9fffilW¥~ l:. :!ln* l: ~m,IE~)(. 5. 6 
~'ftff- ~flf:, Ji!U f* ~ Wf x;f mL lW H= t£ it'J l'nJ 1m jg-M 1t l'nJ 1m< RP WfiW 8':1 singular 
case). 1fflit-lli.~~#-~:1g-fN:{t·~· 4 

J®!f!mW ,:X;f-T~-Htl'al-~.~5(. 5. 6 'ftM1-~flf:!3-M:>c~'ftWf~)(.B':J~l 

m:1tfPJ:ImlW~flf::J!7'G~~fftB':J, RP 
(1) D1 ~~ffflij~B':J,RP rankCD1)=p.~~D2 ~jU7fW~B':J,RP rank(D2)=m; 
(2) :X;fFJf:fllW wE R ,:fl 

rank[jwi -A - E]= p+n, rank[jwi -A - B]= m+n (5.17) 
c1 D1 c2 D2 

*1l@JJ®i-~:(£fft¥~*lm:1t H=t£it'HPJ:Im'ftjtgff~~m:~B':J~*· RP~~ 8':1 
1f :W-~i31 J1I! (bounded real lemma). ~:ilf Jtf k..{;{E~~~ 8':1 :)(~1ft t!Gf!J~ 1-~ *, 1f 
~~B':1~:1lfJtJk1~;;tj:>c~C25]. tE:UH-T H=t£it'J¥~t'htat .{~Ji~~B':J H= m 
~~i!fi ¥ ~ ft~i¥1!J 8':1 m tj. -~~VIE iJL ~~~ 9al :itt -1--ffl Ji ~ JJc T < s) 8':1 li.fa tJJ 
H = m:JJc. {!l~:fl :W-~i31 JJI!*!JiiJ k1 il !!GffJ ~ :iti~~:fl 

II TCs) II = < r C5.18) 
~ 1-~ *~ID!oo Wf~)(. tt9 H= rx -ttt£ tfJfiiJ Jmffixif mz. 

~J.IS.l ~~-1-~•atfa]-~B':Jf~Ji~~ TCs) =D+CCsi-A)-1 B,~ 
1ft A ~141f:ili~~B':J~~.!i!U II TCs) II =<r ffltJL.tt9Jt:?t~&'~~flf~: 

CD II D II <r.WC:R:=i I-DTD>o, 
(2) f¥;{£-1-:X;ff$~~ P=PT~O,fA,@ Riccati /Jfj 

P(A + BR-1 DTC) + CA + BR-1 DTC)T p + PBR-1 BT p + CT ([ + DR-1 DT)C = 0 
(5. 19) 

Jf _§_ A+BR-1 (DTC+BT P)~l4Jf:ili~~B':J. 4 
~]lij:X;f~JJI!i£~-T-®i)ta}];jfi31 W ~~~ Riccati /J~ffi-*~8':1 Hamiltonian 
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mJr$ o :tm~ 2 :itff]f:i£, ~ttat~~~t1f~-wlimJXmJr$~ H= 1t1J!£):£)(~ 
II T(s) II = = sup amax[T(jw)] (5. 20) 

,.E[O,oo) 

*R!WJ!-'t):£)( .~ff]_.R~.7Vf~ T(jw) = D+C(jwl-A)-1 B ~:ftj(~:ff«f.x;f fjf:fl 
w ~~{t·ir~o El:!f T<j=) =D,f]f!V. II T(s) II =<r JVtJL:.~1Z,@f:fl):£Jl5. 1 ~ 
*ftj: 0) JVt.li: o Jiat~n*lm$11EftllX;f fJT:fl ~ wE R , :fl 

r I- Tf(jw)T(jw) > 0 (5. 21) 
~PI *f):£ II T(s) II"" <r JVt.li:o ffiit£):£Jl5.1 l¥.l*ft!=OH~.t£JVt.li:~*fttr, 
s\(5. 2DJVtJL.~fft-T-wlimJ!£ r I-T"<jw)T(jw)tfLfl*BJ.l:~:fl~~~.~o rOO 
~*~~~-wlimJX~~~~~o~~~~~l¥.l~~~~~ffi~ 

i= [-~C _:TJx+[cr~Ju, y= [DTC BT]x+Ru (5.22) 

f,51~ A :lU~):£~mlf$,~t1f<5. 22)t£Lfl*BJ.l:~:fl~Pif1~~PI~~f¥UE«f.,flf~ 

~t1f(5. 22)tf~*BJ.l:~:fl~~~.~~~fftf~~~~t1ft£Lfl*BJ.l:~:flfll.~o rE 
st<5. 22). PJ~~~.tJlt~*t1f~~mm~~ 

[ 
A+BR-1DTC BR-1BT J 

H= -cr<I+DR-IDT)C -(A+BR.-IDTC)T (5.23) 

fJT!;!R~m~ HER2nt£Lfl*BJ.l:~:flf¥UE«f.~Pim_@s\(5. 21),jtrp n ~A~ 

!lJXo 
m~ H ~-t Hamiltonianm~o ~~f¥~~3:XHl1~.1:1¥.JM-tm~~fft~ 

ftt~-.ffii&X>tM~.l:~M-tX>t8~m~om~H·U~fi-~@~~~~f¥ 
*M~f¥UE~~o~·Ht£Lfl*BJ.l:~:flf¥UE«f.,D~~~~UEM~~f~*BIX>t8 
~ol!~f,51~ 

r 1H] =-JHJ =-W (5.24) 

(5.25) 

PI .!h1 H ~-W ~.fi:lfP.{~,flf~:fl.fi:llril~f¥UEM. f,51Jlt H ~f¥UEM~fLfl*BJX>tfl\o 

~n* H ~~):Ef¥UEM~~UE~I'EiJEI:!rPJ:I:[XT X[JT J9f*JVt,f!P 

H[~:J= [~:Jt- (5. 26) 

jtrp A- ~--t n X n ~~):Emlf$0 PI~ liEftll XI ~~~~:ff~mlf$[25] 0 ~ P= 

(5. 27) 
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X;j-~(5. 27YWJ3trti:*[-P I], "PH' 

[ -P IJH[;J= 0 (5. 28) 

Jl3f~(5. 28)~~~ilJ~II$ Riccati :1J~(5. 19) o 1«~(5. 27) (t9~-~-j;fl 
A+ .BR-1 DTC+ .BR-1 BT p = X1A- X11 (5. 29) 

PI !A!. A+ BR-1 (DTC+ BT P);Jld-11T:lli~~a9 0 p (t9X;j"f*ft~~~ffl.~ttYE~Jltl?. PI !A!. 
)C~[25]o 

:21s:l11t jiG~ mit~ at fa] *t!E1£it~& i~rf a9 ~JUiHt Hoo t:l ib!J !ill 1m 0 PJTiW it~ 
&~tfL~:J!it~Pil!i!IJ:It¥1J ,J!:J!lllmilfia9 Hoot:littJB,PJTiWmi.:l!m'E:If'~~:fl:tlll 
~(5. 2)PJT~a9$J~7J~~~.,R~:J!ft~a9it~&~I!PPI, I!P u=Fx,Jt9=t F ~ 

it~&~~it~II*o g1f'E1£~~_t~!!fRilfi,tfL~I!~~i&Ht.{&.tfJ~JtiPJ-A!itiY!tl:lt 

~w&~a9~~ZMo.R~~~&~•~m~.mooa91ill~.R~~ttm~a9~• 

~~•~m~ol!ata9rxx-ra•~~ 

{

:i: = Ax + Bu + Ew 

~: y=x 

h = Czx+Dzu+DzzW * u=Fy=Fx,JiltlfflPF*t!Eht~ 
{
:i: = <A+BF)x+Ew 

h == (Cz + DzF)x + DzzW 

PI.W.~mi9Jw~~t:l~Wha9~~~~~1I$~ 

(5.30) 

(5. 31) 

T~rw(s) = (C2 +D2F)(sl-A-BF)-1E+D22 (5.32) 

!it~-1'- r.~~&~ Hoot:littJIW §tij:J!tirr-1'-~~&~~it~II$ F.-rt• 
(1) fflPF*t!E~I*J~~a9, I!P A+BF i!~~a9~1I$; 

<2> II T~rw<s> II =<ro 
ffH~~Jli!S.l, II T~rw(s) II oo<ra9Jt:?t~&'~*141!: 
(1) R=f I-DTzDzz>O; 

(2) rt:t£-1'- P=PT~O,{t~' 
. P[A + BF + ER-1 Dlz (Cz + DzF) ]+[A+ BF + ER-1 DT2 (C2 + D2F) ]T P 

+PER-1ETP+ (Cz +DzF)T(l +Dzz~1D1HCz +DzF) = 0 

(5.33) 

~(5. 33) 9=t:fl*=~a9~~~1I$ F.~7rllf~i*~~~II$. ~ffHJHIHf~.1jl-:1Jit*Cft~ 
.1jl-1J :J!it{tt£i!JtJJJI!~IW-1'-±~tt*-¥~> o ~ G= I+ DzzR-1 Dlz .re~<5. 33) 9=t 
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;(I* F ~J9!tjS:f&{E-jf§,;fj 
(PB +PER-1D'hD2 +aGD2 )F+P<PB 

+PER-1DJzDz +aGDz)T +PDJGDzF 

~ U=PB+PER-1DJzDz+aGD2 .~XW.~PJfEit(5. 34)Jf1jZ::Jr1g 
UF+Pif +PDJGD2 F 

(5. 34) 

= <F+ (DJGD2 )-1if)TDJGDz<F+ (DJGDz)-1if) -U(DJGDz)-1if 
(5. 35) 

Xifr~.W.ii11t*~·Dz ~J!Jlifk~ ,it(5. 35)Jfl~~n!lt$t!S~iftE~. :tliHI~:4-
(5. 36) 

9ltl Riccati Jrf1(5. 33)1g 
PA +AT p +PER-l D'hCz +a DzzK1 ET p +PER-lET p 

(5.37) 
· +a (J + DzzK1 DJz )Cz-U<DJGD 2 )-

1if = 0 
M~oo~m~PJ~~~~-~-·~~~&Mn!!t$,03t&~$#·~~-~
Jt~1g Tf&~fiiJJm~2F.&l: ,/F:frotE/F!*~fiiJJmxtJ.l~·twl£ r f!flii Dzz =0, i!llif~ 
~&·~~n!lt$1g 

F =- (DJDz)-1 (BTP+DJCz) 
ffifn!lt$ Riccati Jrf1(5. 37)1g 

(5. 38) 

PA +ATP+r-2PEETP- (PB +aDz)(DJDz)-1 (PB +aDz)T +aCz = 0 
(5.39) 

PJ~iilJY'j, ~~)£~ *~(5. 30)fPj~m!,tJ11t H"" t£$1JI'ii]Jmf.Ji(ffl~~1kflj:IJ;f, n!lt$ 
Riccati Jrfi (5. 39)if{E-~Pf£-PJij\)E~~i£)£~ P= pT~O, l!Pf.Jf~.ij¥JJ ~ 

A+BF~~)E~,jt.p F:tlllit(5. 38)f.Ji~. &z,&PJ~YEIY}~n-*Mf<5. 30)/F 
tW~m!.ii!1tfiiJJm~~flf:,JjlUn!lt$ Riccati Jrf1(5. 39)/F1ftEPJiJ\)E~~iE)Eff!¥. i! 
&it~ffi¥-7!2: 1t H"" t£ $fjfii]Jm ~ W Xif.Ji {E , f.Ji X;f Ell~ n! It$ Ricca ti Jrfi i§t ;(I ffJ¥ • 

f!®*it(5. 38)Jt~~~&·~~n!lt$~-#:J2t~,f&mii!J~:lift~~~. 
~TYEIY}'t~:lifJttt,~ffJPJ~f&!I&Xif1.tHt~::Jr~*« H"" iittfiiJJm. ~ffJ~il 
;frrW~a>t~~~••~~•*tt*•H=tE: 

II T/as)(s) II""< r ~ 1111:1111: < y,x(O) . 0 

~ II h II~- r II w II~< O,x(O) = 0 (5. 40) 
IEIJltPJ~{Eilif~PiuHl" H"" iii.t,)EJ( -~ttt~mt~ 

J(u,w) = II h II~ -f II w II~= J~ (hTh-fwTw)dt (5. 41) 

:tm•rttE-~t::!trJ u -ft~.tlit<5. 40)Xiff.Ji:fl~ w t!SmtV:.9ltl~ml T II T/as) (s) II ""<r. 
f.JT~t::!trJ u ~f'Ffflx~~~tlVJvft I (u,w). · ~n•refftl9J w ?« Jilt~t::!trJ u ~X>t 
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.f.,!iltl w R9~11H~di1::~!lit'J u .f!:J&,ii!!tliF!~H&::k-ft 1 Cu,w) o f!;!Jit Hoo !lfll!JfiiJI! 
PJ~mtRo-1'-Xif~i~fiil/m, liP 

in£ sup] (u,w) 
• w 

~~~-A~~u~w*g~a~fia9•«~•0 
m=fffl~~UJE~i$i:lli~~a9 ,J!Jf~::ff x<=> =o, f!;!Jit 

I
oo d 
0 

dt (xTPx)dt = xT(=)Px(=) -xT(O)Px(O) = 0 

te! te (xT Px) 1JOAJ:t< 5. 41) l=j:tPJ~i 

](u,w)=J~ (hTh-fwTw+ J/xTPx) )dt 

(5.42) 

(5.43) 
=I~ (hTh-fwTw+iTPx+xTPi)dt 

!Ei=Ax+Bu+Ew ~ h =~x+Dzu f-tA;ttC5. 43),.#*'JJIH~U$ Riccati :/J~ 

C5. 39)ilJ~,<~~_tH5AWC.lJl-:/Jtt*> 
I<u,w) ~ II h II~ -f II w II~= II D2<u-Fx) II~ -f II w-F~x II~ 

(5. 44) 

F =- CDJD2)-1 (BTP + DJC2), F1 = y-2 £Tp (5. 45) 
l>':itC5. 44>!t~ll~~~ttl u ~w R9•fJtm?HJ1J1iJ 

u* =- CDJD2)-1 (BTP+DfC2 )x, w* = y-2ETPx (5. 46) 
:t£!lfll!J<5. 46rF ,ffi~*-~A~~~o 

PI .!A!. u=u* PTflVJvft ](u,w), 1ffl w=w* PJ:f&:k{t ](u,w) ,u* ~ w* !tAX;J 
-~fiil/ma9~,~ o rOO~~Jli!.R9%:itmi ttl ~_ti:;J~l'f9~i'i~C.!A!.::t~[14]~[24]) o 

~!15. 2 mi~--t-~?u;;&ijjt~JUt11t*-~<5. 30) ,Jt;l=j:t D2z =0, ~lkmi~-1'
r, Ji!tl ~ J.iil a~ptt?u;;& ij}tml1iHt H 00 1!l fii!HiiJ Jmtf:t£ -1'- r ?X tJt!l it'J H R91E?t !.!Z, ~ *f!f 
Am~ Riccati :/J~(5. 39), liP 
PA +ATP+r-2PE£Tp- (PB +C[D2)(DJD2)-1 (PB +CfD2)T +CfC2 = 0 
t¥:t£--t-PIUi~R9*-JE~ffti P~o. :l!aifa9?XtJt~~& ij}t~.ftm~m Jt<5. 38) mi 
ttl, liP 

F =- CDfD2)-1 (BTP+DfC2) tit 
:(£ H oo 1!l it'J J1l!. i~ 9=' H5::ff-# & ijjt% :it , liP J!Jfi~ R9 ~ffi ,@Ji ijJt <.!A!.~.)(. 5. 4) , :13: 

a1*-~a9~~x~~ttw8PI~~--~.#ffl=f&M!lM •• #oPI~~~· 
tJta9!lfii!J.-fnf&A~~&M u* =Fxo tt?.BAiJtlY!tl. w AJL~l'f9o :i!-JL~tt1iJ 

~fl-ft!lit'J.t!!fftTPTfmo :t£I.OOR9!lfii!J •• #9=' .~{llJ=J.A~~J-1'-!lfii!J.,J!Jf 
m~f£1ta9~MH.~J!Jf::ffmM•#•~R9~M:Hol!Jf~e•~M:HttttRo-t-~ 
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It 1trti!JIJ H aMfHt o 
~"*~~c5. 3o)Jt.:fl~~~ D221j!,Jj[tl r ?Xfttti!JIJHtf.Jff:tE~ftt:;fH~!l~o r 

00 IIDJ®! -1- D2 ~;m~~ -~P tEEfH!ill: ii:fl /F ~~ .~ tfJ ~] 11! 1t ~f~LmJ~ 11f•tf i£ tfJ 

~*· 
~JI s. 3 ~ ltt.J!: C 5. 30) ~ttl tfJ :it~ IJ;f IEtJ ~ tt IJ;f /F ~ ~ ~. Jt ~ y = 

[xT wTJT ,D2 ;UTPJjfko ti ~P fE~~J:ii:fl/F~~.~o Jj[tl""f;U*tj!~fft: 

(1) fftE};E#:Itftr.I!!I* F1 f!l F2,-1t~rti!J!J~ u=F1x+F2w~j.\(5. 30)}9f 
%~tf.Jffl~~~~~~J;Etf.J,~IJ;f~~~~~~Aw~~ll~ttlhtf.Jffl~~~ 

P.Bfitf.J Hoo1lil'itl'T y, l!P~ffi.m,& 11!£1!11!-ft Hootli!JIJ fiiJJmff:tE-1- r ?Xittl 
i!JIJHo 

C2) root¥J~ftt:JiH-t~JnwJEt¥J: 
(2. 1) 

(5. 47) 

(5.49) 

[
BTP+DTC] 

AclP: =A- [B E};-1 ETP+DiC (5. 50) 

AMili~J;Etf.J,~p~eyg};Etf.J*~J;E~o 4 
~}JrJml:tl, ~ D22*o,tt~&11!£1!1B1t Hootli!J!JfiiJN!B9 r ?Xftrti!JIJHfftE~ftt: 

~{P..lr);EJ.15. 3 tf.J(2), JHHEC2. Dtk}jjt DI2D22<r I o 
:tE::k~~t·tft£r .tt~~ltA/Fey~1t~~tl:lt~Jt¥J .J9f~~l:tl&11!£Jt.:fl-1N: 

tto~r*IEll®t:tE~l:tl&11tr£1!7B1tHootl~~N!o~IJ;ftf.JI~~~M~~ 

{

.:i:=Ax+Bu+Ew 

~: y = C1x+D1w 
h = C2x+D2u+D22w 

(5. 51) 

..§. ~ TPJjJEJ;E~ 5. 6, l!P~7B1t~Jml9fmt¥J~#o ~/J{j!}!§JA!.,-f}Jf'&frlii D22 =Oo ~ 
""f};EJ.I-tl!.::l! Doyle ~[14J f!l Tadmorl:24J ~~*o 

~ms. 4 ~J;E-1-~11!1t~~c5. 5D ,Jt9=J D22 =o, ~l>t~J;E-1- y,Jj[rJ~ 

J.i1ll'fJ~]11!1t Hootli!JIJI'iiJN!fftE-"-1- r ?Xtttf.Jtli!JIJHI¥J1t:?t&,~~ftt:A: 
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(1) 9;1!~ Riccati /JW 
PA +ATP+y-2PEETP- (PB +CfD2 )(D[Dz)-1 (PB +ClDz)T +CfCz = 0 

(5.52) 

f¥1£-1'-iiJil)EA<J*-j£)E~;jf*Wf p 0 

(2) 9;1!~ Riccati /JW 
QAT +AQ+r-20C[CzQ- <OCT +EDTHDtDD-1 COCT +EDDT +EET= 0 

(5. 53) 

f¥:;(£ -1'-iiJ fl)E a<J *" j£)E~;jf*Wf Q 0 

(3) 

p(PQ) < r 

{
v = Aanpv+ Banpy 

.!anp: c 
U = anpV 

(5.54) 

(5.55) 

A-= A+r-2EETP+BF+ <I-r-2QP)-1KCCt +r-2DtETP) <5. 56) 
Banp =- (1- y-2QP )-1 K, Canp = F (5. 57) 

.J:\;9=', F =- CD[Dz)-1 (BTP + D[Cz) ;K =- COCT + EDTHDtDD-1 o _. 

1£~JUI11t Hoo ~ilitJfilJ:!9='1fM1'-lri~, RP: CDDz :1!7tlmlfk,.!p 1£.EfUliL.t &:fl 
~~~~;®Dt :J!fimJfk,.!Q 1£!1~1L.tii:fl~~~.~o tlU*~M1'-~flf:~mlJE, 
-~4~M1'-9a!~~~ti1rft~f¥1£iiJfl2A9*-1E2Wfo~~~-BM.M1'
Riccati 1rft*~-fJIJJYf!&t~a<J~i!itJHo 1£XifiX[22]~[98] 9=', f1Bfi1fiJJH=?Xm~~ 
~.J:tfi<Jt!*1~He-M1t Hoo ~ilitJfalJ:!ffilfa<Jf¥1£--*7tl~flf:o iiJV.H.PiM 5. 4 ~~m; 
-ftl'iiJ:!fi<J~*.Ri!*~~ftffl fi<J-/N:itlllJng~jf!;a<J-1'-~9!·twt£ 0 ~~~i!itJ a<J-* 
t!f.:Jg 

{

.i = Ax+ Bu + Ew 

.!: y = C1x+D1w 

h = Czx+Dzu+DzzW 

(5.58) 

jtr:j:t x E R":J!~~,u E Rm:;f!~ifitJtfy"A,w E Rq:J!9~mtlti9Jfit.A,y E RP:J!if!Ut 
~ili,h E R1:1!.! a<Jflt~fitilio ~H;j"~Jtt-Filiffi<Jj£Ji!IJi!i!~lt~ili&tJJ!$: 

(5.59) 
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D22 =0. :J;]Jltr~J!ft,~m~J$P:Y5G!Ii<A,B, C2 ,D2) E1f;&~l'i9r *Mf 4P 1'19*im 
PJSj~:Jg 

Cp(s) = C2Csl -A)-1B+D2 (5.60) 

m ~lr$ PY:Jt!l:l <A, E, C1 , D1) EJT;&~ 1'19-T *Mf 4Q *im PJSi~:Jg 
GQ(s) = C1 (sl- A)-1 E + D1 (5. 61) 

1c rit~ll1 fa] H,., tft{tliiJ 1m,~ fl1 J£1£* .~,~)(~ q:t ;ff 1c r ?X tit t£ ifi!HfLff::(£ tt~ 
#1'19-.®m:~~* 0 

rmfl'i9~-1'-~** ~ x~c22J. :t£:fl-~iUE:mz 1W. tt 5tJ:EJ( rool'i9=rx 
~lr!f: 

(5. 62) 

G ( ·= [AQ+QtF +EET+r-20CIC2Q QCT +EDIJ 
r Q). C1Q+ D1ET D1Df (5. 63) 

Q~~-~~mfl'i9~1r!fli:J;]~~.R7~M1'-~Ir!f~*·rmfNJ:EJ(M1'-~~~ 

~lr$, E fl1 ~'!9ft illW.~lHliX;f~ 1'19 : 
L1 (P ,s) := [sl- A- y-2 EET P - B] (5. 64) 

[
sl -A- r-20CiC2] 

M 1 (Q,s) := 
-c~ 

(5. 65) 

~r D22 =o 1'19it~ll118J*Mf<5. 58) .r*Mf4p ~ 4Q :f£tfHIB~ti5N:ff~~~ 
.~.~f115llirrooi'I9)£Jll*~m r rxttt~ttlflf?:t£1'19-m1Mt~,~~ilJ:. 

~~ 5. 5 ~~~(5. 58)Elf~l'i9i!~IJ118J*Mf4,Jtqct D22 =0. {NiQ:4p ~ 4Q 
:f£t!UIIj~i2::ff~~~.~ ,Jj!Urmfl'i9~~~ift: · 

0) f?:f£-1'-%:!ln~<5. 59) l'i9iEJj!U~~~H~H 4anp, J.iilffl:f£*MC<5. 58)~% 
~-1'-~~J:EI'i9~~*Mf,~ll1~~~tt~~Aw~~~~mhl'i9~~*imPJSi~ 
1'19 Hoo1i1~'Jv=f~r r. I!P 2anp:l:: 4 -1'- r ?Xtltt£iMH. 

(2) f?1£*iEJ:E~jr$ P~O ~ Q~O.~~~ 

(2. 1) F1(P)~O; 

(2. 2) rank{F1 (P)} =normrank{Gp(s)}; 

[
L 1 (P ,s) J 

(2. 3) rank Fr(P) =n+normrank{Gp(s)}, V sEC0 UC+; 

(2. 4) G1(Q)~O; 

(2. 5) rank{G1 (Q)} =normrank{GQ(s)}; 
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(2. 6) rank[M1 (Q,s) G1 (Q) ]=n+normrank{GQ(s)}, V sEC0 UC+; 

(2. 7) p(PQ)<f o 

;It~ Gp(sHU GQ(s)~HJU~ ~P fU ~Q ~~:J.ljij§!fJ(, "normrank"NP~~~1it~.fk(9i!. 
)E)( 3. 6) 0 • 

r00?1Ht~1tnL~,&~f!l3ttt~&1jli'tfm.o X;f-=f Dzz = 0 ~~~.3tffi,~,f!l 
1ttt~&~r~r~~~~B~#~~#~-~~o 

it S.l X;f-=f3tffi,~,f!l3ttt~& ~~~~f!N., ):EJ11! 5. 5 ~~{4 (2. 4) ....... 

c2. 6)~ffi¥ Q=oo J!~OO~f4<2. 7) §Z9J~JEo m.ttt~1tffi.~,E.X:1ttt~&~r .
Ai:ir. Hoo~it!JIPJN! r ~tJt~it!JH~#~~f4PJfij)ft.~~f4C2. D ....... (2. 3) o ffiL§. i'iJ 
~003!~#~-~~~r~tJt~~Ho tit 

tir*~~*-T~~ ~p fU ~Q /F~~,¢.\~mit!J, NP~ilf ~p fU ~Q ~li!Hdt.t:ff 
/F~~-~ o rOO~):EJll!* § Xiftt[21] o . 

~II s. 6 ~.Ltt.J:.\<5. 58)FJfffi~ii;j~fEiJ~tt~/F~~~.;tt~ D22 =o.mur 
OO~JJi~fft: 

0) #~-~~~U.J:.\(5. 59) ~~tt~/F~iE.PlUZ9J~~H~B ~anp, J.lll.ffl~~~ 
(5. 58) _tFJf~JVt~fij~~~~~~J:E~, ~~~'¥1Jb\t'ti9J~A ~ ¥1Jtlt~~ ttl h ~ 
fij~~:JiP.i§!fJ(~ Hoo1i!!fJ(Ij\-=f Yo 

(2) #~A:ff~~!f!fJ(~):E1itn!~ F fUK ,.iE):En!~ P>O fU Q>o.~~'rOO 
~~#~'¥1J~JE: 

(2.1) Ci+BF)TP+P<A+BF)+;'2P££TP+<Cz+DzF)T(Cz+DzF) <O; 

(2. 2) <A+KCI)Q+QCA+KCI)T +r-2CVz'CzQ+<E+KDI)<E+KDI)T <O; 

(2. 3) p(PQ) <f. • 

):EJ11! 5. 6 ~~{4(2. l)f!l(2. 2)i'iJ~ft.JVt-.®~lm"f"t!IJc Riccati /F~.J:.t#~.iE 
):Effi¥~~{4,W:/F~.J:.\/F-1&~T F fUK o :ii:ii1E-T~~~P fU ~Q ~~¥1J~ 4 -~ 

~~~f;~~!ti'iJ ~~J!A!. 

{

x(k + 1) = Ax(k) + Bu(k) + Ew(k) 

~: y(k) = C1x(k) +D1w(k) 
h(k) = Czx(k) + D2u(k) + D2zw(k) 

(5. 66) 

;It~ xER"~~ ~tt~,uE Rm~f!litJHUtrA,wE Rq~t'tl9J.-A,yE RP~?li\tllt .. 
ttl ,hER1~flf~~ilio rOO~ ~._~Flf*Jij~~it!JH: 



• 66 • 

{
v(k + 1) = Aanpv(k) + Banpy(k) 

~anp: 
u(k) = Canpv(k) + Danpy(k) 

(5.67) 

M~~L~,~m~~tt~~~~~~tt~~~~~re~~~~~~*~~~~ 

fl~fBJ. X>ff~~1i1it~~nL@,Ji11f,~1£~ 6 _.}lJL.~~~fBJ~~fl~fBJ~ Hoo 

ft{tfiil/m~ pg1£JI*~' ~lit~~~~ ~~fl~~ Hoo f-tft Riccati 1J~~;ffi1[ 

~~. 

~!l IPJ~~~fBJ ~~, J.E)( ~p Jg HI mlf!f lm:7CMI CA, B, C2 , D2) Fff~ffi ~ -T * ~, 
~ J;JrtJmlf!flm:7CM!CA,E,Ct ,Dt )FJf~ffi~T-~~,45-§ ~f~:iii?JS!f{Jg 

(5. 68) 

(5.69) 

Tlti~HJ Stoorvogel,Saberi ~ Chen[23JFJf~l:tl~~*· 

~J.IS. 7 x;ff~~C5. 66) ,flliiir~~ ~p ~ ~Q 1£!)i{i'LIML.tii:ff/f'~~,g, 

9ltl ~ T *!Ji ~fit: 
(1) ff1£~~!lj.\(5. 67) ~~tt~/f'~~*;IJ~~~~~ ~cmp' mlfflt£~~ 

C5. 66)LFJf~.lllt~M~~m~P-J~J.E~, IPJ~~.{JiiJMtft;tJ4fuA w i1J:flt~4tul:tl h ~ 

f;ij~f~:iimlf!f~ Hoo1i1f4tl'T r. 
(2) f¥1£xiff$m~ P~O ~. Q~O,{t1.{} 

cz. n roo~m~ R ~iEJ.E~ = 

R: .=f I- Di2D22- ETPE 

+ (ET PB + DJ2Dz )yt (BT PE + Di D2z) > 0 

V:= BTPB +DID2 

(2. 2) P mJErlti~~flf-tfl Riccati :/J~: 

P = ATPA +CfC- [BTPA +DiCz ]Tct[BTPA +DIC2 .] 
2 2 

ETPA+DT2C2 ETPA+DizC2 

[
DID2 +BTPB DiDzz +BTPE J 

G:= T T T T 
Dzz D2 + E PB E PE + DzzDzz - f I 

(2. 3) x;fFJr:ffmJE I zl ~1 ~ zEC ,:ff 

~
. zi-A -B 

rank BT PA + DI C2 BT PB + DI D2 

TpA +DizC2 ETPB +Di2D2 

= n +q+ normrank{Gp(z)} 

(5. 70) 

(5. 71) 

(5. 72) 

(5. 73) 



c2. 4) rool'fJ~~ s ~iEJil'fJ = 

S: =f I- DzzDiz- CzCX:I 

+ <CzCX:T +DzzDT)Wtcc~q:;J +D1Dlz> > 0 

W:= D1DT +C1CX:T 
(2. 5) Qf.liiJErlliil'fJ~IHtfl Riccati /r~: 
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(5. 74) 

(5. 75) 

. = IAT EET-[clQAT+DIET]Tw[clQAT+DIETJ <5.76) 
Q AQ + CzQA T + DzzET CzQA T + DzzET 

r

zi -A AQCT +EDT 

rank - cl cl CX:T + Dl DT 

- Cz CzCX:T + Dzz DT 

= n + l + normrank{GQ(z)} 

AQCI +EDiz l 
C1 CX:I + D1 D[z 

CzCX:I + DzzDiz - r I 

(5. 77) 

(2. 7) p(PQ)<f o 4t 
tt~~T mr so~f-t~~~7~. ~flf:<2. 2)~~ttatrBJ R,tft-ftfiiJ»1flijftl'fJ 

Riccati 1r~o 1kflf:C2. 3) .R~u~~)jt P ~ Riccati 1r~l'fJ~5Emo :!lll*mf¥t£1'fJ . 
il5.~flf:C2. 2)lJl(2. 3)PfE-fif05ETmo ~flf:C2. 4)--(2. 6Ht!~;ftl~fPJI'fJ. ~flf:C2. 7) 

~~~#l'fJ~~1k#.rer~m~Plll~Q~~~~4•1'fJ~~~~~r.~mm 
W31-i2:lf} )(~(fjfijfl~'lttBtfBJ Riccati /J~,gPJ~1{J¥!J..tOOEJf~(fj P lJIQ. ~ 
®}!~ 11 .(fjpg~o 

rOOI'fJWt15A~MAlll~~~&MM~o 

)t s. 2 ~tr~M.@,fn~~~&MI'fJ~~m~. PJ~='f'm~m=t- Riccati 

1r~o 

<D ~m.@,&am~=~at~at~:il~ml'fJ~~fnttiYJ. ~ll~~~~ Q = o 
f.IIHE~f4C2. 4)--(2. 6), iiii..l3.f¥YE~~~f4<2. 7) § iYJT.li.lE.o f<§Jit,t£~ffi.@,&8 

ffl~r.EJrM5EI'fJ~mf¥t£PJpgMJiffi~~•l'fJr~t't~MHI'fJ~*•~~#~ 
rft£-1-~iEJi~~ p tlJE};EJ]! 5. 7 cp(fj~flf:(2. 1)--(2. 3) 0 

<2> ~~~&Mffl~:lltM~~«ilif¥t£tl.lE~flf:<2. 4)--(2. 6)l'fJ~iEJi~ 
~ Q l'fJ~,~~flf:~l Dzzl <r. 1t!~*~YEtE~~~&Mffl~r .~~ 

Q = ECI -y-z DzzDiz )-1 ET 

T.WJE~#C2. 4)-..(2. 6). ~f-F~f4C2. 7)g~~ 
(5. 78) 
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f I- Dz2Df2- ETPE > 0 (5. 79) 
~~l:.A:<5. 79)~1!1HMtt:<2. 1) § i9JfiWJEo ~.tlt.t£1t~~Bt i1H~?5i.""F ,J9f~ 

~~~~ff{Eey~~~ffi~~~~r~~~~~~ft*~~*#~ffiE-~*~ 
~~J$P m!JE~lll! 5. 7 "P~*{tt:C2. 2)f0(2. 3)~N_.A:C5. 79)0 

•~1:. ~J:~*1tt:~i¥~JmJEat. ey ~ -w:l!§::f~~1tm.!~-lE~1t~~& 11tnt 
?5l. •• ~,J!fftE r~ft~$!JHa9o . 4 

""F 00 a9 ft l£C22J :JiHtlll! ~~tat fEij ~ ~ ~ 1j~. t!Ht H "' ~ $!J fiiJ JHf o 
m~ s.1 ~.m~~<5. 66)0 f(T-~~ ~p tr:PJJP!,t£lf!--DLIMIJ:~:ff::f~~ 

h_;r~~ ~ tieyJP!,t£lf!-t'L!Mil:~:ff::f1t~.~o 9!ffOOM~~~~~ffta9: 
<I) ffiE%:«1l:rt <5. 67) a9~ttat:lf'~ ~ *i91~1~~u ~anp, m.mt£~~ 

C5. 66)£J9f%JVta9ffi~~~~~~~~ ,JA.tti9J~A w ¥1Jflt~~tl1 h a9~:li~J$ 
~ H "" 71!~tjv=f r o 

(2) ;ff{EX;ffll\n!~ P~O fO Q~o.~~i 
(2. D ""FOOa9n!~ P fOR ~~~~: 

V:= BTPB+DJD2 >O 

R:=fi-Df2 Dz~ -ETPE 
+ (ETPB +Df2D2)V-1(BTPE+DfD22) > 0 

(2. 2) P fiWJE~itft~ Riccati Jr~ 

(5.80) 

(5. 81) 

· [BTPA+DTG JT [BTPA+D[G J 
P .=ATPA+CiG- ETPA+~2G G(P)-1 ETPA+Df2G (5.82) 

G(P) _ 2 2 2 22 . [DTD +BTPB DTD +BTPE J 
:- DfzD2 + ET PB ET PE + DfzD2z- f I 

(2. 3) ""FOO~n!~ Acw~Wf:ili~~a9: 

[
BTPA +DTC J 

AclP:=A-[B E]G(P)-1 ETPA+D;z~2 
C2. 4) ""FOOa9n!~ w fO s ~~~a9: . 

W: . DtDT +CtOCT 

S:=f I- D22Df2- CzOCI 
+ CCzOCT +Dz2DDW-1CCtOCI +D1Df2) > o 

(2. 5) Q fiWJE ""Fiffa9~1ft{tfl Riccati Jr~: 

(5. 83) 

(5.84) 

(5. 85) 

(5. 86) 

[
CQAT+DETJT [CIQAT+DtETJ 

Q = AQAT + EET- CztQA T + D:2ET H(Q)-1 CzQA T + D2zET 

(5.87) 
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[
D,DT +C,OCT D,Diz +C,OCT J 

H(Q) := T T T T ...2 
DzzDz + Czq;z CzOCz + DzzDzz - 1 I 

(5. 88) 

<2. 6) 9a!~ Ac~Q:JiH~J:EB9: 

[
C1QAT +D1ETJT _1 [C'] 

Ac~Q :=A- CzQA T + DzzET H(Q) Cz (5. 89) 

c2. 7) p<PQ><r 0 • 

1UmB9HiriJ~imttit~B9~~tt~~ltJI.J:EJI5. 2 ~it~ 5.1 B9-*~·~ 6 

:tf~Ji:itMIB:ttl!.iJtOO:l!~o ~~l:.~tH~ Glover-C8J (19~~. PJ~iiEOOj!~B>ffa]{E~ 

~ tt~~ r , j!~ B>t fa] H"" fit 1t fii] 1m~ 7~Httfl>t IBJ Hoo fit 1t !OJ ll!~ ~if)- B9 o J9f ~ ~ 

~~~~$(19·$~~!0J~PJ~~{t~~$(19Hoofit{t!OJ~o-fi~{t~~ . 

$fiiJ~J§", :~.Hil~~l!JfflllfOO:itt1l~ B9~*~1E>J(ff¥f o ~J~n, !I 5. 3 ~~-1'~~~~ 

{tg~~-B9-$MJ:E!Ol~o~N~~J:Ett~a 
(J9f;~ffj\~~:1g };, 'jffl };;_~~~-(19 Hoo Y ?X fit~ 
tJJ:H,f!P II T/rw(};X};=4>) II oo <y,Jj{tl;t!l!WJ=~(i91j\ wL----t 

!ft:fia}:EJI,~;j"J9f~PJfm(J9~··~ A,,R~ II A II oo < u.---t E 1-----.y 

1/r~PJ~~ii£!15. 3 B9ffi~~-~~J:EB9o }9f~ ...__ _ ____, 

_R~ Y ~ft:Jlif,jffJ\~aB9 y*, J9f~.f}~-~q-g~ A 

~A~£MB9.$flo ~{P.tB9 .A~~~1t·~~ 
aB9•$~J:EttfiiJ~PJ~~:ttl!.~~~f,j$(19 R., 00 5. 3 A;fl~!o~#il1ttliJJ 

~t~J !OJ~, :fm:bnttm~~~tt•~ 0 m OO:J1f~~~n ~t~ti'J(J••m~fiilm 
Mre~r~rn-1'~ .!A!.B9fiiJ~~1t~tj$B9 R.,fit-ft!OJ~= 

o> mit~~J3troJ~; 
(2) :fll::k{t~{i[~J:E-*~; 

<3> A~:bnttm~B9:ff$lJiJ:E, 
(4) A~~tt-~B9-$UiJ:Eo 

oo 5. 4 J9f~~~~~~t~J~a&n-~r-iZ*fflB9tmit~~J3troJ~o -f&fl:~J9f 

.!A!..~>t.Nitrul~~~~~*&:i!~J:E~~-1'MB9~~0 :i!~Ebr.R~~~f~% 
e•MA~~~:iS};F~ofi00B9·1J~:j1f~£-aJI.:t&~ffl·~m%r~~-
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r + e 

m 5. 4 q:t~ .4n ~~~~X;f~~f;~f*m~. ~ ~m ~~iimlt$.1:7 
Gm(s) = C,(sl -Am)-IBm +Dm (5. 90) 

Jt9=t<Am ,BmHiJ~~, <An ,CmYPT~~~. ~iiit~flitj~ ~F ~~iimlt$.1:7 
~(s) = CF(sl- AF)-I BF + DF (5. 91) 

;bD,ttBi§f{ V, WI fU Wz ~JIVJ,~J!.\!~~.1:7 

V(s) = Cv(sl- Av )-I Bv + Dv (5. 92) 

WI (s) = Cw
1 
(sl- Aw

1 
)-I Bw

1 
+ Dw, (5. 93) 

Wz (s) = Cw
2 
(sl- Aw

2 
)-I Bw

2 
+ Dw

2 
(5. 94) 

.ttP&f{V,WI fU Wz ~~1&-f«*ili-T*~flfl~~*~if.]Jf:i. 9!U*~~~~Ji'Bi§f{ S 

lll~fli!J~~Jl.'P&It T ?HJU~)(1:7 
S:= (1 +Gm~)-I lO T:= ~(1 +Gm~)-I (5. 95) 

/F~~J!.\!~Il:!if;1:t/t;IJ w=O , 9!U~fit£Jl.'Bi§lt S lll~fli!J~ ffl.ff Bi§f{ T ?HJtJ~~ r Jlj e, 

t;,(l,t~ r JIJ u ~f~iimlt$. H~lr 'J'~ S t:1:'J'~ e, ~PM-~Im~flfm; mi'J'~ T 

t:1:~~~-u.~mi~SlllT~~)(ey~~~~M#~~~.-·*~·fifi 
.~-~~t£~1w-fffl£9=tfFtftlit®.tt~<~.¥i:l&~~.ttP&It v, WI lll Wz). ~r*tl: 

:f:JU~Il:!if;1: r=0,9!U~ w Jljhi lll~ w JlJhz ~f~iimlt$?HlU~~wi TVlll W zSV. 

-~~-ll~~~a~~-~~~-$L.~-~tlt;IJw~M~•wh= 
<hT ,hJ>~ffi**~~iimit$ 

II-WI1VII IIWI1V~ . 
~ WzSV "" = Wzsvll oo 

(5.96) 

~ Hoo "ii!f{JiiJJ\o J!¥-f~~~eyt;,{~~JVt Hoo -{t{tfiiJ~o ~fiiJ~~-fft-Tiii.t-1'

. ft*~~-~~~fljtj$ 

(5.97) 



A= 

Am 

0 
0 

i
.i = Ax + Bu + Ew 

.Imixl Y = C1x+Duu+D1w 
h = Czx+Dzu+DzzW 

0 0 0 
Av 0 0 
0 Aw, 0 ' B= 

Bw2 Cm Bw
2
Cv 0 Aw2 

[ 0 l Bv 
Dzz = [DwODvJ E= ' 

Bw~Dv 2 

• 71 • 

(5.98) 

Bm 

0 
Bw1 

Bw2 Dm 

(5. 99) 

s. 1. 2 :C:*:it·fi~:fE¥G 

*"'W~51ili~iillJ~t'£~tJf(J9Ji:j;:{t~{R~~-*~fiiJJmo ~.mt~iillJ~~t'£fJ\t~ 
1!: ~ tJf _IA : 

i =Ax +Bu +E1Cx (5.100) 
;lt~ A E R..xn ,BE R..xm ,E E R..x1.fflC E RPx.. ;;fl~~(i9~#~~; mL!l ~ffi~iill! 
~t'£, IB~~E~C~ffi;ft~~oi!-~fNii<A,,B) :Jl11J .. ~tl9o X;fff~llJ~~tff 
~ ii~tl9& t~H$ 

u=Fx (5. 101) 
;lt~ FE R...xn ,X;j" .IA Elf~j(~~{R~~-*~J'J(~_mj:~[99]) 

'Yc(.IA,F): = inf{ IL\I :L\ E ClXP{31!ftA +BF+E1C ~~~} (5.102) 
X;f=f!B3t<5. 101)EifiillJ~(!911J~~tff~~~(!9;f;t~&i1!$,~{R~~-*~Eif6t~¥1J 
~Ji:j;:{K.Jg 

y; (,IA) =sup{ 'Yc(.IA ,F) :FE RmXn.fQA + BF ~~} (5.103) 
~OOk~~mm~~*~~~m~,~M~m~••tt~~~offi~M~~IlJ~ 

·ili~iR~~*~tl9:m:~tt: Jt)t, 't::Jl~~~*~ti9T J'l'.<liJJ!lM~ fK~~*~ 
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IW~J(,ffi~~fU£ .11-J~m~), Wlif¥1£!tfiH~~~~;fll~~~~~-f-f!W£Jl 

MMo~1-J£JliW···~~~~IW~-~~-~~~IW~-~~~~.~~. 
••~~~~•~f~~~~~~~.~.1·~~~·~•~cwm~•~~• 
[99];fll~mx~~) o .tLH~~mx[99]1W~* ,-;(I 

rcC~~.F) = II~ II~ (5.104) 
~9=' ~(s)=C(sl-A-BF)-1 E, ~~iJ1J!ij·-~~~~IW:R:::km1-J 

rt <.!~) = ~ (5. 105) r 
~9=' r·. riti:Jit~&-mt Hoo ft1tflll/m!WiifJ\m: 

{

i: = Ar + Bu + Ew 
y=x . 

h=Cr+O•u+O•w 

(5. 106) 

tt.t.fPJJI!JIH'&mif-~1tiW'tw?£<11.1F~~~•~~m:1tiW)o r· ~l>t rt <.!~)!Wit~ 
~*'lffl~ 7 ~e<J-~. 

s. '· 3 :tJlltttlidfftt-J::~m~ 

u 

*1l~mJt.-;ff:bnttm~xt~e<J•fl~)EfPJ!mo Af*:t&iJi£t~oo 5. 5 9=te<J.!Fflft 
):£ tt* me<J~)E fPJ 1m,~ 9=' .!.n •rJT ~ xt~ e<J 
fijf$1~Jfl • .!e H:: * ~ g ~ o -fN \i .!m ;fll .!m + 
.!. Jt.-;(j til liiJ e<J .IF.):£ t& ~~It 0 ~ .!,., e<J f~ ji 

~y-- m~1-J 

Gm(s) = Cm(sl-Am)- 1Bm+Dm 

00 5. 5 A:ff1Jntt11Z9J(J(JX>f~ (5. 107) 
~q:t(Am,Bm)~~~,(Am,Cm)~f&1Ji!~. ~~ 

r.>o.xtf:bnttm~xt~e<J•fl~~flll:lm£tH::t!G¥1J-1'-:rt<5. 2)F/f~~:rte<Jt2ifi1J 

:H,fFfflfOO 5. 5 e<J./Ff!ft}Ett*m_tat .FJrrz:~e<Jffi~*mxtFJf-;ff Loo m:~t'J\f~ 
$f r. e<J~~-~ .!. H::~8)EI'J<Jo 

ll!li Vidyasagarl:100JI'J<J~*< -tf!~-~~mx[22]), ~~ YE~_t~fPJ:lm$~f 

xtrrm e<J~ llfJ *m 

{

i: = Amx+Bmu+O • W 

.!add: Y = Cmx+Dmu+Iw 

h = 0 • x + Iu + 0 • w 

(5. 108) 

t!G¥1J-1'- He., r ~ ftt2ifilli~ <~ 9=' r= 1/r.) o ./Fxft~JJ\1 EI:J p;q 1'-~ ~ rm :JCtiHAm, 
Bm, o, D ;fll <A.;. ,o, em, D Flf~~e<Jp;q-t--r *mHo~ ~e<J o ~ ~_t M-1'-r *mJt.-;ff 
ff'JiiiJB<J.IF:':lt~.g,£t•Am e<JMUEmo xt .!~./F~:bnf:f:fnJtm)'~~ftf:,£t~m~ 7 ~ 
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tf(J~jfUJH!fti:lt!!tt~:ll,Ha r· o ilii:>cm.t[22]tf(J~*~~ Am t£m~..ti!it:ff~uHlo 
tt~ 1/y* ~ ~. llJ~OO 5. 5 ~tf(J~f!ftiJ:Ett*~ftiHt=Wflli~)Efl9:ll::kllJ~ L= 

7[~tf(JW.o 

s. '· 4 ~tttlz;'fFtt-Je'-'ta~ 

;;$:1l~~~A1f*tttlll9J~;f~tf(J· u 

w•J:Efi:il.lm, 1t!¥.t~OO 5. 6 f.Jft£ ;~ttf(J ~f!fti -~---+{ 
)Efl*~tf(J-J:Efi:il.lmo Jt~ ~ ~*~tf(J 
f,jl$~~'~• ~~T!fij):Efj:Hf;fjo ff?Hi: ~m 
I~Uit Eli 00 5. 6 ~ ~ :fn ~. f.Jf ~it mD1E tJ(J ~ f!fti J£ tt * ~:ff IJil *F~ § tJ(J ~~):£ t& .¢.\ 

~o ~ ~m tf(J{~Ji~J$1-J 

Gm(s) = Cm(sl- Am)-l Bm + Dm (5. 109) 

Jt~(Am ,Bm)llJmJ:E, (Am ,Cm)I1J~i9!tlo ~)Ef,j:fl: Ym>O,~;f=f*flfl;fj~;f~tf(J· 

wmJ:Efii1Jmit~tt¥~J-1'~<5. z)f.Jf~ffl~tf(Jrt:tJJH,fF.mt£oo 5. 6 tl9~fiff!J:Ett* 

t/C_ta;f , JYf f= ~ tJ(J ffi ~ * t!CM J!Jf:ff L= 7H:!Ii'J\ =f 1i1G ~ =f r m tJ(J iii fm tl ;tJ ~. ~~ pg ~ 
)Etf9o 

~f!;.{tf9 .~!W Vidyasagar[Ioo] tf(J~*( 1t!11J ~ JJ.!,:)cm,t[22]), 11J Itt ii[~_t;ltfi:i]Jm 
~fftrxrrrmtf(J~WJ*~ 

{

.i: = Amx + Bmu +Bmw 

~multi: Y = Cmx+Dmu+Dmw 

h = 0 • x + Iu + 0 • w 

(5. 110) 

tti'J-1' H= r ?X..f1tri:$JJH<Jt~ r= 1/rm) o 
tt•..tiiiltf(J¥~~~m~M7.~tf(J*#·~~~ffl~GMM**#MPJ~tt 

fNT!ftii.t1J k..wtitf9:ll,Jvfil r·. 1/r*-tt!flij;f;F~PJ~OO 5. 6 t19~f!fti~tt¥~Wflli~)E 
tf(J ~e tf(J Jl::k I1J fm Loo 1B!Ii tf(J W. o 



~ 6 ¥ iii it a-t fBJ Riccati n ~£ tfJ M 

6. 1 Jlf. it 

~ 1tt ll111iJ ft~ Riccati 1J ~ <DARE) B ~~ ~~ ¥1J ~Il f* A l'fJ 1i1f ~ < iiJ ~ Jl.!. X mx 
[lo1}--{1o6J) 0 ::k$?t1Vf~~~t~ttm~tt=?X~illtHiiJJm9=J m~l'fJ~tttll111iJft 
~ Riccati1rli<FPOO~fl1fei!-~l'fJ DAREf$J;J Hz-DARE)o :lli*.-.®~~ 
.X;f Hoo~i!Jtj*"~ittll111iJ~~tt?tm~:i1HT71Vf~Cz7.lo7.losJ ,f=~ 7~~~j\l'fJft 

~ Riccati 1rli<FPOO~f11f$J>J Hoo-DARE) o m -Ti!.®ft~ Riccati 1rli 9=J l'fJ~ 
~ ~~~ f!J]i , v.l.&x #(f.DL!X!. •l'fJ ~ :(£ tt, i! .® ft ~ Riccati 1f li 89 :fr tJi *" >1t • ::m: 
~~ # m Xi i'fJ o *lit 9=J ~ ~ @1 J®i Chen ~c109J M-~ DARE, v.llft. H2 -DARE *" 
Hoo -DARE 89~~:i~H-t1r~o ;lt±:~~,.a::m:re• DARE i'fJfiiJ/m1tJ&•mmz89it~ 
R111iJ Riccati 1rlio FP~I'fJ>lt.:l:tli::m:~~~{-tl'fJ o i!*Ffi\i89tt..a::m:: ~~ 7 ~ft 
:l:tli 9=J l'fJlt. :1: , lA ffif f= ~ £ :bP tlHifrll'fJ. o ·tf!fm ~ 1&-~ H= -DARE 89 tt .taL 
J!J>Jm~ l'fJ ::m: , i!-lit l'fJ~ * ltJL. 7 ~itt R111iJ *" :ii ~ ll111iJ Hoo ~ i!JtJ fiiJ Jmz lliJ 89 
~:(£~~0 

6. 2 -f.ji DARE B"J!D¥ 

*118jtmrOOI'fJ~ittll111iJ1-tJX Riccati 1rli~IA~~~ft-~, 't;~~H: H=
DARE1!A:fl-~f!,:(£3jtf#f Hoo-DARE 9=J~~71!~fPJIL Riccati 1rli::m: 

p = ATPA- <ATPM +NHR+WPM)-1 (WPA +N'f) +Q (6.1) 
Jt9=J A,M,N,R *" Q ::m:tt~J>J nXn,nXm,nXm,mXm *" n Xn l'fJni~,Q *"R 
::m:xiff$nil2f;o ~fll~YE~j\(6.1)89 DARE 11J~~J&it~IJ111iJ Riccati 1flio iN 
~ni~A:(£~~00L-1~~:fl~~mo~~ 

F: = <A+D-1<A+D 
G: = 2(A + n-zM 
w: = R+W<AT +n-IQ<A+n-IM 

-W<A+DTM-W(AT +D-1 N 
H: =-Q<A+D-1M+N 

ni~ F ,G, W *" H ~~L::m:JJB~Xlt~tt~~*~)(l'fJ o 
»~ .z. :flr oo 89 ~m! 0 

(6. 2) 



~116.1 iFii~Jl!~ A t£-1 )1&1f~n£fi[,pjffiil~t.V!~fft: 
(1) P ~ DAREC6.1)~~;ffj\~,W ~~~~Jf~o 

(2) P ~j!~ft~ Riccati :1Jfll 
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PF + F"P- CPG + H)W-1 CPG + H)T +Q = o (6. 3) 
~~o R+2GT(I-F")-1 P(l-F)-1G~~~~Jf~o 

P~P ~~.*~P=2(AT+D-1 PCA+D-1 o 4 
iiE lljJ .9i!. 6. 4. 1 "$ 0 ' • 

*f£1J1IHH ,)EJ]! 6. 1 ~iifl"I~HttlfitfB]ft~ Riccati :1Jfll~j!~lf;j"fB]ft~ Riccati 

:1JNZ.fBJB9:m~o ~JJ. 6.1 ~f!ijj\;(6.1)EJfffifl91lJ1tta;ffBJ Riccati 1JNPJI~H~1f!IJ 

.xt<6. 3)EJfffifl9i!~atfBJft~ Riccati :/Jfi, W~:/JNA:fli.lf$~fi[~)E~~~.i*ft 
~iii: 0 EJTVJ&:ff ~'~ljiJ!k~~1itlfitfilJ{-t~ Riccati :/JNB9JJ(M:ill:rr?MJE o 

*-=w ~ ili -1--~~ .i*ft:i:IN*.F1:.~>t¥P~ .IE )Em~ P f~JlJ 
Y:= BTPB +DiD2 > 0 

R:=fi-Di2D22 -ETPE 

+ (ET PB + DizD2 )V-1 (BT PE + Di Dz2) > 0 

;Jt ll-rW~IlJ'IttatfBJ{-t~ Riccati :1JNCDARE) Jb.jr: 

p =ATPA +CJC _ [BTPA +DiC2 ]Tc-1 [BTPA +DiC2 J 
2 2 

ETPA +DI2C2 ETPA +DI2~ 

(6.4) 

(6. 5) 

(6. 6) 

[
BTPA +DTC J 

Ad =A- [B E]G-1 ET PA + D~2~2 ( 6. 8) 

~frJZ.J!JfVJ~Jlt Riccati :/JN~~@~f§~'EJ!Jf~;f~~~'lfta-;ffB] HooJJ.~C.Yi!. 
ffHt 5.1) o lillat-m./Fx1t~::J!l~ E=O ~ D2z =O,j\:(6. 4) ...... j\:(6. 6)~Jb.~~tt.:: 
?X~t!WJ'P~ Riccati :/JNo ~m~~.Yi!.,J!GfrJ1t)t@l)ijLtWB9 Riccati :/JN~~ 
1itlfitfBJ~ffi,@,&~ Hoot!WJJOJJm~~~o 1t.9G~.>l.~m~FJ~ 

{

x(k + 1) = Ax(k) + Bu(k) + Ew(k) 

~FJ: y(k) = [~Jx(k) + GJw(k) 
h(k) = C2x(k) + Dzu(k) + D 22w(k) 

(6. 9) 
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;tt'P xE Rn~~~.uE R"'~tl$1J~A.wE Rq~tlti9J~A,hE R1 :N!flttl~ili ,yE 
Rn+q:N!imtt:l:~ili o ritia<J51JI:N!mMtt~ 5. 1 ~iiiJB<J o 

51116.1 ~m~t!t(6. 9) o iNliCA,B,Cz ,Dz):N!ti:iiJ:i!Ei<J ,:fEltiUIIML.l:&:fl 
::pi:~.~ o m~-room~ ~ffl-: 

(1) rf:fE-1-fit~&ijJt u=K1x+Kzw, iiJ~~FI~~~.~~iJA w ilJh a<Jffl~ 
~:l!BI§!ltll<J Hoo7i1fitJ'r Yo 

' (2) J:\:(6. 4)~J:\:(6. 6)1f:fE-1-~1f**.i£~~ P.~~iJ:\:(6. 8))9f7$8<J~~ 
Ac1 B<J!M'UEtiltEltiUl:ml ~ o 4 . 

rifi~ili~ffi.@Jo]Jmll<J Hoo-DARE ~):E~Ei<J~I:~{-ti.t;W/J~. &PJ:\:(6. 4)~ 
J:\: ( 6. 6) o 1Bt1A ~ ):E ~ t!t 9=t ):E J( -1-$ii WJ H= -CARE, ~~i J!<]J~ 8<J ~):E ~ l1l 
Hoo-DARE B<J~):E~]fX~_®*, ffil2:1- Hoo-DARE B<J~)E~:JG$:i!f-t>J(lf1 o 

1Bt~~J:E'iit~~ Fo ~~iA+BFo tE-l ~H5t:fl!M'UEU1. J=t~(A,B>:X:r 
C0 UC® ..tiiJit~~iiJ~~J!41~~o itr-*)EJl.$iiWJ Hoo -CARE: 

_ -- -T- r.-r- _ [_BTp + DlCz JT- 1 [_BTp + DiCz J 
0-PA+A P+vzCz £'-T- -T- c- r..-r- -T- (6.10) 

L P + DzzCz c.- P + DzzCz 

A:= <A+BFo +D-1 CA+BFo -n 
B:= 2CA+BFo +n-zB 
E:= 2(A+BFo + n-zE 
Cz := Cz +DzFo 

Dz := Dz- (Cz + DzFoHA + BFo + n -1 B 

Dzz := Dz- (Cz + DzFoHA + BFo + n -1 E 

(6. 11) 

(6. 12) 

(6. 13) 

:tzo*~~ Dz :N!9~TPi~B<J, 9l~~ftj:< 6. 11) ~ijij c :N! iiJ:l!B<J o li'J:WB<J, ~fi1~1J~ 
(6: lo>M!~iAc~B<J~UEtiltE:Tfti:*JJl-itia<J~ P ~jJrj~~@.;tt'P 

(6. 14) 
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EJ: rr)::[r}w 
1h = Czx+Dzu+DzzW 

(6.15) 

~ Hoor ?XftJ'iil;JHi;t{f~Jl*~. rlti~~~JJI!. 5. 3 m¥~J~i3IJJI!.. 
51116.2 ~.ttt~~(6; 15). Miii52z~7Um~.cX • .B.cz,i5z)i£~~..t&:fl 

/F:'S!:~.¢.\. mu-room:JJ!~fft = 

(1) ff:{EM*~.&~~ u=K1x+Kzw, Pffl~iF1#~~ w ¥1J h ~fflJ.F~:iiiiB 
~.~ H = 1i1~1Jvr r; 

(2) ~H4C6.ll)JVt.ll.,ff:{£-1-X;ff* P~O ~~~1JWC6.10)JVt.ll..~ffii 
j.\(6.14)§f~~ Ac~~*fm:OO:t£7fti:*-.lJl-OO. • 

rOO~ tf:l.±JHiLW:. 
~116. 2 -roo~~:!J!~~fft~ = 

(1) (A,B) H:; Pffli)E~, (A,B,Cz ,Dz) ~ti:PJ~~, {E!)i{ftiMJ..t&:fl/F:'S!:~ 
.¢.\. ffiillff:i£-1-x.tf**-.iE)E~~ p~~~j.\(6. 4) '"""'j.\(6. 6) JVt.ll.,j.\(6. 8) Elf~~ 
Ac~ ~EJT:fl*fm:OO:iE!Ji-DlmD ~. 

C2) <A,B) H::Pffl)E~ ,Dz ~7Um~. cA:,.B.Ez ,Dz) ifbfl~..t&:fl/F:'S!:~.¢.\, 
~{4(6. 11) JVt.ll.. ffii.fij.\(6. 10) Elf~~ Hoo-CARE fj:{£-1-x-ff**-.iE)Efi1 P .~ 
~~j.\(6. 14)fJT~~ Ac~~%'m:OO:i£7fti:*-.lJl-OO~. 

mill P fliP ~~~:1-J P=2(AT +FJBT +D- 1PCA+BFo+D-1
• • 

i.iEPJJ !.\!, 6. 4. 213. + . 
it 6.1 ~ffJ~mtf:l (A,B,Cz ,Dz) ~ti:PJ~~~ffi.@, Hoo-DARE ti)Effrffj: 

{£~~,~~{4(~ !.\!.Xmt[22]). ffiit[!~)EJJI!. 6. 2 ~iiEI!ij f!l:ii~B;ffajft~ Riccati 

1JW ~tt.&i:, ~It§~ iiE l!ij <A, B, Cz , Dz) {£ !Ji UL mD ..t & :fl /F :1!: ~.¢.\it!~ ~ffi ll 
R"'-DARE ~~ffrffj:{£~~,~~{4. • 

it 6. 2 :f&~)EJJI!. 6. 2,X>J"r~ffi.@JilJ:!Hi~ Hoo-DARE,tfH~ti)Effrf P ~~F~ 

f-t:IJ~:tmr = 

(1) ~lf;t$!1i.!VJ~ Hoo-CARE. 
C2) ~JfflB:fl~~F~f-t:IJ~,:tzn Schur 1J~<PJ~J\!.Xmt[84]f!l[llo]>,~tf:l 

Hoo-CARE ~ti)Effrf. ~)( -1- Hamiltonian~~ 

(6. 16) 
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(6. 18) 

(6. 19) 

9!UPJ~i P=T21 Tii1• 
(3) ~ffi.~ Hoc-DARE B9~~ff¥tlg P=2(AT +FJ"BT +D-1P(A+BFo+D-1 

• 

• 
J!Gfll~litt H=-DARE ;.li;: Hz -DARE tf9ti} • .Q~~ r==,~~ffl-:lt!!.~ E=O 

f!l Dzz=O,~PJ~i¥1J-Ai:B9 Hz -DARE. 1iJ77t~tt, J!Gff] ~ rilii89itl£~ tl:l 
Hz -DARE B9~~l!f-t~i!. 

m~ 6. 1 roo~~n::~ffl-89: 
(1) (A,B) H::PJ.fl~B9, (A,B,Cz ,Dz) tr:PJ:J2!,:(£lji{ftmJ_tii:ff/F~~.~. ii'ii 

H:ff:t£-1--* JE~~~ P, -ttm 
BTPB +DiDz > 0 (6. 20) 

P = ATPA +ClCz- (ATPB +ClDz)(DiDz +BTPB)-1(ATPB +ClDz)T 
(6.21) 

ffii~~ Ac1 B9~tiE{il$:(£1Ji{ftmD I;I;J, jt~ 
Ac1 =A -B<DiDz +BTPB)-1 (ATPB +ClDz)T (6. 22) 

(2) <A,B) H::PJ.fl~B9 ,Dz H::~UrvU'k, <A,B,Ez ,Dz) :t£t!Ufk_tii:ff/F~~.~. 
ffii!ir0089CARE 

o = PA +ATP+EiEz- <PB +Eif>zHDiDz)-1 (PB +CTDz)T <6. 23) 
:ff:t£-1--*JE~~ P ,-ft~i Ac~B9~tiE«l:t£7ftr:-*"1JZOO ,jt~ 

Ac1 =.A- B<DiDz)-~ <PB +CTD2)T <6. 24) 
mJ Pf!lP tf9~~1gP=2(AT+FJBT+D-1P(A+BFo+D-1 • 4 

51lll! 6. L51lll! 6. 2 fll~lll! 6. 2 -~7j.r~atfBJ~~4FJfllli~atfEi]~~iFIB9 
Hoc y {Xftt£$fjfii]/mtf91;1;J:t£~~. rilii8951lli!~Jltiltfi,~,~. 

511.1 6. 3 -{Nti(A,B)P]"fjl~, (A,B,Cz ,Dz)tl:PJ:J2!,:tflji{ftmJ_tii:ff/F~~ 
h... mtl~r~itn::~ffl-89: 
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(1) .i':\(6. 9)J9f~~~ftt1Jtfa]~f~Ltl'J,&i1!~~ 4FI~Yft:ff-~ r ?Xttt:!fM 
$0 IIPX>t~~~ -y,f¥:(£1ft;:5~ffl".@,.lii1! u=K~x+Kzw,M!~i,M. w ¥!J h ~ffiJf.W 

)li)j§~~ Hoo 1i1~1Jvr Yo 
(2) ~(6. 15)J9f~~Ji~Btfa:J~fl§i,@,.lii1f~~ iFI~Yft:ff-~ r iX-ftt:!ft!J 

$0 IIPXt~~~ -y,f¥:fflft:5~fl§f,@,&i1! u=R~x+Kzw,M!~ib'.. w ¥1J h ~ffiJff~ 

Jli>B~~ H oo 1H:~'J'T r o 4 
it 6. 3 ,M.~;r~-~~~~:lt1£~i¥1Jiill.l 6. 3 ~~*-&~&~~ 0 ~fll~i!f~ 

)ii)j§~~ Hankel1H:~fJl Hoo711~:(£~~1i~~r:J!~~~C~.!Ji!.X~[8])o J9f~ 

.R~Xt 4FJllHT~~tl:~~ffiHi¥1J-~~WJ:ii~~~.i.tPI~:te~fttlltfa:J*~ 4FI 
~ H oo r ?X tttl ft!JI'ii] »!~~nlt:li~lltl'aJ ~~~ H oo r ?X fttl ft!J fill 1m o PI~ ill: ~JHlli W1 
:li~llt~~~~~:5~~~-Z-:J! . 

{

.i: =Ax +Bu +Ew 

I-., F ~~]x~[~']:+[~•Jw 
z = Czx+Dzu+DzzW 

(6.25) 

Jt9=t f53 =-<A+BFo+ n-l B.D.=- <A+BFo + n-l E,ILB,EX:z ,Dz fJl Dzz 
:!111~~(6. 12)J9f~)(o ~Jit. ~J3.:{l~:li~lltl'aJ*~ 4BL~ Hoo r ?Xftt:!ft!Jfii]Jmf¥ 
:(£-~fmBt '~fttBtfa:J 4FI~ Hoo r ?Xttt:!ft!J lilJ»!f¥:(£-~fmo ~ffif 4BL#~~7'C~ 

:J!~fl§f .@Jf~ ~ o @.R ~I .tiT~)( 4BL 9=t ~WW :1:~ ili ift PI~ JlHIB! ~ilxt, ~)( 

Y: = [~ -~•J(y-[~3 Ju)= [~]x+[~Jw (6.26) 

~&Jl~:(f.tlf~iY!UI:~lli yr ,4BL :f£~5':\_t.~!n]-T iFI~J9f~~Ji&~ 4FI ~ Hoo rlX 
ttt:!ft!JiilJ»!f¥:(£-1-fmBt,4BL ~ Hoo r ?Xttt:!ffi!Jfii]Jmf¥:(£-1-fm, mJit~lliiiiJ.m 
6. 3otf:g~~ti:~~#N:1f}lJL.Ji~Btl'aJ~~ iFICii:i:J:Xt~JttBtl'aJ~~ 4FillHi" 
~~ti:~~.-P}~)(:!lll!nl.i':\<6. 26) J9f~~~~iYlti.Jwlli~i¥1J~) 1¥1 Hoo-cARE 1¥1 
~~fmfJl~fttB;fraJ~~ 4FII¥J Hoo-DARE 1¥1*~0 ffif~J.I 6. 21¥J.3::~:9t~~:H;}l 
JL. 7 'E fllZI'aJ (fJ!f*~ o 4 

rm~m-~•f9iJ-*ii!~L.ii~*o 
1§tJ 6.1 Xtritii¥J~ffl".@,~~~.L!t~fttlltfiij Hoo -DARE,;Jt9=J 

1 1 0 1 0 1 0 1 

1 1 1 0 0 0 1 0 

A= 0 1 0 1 0 ' B= 1 . 0 ' E= -1 

0 0 1 1 1 0 1 0 

0 -1 0 1 1 1 0 1' 
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~ = [~ ~ ~ ~ ~], D2 = Po ~], D22 = [ ~ ] (6. 27) 
0 1 0 1 0 l~ 0 0. 5 

r= 1. /f: ~~U~ i.iE (A, B, ~ , D2 ) ~ ti: iiJ ~ (B , 1£ 0 ~ 1f -1- ;f: 1f ~ ~ o fl! ti 
i.t;(6. 12) ,:«JiJJ~WJ(B H.,-CARE,;Jt!ft 

1 -2 6 -4 2 68 -50 -20 

-1 3 -8 6 -3 -92 68 28 

A= 2 -4 11 -8 4 ' B= 128 -94 ' E= -40 

-1 2 -4 3 -1 -52 38 16 

0 0 -2 2 -1 18 14 6 

C,- ~ 
0 0 0 

l D,- [ 1
1

o ~+ [ 0.0] 
0 1 0 l522 = -4.0 

1 0 1 -9 3. 5 

*IJffl Matlab ffif1ffi(6. 3) ,:«Jitl~J1Z(B Hoo-CARE (B~)Effif1g 
0. 767767 1.110081 0.180720 -0.307296 -0.617828 

1.110081 1. 607297 0.260755 -0.448623 -0.897322 

P = 1<r X 0.180720 0.260755 0.046343 -0.64704 -0.139318 

-0.307296 -0.448623 -0.064704 0.143150 0.264285 

-0.617828 -0.897322 -0.139318 0.264285 0.511644 

~f~iJ~, Hoo-DARE (B~~ffif1g 
127. 143494 187.057481 1 -84.671880 - 134. 864680 

187.057481 278. 730887 0 -124. 061419 - 201. 396153 

P= 1 0 1 0 1 

- 84. 671880 - 124. 061419 0 61. 078015 92. 569717 

-134. 864680 -201. 396153 1 92. 569717 147. 982935 

iiJ~~i.iE P t.lliJti.t:<6. 4) ~i.t;(6. 6) o ITff Ac1 tB~VEia1-J { o. 4125±jo. 0733, o, o, 

0} .~$:m1£!)tU!IW~o • 

rOO ~*:~if :±JHti:~ tBil l!ll o 

6. 4. 1 lEl'-6. 1 tf..J~II)J 

tt;t~mrOOtB1f~= 
ATPA -P+Q= 2AT<AT +D-1P<A+D-1A-2<AT +n-lf'<A+n-l +Q 
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= 2(AT +D-1ATPA<A+D-1 -2(AT +D-1P(A+D-1 +Q 
· =(AT+ n-1 (2ATPA- 2P)(A + n-1 +Q 

=<AT+ It-:1[<AT + n.P<A- n +<AT -n.P<A + nJ<A + n - 1 +Q 
= .P<A- n<A + n-1 +<AT+ n-1 <AT- n.P +Q 

= PF+PP+Q (6.28) 

(1)=>(2) :ftfn~ raul'fl~Jt7f.ta: 

ATPA -P+ <AT +DP<A+n- cAT +DPA -ATP<A+n = o 
~~~ 

P- PA<A+n~1 - <AT +n-1ATP 
+(AT+ l)-1ATPA<A+ I)- 1 - (AT+ 1)-1P(A+ I)-1 = 0 

ru.lltiiJ1' 
W = R + W (AT+ I)-1 Q(A + n-1 M- W (A+ I)-1M-W (AT+ I)-1 N 

= R+W<AT +D-1Q<A+n-1M-W<A+n-1M-W<AT +n-1 N 

+wPM-w PA <A+ n-1 M-w <AT+ n-1 AT PM 
+W<AT +l)-1ATPA<A+D-1M-W(AT +l)-1P(A+D-1M 

= R +WPM- (W PA + N'f) (A+ n-1 M-W (AT+ n-1 (AT PM+ N) 
+W<AT +D-1 (ATPA +Q-P)(A+D-1M 

(6.29) 

= R +WPM- CW PA + N'f) (A+ n-1 M-W (AT+ I)-1 (AT PM+ N) 

+WCAT +D-1 (ATPM +N)(R+WPM)-1 (WPA +N'f)(A+D-1M 

(6.30) 
= [I-W(AT +I)-1 (ATPM+N)(R+WPM)-1 ] 

X (R+WPM)[I- (R+WPM)-1 (WPA +N'f)(A+D-1M] 

(6. 31) 

~JJrJ~mm!'fl:!ikftf11liJffl7Jt<6.D~Jt<6. zg>~¥rJ:tt<6. 3o). ~ w :!ik~F~JF 
(fl 'Jj!lj :fl . ,. 

~Jlt 

R+WPM =[I-WCAT +D-1 (ATPM+N)CR+WPM)-1]-1W 
X [I- CR + W PM)-1 (W PA + N'f) (A+ I)-1 M]-1 

(ATPM +N)<R+WPM)-1(WPA +W> 

= (ATPM +N>[I- <R+WPM)-1 (WPA +W><A+D-1M]W-1 

X [I- (R+WPM)-1(WPA + N'f)(A + n-IM]T(WPA + N'f) 

= [ATPM-(ATPM+N)(R+WPM)-1(WPA+N'f)(A+D-1M+N]W-1 

X [ATPM- (ATPM+N)(R+WPM)- 1(WPA +N'f)(A+D-1M+N]T 

(6. 32) 
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= [ATPM+<P-ATPA -Q)(A+D-1M+N]W-1 

x [AT PM+ <P-AT PA - Q) <A+ n-l M + N]T 
(6.33) 

= [(AT P + P- Q) (A+ l)-1 M + N]W-1 [(AT P + P- Q) (A+ 1)-1 M + N]T 

= [(AT+ l)P(A + l)(A +I)-2M -Q(A +I)-1M+ N]W-1 

X [(AT +DP<A+D<A+D-2M-Q<A+D-1M+NJT . 
= (PG + H)W-1 (PG + H)T (6. 34) 

~ff1~~l!JJft3'\<6.Dl>\3'\<6. 32H~¥1J3'\<6. 33)0 :filJJi, m3'\<6.D,3'\<6. 28)fll 
j\(6. 34)iiJ~~ 

PF+PP- <PG+H)W-1 (PG+H)T +Q = o 
(2)=>(1):EI:J3'\(6.2)iiJ~~ 

n~~:fl 

A= (1 +F)(l -F)-1 

M = 2(1- F)-2G 

H =-Q(l- F)-1G+ N 

P = U-P)-1PU-F)/2 
w = R + GT (I- p)-1 Q(l- F)-1G 

- wu- F)-1G-GTG- P)-l N 

R + MT' PM = R + 2GT (1- P)-l PU- F)-1G 

R+MT'PM =R+GT(J-P)-1[Q+(P-PF-Q) 

+ <P- PP -Q) + <PF + PP +Q)]U- F)-1G 

(6.35) 

= R +GT(l- P)-1Q(l-F)-1G-W<I- F)-1G-GT(l- P)-l N 

+GT(l- P)-1[ffi -Q(l- F)-1G+ N] + [ffi -Q(l- F)-1G+ N]T 

X (1- F)-1G+GT(l- P)-1(PE +PP+Q)(l- F)-1G (6. 36) 

= W +GT (l- p)-1 (PG +H)+ (PG + H)T (1- F)-1G 
+GT(l- P)-1 (PG+ H)W-1 (PG + H)T(l- F)-1G (6. 37) 

· = [I+ w-I <ffi +H) T u-F)-1G]TW[I + w-1 <ffi +H) T u-F)-1G] 
(6.38) 

tl:~ ,t£~11tl!JJft73'\<6. 3).1.>\3'\<6. 36H~¥1J3'\(6. 37) o 

~{f]Bg~iN-Li R + MT' PM J!~Fit#a9 ,Flf~j\(6. 38)iiJ~~~.1-.7 . 
W =[I +GT(J -P)-1 (PG+H)W-1]-1 (R+MT'PM) 

X [I+ w-1 (PG + H)T(l- F)-1G]-1 

JJltl:flrOOa91tlii! = 

(PG + H)W-1 (PG + H)T 

= <ffi+ H) [I+ w-1 <ffi +H) T u-F)-1G] 



x <R + M" PM)-! [I+ w-l cffi + H) T c I- F)-1 G]T cR; + H) T 

= [PG + H + CPG +H) W-I CPG +H) T (I- F)- 1G]CR + M" PM)-! 
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X [PG + H + (PG + H)W-1 (PG + H)T (I- F)-1G]T (6. 39) 
= [PG -Q(l- F)-1G+ CPF + PP +Q)(I- F)-1G+ N]<R+M"PM)-1 

X [PG-Q(I -F)-1G+ (PF+PP+Q)(I -F)-1G+N]T (6. 40) 

= [ ([ + P)P(l- F)-1G+ N]CR + M" PM)-1 [GT ([- P)-1 P(l +F)+ NT] 

= (ATPM +N)(R+M"PM)-1 (M"PA +NT) (6. 41) 

IPJ~.~{I1~JfflA<6. 3).b\A<6. 39H~¥-IJA<6. 40) o :S:JI~HIH~A<6. 3) ---A<6. 28) 

;f:llA<6. 4DPJ~ 
ATPA- (ATPM +NHR+M"PM)-1 (M"PA +NT) +Q-P = 0 

m.lltm::~T;EJI 6. 1. • 

6. 4. 2 ~!16. 2 tt-.JYEP,ij . 

~{11 tl:~¥JJ;E #:tR~ffi & WU~! ~ F ~51 A ..R. ~ ::1'1 T 1l !ll A :t£ ~ .lJZ 00 J: -1 
~:fl*fUEM:~mxto miffi:tR~&i1H~#.IF~JIIiiJ Riccati :IJliC6. 6)~:ffRo f51Jlt::1'JM 
~Jt£.1\!.,~{f]:t£ Fo=O fll r=l ~fR£5ffiiE~;EJI 6. 2o 

CD=>C2) :.ffH\BIW 4. 2, lm5G!.ft<A,B,Cz ,Dz >~<A,B,Cz ,Dz >tEa= lit-/~ 
~~~tt~~o f<§JltttHI~J:EW 4. s,c.A,.B>~DJ~;E~<JA!.;EW 4. 6 ~0.1)), c.A, 
B,Cz ,Dz)~ti:DJ~~(.Jii!.;EJI 4. 6 ~(3. 2)) ,:t£ jw ~J:fi:fl:.f~~,r!~((.Jii!.;EJI 4. 6 

~(4)) ,fi:fl7i6r o !Sfl"~x~~~<.!ii!.;EJI 4. 6 ~(5)) 0 mr<A,B,Cz ,Dz >:t£-1 
~iiff.IF~~~.f51Jlti5z ~~tlt.Wtk~o rltiiiE~AC6.11)JVtJL:o 4-

M:= [B E] 

N:= C[[Dz Dzz] 

R·= [DTDz 
· DTzDz 

DiDzz J 
DizDzz- I 

Q:= C[Cz 

F:=A 
G:= 2(A + n-zM 

H:=-QCA+l)-1M+N 
w := R +M"<AT + n-IQ<A + n-IM- W<A + D-1M 

-M"(AT + l)-1 N 

X:= I- CR+M"PM)-1 (M"PA +NT)CA+l)-1M 
fij!)iffEJrPJ~~ . 

(6. 42) 
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~tt.1tC6.6)lU1tC6.10)P[7,t~tl~~1tC6. 1)fn1t(6.3). 1tC6.8)lU1tC6. 14)mtl 
P[1fi:~~ 

Ad= A-M<R+urPM)-1 CurPA +N'f) (6. 43) 

Ad= F-GW-1 (PG+H)T 

det[X]= det[I- <R + ur PM)-1 <ur PA +!{f) (A+ n-1 M] 
= det[I- M<R + ur PM)-1 cur PA +!{f) <A+ n-1 ] 

= det[I+Ad] • det[(A+D-1
] 

(6. 44) 

f§tt~~ Ad~*ffiE{ii{f!)it'lmJPi,X ¥.\>.1!~1:~#~. bt~JJI! 6.1 YEIYJ!fl~ 
1tC6. 31) .~#~ W ~l:~#.mtl 

w-1 = x-1CR+urPM)-1(X-1 )T (6.45) 

~~IYJ w-1 lUCR+urPM)-1 :flfpjff~*ffiE!a~<~!A!.X~[29]). :137~:fl 

W_1 = [
0
I Y][d)ID2 )-

1 
. 0 ][I YIJT 

[ 
-T - -T- I-T - I I 0 Dzz<I-Dz(DzDz)-Dz)Dzz-IJ- 0 

<R+urPM)-1 =[I ZJ[y- I 0 ][I z]T 
0 I 0 -I?-1 0 I 

;lt!fl Y=-<DIDz)-1 DIDzzfn Z=-V- 1 BT PE,llHS1tC6. 45) ~lit V>O lU R> 
0, P[~.tj 

.D~ [I- Dz <DI Dz )-1 i5IJDzz < I 
~..ftt¥tl w ~~I:~#~.:HHS5EJJI! 6.1 P[~ P ~1J~<6.10)~-*.iE5EM. 

JN.{EB~P[~ YEIYJ Ad ~*ffiEUit£3fti:-*~lf-iti7. tf!ii5EJJI!<6. DYEIYJ .P (I(] 
1t(6. 34) ,:fl 

.Ad= F-GW-1CPG+H)T = F-cx-1 <R+urPM)-1 CurPA+W) 

= <A+ n-1 (A- I)- 2(A + n-2M[I- <R+urPM)-1 curPA +!{f) 
X (A+ n-1 M]-1 CR + ur PM)-1 cur PA +!{f) 

= (A+ n-1 {A- I- 2[1- (A+ l)-1M(R+urPM)-1 cur PA + W)]-1 

X (A+ n-1 MCR + ur PM)-1 cur PA +!{f)} 
=<A+ n-1 {A- I- 2[1 +A- MCR +ur PM)-1 curPA + f{f)]-1 

X MCR + ur PM)-1 (ur PA +!{f)} 
=<A+ n-1 (Ad+ n-1 {[I +A -M<R+urPM)-1 curPA +!{f)] 

X <A-D -2MCR+urPM)-1(urPA +W)} . 
1 . 

= <A+ n-1 (Ad + n-1 (Ad - I) <A+ D 
(6.46) 



• 85 • 

~~ IYl.R~ Ac~l't9 ~W:fil:tEJP.lli IMI ~ ,Ac~l't9~V£ U1~:tE7fti: ~.lf-mi o 

(2)::;.(1): 1Bt.~tHg~JJI 4. 61't9~"LW:~Xli.iE~..R~<A,.B>~PJfl~l't9 ,Dz ~ 
~tlnw.f'k, <A,B ,Cz ,Dz) :tELfl~...tii:fi~~~~~ ,Jj!U <A,B) ~ PJfl~l't9, <A, B, Cz, 
Dz)~lr:PJ~(t9,:(Eip.{il!W...tii:fi~~~~" ~r-*ti:ltJIJ 

det[I + w-1 (Fe+ H) T (1- F)-1 G] 

= det[I + GW-1 (Fe+ H) T (I- F)- 1 J 
= det[I- F + GW-1 (Fe+ H) TJ • det[ (1- F)-1] 

= det[I- Ac~J • det[ (I-F)-1] 

Ac~l't9Fff:fi~W:U1t£7ftr:-*.lf-mi .ttHKf.\;(6. 38) PI~' R+W PM ~~~~Jfl't9 o · I::§Jlt 
~Jll! 6. I l't9~ 2 $?} JlltJl: o ~Jll! 6. 2 ~ r 1't9 & ltiJ i.iE ~ iitlVVF- t1l 0 )::;. < 2) l't9 i.iE ~ 
liW*~-~am.Jlti.iE~~*o + 



7. 1 J¥1. i-e 
-*•'PxifJi;jfltJEIJ*tft~ Hooft1traJJm~tlVJv(itt•il!fi~it. JJiUlt.t, PI 

ttJiiil!ft~Jit!-ift-*~U Hoo-CARE *~'¥1J r· ~il!fP-t(i. f9iJ:tln, i£~1i11tl9ltl 
it&~ H"'{t{tfa]Jm'fl,*'lffl Doyle ~[uJ~~jJ!(tf!PI~JJi!.~I!I! 5. 4),)li-{J;.{ y* ~ 

l!ftiiW:tlnr :~--"'r..@~::k r ~W1liif.il7f1tii.~~ r ~~w~~..@WJ"'r"~~"f-t 
~ Riccati 1fW,.1f*~Wt~-*iE~ttfn~~tt. :tznjJ!-*i£~ift#:(£.1f~..@~it* 
flf,~Pittf!ffl~ r>r· ,f'&Fc:lit~--"'rJ!'J'~ rf.il£~J:OO~iiW. ~I!I!~J:lJI:, 
~..-r:etwPittftafittff•~•~*ili-{J;.{•~mr·om~~~~~tt:etwttm 
~lHt6 ,]!:'-J~~~~Eilr r ~il! r· HifPJtmrz:~~~:Jtfia,:MJ.iii~ Hoo-CARE ~fft 
PJW~A-•ttfn~~~~~o~flt,i£*~~-&t*#iiW'Ptf!~ili~~-"'rm~. 
~~~ r ~'l'at ·*~~it*fif~Jllt:*~~Jl~JI!~~~til:f.ilfiiJJmo xifr-Ai1t Hoo 
tt1tr'iiJJm,~f.ilm~R~J!:bnFlfi:o Elftt,.mtt•*~~ r ~ Riccati 1iW~Wt* 
l!f-t>Rllk r· ~~PI8~ o 

*•~ § ~~~ftxif-::k~~tft < -E?.ffi~..@-@ JLfiiJ ~flf~-Ai1t'!W(SViJFJ! 
ili$l!ft1it!-*tt•r·~~f!fflf.iloafitt•r·~1ft!-Eii>RrtWJ-"'r~r~~~ · 
Riccati 1iWfnWJ-"'r Lyapunov 1iW#il~o W:•f!-E.{£ Matlab lf:ltr~~#m¥11 
T~l!M-~~-Ulfi'to ~--~~~:J!tt Chenc111Jftl Chen ~[Iz.nz-n•J:'-J~~~o 

-*•~~~:'-1: 7. 21H~ilii£~ffi,@,&~r ,Ji;jfltJEIJ Hooit1tfiiJJm~flVJ'f.il 
r· ~it•<:(£ Dzz=O ffi~r .~l'iiJJ!i~fftr~~~&t1tr Hooft1tfall!i)o 7. 3-;l 
~~-&~M~rr·~tt•o~2l'ftl~31'8~>R~~~tftiEd•...tm~~ 
~~~~·~..@-@JLfiii~flf. •Fct£ 1. 4-;l!fl,atn~~~••...t~~~J.\~;f.J 

JiR,HPx-triEd•...tfi~~~.g~~tftm~~l!f-t~1ir£-tt• r· o 

(7.1) 
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1'!9 Hoo f;lt{tfOJ»!o Jtq:t X E Rn:m:~;:5,u E Rm~t:;!ifi!HiftrA,w E Rq:m:7HlMJti9.J~ 
A,y E Rtttv:m:i9!tl:l.:flitr ili ,hE R1:m:}; IW~t::!~ili o:)c~q:tZ.FJrv...<JFJlt~~WL@JOJ»! 
::IiH~J ~ FJT~ ~W fi~u~ri~SJtJ m -T .& 11! , ep x ~ w t~SJtJ~i9!~ :1.: j!J. ~Iii oo ~W s 1 m:n 1l, ~ 
ffJ)E)( };p ~~~ll95G~IHA,B,Cz ,Dz) FJf~ffi!WT-lU!fo 

1Bt~rOO!WiFH~: 
-{N~ 7.1: (A,B) ltJfJ\)E; 
111i~ 7. 2: };p ~~4ll!L.t2:~~~~~; 

111i~ 7. 3: lm(E)c"f- (};p)+.Cf'- (};p); 
1f1i~ 7. 4: Dz2=0o 

it 7.1 tl:~~-1'-1f1i~(A,B) ltJfJ\)E:m:fffilJitJfj\)Et:;!ifi!J:H:{ft£1'!9~,~~ 

#o ~=1'-flll~t£ 7. 4l)q:t-!:~o :t!lt~};p :m::ti"JtJ~!W.iN~ 7. 3 §19.Jt~t~.Jltllt 
111i~ 7. 4 ~1!3F_t1f~~~.~t£2ls:1l*~5lHli!W:~~11i~<Jii!.tE 7. 4)0 4 

x;J~fl§i,~,~~<7.·D .~ffJ~rOOIW~~:i!f-t•r!?IHtJHlVJ\iii r· 0 

tViJI7.1 ~~-Ai:tt,1f1i~(A,B,Cz ,D2), I!P };p ~:lGtl?t~~(4.13)FJfffi!W 
~~0 ?&!iile };p ~~j~J~ 4 •FJftta~IW~~~t~~~~ <~~~ <4. 29)--
~(4. 32) IW~~~t~~!Wmi~f.J~) o ~7 !ii00~~1Jfl,t£•r!q:tx;J~~~~ · r. 
s I A§j-1'-f.l!:~tl~~, ~1~Hllf!W~~~it!Wf.I!:J¥1J~~ 

x= x; 

ro = [Imo 0] 
0 ror 

jtq:t mo=rank(D2)o ~r*ftj$: 
E~ 

Eb 

F.1E= E; 

Ec 

(7. 2) 

(7. 3) 

(7.4) 

Ed 

~~it~~~~t~~!Wttmtq:t~iiEili-fN~ 7. 3 ~fft-T Eb.=oo liilnt~mifl.®Jii!.,ffl 

nx ft~Rn /.Cf+ (};p)!W~JJ.t,~T n-:- +nbo tl:~~J3.1Jt~~~ };p :m::f"iltJ~~jiJj\ 
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Ax:= An -Aia(CfaCza)-1CfaC21 
BxB~: = BnBT1 +Aia<Cfaeza)-1ATa 

~ Cx : = Ci1 C21 - Ci1 Cza ( C[3 Cza )-1 C[3 C21 

f'&Ja'>J(tfHtJi Riccati 1JW 
AxSx + S"A~ - BxB~ + S"~ CxSx = 0 

~i£}Effi!J Sxo IPJIJ"it}E)( Tx j;} 

_ [Tax OJ T·-
x. 0 0 

Jt~ T .,.j;JftJi Lyapunov 1JW 

(7. 5) 

(7.6) 

(7. 7) 

(7.8) 
(7. 9) 

(7. 10) 

(7. 11) 

. A;t.T.,.+T.,.(A;t,)T=E;t(E;t)T (7.12) 

. ~PfE-ffi!J. tt~¥IJ-A~ :JiH~)E ~, (Abb, Cb) ~ ltJ~~, Elf~ (-Ax, Cx)J~ ltJ~W!tl 
~. ffif .§. ff!li&i 7. 1 ~ f!ij <Ax , Bx) ~ ltJ .jl ~ ~. f§ Jltf&m Richardson lJJ Kwong ~ · 
ii!i*[IIS] ,ffj!J Sx lJJ T ax~ff{±.§.Pf£-~ o 

~!117. 3 :lVNil r· j;j 
r* = ./A.max<TxSx1) 

ltJ~lt)Jft Wielandt ~ii!i*casJiiEI!ij TxS;1 ~Elf~*fW:-!R~~~lJJ~FfA~. 
Jntl~r mr~ )EJlltmtll:. 
~~~7.t ~m:i\<7. DEJr~~~ffi,~~~. Jntl:tEff!li&t 1. 1--1.4 r~ 
(1) :i\(7. 13)Elf~l±l~ r· ~~~:liVJ,-!R. 
<2) x-t r>r· ,~iE)Emlt$ 

(7. 13) 

• 

P( ) = <r-l)T[(Sx-Tx/f)-1 O]r-1 (7.14) 
r • o o • 

~7mJE)EJ.!I! 5. 5 ~~flf:<2. D--<2. 3)~PfE-ffi!J. ffif.§.~ r<r* IJ>t,ffi!J P<r)~.ff 
:a:. • 

i.iEPn :t£~7!~ 7.1 ~,ff!li&t ~p E!.~ttJ:frj;Jj\(4.13). 12S1Jit~ffi,~~~ 

(7. l)PJtJt:m:JT~j;} 

li =Ax+ [Bo B1J[:J+Ew 

[ ho J = [Cz,o]x + [I"'o OJ [Uo ]+ [D22,o J~ 
h1 Cz.1 0 0 u1 D22,1 . 

(7. 15) 
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:t£Y£1YjrftiA1-J D22,o=O ~ D22,1 =0. lm:t£1Effi~~&t$t$ 

Uo =- C2,oX + Vo (7. 16) 

(7. 17) 

d 

*M ,!p tE!IUdL.t ii:ff /F1t~ R.i: tf911i ii 7. 2 "iii~ /F#:t£ ~ ~?t:l: X~ ' 1t ~)§" (f9 * 
!JE.1g 

·+ x. A;t L~Cb 0 0 L~Cd x-:-
Xb 0 Abb 0 0 LbdCd Xb 

·- 0 L;i,Cb A;;;; 0 L~Cd x-; x. 

Xe BeEt. LehCh BeE-;;. Ace Lcdcd Xe 

Xd dE1 BdEdb BdEd.. BdEdc Add d 
(7. 18) 

Bt. 0 0 E-:-
Bob 0 0 

EJ+ 
Eb 

+ Bo. 0 0 E-; w 

Boe 0 Be Ee 

Od Bd 0 Ed 

;ftrft Eb=O ~lit 

x-:-

~}[I~ :J~ 
0 0 0 

~·] 
Xb [I~ 0 

~] El (7.19) 
0 0 0 x-; 

+ ~ 0 

cb 0 0 Xe 0 

d 

:tEE!i~~ 

Uo =- C2,oX + Vo 
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r ,_tiifl'J{J1t:~~.&~~~#~~lJ!f!li!J!JtlftrA1t:~;JfR:fli&5t:m,W-f51~ r* iii/F~ 
~n!fll. :J;JTYE~)EJJ!!.~fnwr~~liliriifl'J{J~I:m. 

51!17.1 *~<7.Dntt~ff!H1! 7. Lfl!1-i1! 7. 2lnfl!1-i1! 7. 4,y>O,Ji!tlX>tr*~ 
(7.1)fj:t£-1-~wL!~Uit1!f!li!J!J$ u=F1x+Fzw,1t1~ II T~~w II =<r lJj;. <A+ 
BF) E c- Jll(;JL:B{]jt:?}!.IZ'~*ftf:~ftJJc Riccati :1JW 

P,.A,. +AIP,. + PxExEIP,./r- PxBxBIPx +CJC,. = o (7. 20) 
fftE~xiff*m Px>O,jtq:t Ax,Bx lJl Cx B{])EJ()Ji!.P:;(7. 7)~P:;(7. 9), mJ 

E,. = [~:J (7. 21) 

Jt9=t Eb R:fl~"J}fi. :fm5Jl:fl!1-i1! 7. 3 Jllt.1tl'J{Jli§",Ji!tl Eb=o. .ft 
i.iEPn /F~-f.N:tt ,fll1-i1t*~B!~flt1t:~iiJP::<7. 18)lJ!P:;(7. 19) E!fffil'J{J%P:;. 

JJ!!:t£)EJ(1'fl'J{j~~1!::S: 

(7.22) 

Jt9=' X3 ft§:tf xd B{] md 1-~~::fr:S:,1U~lJ!fltf!ltlftrili hd #f.*~. mJ Xz -El.*T 
x-; ,Xc lJl Xd B{]~J~::fr:S:. f51JltP:;(7.18)lJ!A;(7.19)1!:~.5B{]*tJf~~PJ~flt::fr 

m:J;J 

[~2] = [Azz Az3][xz]+ [Bzz]u1 + [B21 Az1][Vo]+ [Ez]w (7. 24) 
X3 A32 A33 X3 B32 B31 A31 Xl E3 

G:J= [~Jxl + [1~ ~J [::J (7. 25) 

Jt9=t Au ,Bu ,A13 ,Cz1ln Cz3~1llli]A;(7. 5) lJ!P:;(7. 6) EJ[)EJ(, mi Azz ,Az3, ••• ,E3 ~ 

A:fl~~~JJcl'J{Jm~.JJI!iE*m~~*~~B{]tt~,/F~~m:~~m 

[[Azz Az3],[Bzz],[o 1],o) (7. 26 ) 
A32 A33 B32 

~tiPJ:Im:lJ!:ll,N1IW:B{]. mili~~~IEIJ 9rzEf> 9r3*nltTPJf!lr~fEil g+(2;p). J3 
-::tJw,m~~m 

[Au, [Bu A13], [~J, [1~ ~J] (7. 27) 

M~ffil'l{]-T *~~tcPJ:Im:B{] ,f2::flxi!Lt~~ln/F~)EB{]/F1!:~ ~. *mxiftt[9sJ, 
PJ1~~1JJI! 7. i l'J{j~5f;l:. • 
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siN 7.2 *~~*~(7.DrlJEffiii 7.1--7. 4,Jntlm~ Riccati 1Jfi(7. 20) · 

f¥{£-'t~;ff$f8¥ Px>O ~J'E?t!JZ,Jf~ftf~ Sx>TJf ,Jt~ S" f!l T" ?t£tl~1Jfi_ 
(7. 10)f!l(7. 11)~f8¥. ~ 

i.iEPJJ t15'6tE~¥1Ji:\(7.11)JYfffi~ T" ~~...t~rW Lyapunov1rl!l~M: 

Ex=[~;] • 

l!~mrffiii 7. 3 Jb."il.. lii1a>ttE~¥JJ 

TxCl1 = 0 fll TxCIC" Tx = 0 

JJ\l.ffift Sx>Txlf .~J(lE~m~ 

X:= Sx-Txlf 
~~j\(7. 10),j\(7.28)f!lj\(7.29)Pf~ 

(7. 28) 

(7.29) 

AaX+XAI +ExEIIf -B"BI +XCICaX = o (7.30) 

ffl P": =X-1$J§"*j\(7. 30)Pf~i 

PxAx +AIP" + PxExEIPxlf- PxBxB'IPx +CJC" = 0 (7. 31) 

}Yf~ Px>O ~1Jl!i(7. 20)~f8¥. 

&:l:JJfE,ft1Jl!i(7. 20)1ff8¥ Px>O. ~ X:=P;1>0,Jj!tl1f 

AxX+XA'I +ExEIIf -BxBI +XCICxX = o (7. 32) 
lii]a;f~ Tx ~ Lyapunov }Jfi 

Ax Tx + TxAI = ExEI (7. 33) 

~M. 'EA1fit<7. ll)JYfffia9~~Wit. JYr~i:\(7. 29) Jb."il.. ~r*~J( s" = 

Txlf+X. J&f&::{f S">Txlf f!l Sx~X>o. 1:51ffif1f 

Ax:Sx +SxAI -BxBI +:SxCICxSx = Ax<Txlf +X) 

+ <Txlf + X)AI- BxBI + <Txlf + X)CJCx<Txlf +X) 

= <Ax T" + TxAI - ExEi> If 

+ AxX + XAI + ExEI If- BxBI + XC'ICxX 

=0 

J!~~ Sx>O ~ Riccati 1Jfl(7.10)(19f8¥. 1:51/91Jfl(7.10)ft1f-'tl£~f8l,}Yf~ 

1f Sx=Sx fll Sx>Txlf. J!~ie/b.Ti31JJI! 7. 2 (19-y£~. + 
JJ\1.{£@1¥JJ~JJI! 7.1 a9"YE~. ffiii r>r· .~!l~JJ)~"YE 

P(y) = (r-1 )T[(Sx- Txlf)-1 O]r.l 
• 0 0 • 

TlJE~JJI! 5. 5 (B~ftf(2.1)~(2. 3). [51Jitf¥{£ FERmx"(B~~&tiJ!~u=Fx(~fl 
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&~&#~-~~MA&B~u=~x+~~.~mM~~w~•~•Wh~ffi 
JF~mf~ll~~a9 Hoo 7i!~'J'T y, ~;.{,& .HA+BF) EC- o 

WT r>v';.max<TxSx 1) ~iftr Sx>TJf .~Wfff&/frfiJS91JIF!JritJ1ltiMsl 
w 1.1 f!lslw 7. z ~-tJ¥IJo mJit~*~w 1.1 ~llif!ijo • 

J;.{""f :1!-.®tl:~o 
}± 1. 2 Xifr:i1~HiffBJ~m<7.D~ Dzz =o H>ta9~1~.~,~m~lil'J' r m~r 

~~~&-~fiE 

{

.i: =Ax +Bu +Ew 
y=x 
h = Czx+Dzu+O • w 

(7. 34) 

~.,J,m:,EJTJ;.{&:l!m~(7.13)~W 0 • 

}± 7. 3 :!Lil:W:ffllii 7. 3 a9JLfilJ~1!f:~7fllL5!.,!ilUfli~ffll!ft~1f~-*fifft)E:Iil;J, 
OO:o PJI;.{iJG:Iil;J,(J9lij:l:, lt:!lll y~ .~~-l} Riccati /f~ 

J\Ax +AJPx +PxExEJPx/(y* )2
- PxBxBJJ\ +CJCx = 0 (7, 35) 

:ffiE)Effi¥ Px>Oo &PJJ;.{ftjffl Scherer[19J ~~:W:,1ltiX;f Riccati 1f~(7. 20)*ffl 
- Newton ~l!ft-~*31( r· ~ur~OO:o Scherer ~-~A:ff=~t&~if.$o 4 

}± 7. 4 :!lll:W: 4P :t'PJ:l2!,!ilUffllii 7. 3 § ~ffl,ltJaa iffl_§_:~qlff/i~ffllii 7. 4,~{~ 
,~,&-~m(7. 1) (19Ji;J, r* PJJiiiritia9it:~n-tJ¥IJ :' 

. y* = [).max{[Diz.1:zz,1 1\~1 J}t (7. 36) 

1t9=t 1\ fll .S" 1HJUJ! riti Lyapunov 1f~a9-* iE)Ef!liE)Effi¥: 

X (Et- .Bt.Dzz.o - L~r;/ Dzz.J) T 

(7. 37) 

A~Sx + Sx (A~) T = Bt. <Bt.) T + L~r;1 (L~r;1 ) T (7. 38) 
Dzz.ofll Dzz.1~/f~(7. 15)Xif-T Dzz~~~a;f}9f)E)(.(I9 o ~-/fiti, ~~~& B~m 
(7. 34)(19Ji;J,OO:fll~(7. 36):/!~llila9 ''E~it-~~ 

. y* = [).max{[ DizDzz _ ~ 1 J }) t 
0 Txs; 

(7. 39) 

;l'tl=j:t Tx fll Sx 1HJU~ Lyapunov /f~(7. 37)f!J(7. 38)(19-*JE)Eflljf)EfU¥o ftJffl)E 
W 7. 1 a9fff~f!;.{~i!Ef!ij/f~:ttPJI;.{~iiEJ!.®, i.f$J(I9i!Ef!ijPJ Jli!. Chen[lll] o 4 

-roo~mJL~f9tJr*~*i!-1lo 
'f§~ 1.1 ~Ltt~m.~,~m(7.1)fll~~~&•~m<7. 34) .;tt'P 
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1 1 1 0 1 0 0 0 5 1 

0 1 0 0 1 0 0 0 0 0 

A= 0 1 1 0 1 ' B= 1 0 0 ' E= 0 0 (7. 40) 

l 1 1 1 1 0 0 1 2 3 

1 1 1 1 0 0 1 0 1 4 

fU 

Cz = ~ ~ ~ · ~ ~], Dz = ~
1 

~ ~], Dzz = 0 (7. 41) 
1 0 0 0 . 0 0 0 

0 1 0 0 0 0 

~~~liEr*tft<A,B,Cz ,Dz )~/F~ti:iiJ:J2,if!/F~:tiiiJJ2!, :(£ s=1 ~:fl ~-t-/F 

~~~/F~~~.WHB~~~~~~~~~~7.~~ 
r. = Is, rar = Ia, nx = 3 

A. = Po ~ · ~] , n,.n; = G ~ . ~] . a c,. = [~ ~ ~l 
l~1o b12 ooJ 

A~ = 1, E~ = [5 1] 
~~~j]~(7. 10)ftl(7. 12)~i~J 

[ 

0. 556281 0. 185427 - 0. 305593] l:3 0 OJ 
s,. = . o. 185427 o. 395142 o. 231469 , T,. = 0

0 

0

0 

0

0 

. 

- 0. 305593 0. 231469 1. 217984 

~1lf*tff(7. 1)ftl(7.34),jl~\fil)9 

r· = ..j).mu(T,.S,.1
) = 6.4679044 

f9IJ '· 2 ~m~ffi.~,*tff<7. Dftl--t-~~~&M*tff<7. 34) .~~ 

A= ~ ~ ~ ~], B = ~
1 

~ ~], E = r;J (7. 42) 
·1 0 0 0 1 0 2 

0 1 0 0 0 1 

Cz = [~ ~ ~ ~] • Dz . G ~ ~] • . Dzz = [~] (7. 43) 

/F~®liEr*tft<A,B,Cz ,Dz)BJt ~P ~iiJ~ftl:tiiiJJ2!~, :(£ 2 ~:fl-1'-/F~~~ 

/F~~~--1'- 2 rm-~x~S&~.~- ;timr£ 1. 4 iiJ~i 

r. = 14, rO< = 1, n,. = 1, A~= 2, Bt. = 1 
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L~ =I, E-:-= 4, Dzz.o = 2, Dzz.1 = 1 

, Sx = 0. 5' Tx = 0. 25 

Pltl~fg,@,Bt11!¥t!f~:QiJJvfi:Jg 

r· = [Anmx{[Diz.I:zz.I Tx~~J}t =(A~{[~ 0~5]} )t = 1 

lfij ~ ~~& 11! ¥tit~ :ll!J,!i::h 

r· = [Anmx{[DizODzz Tx~~J}t =(A~{[~ 0~5]} )t =J5 
ey~~~~~~~{io • 

ill§ .~;J'T-~ffi.@,Bt11!~t!f<7. D ,lJGffJ!tHH-~:il'J'fi r· ~~lifait•fiillmo 
r· ~~liftiit-~F*!-ft<flAT-rOO~ff!Hi: 

lm(E) C "Y""(};p) + y>-(l:p) (7. 44) 
i!~ -@?'X~~ffiiiio rmJ§Uif~-~~JT-~~~~iNii<7. 44)t£it. r· ti9:UW 
~#$~~A~om~~m••~*Mfiillmo 

*M¥iDJII:t£~:flff!llii<7. 44)~·1fi~r , :!m-fiiJit~~ffi.@,& 11!~t!f<7. D ~~ 
lifti:Ql;J'!i r· JIJ~tE::h Jl:i!~-~*Mfiillm o 

lJG~~ffikOO~fiiJJm~eym~.-M~~•*eyMorUif~~T-•Mt£~:fl 
ff!lii<7. 44)~fW~r, ey~~.tJJIJ~lifti~ r· o 

f§IJ 7. 3 ~Ltt~ffi.@,Bt'W!~t!f(7. 1) ,;Jt~ 

A = [~ ~], B = [~ ~]. E = [~ ~] (7. 45) 

C, - ~ ~ , D, - t ~ , Du - 0 (7. 46) 

~ffl~4·~~tt~t!fiA~~~~ 
-r- (};p) + y- (};p) = { 0 } ( 7. 4 7) 

m~ff!llii<7. 44)~~Jl:o -&~~tfl:tl~t!f<7.Dfft£ r>r· ~o ?X:lflftt!ittJH~ 
Aflf~1ftT-rUifft!li Riccati 1JWf¥t£-*"iE~M P: 

1 1 -·= --1 
a· r 

. (7. 48) 

(7. 49) 



Po(Pl +P2 +2a) = 0 

Pa +P~ +ZaP1 +a= o 
P3 +P~ +ZaP2 +4a = 0 

Po = 0 WG P1 + P2 + 2a = 0 

:!zll*:lit~ P1 +P2+2a=O,!iltl 
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(7. 51) 

(7. 52) 

(7.53) 

(7.54) 

(7. 55) 

Pa+P~+2aP2+a=O (7.56) 

IH'&1J~(7. 53);fll(7. 56)~f!ij a=O WG~ifl":l& r=O. f!l~ r>r* ~o.~*~m. 

Flr~mz~~~ Po=O. Jf:t£1J~(7. 52);fll(7. 53) Jilt~ 
(7.57) 

P~ +2aP2 +4a = 0 (7. 58) 

PJ~~iiE~_t1JN1ilE~ PI ;fit p2 ~1t:5f!l6\~~f't~a<O,WG~ifl":l& r>1. J9T~ 
r· ~m:ttm~ r· =1. iffl~;JfffiiJ r>r· =1,/JN<7. 48)~1£~~ P ~ 

P 
--ly2 r 1 ( ./2r -1 + y) 0 1 

o --il---1</5r -4 +r) r-

(7.59) 

.. 
im1it~1i -::k~~tJc~mJE<7. 44) ~JLM~ftt, r&iffli!JPT~it.-ili~~~S: 

,J,U1. :l!~~~1it1i@ifflX1Itt't·#t~tt~fiiJ»!. 

*1l!=ft~tl1-~~~i*fti'J9,1f6lM~tU1~tt~•~*it•t"w~ut.&i1J!~tJc 
~~~r·m= 

{

:i =Ax +Bu +Ew 

~: y = C1x+D1w 

h = C2x+D2u+D22w 

(7.60) 

;J'tJ:ft X ERn~~ ~!l*~,u -E Rm~~ffftHiJtrA,w E Rq~)'j-.'{flH'Jti9J ,y E RP~~tlfi 
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ttuili ,hE R1JHJU'£ttuili .~T~~/J{f,~)(~p ~n!~lm:Jt!IHA,B,C2 ,D2) Flff-t 
~e<Jr~~.~Q ~m~ ~rn:JCm <A,E,c! ,Dl) FJTf-t;&e<Jr ~~. tt5'G:flroo e<J 
fl?ii&t: 

@i&( 7. 5: (A,B) ~ii]"tJ\~8<]; 

fl?ii&t 7. 6: ~p :t£EfH!ll..tti1fiF~~-~; 
@i&( 7. 7: Im(E) c 11- (~p) + g- (~p); 

@i&( 7. 8: (A,Cl) ~PJ*-&~~8<]; 
fl?ii&t 1. 9: ~Q :tE.S~..tti:fl/F~~B; 
@i&( 7. 10: Ker(C2) :J 11- (~Q) n g- (~Q); 

. @i&( 7.11: D22 = o. -It 
it 7. 5 tt~~J@i&t 7. 5 fll7. 8, l!P<A,B)PJtJ\~fll(A,Cl )PJf.&~~~ffM~ 

~~ti:ib~Jff:tEB<J!.IZ,~~ft.J:. 7. 4 il:W*~fNi&t 1. 6 fll7. 9. :!ln* ~p ~:tliiJ:J2!,~Q 
~:tcPJ~.mufl?ii&t 1.1 fll7. 1o !t ~ ;tJTAJE. :t£i!#·twt£r ,fl?ii&t 1:11 e<J D22 =o 
-tl!PJ l~t7'c~~~<.OO..Jaooe<Jtt 1. 7). t~t 

xifr-Aie<J~tlii& 11t ~~ <7. 6o), ~fn:flrooe<J~~~f-t~#i:*it~mA\ 
m r· 0 

iYilJ 7. 4 

(7. 61) 

f&£:i1Hf 7. 2 ile<J:$~ 7.1 fll7. 2. ~£Mimffla<J/Jtf,Xifr~~(7. 61):fft~e<J 

~~~f,j~~e<JFJT:flrn!~fll~~t!S:bn..tr;fj"P". ~}}U~re ~p e<J~~~f,j~ 

e<J~~~!1c:m:®fic~ r""' R "IS+ o;p) e<J!tfticJ;J nxP• ~ (7. 10) ~ 8<] Sx fll 
~(7.11)~8<] Tx :m:®Tic~ SxPfll TxP. 

iYJJJ 1. 5 ~)(~--t-4mWJ~m,@,~~ yi = ATx+Cfu+C[w 

1: S~:+D~:: D1w <r. 
62

) 

xq-~41ffWJ~~.fiHx:i1Hi 1. 2 il~:W-~ 1. 1 f!l7. z. XijFJT:fl ~~e<J~~~;t,j~~e<Jr 
n!~fll~!1ct!Sffl..t ""ff,j"Q"*~I~WEffJfll~~ ~~B<l*~ ,jt~ ~~~n!~lm:JCill 
(AT ,C[ ,£1' ,Di)J!Jf;&ffi~~ ~Q e<JX;j"flll~~. Jltftite<J~~~f,j~~~~!1c:m:®fiC 
~ r sQ ,R ";g+ (~~) e<J!tft:m:®Tic~ nxQ. :fln 1PJ :$~ 7; 4, ~ (7. 10) ~ 8<] Sx f1l 
~(7.11)~8<] Tx f&:£®fiC~ SxQf!l TxQ. 
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r~ <~ > T = [ ~ : J (7.63) 

Jtrp r ~--1' n,.p X nJ<Qmii!f, ~JOE 'lit~ II$ 

M = [T ,.pSdJ+ IS~TTSdJ -IS~] 
- T J<QS~TT Sd\ T xQS~ 

(7. 64) 

:tVllJ 7. 7 l9!Ui&WUU!t<7. 60>a9JVJ, r· J;J 

r· = ./)..max(M) (7. 65) 
.Eititr.Jtt.&t 7. 4 ~ii£~~(7. 64)rf!l'i9m~I!f M .Rfi~~~F:fQH9~W:f.ilo 4 
l:OO·~~liE~ffJ~2Hlf1o :t£iiE~Z.1WiJIAJL-t-5IJJ.o tr5t~J( 

(7.66) 

(7.67) 

(7.68) 

D!lj 1fF 00 tr.J '1 I JJl! o 
slm 1. 3 ~.t!t~~(7. 6o>, 'Et.W.lE1Ni9: 1. 5,....1.11. Jttfl1:fl . 
CD X;ff r>r£., EB ~ (7. 67) P.ff~€Hf1 a9-*iE~mii!f P(y) ~m~I!f~~~ 

FrCP)~O (i9Jil-f(Jl, I!P~JJ. 5. 5 a9*{lj:(2, 1), tiW..@.~JJ. 5. 5 a9f!k*{lj:(2. 2) ~ 
c2. 3) o mill~ r<r£. P1 ,t.WJE~.®*{4tr.J P<r>ffJl~;ff:t£. 

<2> X;ff r>rQ, m~c7. 68)FJf~ilii¥J-*iE~mii!f Q<r>~mii!f~~~GrCQ>~o 

a9Pl-m. ep~JJ. 5. 5 a9~d4<2. 4>, t.W.lE~J!l! 5. 5 tr.Jf!k*{4<2. 5>~<2. 6). mill~ 
r<rQ P1 .t.WJE~.®*{4a9 Q<r>ffJl~;ff:t£. 4 

i.iE fl)) ~ JffU£JJ. 7. 1 o + 
r--t-iJIJ!l!!€ttl:li!i!~ ii&l1Jt~~(7. 6o>:ll'J' r· «Ht9~1fttt. 
sl!l 7. 4 ~ rf.Q: =max{rf. .rQ} o D!U!€t~i9ltlfi&Wt~~<7. 6o>a9:il,NaJ;J 

r· =inf{rE Crf.Q.=>IJ<r><f} (7.69) 

J<r> := p{P(y)Q(y)} (7. 70) 
mi P<r>~ QCr>?HJ1J£b~(7. 67)~~(7. 68)~tl:l o 4 

i.iEfl)) miJIJJ. 7. 4 "PH!} r· ~rf.Qo tir-*~1".ff1PJ9 E <rf.Q, oo) ,-Bf!~f !<9 >< 
92

• ep p{P< 9 >Q< 9 > }<9 2
• m~<7. 67>~~<7. 6B>FJr~tea9 P< 9 >~ Q< 9 >T.W.lE 

~J115. 5 tr.J*{4. ~Jlt9>r· .r· ~~<7. 69>~-fft. • 
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J!tE~~~~YEIYJJ!:C7. 70)EJf]Ra<Jf,j:fiB§fl /Cr) 1iJ 
j( y) =A-max { (S,.p- y-2 T ,.p)-1 rCS><Q- y-2 T ,.p)-1 rT} (7. 71) 

J:l:(7. 71)~)( T ~(y~.=)¥tl[O,=)a<J~:M 0 B'a<Jit.§ffimfl n,.p Xn,.pa'-Jn!~ 

li:*~UEfia<J)j(~,J!1-!ifltt!i¥-jta<Jn!~lRPCy)Q(y)EJf~:&.a<Jmfl~;J,~~$. 

ftfitE~OOa<Jttm~MWB§flfi~a<J-®m~~tt. 

ttmt 7. 1 J<r)f! r t£< r~ ,=) J:a<J:it~ -~~fAlll~~~ B§fl. 4 
i.iEPJJ §jtYEIYJ PxCr): = (S,.p-y-2T ,.p)-1 ~~~, I!P:tllt~ Y2>r1 ,,WtlPx<Y2)~ 

Px<Y1)• EE~ SxP>O l!l T,.p>O,X;j"Eif:fla<J Y2>Y1>y~,:fl 
(YI2

- ti2 )T xP ~ 0 

P x ( Y2) ~ P x ( Y1 ) ' Y2 > Y1 
~{1;_{1¥-J' "iiJ~YfiYJ Qx(y): = (S><Q-y-2T ><Q)-lf!~~~a'-J o Elf~ rQx(y)rT -tf!f!~~~ 
1¥-Jo B?& J<r)-Jk r tE<r~ ,=)J:a'-Jlt~-~~fAlll~~~p,s~o + 

Jili:l~lt 
j(y~) = lim f(y) 

y-+yfo_ 
(7. 72) 

~"iiJ~teJ:OO~)(a<JB§fl f(y) ~~~<r~ ,=) ¥1J[O,=) 1¥-J~:M o llHWttm 7. I, 

t&m J<r~)fk.f¥tEa<J .~nr~:«m.-w.nr~xmo 
. ttmt 7. 2 !<r)=f tE!RfBJ<r~.=)J:!i.t~X~.!i.t~:flPl-~o 4 

i.iEPJJ ~ttm 1. Il!l r ~ifiEa<J r fk.Fmii~a<J$?t~~~¥IJ.11Uiiit. + 
ttmt 1. 3 :till* J<r)=r tE~RfBJ<r~.=)&:fl~ • .wu r· ~~ r~ ;~mu r· ~ 

fk !<r) =i tE!RfBJ<r~ ,=)J:a'-JIIf£-fei1o 4 
i.iEPJJ :till* J<r)=f tE!RfBJ<r~.=)ii:fl~.mtlxtEif:fl rE <r~.=):fl J<r)< · 

io f;§.lltttH~BIJ!7.4 1iH~ y• =r~o ~-1JOO.~J!~a<J~f¥tEB;f,y• B?&f! 
' 

fi~=ia<JPl-~o • 
•ooJ:&31(fi~=tfk.-1-~~ra<Ja~$•ttft~:nNa<J**~•.w 

~~J:JHlt~-$~"iif*~o ~f!~~tE <r~. =) ~RfBJ J:f¥tEa<Jii5. nr ~re 
!<r)=f a<J)j(~fiiJB~tt1il~-m-n!~IY-J:ll*~UEOO:it•~a. I!PJ:l:C7. 64)Eff]Ra<J 
Mo ?l;~J:-tl!~YEIYJ~ f(y) =i tE<r~.=) IRfBJJ:X~a<Jii5 .n!~ M 1¥-Jli:*~ 
UEii~~-Tr~.m~fkr· o 1iJYEIYJJ!-B.~IA-1-ra<Jn!~B§~: 

NCr):= cs><Q- r-2r ><Q)-1 rcs><Q- r-2T ><Q )-1 rr- i I <7. 73) 
~-Tn!~ M lll NCr) ,:fl~OOa<Jttmo 
ttl»i 7. 4 ~(7. 64) Elf7Ra<Jn!~ M a<J~UE00:1iJ~lll~~fA o 4 



tt;t:fl 

,\{M}= ,\{[~ 

=.\{[s; 
=.\{[s; o J[T xP + rsdlrT - rs~J} 

TxQ -s~rT s~ 
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(7. 74) 

:if' Xi~ ili ~ < 7. 7 4) 9=t (19M 1'-=f m ~tiS~ Xif f?'J\ ~ * iE )E (19. liJ ffl Wielandt (19 ~ · 

•oowa~~M(!<J~~-~~~$-. + 
'lil.i 7. 5 

(1) N(y) tE<r~ ,oo) _t:fl~~~m. 

(2) .\max {N(y)} = f(y)- f tE<r~,oo) _t~ r a<Jii~fllF:m~PEiJ!lo 4 
i.iEPJI tl:~XifJ!Jf:fl(!<J rE <r~ ,oo), <SxP-y-z T xP )-1 ~(SxQ -y-2 T xQ)-1 t!S:Jik 

Xiff?'J\~iE)Ea<J o J!Jf~Xif rE <r~ ,oo) ,N<r> a<JJ!Jf:fl~UEm~~Ji. m<2)JW(!<J~~ 
mmttm~~m~o • 

'lil.i 7. 6 det[N(y) ]=0 a<Jm~~Ji, mHI. det[N(y)] =0 tE<r~, oo) _t(!<J 

~*·~~j~<Wo 4 
i.iEPJI lfJJitr\(7. 73)J:j=t(!<j N(y)J.EJ(.,:fl 

det[N(y)]= (-1)""" • det[f I- (SxP -r-2 TxP)-1r<SxQ -r-2 TxQ)-IrTJ 

- d [i-1)"~2 T J • det[fSxP-TxP-fr<fSxQ-TxQ)-trTJ 
~ xP-r xP · 

= (- 1)""" • det[f SxP - T xP r J 
det[SxP-r 2 TxP] • det[fSxQ-TxQ] frT fSxQ-TxQ 

_ ( -1)""" • det[SxP] • det[SxQ] • det[f I_ M] 
det[SxP- y-2 T xP] • det[f SxQ- T xQJ 

(7.75) 

~~ det[fSxP-T xP]=O,det[fSxQ-T xQ]=O,det[f I-M]=O a<JmtfS~~Jj(, 

m ~ det[ N < r > J = o a<J J!Jf :flm tf! tiS~ ~ Ji o ~ ?& M J!Jf :fl a<J r E < r~ , =) , tl5 :fl 
det[fSxP-T xP]::;t:o ~ det[iSxQ-T xQ]:~o. det[N(y)]=O tE<r~,oo)_t(!<j~* 

-~-T det[i I-M]=O (19~*··~-T/.\max(W. + 
m:a:~~~~••&•••a<J~~r·ma<J~••~T.•n:fl~OOa<JJ.Em. 
~m 1. 2 ~miJ!tl:t&a••<7. 6o),rAJi1l!Hi 1. 5---7.11,!RIJ 

r· = /;.max<W 

JJ~'J,m,Jt9=t M :tznrnJ~<7. 64)J!Jf)EJ(.. 

(7. 76) 

4 
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liEM 1t5tliEPJ1~ j(y)=y {ECy~,=)_t:ffpt-JWB>j","f* ~ det[N(y)]=o 

89ii::k11L fN:1g ;.max[NCy* )]= j(y* )-(y* ) 2 =0,~JX!. det[NCy*. )]=Oo JN.{E 

-fliiif¥{1: 'Y~>ft~~ det[NCyi) ]=0 fll 'YI>'Y* o ~~P}l NC"/1 )f¥{£-1-~{IE{ll. H~ 

~ll ;.;[NCyi)] ,ft~~ ).;[NC "11) ]#;.max[N(yi) ]fll .l.;[N(yi) ]=O,J!]f~:ff 

.l.max[NCyl)] >;.;[NCyi)] = 0 = Amax[NCy* )] (7. 77) 

~fll·limt 7. 5 r:j:t89 ;.max[NCy)]~~~~PJ§fUil~Ji o fNJlt~ll·limt 7. 6 J!JfiiEPJl ,y• ~ 

det[NCy)]=O 89ii::k11L~r/.l.maxCM) o 

JN.{E~.t!t J<y)=f fEI3:fBJCy~.=)ii:fffftlf89tW~. Jlto;fl&f&:ff y• =y~fll 

O~f(y~)~(y~) 2 o lll.1§'89~~itVJ.&itC7. 73)r:j:t89 NCy)~PJl 

- (y~) ~;.;[NCy~)] ~ 0 (7. 78) 

J!Jf~ NCy~)89~i7Uit~:ff :W-89 o {E r=r~~Htjt:/Jf'i(7. 75) ,:ff 

= (-l)nxP • det[S,.p] • det[SxQ] • det[(y~) 2 I-M] 

11llii.\(7. 66)fll r~89)E)(,:ff 

det[S,.p-(y~)-2 T,.p] • det[(y~)-2 SxQ-TxQ] = 0 (7.80) 

Ef:Jr det[N<r~) J89:ff W.tt ,1Jlliit<7. 79) i'!J~~ 

det[ (y~) 2 I-M] = 0 (7. 81) 

~1fi3t<r~) 2 ~ M 89-1-~m:m. ffiiiim r det[N(y)J =o, ~.& det[f I

M]=O {E(y~,=)_tji;ff1Jl,J!jf~ "/~= /Amax(M) o )EJJI! 7. 2 ~~i1£. • 

-roo~-®tt~. 

)t 7.6 ~ltW:-tliii 7. 7 fll7.10 89JtfiiJ~{tf~fA)E,Ji!lji'!Jffl:i!ft891rr!**• 

,J,{R. ~~~-1-S:'J'89t;f-it r· .it~~ Riccati /JW 

i\AxP + A~i\ + i\ExPE~i\!Cr* )2
- PxBxPB~Px + a;,cxP = o (7. 82) 

1f -1' .IE)Efftlf P x>O, ffii Riccati /Jfl 
QxAxQ +A~Qx +QxExQE~Qxf(y* )2 -QxBxQB~Px +~~ = o (7. 83) 

:ff -1' .i£)£f(ft Qx>O • ~bt 
Amax {P xrQxrr} < cr· )2 (7. 84) 

J!mr ~ni.\<7. 63)J!Jf)EJC JYT:ff1Wrt-F"P"89-T~It$~ };p fll¥~<7. 61) 89~~ 

~t-r-~?tfftlf:ff*,J!Jf:ff1Wrt-F"Q"89-T~It$~ };~fll¥~<7. 62)89~~~t-r-~?tfftlf 

lf*· 4 
)t 1.1 ~rtW:-T¥~ };p t~nrJ9!.-r~~ .!Q li:l'lJJ9!,mu-fliii 1. 1 fll7. 1o 89JL 

fiiJ~{tf EJ Z;fjfAJEo ffiiii-fliii 7. 11 89 D22 =0 if!~.pf~~T o ~:J:&im¥~(7. 60) 

89iilj\ y* :1g 
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+- - +T + n+ +I AaaP T xP + T ,.p(AaaP) = CEaP- DoaPDzz.oP- LadPForPDzz.IP) 

X (E~- BciaPDzz.oP- L;tn.r;~Dzz.Jp)T 

A~sxP + sxPcA~)T = BciaPCBriaP>T + Ltn.r~J,CL;tn.r;I.)T 

T xQfll SxQjgrOO Lyapunov JJlM~~ iE~f!liE~ffrl: 

(7.85) 

(7.86) 

(7.87) 
X (E~- BciaQDzz.OQ- L~r;;kDzz.IQ)T 

A~SxQ +SxQCA;Q)T = BciaQCBciaQ)T + L~r;;kCL~F.,k)T (7. 88) 

ji:ljfffl9 ,Bif:fl1Wrt~"P"~T-9il!Jt$_ey ~p fll*~(7. 61) ~~~~~H~~J}ffrl:fl.*,Bif 

:fl1Wrt~"Q"~T-mJ2t:_ey ~Q fll*~c1. 62) ~~~*t~~7tffrl:fl.:X:. J:iliiffUIT~ 
W~iifl!i'l~{j;,(f~l]t 7. 2 ~ii£1!13, P]"~;ty Chen [III]. · "-

rilii~tl:l1911T-*ili[~*1Ha:Jf:. 
~ 7. 4 :5tJ.ffiim~:l:& t1!*~(7. 60) ,Jt!:f A,B,E,Cz ,Dz f!l Dzz f!l 7. 2 ~!:f ~ 

1911 1. 1-.w. rm 
C = [0 -2 - 3 -2 -1] D = [1 OJ 

I 12 3 2 I' I 00 
(7.89) 

CD :t£1911 7. 1 i:f Bt2i.t•tl:l raP= Is ,n,.p=3, mi . 

[ 

0. 556281 0. 185427 - 0. 305593] [3 0 0] 
sxP = o. 185427 o. 395142 o. 231469 , T xP = o o o 

-0. 305593 0. 231469 1. 217984 0 0 0 

(2) -=f*~(A,E,CI ,D1 )D::PJJ9!f!l~J::lVN=t!{i'L~ ,jf,R.;ff 4 -1'-~~~,g ,J}}Jrj 

J}:flj{£-1. 630662,-3. 593415 fll 0. 521129±j0. 363042. ~!W*~-~;ff 

-0.011218 -0.106028 -0.906482 -0.212184 0.·090909 

0. 185213 0. 745725 0.194520 -0.119195 0. 181818 

r.Q = -0.919232 0.096732 0.326906 -0.603079 0.272727 

0.279141 0.532936 0.087364 -0.581308 0. 181818 

-0.206551 -0.373195 0. 161098 0.489027 0.090909 

+ [0. 433179 - 0. 253237] 
r OlQ = 1' AQ = AaaQ = o. 551005 o. 609080 ' nxQ = 2 

T [ o. o335o8 - o. oi863o] a [o o] 
BQBQ = - o. 018630 0. 030289 ' QCQ = 0 0 
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E+ = [- 0. 769496 0. 010023 0. 448951 -0. 769496] 
oQ -0. 090061 o. 655677 -1. 044466 -0. 090061 

S _ [ 0. 026333 -0. 021114] T _ [ 1. 274771 -0. 555799] 
oQ - -0. 021114 0. 043965 ' oQ - -0. 555799 1. 764580 

(3) nxPXnoQ~~jr$r1g 

CO.Oll218 -0.!06021 
r = o. 185213 -0.745725 

-0.919232 0.096732 

0.500695 -0. 334250 0. 245016 . 0.082332 0.052125 

-0.442374 0.992368 -0.260321 0.032515 0.253128 

M= 102 X 0.616882 -0.513348 0.588766 0. 501907 0.261525 

1. 074941 -1. 295698 0.921909 0.622391 o. 172484 

-0.583103 1. 526365 -0.286520 0. 180099 0.487850 

<4) :il:fti ,~tl:I:&11UU!t~:ft,Jv!a'-l 
y• = 13. 638725 • 

f§IJ 7. 5 ~ltt~tl:l:&ti1t¥t!t<7. 60) ,jtq:t A,B,E,Cz ,Dz ~ Dzz~ 7. 2174'~ 
~j 7. 2 -*F, ffii 

c1 = [1 -2 3 - 4], D1 = o <7. 90) 

JiiJ*F~~~iiE(A,E,CI ,DI )J!Jf~~~r¥t!f ~ ilf~~ilfj$,:{£ 0. 5±j0. 59161: 

~~~~-2~~~·~~-~=~~xm~~.~~-~J!Jf~~•R.ma 
tl: 7. 7ilT~f 

nxP = 1, sxP = o. 5, f xP = o. 25 

r orQ = 1 ' noQ = 2 

. E+ = [-1.2230247 -0.5241535] L+ = [-0.6289841] 
oQ 1. 1679942 0.9408842 ' ~ 1.3756377 

A+ = [0. 8842105 -0. 5101735] 
uQ 0. 9753892 0.1157895 

BtaQ = 0' Dzz,OQ = 0' Dzz. IQ = [2 1] 

- [0.5274947 0.5264991] - [0.5810175 0.9950273] 
seQ = o. 5264991 3. 7365053 ' T oQ = o. 9950273 3. 2589825 

r = [ -1. 2230247 1. 1679942] 
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1 0 0 0 0 

0 9. 7252904 3.0610640 -0.7439148 0 

M= 0 2.0766328 0.9724337 0. 1292764 0 

0 1. 2428750 1. 1820112 0. 7056473 0 

0 0 0 0 5 

:ii5, :ii'Nil~ 
r· = 3. 208848 

7. 4 A~htttlr~.~B9xt~ 

-*"iJX>tj\;<7. 60)J9fffi~~tl:l.:&i1UH1t~ili~~:i!ft•7'!71Ht• r*, W-TlH'ft 
2P ~/.!llt 2Q tl:mtliL.t1f~~~.~. -?'!~:l:iW~ 7. 3l)l6{P,(,£t'&fJHift~~

®. 'E-E!ffi>ltlOC2P ~ 2Q tEEmtliLl:~~~.~~~UE~fBJ~>lt:J17rM1- Sylvester 

::nw~fm. ~fn~m~*~<7. 6o>T.IiiJE.rrro~tFIN:: 
tFlii 7. 12: <A,B> IUiJUE; 
{FlN:_ 7. 13: lm(E) C "f'- (2p) + y- (2p) ; 

tFI N: 7. 14 : <A , c1 > 111 t&~tl ; 
{Fl-ti 7. 15: Ker(Cz) ~ "f'-(,rQ) n y-(_rQ); 

{Fl"ti 7. 16: Dzz = O. 4 
~{f11fr00~~:$-7'!7lHt• r· . ~'Wl!~oo001f ®mit ,@J!~~ T :Jtm 

tt.~i.t•:ii,Hil r· )EJ(itl!~~~. 
~- 7. 8 !E<A,B,Cz ,Dz)JIJfft~~r*~ 2P ~~¥Jj)EJJI! 4. 5 JIJfWH£~~ 

'**fiF~. xif-r .rp if~'**lij~r~JIJf1f-T~~.~ffJW!St1..trtj"P"*~~'E 
ff1~*~2P ~**· ~{f]-ill.x;f]!!:)t~~~~~:iJIAJ17r~ff~9tl~~~~~~§ 
~~~1£·~ 

X~ 

(7. 91) 

XcP 

XdP 
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HE=· 

E~ 

EbP 

E~ 

E~ 

EcP 

EdP 

tl:~ffil~ 7.13 ~~ EbP=o. f&,Jg)ESCFOO~~~: 

L;tu.l 
LbdP 

L!w 

c,~ r~ ~ Jw ~], ~.~ r{~' c~~ j 
~M-®m•~ft•~•~~~~~¥®Hma~~~.~ 

C$[1 ~ ~(D]:D,)-' D]:]C, ~ ·~ C,l,~,.. ~ 
~A~ 

AP- Bp(D~Dp)-1 D~CP = l ~ ~] 
- - -+ - -~~¥®~~~9ia~ L.bP,L~bP ,Ladf',LbdP,L~ .~ 

(7.92) · 

(7. 93) 

(7. 94) 

(7. 95) 

(7.96) 

(7. 97) 

(7. 98) 

(7.99) 



- [E~J C,.p:= [0 CbP], E,.p:= EbP 

~Jii~ifTOO~ Riccati 1JW: 
A,.pS,.p + S,.pA~ - B,.pB~ + S,.p~C,.pS,.p = 0 

>Jt ili Pf£-j£~~ S,.p o )E)(J~IS$ T ,.p -:Jg 

T,.p:= [T: ~] 
Jt;q:t T uP~ Lyapunov 1JW 

A~TuP + TuP(A~)T = E~(E~)T 

~lifE-~ o 1ir*>1tr00 Sylvester :fJW~Pf£-~ Y ,.p: 

(A,.p + S,.p~C,.p)Y ,.p + Y ,.p(A~)T + S,.p~(.[~bP)T 
- B,.p [B8aP I~ ]T = o 
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(7. 100) 

(7. 101) 

(7. 102) 

(7. 103) 

~:(£fe A~:(£KfUWJ::~~~:ffl ~Ufffi~ffi-:Jg {jwPJ, ••• ,jWP.lp}, i= 1, ... ,kp, :lit~ 

~~IS$ V,-p, -t~;tlfqJVtT~UE~fEiJ~~.ep 

{x E c·~ !x"<jWPii -A~)= O} 

Jt;q:t n~~ A~~ti~o ~Jii)E)( 

F ;p:=Yrt([B8aP L~][BllaP L~]T +L~bP(L~bP)T 

- [(L~bP)T +CPYP]T[(L~)T +CPYPJ)V,-p 

i=1,· .. ,kp,~]k 

Fp:= blkdiag{FIP•'",F.tpP} 

:(£j:~[20]q:tB~YEtmT Fp>Oo IJl]B;f)E)( 

(7. 104) 

(7. 105) 

(7. 106) 

Gt.:= blkdiag{VrpE~(E~)TVIP•"',Vl:.pE~(E~)TV•Pp} (7.107) 

~- 7.10 flg(AT ,C[ ,ET ,Df)Nf~ffi~rf;.t!f. ~~~~iiJ~Jll! 4. 5 NftNi:l£~ 

~~~IH;~~. llllf-F~.~;f ~'Q:(£~~**'~~T~Nflfr~IS$fll~~~Mtl::Tt~ · 
"Q", re~~lli ~~~~·tl~;tl-:R 

(7. 108) 
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r~cr = 

E~ 

EbQ 
E~ 

E~ 

EcQ 
EdQ 

t±~~JiNii 7.15 ~tm EbQ=o. f&J5)E)Cfilff!'fl~~: 

L~l LbdQ 

L~ 

CQ := r oQ ~ ~ ~], DQ := r oQ [I~Q cdQ
0

CJQ1 
l~ cbQ o o o 

~tt -~fij IP-a9ttt&Jii• .~ll~~YEtmM~~n-t.ll,j~~~ cbQ. li 

C\[I- DQ<D/iDQ)-• Dli]C~ ~ ~ C"~.., ~ 
~x.t~~~~ a9~~ [~ ,[~bQ ,[~ J.:bdQ~ [~ 'li 

(7. 109) 

(7.110) 

(7. 111) 

(7. 112) 

(7. 113) 

(7. 114) 

(7.115) 

(7.116) 



- [E~J CxQ := [0 CbQ], ExQ := EbQ 

f&J§x•ffiBia<J Riccati :1JW>JtPl-89iE5Efm SxQ: 

AxQSxQ + SxQA~ - BxQB~ + SxQ~CxQSxQ = 0 

H;:fl :turF5E)(.B<Jm~ T xQ: 

_ [T•xQ OJ TxQ:-
0 0 

Jt~ T axQ~ Lyapunov :/J~ 

A~QTaxQ + TaxQCA~)T = E~(E~)T 

89Pl-fm. ttff-*>1tr1Bi Sylvester :1J~B9Pl-fm Y .Q: 

(AxQ + SxQ~CxQ)Y .Q + Y .Q(A~)T + SxQ~(L~bQ)T 

- BxQ[BgaQ L~]T = 0 
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(7. 117) 

(7. 118) 

(7.119) 

(7. 120) 

1E A~:eK!Uih..ta<J~~ fA ~tl:«i*ffi.1'1 {jWQI , ••• ,j~Q } , i = 1, ···, kci, -:l2U.Jjtm 
~, 'EB<JJtl Eb ~®:~fa]~~ .liP 

{x E C"~ I xH(jWQ;I-A~) = 0} 

Jt~ n~~ A~a<J~Ji. f&J§X>f i=1,···,kQ 5E)( 

FiQ:=VJ4([B8.Q L~][BgxQ l~Y +i:~bQCL~bQ)T 

- [CL~bQ)T +CQYQ]T[CL~)T +CQYQJ)V;Q 

(7. 121) 

(7. 122) 

FQ:= blkdiag{F1Q,···,F~Q} (7.123) 

1JJ?&PJ~YEIYJ FQ>o. 5E)( 
GQ:= blkdiag{V~QE~CE~)TVJQ•···,V.rQQE~CE~)TV~Q} (7.124) 

~-7. 12 5E)(. 
nxP:= dim{R"j.~+(~p) }-n~ (7.125) 

nxQ:= dim{R"/9'+(~~)}-n~ (7.126) 

r~ cr~p-J = [ ~ 
Jt~ ra<J~Ji~nxPXnxQ. :lil§5E)(5E1fm~ 

[

GpF-p1 0 

M·= 0 TxPSdJ+IS~rTS;J 
. 0 - T xQS~rT S;J 

0 . 0 

~!117. 13 :S:'J\«r r* .1'1 

:J (7. 127) 

0 

GQLl 
-rs~ 

(7.128) 
TxQS~ 

0 
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r· = /).,_(M) 

~f11:!1ftf"FIWI¥.J~:m 7. 3 'P*i1E'9B!1-~*o 
JJ!tlif"FIWI¥.J±~~:mo 

(7. 129) 

• 
~111. 3 ~ml:\<7. 60)Wfmi¥.Ji1i!U:fi&11!¥~o JJ!1Jt£1fiii 1. 12--1. 16 "F ,x1 

J.i!i:I¥.J Hoo~$JJfiiJJl!i¥.J:8:Jj\{jlEi=Jj\(7. 129)f'ittJ:lo • 

r > r; : = max {../).max ( T ,.pS J) '../).max (GpF p 1 ) } 

1¥.J1E?t!JZ'~~flf:lik "FIWI¥.Jftflc Riccati /F~J:tiflE}EM: 
[Ap- Bp(D~Dp)-1 OpCp]X + X[Ap- Bp(D~Dp)-1 DpCp]T 

(7. 130) 

+ r-z EPE~+ XCp[l- Dp(D~Dp)-l Dncpx- Bp(D~Dp)-l B~ < 0 

f&J15ffHJ&::tittt[2o]l!l[21] 1¥1~* c lli)1J~ Jh!.}E:m 5. 6) lJl-®~!)ti¥.JftJ!l~JrPI 
~,,X;J- r>r; , ""FIWI¥.14£1£}£~~ 

+ (Cz + DzF)T(Cz +DzF) < 0} 

I¥.J"Ft1Hit~o rm~ r>r; a;J- ,PCr):lik/Frft£1¥.1 o ~mx1~1lTf!Uir 
·r > rQ :=max{ .j).max(T xQS,.J), .j).max(GQF Q1 )} 

1¥.J1E?t&'~~flf:lik "FIWI¥.Jftf;{ Riccati /F~J:tiflE}EM: 

(7.131) 

. (7. 132) 

[AQ- BQ(D~DQ)-1 DQCQ]Z + Z[AQ- BQCD~DQ)-1 DQCQJI' 

+r-2EQE~+XCQ[l -DQ(D~DQ)-1 D~]~Z- BQ(D~DQ)-1 B~ < 0 

u.:r r>rQ, riWI¥.14£1£}£~~ 

Q<r> = cr-1 )T xQ- r xQ IJ.l [
(S -z T )-1 OJ 

aQ 0 0 aQ 

{Q> Ol 3K:CA+KCI)Q+QCA+KCI)T +r-20CfCzQ 

+CE+KDI)(E+KDI)T <O} 

I¥.J"Ft1Hit~ o rm ~ r< rQ a1 , Q< r H~/Frft£ 1¥.1 o JJI!t£~)(. 
r~:= max{ .j).max(T ,.pSJ), .j).max(T xQS,.J)} 

(7. 133) 

(7. 134) 

r~:= sup{r E <r~,oo) lp[PCr)QCr>J< r} (7.135) 
Jt't' PCr)lJl QC r> JtJJIJ Ei=l J:t (7. 131) l!ll:\ (7. 133) fit tf:lo f&JI5~m Scherer 1¥.1~ 

*[ziJ1Jl~~Y£~ 



y• = max{y,;.p,JA.maxCGpFp1 ) ,JA.maxCGQFQ1 )} 

~m~w 1. 2 PJ~.{J 

. _ { [T xPs;;J+ rs~rTs;;J 
i' ooup - Amax - T xQS~rT S;;J 

ffil.llt~W 7. 3 fl9~:li!HtHIE. 

roofl9f9JJ-r~~T*l1a93::~~*· 
f§IJ '· 6 ~m~~(7. 6o> ,;ttq=. 

0 1 1 -1 1 

0 0 0 0 1 

A= 0 1 0 0 1 ' 
1 1 1 0 1 

1 1 1 1 0 

0 

0 

B= 1 

0 

0 

-rs~J}t 
TxQS~ 

0 1 

0 0 

0 ' E= 0 

0 2 

1 1 

1 

0 

0 

1 

2 

[-1 11 -21. 876238 -4.2239 -2. 425699] 
D1 = [~ c1 = 

1 2 3 2 1 ' 
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(7. 136) . 

(7. 137) 

• 

(7. 138) 

~] 
(7. 139) 

C, ~ ~ u ~ ~ , ~ ~ ~ ~ , D" ~ 0 (7. 140) 

1t5t.~!l~$)~iiE-1-*~ ~p ~ii:PJ :1£ fl9, :(£ + j J:::ff~-1'-/F~~ ~, TPL5! fN i'l 
7. 13. x;J- ~p iltfi~~~f,j~1H~PJ~~ 

0 0 

1.3660254 0. 3660254 

r oP = o. 1988066 1. 9900945 

0 0 

0 0 

0 

0 

0 

1 

0 

-1 0 

0 0 

0 0 

0 0 

0 1 

A _ [-0.1614784 o. 2246812 J [0. 6040578 -0.1762197] 
xP- 0. 6026457 -0. 8385216 ' BxP = 0. 4723969 0. 4878984 

C = [1. 3544397 0. 2665382] E = [0 OJ 
xP 0. 2665382 2. 0058434 ' bP 0 0 

[
0 -1] L-0 = [ 0. 9489977 1. 0485243 J 

A~ = 1 0 ' abl' - 0. 9489977 ----:" 1. 0485243 

0 - 0 [0 1 J [ 2 1 J [BoaP Lad!']= , E~= 
. 0 -1 -1 -1 
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[ 
o. 6180716 - o. 2516670], T = [o o

0
] 

sxP = - o. 2516670 o. 7339429 xP o 

y . [- 0. 6928337 -0. 0822109] 
xP -0. 3161228 0. 3068152 

FP = 2. 3885733, Gp = 3. 5 

r~t!f.!Q ~PI~lll~~!VJ,*H&£i9,i£ o. o78944±j2. 3o2o11l!l-4. o958o3 

:{tt:fl::f~~.~o [51Jlt®.ii 7.15 Eli9Jt'A.1Eo Xif .!~i£rr~~*f,~~~~PI~f 
0.2148444 0.0018481 0.2169145 0.0698280 0. 2 

0.5503097 0.6645646 -0.6352193 0.8023543 0. 4 

rsQ = - 0. 7990597 . - 0. 7 456317 -0.5938518 -0.5805731 0.6 

-0.0941402 -0.0440333 0.3437855 0.0892284 0.4 

-0.0603521 0.0210926 -0.2803500 -0.0795282 0. 2 

AxQ = A~ = 0. 0789442, BxQ = [2. 3596219 - 0. 1725085], CxQ = 0 

E~= [0. 1593412 0.0009204 0.0116587 0. 1593412] 

Ao = [0. 8733954 -14. 3566212] 
aaQ o. 4222493 0. 8733953 

[Bo [o ]= [13. 8502316 -10. 8089077] 
OaQ adQ 0. 3251762 -1. 3752299 

Eo = [-1. 9958628 6. 3511003 -0. 7973732 -1. 9958628] 
aQ - 0. 5082606 0. 0920508 - 0. 4908900 - 0. 5082606 

~IHiiHP·~ 7. 11 PJ~t 

:M:JI'i#Jt:lli 
1. 4653098 

0 

M= 0 
0 

0 

sxQ = 35. 4527292, T xQ = o. 3224810 

y xQ = [- 5. 2529064 ·93. 6614674] 

FQ = 8. 4694885, GQ = 35.4527292 

0 0 0 

-0.0000103 -0.0000451 0.0003744 

0.0000632 0.0002763 -0.0022958 

-0.0002503 -0.0010946 0.0090961 

0 0 0 

r· = ./).max(M) = 1. 2104998 

0 

0 

0 

0 

0.2110284 



l1Gftl:Ai.€~t:IH!~a<J~OO .~~~liE~ 5 :$:9=t 5. 7. 2 "'Wa<J:Ai::k1t~til~;E* 

~fiiJJm,5. 1. 3 "'Wa<J1tl;ff:bottti~~;J-~a<J:ffW~;EfllJJm,5. 1. 4 "'Wa<J1t1;ff*ttt1~ 

~;j~a<J:ff-Wm;EfiiJJm,J!Jf*.ffla<J~WJ¥tffmJEfi!Hi 7. 12~7; 160 IZiiJltPJI~H~fifait 

Jf:tf1:iji!J\Ulo 



8. 1 .!if. i~ 

*•~£~I~~~~•~oo•~~~«~~~~•w•fi•.~M•fi 
•~m•~%5:\~J:t:tmt( r 1J~fl. mi:tt::ll''fm~~5E~ r m. IEl.lltllTt{t{ -TtJC"ffllifi!J 
~'fm~*iJJ~~fl r, i!*F ~ii1t:1J1!f*1J" .!'(l.:$-"1!. *•• W -~-~1t R "' 
~ft~~~~~-fi-,J!~-~~~~~A~~~~W~r-~-~-Ttt~A~ 
~-~W~r·~-~-~~MA#~~~-®-~fi~.~-7-~BR~s~ 

7.11. ffiiHti!.W T~~&11fr Hoo:llft~ifi!HiiJ~-~1ft£Af4ffi·fi·~~:iZi 
J:\. :llll51*1tT Hoo:llft!OC~ft~~!OC~W&11fr~M~*~~t&.~Xt7lHiiJ~. 

{£ Hoo ~ft~ifi!JIPJ~~ .('=~·fi·:1J1!~£~tf.~~: 
(1) ·fi-~j"'=~~jffl ~>jt Hoo-CARE, !El.llt>Jt R "'-cARE ~lf~flfiilt)t: 

IPJJmm::F~WJm. 
(2) {Ef!Jffltk{tf!ilj!{tf*~Jm Hoo ~ft~jfiiJfiiJ»!~·fi·~ t "ilJt{tf~imJ~ 'Y 

m. i!*F~"!tJ5"~M~*~~tt~ftHt$ttlf:Rti~~IJII!l.J!Jft(~~~lillffl~ 
fftltW~ ,J!fsll1J1!ti!~A:ffl!lki31:h ~. 

(3) Hoo ~ft~jfilj~~~·tJT·~~{f]~~~[lflf:tti!.Jli!.·{E~:f{~~~)E~jfilj 

:H~ .~!t~fl rtii!I Th,., ~ Hoo :lVJ,fiiat~ifi!J:H~~JmW~·tt~<~n~~i£,{ti~ 

~). 

J:Wi~~:lif!:t£::)(~[17]!f:!B:fftll:l1i. ~ff!lii 7. 5.-....7.11 /F7ilUEBt, llJt(EI:J~ 
fi!-(~:1J1!*lt~ r~ft.,{ll/Ffl~~~fiJ·fi~%J:\. *•~:tHI~~rtr :8. 211•w 
Hoo ~ft:tt~&i1!~ifi!HiiJ!m~·fi·,8. 3-;l.W Hoo ~fti9!U:li&~t£$JIPJ!m~· 
fi·<:~M-t£ifi!J:H) ;8. 4-;l·W~M- r ~ft~ifi!J:H~tii.t:1J1!dil:m ,{£ 8. 5l1YI 
l!ij:lfi:.~:ff~±~~*· 

~ .f!trilif~~~~& t1t*~~ Hooft1tfiiJ!m: 

{

i = Ax+ Bu + Ew 
~: y=x 

h = ~x+D2u+DzzW 

(8.1) 
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Jt9=t x E R'~~ (J{J!{R~, u E R"~~tJJ4iftrA, wE ~~?'HiiH:It~4iftrA, hE JRI~ 
fltrt~l±lo lllJ¥-FI'fJ .~ ~p *ffi m~lt$rm:JG.m <A,B,c2 ,D2) NrfiJ~I'fJT-*mo :!lo 
lllJ 7. 2 ~ , ~ fl1lf"F 00 l'fJ 1N 11!: : 

ffli1!: 8. 1: CA,B) PJUU£; 
ffli1!: 8. 2: ~p {f~~..t&:ff/F~~~; 

-INti 8. 3: lm(E) c r(~p) +.cr(~p); 

{N11!: 8. 4: D22 = Oo -It 
#~~ fJJfflNfi!;ll¥J$Tlli ll1 fa] .RJJHil~ill:~fiJWC. (A TEA) I'J9-iiit1i?'!*iiit 

H"' {Xft!{R~&~~tJJH;JH~iiJ'EI'fJfDHfiiWfo ATEA 11tit:i1:W~~~t!J'GEE Sa

beri~ Sannuti[116J~lfl, iffl ChenC79J:i1H-T7~m:~HtfBJ.RJ.l1i~~ Lyapunov ~;E 

tt?HJT o 'E~i1!:ituWJt:?HirJm7!fi)E*ml'fJ~~~IHij~C!Ji!.;EJ11! 4. 5) .&JtBif:ff 
l'fJ ~tt 0 ~ fn ili!fi l±l H "" ilttrt tJJ fiiJ Jm.ff:ffm l'fJ ~flf • v.,{ .&~ ® il ttm l'fJ *:i!~ 0 

rrml'fJ~tf7-=?'!~~l±l r ?Xft!{R~fii ~rttJJ$1'J91WftfifWf, 'E v.,{ r> r· 1-1~~, e 1-1 
jjJ~~~o 

:!V~t s.t re*m ~p ~~i'J~ 4 •~;Elll! 4. 5 9=tl'fJ~~*tj~o ~-t-r ~p 1£ 
~~*fi~rl'fJNr:ffT-~It$~~~•m..trfi"Fv.,{ffi~¥mLI'fJ~¥o~fi* 
::Q1;~rrmi'J94iltr l±l~~ r oP: 

[
[moP 0 ] 

roP = 
0 TorP 

E~ 

EbP 

E=r~E= E;p 

Ec:P 

dP 

(8. 2) 

(8.3) 

?i:@:fl¥11!: 8. 3 *IYJ EbP = Oo jJ7~%~faj~,ffl n.p *ffi R"/9*(~p) (J{J£lfto ?'± 
~ nxP = o I'J9Jt:?t&f~~f4~ ~p ::tiPJ:i2~:S:'J\lH{iLo rOO ;E.)( 

AxP = AuP- Al3P<CLPC23P)-1CLPC21P 

BxPB~ = BupBJIP + Al3PCCLPC23P)-1 AT3P 
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c~cxP = C1Pc21P - c1"c21P c craPc23P )-I cr!Pc21P 

~!118.2 X•ff00l'i9-ft~ Riccati /J~>Jt!£)£{8!1 SxP: 

AxPSxP + SxPA~- BxPB~ + SxPC~CxPSxP = 0 (8. 4) 

_ [T .,.p OJ TxP-
0 0 

Jt9=' T uP H::ft~m~ Lyapunov 1J~ 

A~ T .,.p + T .,.p(A~)T = E~(E~)T 
a9Pf£-iE)Ef8!1. 7. 21lE.f£YE19l~~<8.Dl'i9:AVN.iljJ 

. r" = •h.max ( T xPS J ) 

A YIP:= AuP- [Bup Al3P ]Fn ( y) 

;(£,5mf~YE~ AYJp l'i9%'W:fll;(£ c-, ff! [F~ (y) Fb1 (y)] ?J-tkjJ 

[ 

F~. (y) Fbn (y) l 
F~z<r> FbtzCr) · 

[F~ (y) Fbt (y) ]= . . 

F~m: (y) Fblm: (y) 

Jt9=' F~;(y) *" Fbt;(y) l'i9~~?j-jjrjj! lX n~ *" 1 X nbP• 

~- 8. 3 ~ .1cP :J!-ff~(i9 mcP X ncP m~.m.JEf"J3R 

(8.5) 

(8. 6) 

(8. 7) 

(8.9) 

(8. 10) 

A~.= AccP- BcP.1cP (8. 11) 

:J!-~~)Ea9m~. lilt .1cP a91¥t£tt-f:*YE7 <AccP ,BcP) l'i9ilft£tt. 
~- 8. 4 :1!-~.f!JfflTm 4 $"):\(4. 23)~ffia9-T~~. i = 1, ... ,mdP. ~ 

A; ={A.;l9Ai2 ,···,.:li?) j]JIIS-T c- a9 q; ~:JC~a9~~.~~~-El*~~wx.t. i = 

1,···,mdP, Jt9=' q; *"md ;(f)EJ.!I! 4. 5 9=';ff)EJ(,-fEI.:J!*" ~P l'i9%'~*f;~~;ff~. ~ 

9; 

p;(s):= IT (s-,l.9 )_ = s9• +Fas9•-
1 +···+F17,-1s+F17, 

j=l 

(8. 12) 

(8.13) 
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-!V!liS. 5 {EJ!-&;~ ,jE&;!JJ 8. 2--8. 4 ~it-tf:I71Hi<J~f*!fH~:ht{E-,g, 

~~~*~~p~~~&~~fto~ 
F~1 (y)Fiq

1 
/Eq1 

F~z (y)FI'l-z /Eqz 

Fit1 (y)Fiq
1 

/Eq1 

Ftz (y)FI'l-z fEqz 

~J§)E.)(:fit~ocim~ft F(y,E,AdP,.1cP) jJ 
- - I F( )',E,AdP ,.1cP) =-T;p-(F(y,E,AdP ,..1cP) + Fo )r.J> (8. 14) 

Jt~ F()',E,AdP,..1cP) .fll Fo jJ 

[ 

F~(y) FliJ(y) 0 0 

.F<r,£,AdP,..1cP) = n <r,€,1\dP) .Ft <r,E,AdP> o o 
0 0 0 ..1cP 

F,<.:A .. >] . 

CoaP Cod' COdP] 
E-;w. EdcP EdP 

E~ 0 0 

Fd (E,AdP) = diag {FI (E,AI) ,Fz (E,Az) '"' ,F mdP (E,AmdP)} 

IE JltJt: r! 7'G JVt o 

JJGfn~roo~)EJMo 

(8. 15) 

(8. 16) 

(8. 17) 

(8. 18) 

"' 
~IM s.t ~mt.W.5!ffiiii 8. 1--8. 4 ~:fit~&~*~<8.1) 0 t£~<8. 14>JYTm 

~tt~& ~~~r~roo~tt.&t = 

<D ~ifif~ r> r·, -§:~~;lt-WXif~iffiiJ 1\p c c- ~.&f.W.5! A~ :JH~.5:E~JR 
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i¥J{fftiJ .1cP, .ff{E~-1'-e* > 0, ~~~x-J"Flflfl¥1 0 <e~e·, ~~&i1t$ 
u = F(y,e,A.dP,.1cP)x (8.19) 

x-f-*t!EC8.1)~~1- r 1Xit~i!Jtj$,;ttrp F(y,e,A.dP,.1cP) :fllllfiJ~(8.14)EJfffi'o -til. 
Wt~i)L Eb 4P fll~~&i1t$(8. 19)EJf~JV(;i¥Jf,ij~-*t!E~~~~i¥J ,)>\t}t~ w ¥11~ 

~*itfi h i¥Jf,ij~{{:iloof{I¥J Hoo1i!f{Jjvr y, ilP II T~ow II= <Yo 
(2) iffl~ e- 0 a;f, f,ij~-*t!Ei¥J;flh~, ilP A+ BF(y,e,A.dP ,.1cP) I¥J!M'm:M~ 

,HA~), ).(A~), HAhp)+O(e) fQ A.ciP+OO) 
£ 

lil~~ e-o at, f,ij~-*t!E~.1->.ff:fE ndP 1-f1l.~A1fxm:ffJ.~$o 4 
i.iEM .!A!. 8. s. 1 11 o + 
-roo l¥1i-¥tt~ ». CD~f{ £ ,A.dP fll .1cP 1¥1 1lR ~; ® m m:1t fill 1m 1¥1 M ; ® ~ JLM ~ 

# (-INti 8. 3) ~ flltfE p;f 1¥1 ~Ai: fiil 1m 1¥1 JlR 0 

ii 8. 1 (e,A.dP~ .1cPtf.JfAUf) ~~ 8. 1 *f!ij{E Hoo?Xit~~~i!JtJ$r, f,ij~{t 
:iloof{ T,.w A1ffk~!M'1if{iA.dP/£o J:\(8.14)FJfffi'I¥J F(y,e,A.dP,.1cP) 'fli¥J~f{

~~~-7~@~!M'm:M~Mfi{a,iffle~·Ta;f~R·o~~-*t!E-tll.1f 

HA~) Fff~-~tt!M'm:Mo ~@!M'1ifMPJiitt:i2U~~~I¥J .1cP iffl"ftell:fE c-I¥Jff 
ftiJmllo~~~f{~~.1cP~~THoo1Xit~~&i1t~~r~~@tt~m:mm~o ... 

ii 8. l(~.l'fl?;-f.t'fii.Si.) :!lll* Dz ~?UfviH!'k,J.>I.Jt:~rpH~PJ~wtB~~&i1t~ 

~ie]{$F(y,e,A.dP,.1cP) = F(y) ~~~E,A.ciP fll.1cP, .1f:PJ~JV(; 

F(y) =- riP[CtaP+ F~(y) CobP + FbO(y) CoaP]r;i 

~ra*~liil-rm.m:1t'lf~, ilP Doyle ~[l4J~r:pJc,,~i!JtJHo 4 
~ 8. 3 m:JI3mm ,:!m*1Nti 8. 3 I¥JJLftiJ~flf:/Ff.W.1E, 9ltl11J~*'Jm~ 7 •1¥1:1! 

~tt~>J(fi{I;.(AtJj\{i[ r* 0 iffl..EI.Jt~=x>t r ?X it~~& 11J!$1¥J.~ffjft~P.t~PJ tit~ 
~lifr·!f~o Af*iJtwe~fffi~~a~~ 8. 2 ~ 

~-8. 2' Xif{f:ft r > r* ' ~)(. 
[F~(y) FbO(y)J [ BftPPx J 

Fu ( y) := + = T 1 T T' F.t(Y) Fbt(Y) (CzapCzap)- (AJJPP,.+CzapCztP) 

Jtrp Px ~ Riccati 1Jf1 
P,.A,.p +A~P .. + P,.E,.pE~Pxlr- PxBxPB~P" +~CaP= 0 

I¥Ji£~fmo~)( 

A~JP := Aup- [Bup AtzP ]Fu (y) 

[F~(y) Fbt(y)] ~~~~ 



[ 

Ft1 (y) Fbu (y) l 
Ftz<r) Fhlz(r) 

[Ft (y) Fh1 (y) ]= : : 

FtmdP (y) FblmdP (y) 

Jt!ft Ft; ( y) *" Fhli ( y) (!{J~It:;!i!:: 1 X n~ *" 1 X nbP o 
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Jtft~~. RP~~ 8. L~~ 8. 3--8. 5 -1¥~~~0 J:EW 8. 1 (!{JEJT:fl~*:t£:1! 
~·~rm.-r -til.:;!i!::iEiiJD (!{] o lll-~~z~Wt~1!lili'J$(!{JM~N:flMtJTm~ 0 • 

rOO(!{] J:EJli!~Jll!~~& i1t r ffi ~ ~~ Thw (!{J~fll.¢.C~if7~ •If££ o 
. ~ms.2(•1t~J>tji/4) ~.mr;t~-~Fi~ 8.1--8.4 (!{J~~~&i1!~~<8.Do 

:t£~<8. 14) EJTJR (!{]~~& 11t$r, EJT~':¥JJ (!{] ffi ~~ ~A:flroo (!{Jtt~ = A. <A~) :;li!:: 
~~~p (1{]~)£~~~-~.m] A<A;rl>) :;li!::ffi~f~:iim!I$ Thw (!{]$ifrrlfiM~~-~o ~Jlt 
'Eftltfl Thw (!{Jfll.~~1:. 7Xif7~ o 4 

i.iEP)) ]h!. 8. 5. 21l 0 • 

-roo .m f9iJ-T-*Wiffi#1lJt:~ o 
0~ s.t m~~mf9iJ 7.1,RPmroom!I$mmt(!{J~~~&~~~~ 

1 1 1 0 1 0 0 0 5 1 
0 1 0 0 1 0 0 0 0 0 

A= 0 1 1 0 1 , B= 1 0 0 ' E= 0 0 (8.20) 
1 1 1 1 1 0 0 1 2 3 
1 1 1 1 0 0 1 0 1 4 

G ~ ~ ~ ~ ~ ~ , D, ~ ~ ~ ~ , D, ~ ~ ~ (8. 21) 

~~~iiE (A,B) itJfl):£, ~P IOC~~:tiitJlm:-til.~~li:itJJm:,~:t£ s = 1 ~:fl~~~ 
R.\(!{J~Fil!J,li=J{ft~~o mL.EI.Br£:;li!::1'f~*f,j~(!{Jm~. n~ = 1,n~ = n~ = o, 
nbP =2 *" nc:P = ndP = 1. f§j;J EhP = 0, EJT~-tll.~~tflfi lm(E) C ..y-(~p) + 
y-<~P)o ~JltM~ 8.1--8.4 ~msnwJE.o lffl:t£f9iJ 7.1 !f!Br£m.l:l:i:ii:JJvf.il:1g 

r· = 6. 4679044 
*ffl*1l•~·~':¥1J r ?Xtt~.~&~:tt~ F<r.t.AdP ,.1c:P) (!{J~J!~j;J 
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-0.163673i + 0. 294 790f A.w · T 

0. 132909f - 5. 560084 -
1 

(0. 132909f- 5. 560084)€ 
-1 

o. 185427r - 3. oo9o97 -1 + (0. 102145f -12. 824695)..{\dP -1 
0. 132909f - 5. 560084 (0. 132909f- 5. 560084)€ 

-0. 318336i + 10. 696930 -1 + (0. 163673f- 2. 217749)..{\dP. -1 
0. 132909f - 5. 560084 (0. 132909f- 5. 560084)€ 

0 -1 - .:1cP 

0 ..t\dP 0 
€ 

(8. 22) 

;lt~f,j:i.: ..t\dP < 0 ,.:1cP > 1 (Jg~ Ad> ~5E, .:1cP !IZ'®t:k.:P 1) o 00 8. 1 ~~l:fj 7tEJL 
~r~€••~~m~~•~•m~~•*•#•o~•:a:oo&1~.anB~7 
..t\dP =- 1 ~ .:1cP = 3 0 • 

6 y=6.5 & 

~ ~.001 

• 4 

2 

to• tO' HY to' Hf 
~.$/(radls) 

*11fiJ.ffl~~?Y!tlJI:4iftr ttl& 11JH$~~ H=?Xtft~-fttititfiiJJi!, I!Pt£f!iiJ1$~ ~ 
?XtftM~-T~~*~~~?X. A~:lW.iJi¥t~~m~mi~~tlJI:&tl*~= 

{

i =Ax+Bu+Ew 

~: y = C1x+D1w 

h = Czx+Dzu+DzzW 

(8.23) 
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Jt.P x E R' :l!i: ~tt~. "E R" :l!~lfitJ~A. wE~ :1!7rWttl9JttuA. yEw :1! 
im~:l:$futf1, hE R1 J!:flt~~ilio ~f(Ji£J!ffl~p *~~Eb~lr$1l95G!.Il <A,B,C2t 

D2) ~./Vt~r*~·ffl ~Q *~~Ell~lr$1l95G!.Il (A,E,C1 .D1) ~./Vt~T-*~0 1t 
1G'"roo~M~: 

iN~ 8. 5: <A,B) PTl1UE; 
{Nijt 8. 6: ~p tEm~IU:N::ff~j£~,g; 

{N~ 8. 7: Im(E) C ~(~p) + y>-(~p) ; 

{N~ 8. 8: (A,C1) PI~~~; 

M~ 8. 9: ~Q :tEm~.r.N:'"~j£~1.\; 
{N~ 8. 10: Ker(Cz)~~(~Q) n y>-(~Q) ; 

{N~ 8. 11: Dzz = 0 o -It 
*~m~•~~m&•~•·~~~.r.:l!a~moon~~••·tr•M~~ 

fflt£r, PJ~iA1-J:l!M Doyle ~[!4] m~m~~m&•.PJc.'~lfitJB~tENl. -~fn~r 

·M~~.PJC.,ttuili&.~lfitJft)tHfT~li.*ffl*~Hl-Ai~~1fi£o Eiti~l;f 

~:1!1-~~. ~fllM~:lVNi r· nr~Jffl7. 31l~1JM;YE~i. X;f~if~ r > r·, 
31t.J« Hoo 7X tit tim ttl & 11JH$fDiHJT-~tV~ ~llr o 

~- 8. 6 ~)(~11UlfJ~tt~&·*~ 

{

i ="Ax +Bu +Ew 
y=x 

h = ~x+Dzu+DzzW 

7"G.!Vt 8. 21l~tf7~ 8.1--8. 5,~i¥JJ:ttl~mlr$ FCy,t,AdP.~cP). fRJa;f~)( 

PCr) ·= cr:J) T xP- r xP r-1 [
(S -zr )-1 OJ 

• oc o ooP (8. 24) 

~-~' ~)(~--t-•m~~~&m¥~1-1 

{

i = ATx+CFu+C[w 

y=x 

h = ETx+Dfu+DTziv 

(8.25) 

X;fi$:•D*~:iltfi 8. 2-;l~tVB 8.1--8.5 ~Hi!IJ~~~Ir$ F(y,t,AdQ.~«~)o ~ 

(8.26) 

(8. 27) 
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A._ =A+ y-2 £ET P(y) + BF(y,e,.AdP ,~cP) 

+[I- y-2Q(y)P(y) ]-1 {K(y,e,.AdQ ,~c.Q)[Cl + y-2 D1ETP(y)] 
+ y-2Q(y)[AT P(y) + P(y)A + CIC2 + y-2 P(y)EET P(y)] 
+ y-2Q(y)[P(y)B + CID2]F(y,e,.AdP ,~cP)} (8. 28) 

B._ =-[I- y-2Q(y)P(y)]-1 K(y,e,.AdQ ,~c.Q) . (8. 29) 
C._= F(y,e,.AdP,~cP) (8. 30) 

PI~ 1111Y} ~._ tf~HifD~ r ?Xtfttlilltl:H. 't~;IJ~!m"?Xlll?&~ n, RP~Im"~ tlL& tll!tl 
~:H. • 

Jiltllf"Fiti~ ~1:11! • 
. lEI~ 8. 3 ~ ~ TiW ,IE~ ii 8. 5 -- 8. 11 ~ iii!~ :1:& t1l! lUff C 8. 23) • X;f ff ~ 

r >r· , ff~i!l:~~~W:Xif~ .AdP c c-ltl .AdQ c c-, ~.&ff~ft~tJ A~ ltl A~~ 
~~~~~ ~cP ltl ~c.Q' JiltliftE-1- e· > 0 ft~X;j"JYT;ff 0 <e~e· , Eb.Jt(8. 27)1Yf 
~l::li~tlifitJ$ ~anp ~ r ?XtfttlifitJ:H, RPEb ~ ltl~tl:L&tll!tlifitJ:H.!._ JYf~Jllt~ffiPF 
~~~~~~~ ,JAtft;IJ w JIJflttl~l::li h ~fflPF-ffl':iiBi§JX~~~ Hooii!frJjvr y, 

RP II T,.w ~ oo < r. 4 
~P)J ~ 8. 5. 3 lt. • 
~-~~1:11!5.&•a~XifMlnr?Xvt~l::li&tll!tl~~fflPFM~m. 
lEII8. 4 ~~T!W)E~ii 8. 5---8. 11 ~l1il!J:!Ili1:!1!~~(8. 23), r ?Xf:fttlib!J~anp 

~nllil.lt<8. 27)JYTJ.R. Jiltl;ff~W~ttml:: 

(1) ,HA~) ~~~~p ~~~::f~~~' .HA~) ~ffipt;~~ T,.w ~~tliM*M 

~~. ~Jit't:{flln T,.w ~&,¢.\Xifri1i. 

(2) .\(A~) ~~~~Q ~::f~~~, .\(A~) ~ffiPF~~ T,.w ~~AM*M~ 

,¢,\. f§Jit't:fflfn T nw ~-~~Xif7i1i. 

(3) ~e-o, f;ijpt;~~~~~~-$Tili:lt!!.~tol .AdP/e+O<D ltl.AdQ/e+O<D • ... 
i.iEPJJ ~ 8. 5. 4 lt. • 
~-~-.®Wt£. 

it 8. 4 ( e ... AdP ... AdQ ... ~cP~ ~c.Q ~ !ltJ Il•)t) ~n llil tl: s. 1 , ~fd~~ .AdP ltl .AdQ ft 
~TffiPF~~'I:RM~m~$Tilim, ffii e ft~TIJitftij.R.!fl. ~J!d~~ ~cP ltl ~c.Q ~~ 
TffiPF~~~tiM~mt\lr.l(A~) ltJ.l(A~). il:i:t~~:lt!!.~~~cP ltl~c.Q' -~ 

mPI~~·~~ff~&•. 4 
it 8. S(1i!4!1ii'f.t~/Jl.) Xifr D1 ~fi"TIW~ln D2 ~~tlTIW~~~!ii!ltlilJDJ,~~ 

~*fiF£JtMJ:fl ~P i§t;ff Xc fnxd,~Q i§t;ff Xb ltJxd• ~Jl~~~l!1F(y,e,.AdP,~cP) = 
F(y) ltl K(y,e,.AdQ,~c.Q) = K(y) 7H&*14 y, ffiill;ff 
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[P(y)B+CID2]F(y) + [ATP(y) +P(y)A+CIC2 +r-2P(y)EETP(y)]= 0 

f5l Jlt ~anp 1'1 

Aanp =A +r-2EETP(y) +BF(y) 

+[I- y-2Q(y)P(y) ]-1 K(y) [C1 + y-2D1ETP(y)] 

Banp =- [I- y-2Q( y) P( y) ]-1 K ( y) 

Canp =F(y) 

2:iCt.Ndm1E:1ti'J<Jfili£,~ Doyle ~r14J FJT~I'J<Jrp,c.,t£ttJHo + 
ji 8. 6 :ll:J§"JH~ili~lt*di?Hi 8. 7 fi:IB. 10 I'J<JJL-fiiJ~{lJ:~t.IJtlf., ~fnllT~JIHi~ 

7 :$":1'J<J~ft1r~>Jt:il:,Nai'J<Jiff:{P-(fm, lt~ll y• o Jlf~.Xif)jt r 7Xtt~ l:I:I&1~H$1'J<JJt:~ 
i1Hif~i&*~111!2:#·!fi£o Ai**i3tiCt~.X>t~~ 8. 6 fll8. 7 fiHtf~i&o 

~!118. 6' ~)(.~WJ~tt~&-t~U~~ 

{

i = Ax + Bu + Ew 

~p: y =X 

h = C2x+D2u+D22w 

~J5i1Hi 8. 21JI'J<J~~ 8.1, ~~ 8. 2' fll~~ 8. 3--8. 5, ~~~J~ ~~jr$ F<r.£. 
i\dP,AcP) fll Pxo ~ P,.p:= Pxo ja]Bif~)(. 

PCr):=<r~)r[~,.p ~Jr~ 
~-~7' ~)(.~-~~WJ~:f;t~Jj_··~ 

{

i = ATx+CTu+Ciw 

~Q: y =X 

h = ETx+DTu+DI2w 

(8. 31) 

Xif~~WJ-~llHT 8. 21JI'J<J~~ 8. L~W 8. 2'fll~~ 8. 3--8. 5,~,¥11 F<r•e• . 
AdP ,AcP) fll Pxo Jfflll ~ K(y,£,1\dQ ,A<Q) := F(y,£,1\dP ,AcP)T fll QxQ := Pxo ~)(. 

QCr) := cr~pr[~xQ ~Jr;j (8. 32) 

:M:~I'J<J:m:m-~ 8. 8 1~:t~=~1to ~111! 8. 3 fll8. 41'J<JFJT1ft~L*=:t£2:#·~tt£r -t11.~.1Vt 

~I'J<Jo@~~l:l:l&m$~N1fM~%~o • 
roo~ l:l:l f91Jr*~ffi*1l~* 0 

'f§IJ 8. 2 * .£!t -~imtl :fi }j_ m. ~, ~ jr$ A,B ,E ,ChD2 fll D22 fll{91J 8. 1 -
ff,Jffl 
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C1 =[~ ~2 ~3 ~2 ~1], D1=[~ ~] (8.33) 

85ttl:~¥1J (A,Cl) PJ~~tl,*'~ (A,E,Cl ,Dl) iiJ~(t!SJJlt{N~ S.10 rvt@Hil~~ 

liVJ\:.mm ,/F1t~.¢.Hi'L-T { -1. 630662,-3. s9341s ,o. s21129±jo. 363042}. t£f91J 
7. 4 ~E.!~1~¥1J 

y• = 13. 638725 

~ ili & i~HX {t t£ i!itJ :H 1'19 ffHir ~ i5 ~.it < s. 27) -.it < s. 30) , F< r ,£ ,AdP ,.:1cP) ~ll 

.i:t<S.22)Flfffi,~P 

Ko= 

-43. 91t + 4257. S6t- 97026. 13 
7. 12t -790. 42t + 19405. 23 

-12. 4St + 372. 65f - 0. 02 
7. 12t -790. 42t + 19405. 23 

- 48. 44t + 1S03. o8t + o. 02 
7. 12t -790. 42t + 19405. 23 

62. s7t -1212. sst .:.... 38S1o. 46 
7. 12t -790. 42f + 19405.23 

11. sot- S3. o4t + 19405. 21 
7.12t -790. 42t + 19405. 23 

(S. 34) 
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1 
P<r) = o. 1329o9r- 5. 56oo84 

;lt~ 

Ql= 

. OJ= 

0. 42770f - 0. 29658f 

-0. 29658f -15. 8338 + 0. 58415'1 

X 0.16367f 3. 0091-0. 18543f 
0 

0 

0 

0 

0.16367'1 0 0 

3. 0091- 0. 18543f 0 0 

- 5. 1368 + 0. 18~43f 0 0 
0 0 0 
0 0 0 

Q<r) = o. o711931' -7. 90417lr + 194. o52288<rOJ +Qo) 

0. 083104 0.124442 0.484459 -0.768087 -0.249208 
0.124442 1. 778706 0.340500 -1.759522 -1. 184163 

0.484459 0.340500 2.917279 -4.330299 -1. 256601 
-0.768087 -1. 759522 -4.330299 7.332315 2.613520 
-0.249208 -1.184163 -1. 256601 2.613520 1. 160281 

-3.0576430 -3.7265760 -18.030781 27.934279 8. 7345960 
-3. 7265760 -122.50790 6.5460280 79. 188509 70.727376 
-18.030781 6.5460280 -113.22255 153.81266 36.981101 

27.934279 79.188509 153.81266 -272.47959 -102.79025 

8. 7345960 70.727376 36.981101 -102.79025 -55.552230 

~{91J 8.1-~.m 8. 2 ~tl:17ffl~~:iiili§f0l!li${EJL1- r ~€ arfil9:ll:k~#tio 
25~----~------~--~--~--~~ 

20 

,-, 
I \ 
I \ 

I \ 
I \ 
I \ 
I- \ 

~I' '\ \ 
JF20&t9l.OI ,/{ \ \ 

15 -----------------~ I \ I fg I \ \ . : \ \ . / \ \ 
10 -------- ------- ---' \\ 

)F25&t9>.1 \\ ,, 
\ ., ,, ,, ,, 

\ \ 
\ \ 

5 

' .... ' ... 
o~~--~--~--~--~,-~~--~~ 
10 ... lo-' 10° . 

#JPlll( rad/s) 

10' 
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tt~tl:OO 8. 2 9't,~fl1:i2t~7 AdP =-L..1c:P = 3ftli\dQ =-lo tt~Jltf9iJ9't(J{J.!Qtc 
Pf~,:f:IM:m~ K('y,e,i\dQ,..1cQ) ..R~~T y,e ftli\dQ. 4 

:2fs:1lii1f~!* llft~ l:tl ~ 11! H"' f-titJJ fi'il»!. ~;f-T~~ :I: !Jell: 9't ~®7}:1: *~ J!tpr -T 
tt"Mm,~m~~PT~a~-~~llft"~~*•Ho~~~-~~#t~:-~~ 
/F?!t,:ffl~fHt~~*~MH~~, RP 

{ v=A~v+B~y ~~= 
u = Canpv+ Danpy 

(8.35) 

:fHJ.illr~(8. 23)f.jf~l:fj" ~';it McMillan llft~ n-rank(CJDJ) + rankCD1) ~ n, 

P.Jf%~"ffiJfPH~)E,~ w ¥11 h "ffiJf.Wlimfl:(J(J Hooiilfl:'J'T r > r· o ;;$:"'];~ 
l:tl l*llft*~MH(J(JH~#>Jii!1Jf! o :2fs:1l"!li* ~ Dtrtl:::t~[117] 9't*iitt, ffii:S:tJJ(J(J 
:#>Jii!-~~~"~*llftXW.~~H.'i!H~~ru Chen ~[nsJ ~l:tl (!(}. 

~ r· ~~C8. 23)P.Jfffi~~~ (J(J:il,Nii,~)E r> r·. -*l.ffl8. 31l(J(J!Ii*'~~ 
3~tt~M~~~)Em~P~Q,~~ 

[
ATP+PA +ClC2 +PEETPjf PB +ClD2] 

F (P)·= >- 0 
y • BTP+DlC2 DlD2 c::;;.-

_ [AQ+QttT +EET+q;[C2Q/f q;J+EDJ]>- O 
Gy(Q):- CIQ+DIET D!DT c;;;.-

RP P~Q ~=7Xm~1JflFrCP) ~OfnGrCQ) ~0 (J(}~)Eff!¥. rmf)E)(*WWJ~~ 

{

iPQ = APQxPQ + BPQu + EPQWPQ 

~PQ: y = c!PXPQ + D1PQWPQ 

hPQ = c2PXPQ + Dpu 

{

APQ:= A+EETPjf + (. f I -QP)-1q;[PC2P 
BPQ := B + cr I- QP)-lq;rPv2P 

EPQ:= CI-QP/f)-1EQ 

cJp:= c1 +D1ETP/r 

(8. 36) 

. (8. 37) 

Pf~iiE~C.!I.!.::t~[22])(D (APQ,BPQ,C2P,D2P) ~tiPf~~:il'J':fHUl";@ (APQ, 
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EPQ ,CIP ,DIPQ) ~tr:PJ:J9!~!1:JJ,.#f{iL(f{J. 
X;f_tilij(f{J*ffjWJ~~~il-1'~1m"~H~:H.~Ja'YEIYl~~~~~X;f~(8. 23)EJfiR 

(f{J~~~~&PT~m.•~~•PT••~•~(f{J~~.~tt~••~~*(f{J~ 
~. J;J~J£l!-1'§ (f{J .w.Jlt~*~(f{J~f,j£. ~~-AittiiJ;JTMf!!~!\!.,ffflii 
~~ C1P ~ DzPQ B?i:~~ffilii(f{J%~: 

C1P = [ ° C!,OZ J · ~ DzPQ = [DJ,o J (8. 38) 
L o · o 

l!~~(8. 36)EJfiR(f{J~~~PQ PJtJ.tt~JtJg 

hPQ = CzpXPQ + DzpU 

Jtrp <xi ,xf)T = xPQ ~<y6 ,yf)T = y. tt;ti~JBi2PJ~~~~J Y1 = x1 7 .x~ilHl" 
~#.EJT~R-~#~~?i:t~.-~aM~W~~~~~.re~~~(f{J~~ 

/Jfijiif~Jllt 

Y1 = AuYI +A12X2 +B1u+E1WPQ (8. 40) 
Jtrp Y1 ~ u ~B~ffi%. 9ltl~(8. 40)?i:Jllt 

y = A12X2 +E1WPQ = Y1 -Aux! -B1u (8. 41) 

l!~.Ji:l:J:~(8. 41)~ 

9!UPJ~ 

0) ~il&~ <~ ,EPQ .~p .~PQ) ~<~l::)!lJNti&~~at, 4 :!l:<~l::>!l!Nti&; 

(2)~_§_{5[~ (APQ,EPQ,CIP•DIPQ) PJt&~~ff;j", ~R PJt&~U; 
(3) ~_§_ {5[~ (APQ ,EPQ ,CIP ,DIPQ) ti:PJ:J9!ff;j" • !R ti:PJ:J9! 1 
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(4) .!R ~(APQ,EPQ,CJp,Du'Q) :fl:.fHIRJ(f9~?:!£~_g; 
<5) ~1m-*~ .!R ~Wx~~,g~m-7Xt:t <APQ ,EPQ ,c!P ,DIPQ) ~W~IlJl~,g~m-7X~ 

-llft. • 
i.iEPn f!UWX~[79]l!PPTiiEIYl. • + 
JJI!.tE:tiHiJ:\(8. 42) ,~li[~if X2 IW~Im-~lY!tl:H:1-J 

£2 = A22x2 + A21Y1 + B2u + KR [ [; ]- [~~:2 ]x2) 

R::~ilitiUEIW~J:R. :1-JTrfll~~-t .Y1 ~W-f&*-6!,ttHt KR = [KRO KRIJ ~ff~ffH:U 
(yJ ,y[)T IW~It~ifM. ?&Jii~)(ifff9?:!£:JI: v:= £2- KRJYJ (~.W,)Cifit[l19]) ,JA 
ii'iHi !IJ if ff9 !bt~::tf~ 

v =CA22- Kl,{OCJ,o2- KRJA12)v+ CB2- KRJB1 )u 

+ [KRO ,A21- KRJAn + CA22- KROC1,o2- KRJA12)KRJJ[~: J (8. 43) 

Nf~~~~JJI!.j:\;(8. 43) ,~PJ~~r-:1:. YJ ii'ilt!itt X2 0 

~Jt8. s ~ .!PQ mJ:\<8. 36)~tli. m~~«~ £ > o, ff:t£--t-!bt~&~:tt~ 
m~ F ~~llft~lJ!il:H:tl~m~KR, ft~""FOOIW~M-~iWJ:H~~ittJ:H 

{

v = (A22- KROCJ,02- KRIA12)v+ (B2- KRIBl)u 
+ [KRO ,A21 - KRJAn + CA22- KROC1,o2- KRJA12 )KRJ ]y 

.!~: (8.44) 

u =-FxPQ =-F[1:Jv-F[~ ~:Jy 
~r .!PQ :J!pg~~ff9,JA WPQ JIJ hPQ IWffl~ffl-lim~PJSiltiW Hoom:ltF~'J\-=f t. 

ii'iJJl, :~m* .!~ fl::.fflti:J:\<8. 23)~~1W.W-*~.! R>t ,Nf~Jilt~Wffl~*~R::pg~~ 
ff9 ,JAw JJJ h IWffl~ffl"lim~PJSiltiW Hoom;lt,Jvr r. 4 

i.iEPn .w. 8. 5. 5 -=w 0 • 

it 8. 7 *'J.ffl~ 9 •IW*~-ft:ii~PJ)J(:tt~m~ F ~ KR. 4 
it 8. 8 ~~~*~<8. 23) ff9.! f.lfHE.!!lm:1t*f4R>t ,~ifitJ:H<8. 44)~:J!)Cifit 

[14]Nf~IW Hooft-ftfiiJ!l!IW~M-~lY!tl:H~~ittJ:H. 4 
""FOO~tlilttil~J-T~ffi;;i\:"'W~*· 
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f§1j 8. 3 ~m19!~-Jtli l1!*tft,~!I$ A,B,E,Cz-D2 :tmlilJf9lJ 8. 1, C1-D1 :!(Oiil]f91J 
8. 2. ~lllJJm.a<J!VN!l1-l r· = 13.638752. rlti~:il-1-~!ffi-1Y!tl:l:ttullilil1!1*.-ft 

~'JA w ~J h a<Jffilff~:ii~II$Bi§~a<J Hoo 1i!~F~'Jvr r = 14. *fflffFI~tf7~,lft 

ffH~~Jj.\(8. 36) JYrlR~4mWJ*t!t ~PQ, JtJfl 
4. 2254 -0. 7415 4. 1946 . 0 1. 4335 

-11. 8293 7. 6804 -13. 7917 0 -0. 7102 

APQ = 19. 4695 - 9. 0672 22. 8277 0 4. 0975 

-17. 4591 10.0905 -19. 5135 1 -2. 1038 

1. 2144 0. 5197 1. 4176 1 -0. 0983 

0. 9327 0 0 18. 5391 0. 8299 

-4.4755 0 0 -62. 8474 -29. 3560 

BPQ = 7. 8569 0 0 , EPQ = 102. 9481 28. 5462 

-6. 3735 0 1 -97. 9601 -22. 3008 

0. 1940 1 0 -0. 0958 3. 1029 

CIP = [
0. 1044 -2.0724 -2.9601 -2 -1] 

1 2 3 . 2 1 

c - [ 3. 0616 -0. 9592 2. 8464 0 0. 6772 J 
2
p - -1.0146 -1. 3601 0. 6330 0 -0. 7358 

DIP= 
·[0.9409 

0 
-0. 3383] 

0 ' 
DzPQ = 

[0.9409 
0 

-0.03383] 

/F~iiEI~JPJt~ T. f!l To, HP 
1 -2 -3 -2 -1 

0 1 0 0 0 

T.= 0 0 1 0 0 ' T = [1 
0 0 

0. 11044] 

0 0 0 1 0 

0 0 0 0 1 

lj:fJ c1 f!l D1 ~~1-.J 

T-;;ICIP T. = [--t-1-~~?~--] = [--i -<-=-?.}~}-~- - =-~:0~!~~--=-?.}~~?---~-~-·-0~~~~- ] 
fll 
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5. 2714 ! -2. 4247 -8. 3291 -7. 5428 2. 7283 
-=-11:-8293"j"--31:-339o ______ 21:-6962 ______ 2i-6586 ______ 11:-1191"--

19. 4695 ~ - 48. 0062 - 35~ 5807 - 38. 9300 - 15. 3720 

-17.4591 ~ 45.0087 32.8639 35.9182 15.3553 

1. 2144 ! -1. 9092 - 2. 2257 -1. 4289 -1. 3127 

2.9993 1 2 

T;
1
B = [-·!>] = 

-4.4755 0 0 

7.8569 0 0 

-6.3735 0 1 

o. 1940 1 0 

5. 6724 -13. 7425 

[ 

E
1 

] -62. 8474 -29. 3_560 

T;1 E = ·-E··- = 102. 9481 28. 5462 · 
2 

- 97. 9601 - 22. 3008 

-0. 0958 3. 1029 

AR = Azz t ER = Ez 

c - [- 2. 2811 - 3. 2732 - 2. 2087 -1. 1044] 
R- -2.4247 -8.3291 -7.5428 2. 7238 

D _ [0. 9409 - 0. 3383] 
R- ~6724 13.7425 

l!Jf1Hll9 itii'J(J)l:~.~¥1J!I~~~ F -J;J 

[ 

- 1. 5656 4. 7579 2. 1737 3. 1311 . 1. 5656] 
FT. = -299. 4859 555. 2644 742. 6408 597. 9718 189. 8014 

7. 4811 -14. 6842 19. 0100 -16. 9623 - 5. 3773 

. [ 93. 5514 . 
-143.1777 

K = K : K = 
R [ RO . R1 J 133. 7360 

. -1.4788 

:llt.:H,¥1J~<8. 35) Flfffi(J(J~WJ-tutr tlt&t~H~ttJ~, Jt9=t 

-4. 438~ 
5. 6013 

-4. 9145 

0.2622 



[

- 2. 5903 - 3. 4139 - 2. 7089 

3 3.3280 4.3868 3.4717 
A = 10 • 

anp -2. 9478 -3. 8917 -3. 0755 

0.6986 0.9299 0.7488 

-0.92691 
1. 1995 

-1.0641 

0.2393 

[ 

4. 7579 2. 1737 3. 1311 1. 5656 ] 
Canp = 555. 2644 742. 6408 597. 9718 189. 8014 

-14. 6848 -19. 0100 -16. 9623 - 5. 3773 

Banp = 103 • [~~~~~~
6 

~~~~~~~ , Danp = ~ 8292~.33555962] 
-0.1337 -4.7217 

0 -33.1683 
0. 0015 1. 1362 . 

Eb ~~it~JHJ9f% ~~Plj~H&~ U1 -T 
- 97.337'- 34. 72,-'- 3. 591, -1. 848, -1. 632 

-0.248, -1.346, -0.765,-1 
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~llH?&'EfrJ:m:t£~)EI8:~. III 8. 3 ~PJjJ;F~:ll~!t*~~#ftiOO, PI .W. ~ T ~~w I"" ~ 
fifQ!Jvr~)E~ r m 14. • 

I I I I 
I I I I 
I I I I 
I I I I 

12 --~------~----------1------ ---r----------r--------
1 I I I 
I I I I 
I I I I 

10 ---------~--------·--i------- --t----------~---------
1 . I I I 
I I I I 
I I I I 

~ 8 ---------~------- - -------- -~----------~---------w I I I 
Q : I I I 

• I : : : 

6 ---------~------ ---~ ------- ~----------L---------
1 : : : 
I I I I 
I I I I 

4 ---------~---- -----~-- __ . _____ ----------~---------
1 I I 
I I I 

1----r-- : . : 
2 ---------~----------~--- --------~---------

1 I I 
I I I 
I I I 

o~~--~~--~--~~--~~~~~ 

10"" w• lo' 10' lo" 
#fl*'(rad/s) 



8. 5. 1 ~11 8. 1 tr:JiiEPJI 

J;J T:ilH'JJ:Elll! 8. 1 ~ID: ~ , Jtfl1~~1l-!HJ~ .. rFWI -t-s I J1l!. 
Slll8.1 ~~WJ~tJf };aux J>1 

[E~] A,.= AnP• B,. =[BliP Aup], E,. = 
0 

c.= roP [~ ~], D,. = roP [~ cdP~IP] 
o cbP o o 

(8.45) 

.PI~ EIJ };.ux lfl:f:R~!ii1H$ u. =- Fn ( y)x. EJf~~~ffiJil\~t!f~I*J~J:E~ • f!P 
).(AIIP) =). {AnP- [BuP A13P ]Fu (y)} =).{A.- B,.Fu (y) }C c

(8.46) 

1A. w,. ¥1J h,. ~ffiJil\~ilei§Ji~ H""1i1fliJ'r y, f!P 

IIT,..,.,J"" = ~roP[[oF1~~;Jcsi-Ahp)-1 [E0~JL <r (8.47) 

m~~ili u,. =- Fn (y)x,. ~};lUX~ r 7Xfttl1!JIJ$. .. 
iiEPJI · 1Bttl:~¥1JroP~~~:1f, CdPCIP= I, mJltm~D,.~J~ftlijfk~. ifflJ3Jll 

~~ID:~Ebm~lrn.JCm CA,.,B,.,C.,D.) ~~~~t!f~~~~ .. ¢.0!P~;.CA~), .H 
. ~~i£tfUdt.t. ~Jlt };aux ftlll..@:AA'.1i11t H""flili'JfiiJJ!~iN~. ~~ID:~~;fff~ r > 
r· ' :ff 

H£ rOO H""-CARE ~!8¥: 

P ,.A,. + Ai P" + y-z P .E.Ei P,. + Ci C. 

- CP.B,. + CiD,.HDiD,.)-1 CBiP,. + DiC,.) = 0 (8. 48) 

lf~* 
).(A~):=;. {A,.+ y- z E.EiP.- B,.CDiD,.)-1 CBiP. + D,.C.)} E c-

EJT~sllll! 8. 2 ~~it~.ll.. • 
sillS. 3 ~ CA,B,C) H£ti1iJ~lll:iltN1JUL~t!f,Jttf:l A E R.x" ,BE R.xmlll 
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CE RPX"oF(£) E RmX"H££ 89~Jiit~~.~p 
F(£) = N(£)r(£)T(£) + R(£) (8.49) 

;lt"P N(£) E RmXP ,r(£) E RPXP 'T(£) E RPXN ,R(£) E RmXn 0 3!!1! r<£) -tl1.H£~F~ 

#89 0 £m:-~ ,fllliirfiffa9~flJ:mt11: = 

O>:MJ!Jf1ia9 0 < £ ~ £*, ;lt!=p £* > O,A + BF<£7:l~d~r:il!~~(!9; 
(2) ~£-oat, T(£)- WC, ffil W H£ p X p 89~F~Jf~~; 
(3)~ £-0 fit, N(£) ~lnJ-1':fl~(J9~~ N, f!~i C(sl -A)-1BN H£11T 

~(19; 

(4)~ £-0 at, R(£) ~ln1--t:flma9~~ R; 

<s> ~£-oat, r-J <£)- oo 
f!;!Jit~ £- 0 fit ,:fl II C[si- A-BF(£)]-1 II = - Oo tit 

i.!Pn J!H£m:tmt[12o]~lfia9sllll! 2. 2 89xiffM, sll11!89iil:~fll:tmtC12oJB9 
~~~~0 • 

JJ\!{E~frJJl]"~i[~~lll! 8.1 To tl:~~it~~ F(y,£,.AdP,.1dP) H£ft(Jm 

ATEA(J9f;Fftii~#J~a9o frjffl Chen[79
J "P1i*~Jftl;f]J11!~89~*· Jlf~iil:~ 

~ £-0 R;f, A+ BF(y,£,AdP ,.1dP) 89~tif{il~ ,HA~) E c- ,HA~) E c- ,.AdP/£ 
E c- fllA.<A~]p) E c- <.W.siJJI! 8. 2) o f§Jitffl~j;~pg~~o :JHfHi Chen[79J I'J9~ 

*• Jlf~iil:~ Ad E AdP/£ E c-, ffiJiiiB9:tl~tifrPJ:I: W(£) #li.@ 
limW(£> =WE 9*(1;p) (8. 50) 
.--o 

~~_t,7S"Jijjaj;ff(J9:if~, ~ £-0 fit, Jlf~i[~ A +r-2 E£T P(y) + BF(y,£,AdP, 

.1dP) 89~tif{il~ A.(A~) E c- ,A.(A~) E c- ,.AdP/£ E c-f!l HA~) E c-, ;lt!=p 

P< r) 89~J(.W.~<8. 24) 0 tEm m1tfm~l11!89m:~ "P~ mfiJJ! ®ttMt. J!~m:~ 
T~Jll! 8.1 89~=~5to 

t&r-*ID:~~~&mH~ u = F<r.£.AdP.~)x, M!~t 

II T,tu~OO =II[~ +DzFCr.£.~.~)]• [sl -A-BF(y,£.~.~)]-1 Elloo < r 
~9c-Ai:tt{f!Jlf1f-*M-fl,flllii~F~Jf~~1-J raP= I fllr;p =I, ~Pfllltij;tlf <A, 

B,FoJCz,FoJDz) B!~H£~~*f,j£~~0 .ftUi,i:\(8.14), Jlf~)j1f F(y,£,.1\dP, 
~) Jtffil1g 

_ [CtaP+F~(y) CobP +FbO(y) 
Fo(r) =- 0 o 

0 0 

C;;-aP CocP 

0 0 

0 0 ~] 



• 132 • 

*" 
T" [E.tr+~<r.t.AF> E.t,p+Fbl<r.t.AF> E;dol' E.t.,p Fd<t.AF

0
>+£...J 

r(y,t,At>.&> =- E;.p E<H> E;p AP 

(8. 51) 

[
-F~(y).-Fii!(y) 0 0 0] 

C=Cz+DzF(r.t.AdP.LldP)=roP 0 0 0 0 codP 

o cbP o o 

0 0 

0 0 

A=A+BFo<r>, B= o o 

~-T~~~)(, Thw PJ~~~ 

0 BcP 

BdP 0 

Thw = C[si- A- BF<r.t.AdP,LldP)]-1 E 
~~st(8. 51),~~£J£F<r.t.AdP,.1dP) IWWst~ 

F<r.t.AdP,LldP) = Nr(t)T(t) +R 

R =- [E;k EdbP Ed.P EdcP EdPJ 
E!,p Ecbl' E~ LlcP 0 

T(£) -JCm 

(8.52) 

Cm = [Ft (y) Fb1 (y) 0 0 CdP] (8. 53) 

f!Jffl *" Chen ~c7sJ ;ffi liiJ IW ~:1£ , ~!Hf:l~ ~ YE IY) .=::JG!.Il <A ,.13 , Cm) :Jik tl'i'iJ :19! *" il!J\;ffi 
W:!Wo m!Jit~m~IJJI! 8. 31iJ~f,~ £-oat 

II Cm[si- A-BF(y,t,AdP ,.1dP) ]-1 ~=- 0 

tt~~lUJH=t:JiiiJIWHEJJI!/J~, PJI;,t YEIY).=::JGtJJ. (A+ }'2 
.EET P<r> ,B,Cm> ~tl1iJ:i9! 
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~-1N1Jlli:tt9 'lffl13.~ E- 0 R;f 
~Cm[sl-A- y-2 EETP(y)- EF(y,,,i\dP~dP) ]-I~""- 0 (8. 54) 

~ ,_ 0 R;f,:fr 

[

- F~(y) - Fli:l(y) 0 0 0] 
c. = r oP - F~ < r) - F bl < r) o o o 

o eli' o o o 

II Thw I=- ~ C.[sl-A- .BF<y,,,AdP ,~dP) ]-1 E~= 

m .m Cher.P9J~ Saberi,Chen ~ Sannuti[Sl] tt9l1JJ1illifi 'PJI;,( ii£gijt£ E- 0 R;f' s ~ 

h.7lJE. 
_ [-Fu(Y)J [E~J C.{sl-A-BF(y,t,AdP,~dP) ]-1E- ToP [

9 
·eli' J (si-Ahp)-1 O 

• 
8. s. 2 ~JJ 8. 2 tf.Ji.iEM 

/f'.:k-~t£1E!.!JJ!11fil!,~ii~F~#tt9:1it~~~A1!:~:$HJij::h rsP =I ~riP= 
I, RPEtf <A,B,nCz,T~Dz) FJf~~tt9~mB~:I!~~*fij~tf9%~. PJI;.(ii£gij 

[* 0 0 :**] * A~ o 
A+BF(y,,,AdPt~cP) = I 

* 0 A~ 

* 0 0 

Cz+DzF(y,,,i\dP,~cP) =roP[~ ~ ~ ~O] 
. * 0 0 

;lot~ * ~~-.®x-j"ii£gijx;k~~tt9rn!~. tl5IJltX1"{f~ a E .\(A~) U .\(A~), 
l1JJ.i)Itf9ti~n£1PJ:I:t£ Cz + DzF(y,t,AdP,~cP) tt9~2:fil]~. ~itii£gij7 a :1! Thw 

tt9~wmm•~· • 

8. s. 3 ~JJ 8. 3 tf.Ji.iEM 

::h)Wjfii!~Jh!., ""Fititf9ii£gij~~~ F(y·,t,AdP·,~cP) ~ K(y,t,Ateu~cQ) ~(195!: 
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t.&~~~-•tt"M~~-~r=1.~~~~~~~-~r"*~· 
1Bt~~fU~ID:J:i:<8. 24)~~"-*iE~~J$ P ~J1:<8. 26)~~"-*iE~m!I$ 

Q?HJU~JE 

[
ATP+PA +CIC2 +PEETP PB +CIDz] 

F (p) .= 2 0 7 
• BT P + DICz DIDz -;;.-

G _ [AQ+Q·F+EET+OCICzQ QCT+EDTJ::::::::o 
7 (Q) :- CIQ+ DIET DIDT -;;.-

ep P~Q ~m~~~J:\FT(P) ~O~G7(Q) ~0 "iE~fff. ffii~-T~Uii"~WJ~ 
m: 

{

.iPQ = AI'Qxi'Q + BI'Qu + EPQWPQ 

~PQ: Y = c!PXPQ + D1PQWPQ 
hPQ = CzpXPQ + DzpU · 

j
APQ:= A+EETP+ (I -QP)-10CIPCzp 

BPQ := B +(I- QP)-10CIPDzP 
EPQ:= U-QP)-1 EQ · 

c1p:= c1 +D1ETP 

(8.55) 

(8.56) 

lt-~~mr"ttltti: :<DT-~m <APQ.EPQ,Czp,Dzp) ~ti"PJ~~:A'VJ,fff{)L" ;@T-~m 

(APQ ,EPQ ,CIP ,DIPQ) ~:tillJ~~Jl!N'fJ{)L". 

~mi"91JI* §X~[22]. 

sl II 8. 4 Xif-Tif~~n~~J1:"1H~:H ~anp: 

~Uff!J;§1-I*)£~ift: 

{
v = Aanpv+Ba'lll'y 

~anp: 
u = Ca'lll'v+ Danpy 

o) ~.,., ~3:\<8. 23)~~)("~m~ ~~~~"·~~.mt"~ w ilJh "ffi~ 
~Jlj)j§!l{" H oo t'i!!l{tj\T 1, f!P II Thw ~ oo < 1; 

<2) ~.,., ~3:\<8. 55)~~)("ilf~m~PQ ~~~~"·~~.mt"~ WPQ ilJ hPQ 
"ffi~f~Jlj)j§!l{" Hoo t'i!ti:tJ'T 1,f!p ~ThPQ~ ll oo < 1. • 

tz;IJ1t,Jt~.y£Jyjj:\(8. 27) ....... ):\(8. 30)~~" ~aD!' ftffl=f ~PQ Pfi1J~i5ilJ~~ 
~~JL3ff:trtfff*M"~ .~)E~.yflyj~J]!8. 3. tl::!:ilJ 
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CJPC2P = ATP+PA +CICz +PEETP fit CJpCzp = PB +CIDz 

~xttrestcs. 28)J!Jfffi(J(J Aanp m!IT~ffi~ 
A~ = APQ + BPQF + (1- QP )-I KCIP 

Jl]:tf~~~~~JI]j.\;(8. 27)J!jfffi(J(J 4anp· ~ 4PQ ttJlX!{I.lj!~:H~rtittJ:H,:ff~~&i11!~ 
~FfltX!{I.ij!tl:H~~ <I-QP)-1Ko f:§J!tlf~(!(]Jt~liJ!JJIL&ItJi.o lii]JJ;t,tt~¥!J (APQ, 

BPQ • Czp • Dzp) .fa (APQ, EPQ • C1P • D1PQ) ?HJtl~:lVN=!H:i'l, :t:iitJ ~fltti:itJ ~(!(] o J9f ~ 
~7YE~)El11! 8. 3,Jt~YE~.lli t-o JJ;t ,:ff 

(1) APQ + BPQF :/l$fil]j~)E(J(J; 

(2) II (Czp + DzpF)(sl- APQ- BPQF)-1 11.,;,- 0 ; 

(3) APQ + (1- QP)-l KCIP ~$T:ili~)E(J(]; 

(4) ~ [sl- APQ- (1- QP)-1 KC1p ]-1 [EPQ + (1- QP)-1 KD1PQ] II oo - Oo 

!!Gfn~i31A rW(J(Ji31W~*liifflo 
siN8.5 .llit-OIJ;f,:ff 
(1) A+ EETP+ BF Jl$T:ili~)E(J(] ,ll 

II (Czp + DzpF) (sl- A- EET P- BF)-1 ~ oo - 0 (8. 57) 

(2) A+OCI~ +KCt ~$T:ili~)E(J(J,Jl 
~ (sl -A-OCJ~ -KC~)-1 (EQ+KDIPQ)~= -o (8. 58) 

tt~J: WI~L¢.\ (!(] ft ffl~1f~ ~1M(!(]. 4 
i.iEM X;f £- o, :t£)El11! 8.1 (J(JYE~!f!Bt~l!lli~~A + EETP+ BF ~$T:ili 

~)E(J(]. rW~YE~s\:<8.57)0 ~tt-.®~*(J(JffE~,itJ~YE~ 

[

CtaP+ F~ CobP + F t1J CoaP Co., Coc!Pl 
Czp = rol' Ft Fbi o o C

0

dP ~ 

0 0 0 0 

[
I 0 0] 

Dzp = Dz = r ol' 0 0 0 T"iP1 

0 0 0 

mill 

. [0] -
(~zP+DzpF)(sl-A-EETP-BF)-1 = ~m (sl-.A-EETP-BF)-1 

. Jt!f!AfltB EI:Is\:C8.52)~ili. F EI:Jj.\;(8.5D~ili. Cm EI:IA:C8.53)~ili. ~~Eli 
j.\;(8. 54)itJ~~. 

i3 1w s. 5 (J(Jm c 2) tJt:llm o) tJt (!(]~1M • m Jit~ ~nlt.ll. 0 ru Jit:Jt..&lt i3 1w 8. 5 (!(] 

YE~o + 
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riii1t ;'GYJ:gij x;f-T-® Jt:?t'J' £13 £,APQ + BPQF ~~ili~~ £13, ~ 1.t .§ 

£-OIJ;f 

~ CCzp + DzpF) (si- APQ- BPQF)-1 ~""- 0 

l1Ut5i3IJ.I8. 5, .§ £- o IJ;f, \s ill.i:T.W.IE. 
si - A"Q - BPQF 

=si-A- EET P- BF(I- QP)-1Q:.;ip ({;zp + DxPF) 

=[I- CI-QP)- 1Q:.;ip(Czp + DxPF) (si -A- EETP- BF)-1 ] 

• (si-A-EETP-BF) 

-si -A-EETP-BF 

J!~gijx-J"Jt:?t,N19 £,APQ + BPQF :J!$f:lli~~£13 o .§ £-0 IJ;f, s il.~f.WJE. 

CCzp + DxPF) (sl- APQ- BPQF)-1 

= (Czp +DxPF) (si -A-EETP- BF)- 1 

• [I- (I- QP)-1Q:.;ip(Czp + DxPF) (sl- A- £ETp_ BF)-1 J-1 

(8.59) 

[li] f-f £13 , ttHi ;;;1 m 8. 5 ;fJl 

CiPCzp = ATP+PA+CiCz +PEETP 

EQE4= AQ +QAT+ EET+Q:.;iCzQ 

.§ £- o IJ;f, s il.~m.IE. riii£131t~ = 

CI- QP) [si- APQ- (I- QP)-1 I..CtP J 
=(I -QP)(si -A-EETP) -Q:.;ipCzp -I..Ct -WtETP 

=si -A-EETP-Q:.;iPCzP -I..Ct -WtETP-!QP +QPA +QPEETP 

=si -A-EE:P-QCATP+PA +CiC2 +PEETP) 

-LCt-W1ETP-!QP+QPA+QPEETP 

=si -A -Q:.;iCz- LC1- (EQE4-AQ -QAT -Q:.;iCz)P 

-WtETP-QATP-!QP 

=si -A-Q:.;iCz -I..Ct -!(JP +AQP +~iCzQP -EQE~WtETP 

=Csi -A-Q:.;iCz -I..CtHI -QP)- CEQ +WtPQ)E4P 

= (si -A -Q:.;iCz ---:-LCd 

• [ CI- QP)- (sl- A-Q:.;iCz- LC1 ) - 1 CEQ+ WtPQ)E~P] 

-Csi- A-Q:.;iCz- I..Ct) CI- QP) (8. 60) 

f§Jftx-J"Jt:?t'J'£13 £,APQ + CI-QP)- 1 KCtP :J!$f:lli~~£13 o Jll.ttHij\(8. 60)nH'.§ 

£- 0 p;f' s il.~ftlll,@ 
[si -APQ- CI-Qp)-1I..CtP]-1 [EPQ + CI-QP)-1WtPQ] · 

-CI-QP)-1 (si -A-~iCz -I..Ct )-1 (1-QP)[EPQ + CI-QP)-'-1WtPQ] 
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=(1-QP)-1 (s1 -A-~JCz -LCt )-1 (EQ +Wu'Q) 

-o 
l!~7t~7)EJ11! 8. 3 89iiEJY1 0 

8. s. 4 ~!I 8. 4 (f.J"UERJJ 
• 

~iWiliit19iiEIY1-.f-F, jJfijJJp.~JA!.ftffJifl~ r = 1, .#~ F = F< r.e,Adl' ,.1cP) ~ 

K = K(y,e,AdQ,LitQ) • .P!U~YF*m T"..,(s) jJ 

[ [ 
· A BF J] -t [ E J 

[Cz DzF] s1- -(1-QP)-IKCt A._ -(J-QP)-tKD
1 

~fH.~)EJJI! 8. 2 PJ~f,Mff~ 

a E ,HA~) U .HA~) c.HA+BF) 

:fi.ffili)ZB9ti~VEIPJ::I: W, llP<A + BF)W = aW, iAJE <Cz + D2 F)W = o. lffl..El~l!~ 
~~iiE (Czp + DzpF)W = 0 ltl PW = o. 

tllmM~PJ ~ iiEJY1~;j"fflt p E ,HA~) U ,HA~) ,p E .HA + KCt), .ffimztl9ti 
~VEIPJ:It V,IIP yH(A +KCt) = fN", IAJE V"<E+ KDt) = 0 lt1 V"Q = o. tllm 
.it<8.28),PJ~i 

A._W =[A+EETP+BF + (1 -QP)-1~Jp(C2p + D2pF) 

+ (1 -QP)-1 KCt + (1-QP)- 1 KD 1ETP]W 

= (1- QP)-1 KC1 W +<A+ BF)W 

V" A_. =V" (1- QP) [A+ EET P + BF + (1- QP)-1 ~Jp(C2p + DzpF) 

+ (1-QP)-1 KCt + (1-QP)-1 KD1ET P] 

= V" BF + V" (A+ KCt) 

~.lit 

[ A BF ][W] [ <A+BF)W J [W] 
- {l-QP)-1KCt A._ W = A._W- (1-QP)-1KC1W =a W 

[Cz DzFJ[;J= (Cz + D2F)W = 0 

J!~!Yj a~ T11..,(s) 89--1'-~lfifffUil'~,~. ~{1;.1.(19 

H H.J[ A BF J 
[V -V -(1-QP)-1KCt A_. 

=[V"U-QP)[A+ (1-QP)-1KC1 ] V"<BF-A_.)] 

=p[V" -V"] 

[V" -V"J[ · E . ]= V"<E+KDt) = 0 
- U-QP)-1 KDt 
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i!~l91 {J!! Thw<s) 1'19--ttiiUAff!!Uil'~R.\ • . 
l!JJ!l~(8. 50)~ 

Im(P) = [ 9* (~p) ].l 

JL.~P11J~UEI91J;EJ.I 8. 4 ~(3)JJ!I'f9~-mHt. ~=$?t!!~-f'll1fl5l1'19X>tfF!I. iiE 

191~*· • 
8. 5. 5 ~118. 5 tt-.Ji.iEII)) 

f:t)ttl:~¥lJCD <APQ ,BI'Q ,Czp,Dzp) !!tii1J~lniVJ,.ffi{ll; ® <APQ ,BI'Q ,c.P, 
v.PQ) :m:tr:I1T~~iVJ,.ffltll. :@tiJ;EJ.~s. si1J~tff:t£~~m~ F~KR, ~~ti*M

tiiDtl:l&mrtittJ~<s. 44)11Jpg~};E ~PQ• jf ll~~fffl~~)ir4:!~1'19 H""'7H:~F~'j' 

r1f~~J;EI'f9 e. J;EJ.~s. s B9m=-t~*:@lii31J.~s. 4 11J~i. • 



9.1 ~ ~ 

*:lit~ I!tftlM~ii~at fiil ~tt* t~t::a:?~M :1:& 11!fll Pi ~~~*r a9 H, JL.>f-T 
tltftUIJifiiJ»!. ~'lfbtDii:JJIL.tllt2:~1--IN: Hoo~$1Ja9~~fiiJJHi,l!P r· = o a91f 
~, fE!.~JL.>f-Tt/tfffHilll fiiJ »! a9 aliJJi .t. Ell* B ~, :B: JJHt ~ ttJ JJI! ~ ~ ~ 1f I~ !m 
U!. -®I~a9fiiJ»!mPJ l~HHt.llltJL.>f-TttffiH/llfiiJ»!, :!lO@-$~$JJ, ?Hlt~ttJ <de
centralized control) -~1::3tlit£$tj(non-interactive control) ,m~~~(model refer
ence)~H!l~t£$JJ, Hz ftl Hoot£$1JfiiJ»!. tll~:tmiJt,JYfi~JL.>f-Tt/tfffHMI'iiJ»lilt~~ 

~-1-~ili&11i~~~.:a:~*~~~~oo~r~~M~*t!t:~~-Ttt~~~c~ 
:!lo:B: L, Jt)(..tJ¥1JBi~a9lll.ll. W:fiil»!e16~Eb Willemsc67

'
68J ~ill, faHC.::h AD

DPMSCalmost disturbance decoupling problem with measurement feedback and 
internal stability,~~il&11iftl~~~ra9JL.>f-Tt/tffiU/llfiiJ11JD. :!lo*~:B::fit~& 
11f'tn~ r, _t UiJ a9 fiiJ »! tl!.f* ::h ADDPS (almost disturbance decoupling problem 
with internal stability, ~~}:Era9JL.>f-Tt/tffiU/llfiiJJHf). ~;.~, Hoo-ADDPMS ftl 
Hoo-ADDPS ~!YjJYf:;{;JJ.iiia91'iiJ»!~;B: Lz ;lt)(_t-=ftfi;fffH/lll'iiJ»!. 

1f~fl~::t~~:k.:P JL.>f-Tttffi¥mfiil»!a9 <:!lO:ililia91i1f~[121}--[123], l;,{bU.ifi 
ffl~~~::tifvD. Jt~ .::tifit[l21J,~,~7 JLf!P~~a9-Tttffi¥mfii1Jmi;,(.&JtPiffi¥tt 

~flj:,Jf:tf-~1F~iEJi!tlii~lltfiil*tft:Cl!P~:fl~t£$1HwA¥IJ~~~iliftl~tJti9J~A 

¥1J~~-~ tl:l a91U!~~:!Ji)~tl:\7 Hoo-ADDPMS ftl Hoo-ADDPS PJffi¥tta9Jt:?tftl 
!lZ,~JLfiii~flj:. :B:2:®~flj:r, ::tilX[lzzJ~:iii 71;,(1Ji1- £ ::h~~ta9& 11!~, >1tffi¥ 
7 Hoo-ADDPMS ftl Hoo-ADDPS. 2:®~*1!1fiJ§;B:::t~[l23]~1Jttl)¥1JiE9!tl* 

~<:fl1lttf~~:!J!). ~tn~~JJumm ,;B:I;,{_t~FJT1f~*~ .M~*tft:a9~~~tt 

mAtr~X~UiiL.¥1-~)J!a9ffi.~W-.2:f!Pffi~JR~~1f~.:P~~ffi~~~ 

a9•*·&retti9J~•t~t:a9•~~t~~•~i9J~a9•~m•:a:*.RA:ililim 
Scherer :B:::tiQX[21]~~-72:1-:k.:P~~~a9":il~"~JR,2:*Flt~ilftJCi9J~~ 
•~a9•d•~~•~i9J~.~Jt~~-Ha9iE•~tt•~·:a:*.:P*~*~m 
~~~a9~'-JJRr ,SchererC21J~tf:l7 -m Hoo-ADDPMSftl Hoo-ADDPS PJffi¥tta9 
Jt:?tftl!JZ,~~flj:. ~~~ttAtf~*~*-X~UiJW•at .~frJtl!.f*JYf~J.iiia9 Hoo
ADDPMS ftl Hoo-ADDPS ::h-IN:a9fiiJ»!. ;B: Scherer a9Jt:Jt!JZ'~~flj:r ,Chen~ 
:ilili:B:::tifit[124]~ HJ:.\!m~:Gi 7 -Ha9 Hoo-ADDPMS ftl Hoo-ADDPS &11!~~ 
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$0 *~a9I,g~:CD~ili-~ H=-ADDPMS l1l H=-ADDPS iiJ!fitta9iiJ~YE~ 
{lf:;@~)il>jtffi~®fii]Jma9JP..Jt)l:f!o Fo:if~ Chen ~[124] a91ilf~~~o 

J1:(£~LitAf*IW-~ Hoo-ADDPMS l-u-~ H=-ADDPS,-~a9:it~BtfaU~ 
!Jf:Jg 

{

i = Ax+Bu+Ew 

4: y = C1x+D1w 

h = C2x+D2u+D22W 

(9.1) 

jtqt X E R' ~tt~. u E R" ~rli!JIJ~A. y E R ~imtl:l:~ili' wE~ ~tJtz;lj' hE 
Rl> R::itrltDY m o 1-17 :t£15 mP5 1 Y:ltn ~, ~mroo -*F, *~ 9=t J;E.)( 4P ~lit~~ 1m 5C 
til (A,B,C2 ,D2) JYf{-t~a9r~!Jf, 4Q ~lit~~IDJ5Cm (A,E,CPDI) f]fft~a9 

T-~!1foftfi*#~Wa9l9J~&•rl~$: 

. (9. 2) 

_ [A+ BDanpCI OCanp] 
Ac~:- B A 

anp anp 

(9. 3) 

l!PJYfffa9~{1E{ll{\'I-TJFti:-*~-ljl-W .91Uf*rli!JIJ~~ iiJJl);Ea9 o J3ffl Thw ~mffllill 

a91>1..tltl91 w iflfl{rl~ ili h a9ffi~ft:liPJ§Ji~~o 91U-M H=-ADDPMS l-u-~ 
Hoo-ADDPS fiiJ»!iiJiE.JtJ;E.)(:fm~ o 

~){ 9.1 ~-T:it~BtfBJ~!Jf<9. D ,:t£i!i!tl:I:&·~~~J;E~JR~ ,H=JL.>fT
tJGWHMfiiJ»!<H=-ADDPMS)iiJ!fia91C:7hiZ'~~{lf:~~t{f~iE?f{ r > o, ~j;-fj:(£ 
--t-.lt<9. 2)JYfffia9rli!JrJH,f1!14 

(1) :(£fitfftltl9Ja9•1W?£~' lit ~!]C(9. l)~J:.\(9. 3) JYf%Jilta9ffi~~!Jf~$fll! 
~J;Ea9, l!P.Jt<9. 3) JYrma9~~R::$Tll!~J;Ea9; 

(2) ffi~*!Jfl>l..tltl91 w i'Jitrl~ili h a9 L2 ~~'J'r~-T y, l!P 
llhilz ~ rllwllz, Vw E Lz,(x(O) ,v(O)) = (0,0) (9. 4) 

~1fta9 ,,M. will h a9ffi~f~:li~~ Thw a9 Hoom;JJ(IJ'TWG~T y, l!P II Thw "=~Yo 
~ C1 = I ~ D1 = 0 Bt, l: W}EJ( a9-~ H=-ADDPMS.filt:Jg-~ H=

ADDPS,~Bt.Rfi~D~a9tt~&i1J!, iffl~fi~.J!:C9. 2)JYfffia9l9J~~ili&i1!. 4 
JP.f&,*!Jf(9.1)a9 H=-ADDPMS~fftrr· = 0 Bt 4 a9-~H=rli!JrJfii]Jm. 

iE:tunruWJYrfl,*~a9 § a9z-R:::t£ Schererl=21] a91C?t!.!Z,~~1LJ:~ ,>Jtffi~J:J;E.)( 

a9-1&*!1fa9-IN: H=-ADDPMS ~-I& H=-ADDPS,;lt9=ta9r~!Jf 2P ~ 4Q iiJ 
~:t£~~J:fl"~~•~-•m~lila9&11J!~~$~••~~a9A•?f{~a9<~£ 
1-J.Ji)o 1t;t~li!-m~JP--t-~:1:1-J.Jia9D~tt~&11J!$*ffi-Ma9 H=
ADDPSo f&Fo~lil~*F~ e 1-J.?f{a9-m.imtlH*~J!tt~&iiJ!$,f§iffl14iiJ~ 
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e 1-J~JJ(a9-miYJ~~tl:fl&i1i$*ffi¥-IRHoo-ADDPMS. fq~Ji:¥-F-m&i1!$(19 

£*IA~:ill~4•a9~~~~£,J!~a9~tt~~~*m~~~~xm~~~ 

#iJ. ~~t&ltfl2!~fiJS9JL-'r-T~~. ®~ 4 *a9tk~>tfflt£i!JIJm.m:~.re~~_ta9~1t 
~ ~ Z9J ~1t~¥1J~~ a91i!.l'.111~, J!B;fltJ !;,( *iiH~!I.ft iii.tit-*. crJ Hoo fif- itt; !l.ft 
iiitit-*. J!f:Fa9 Hoo{~-il16!1.ftiiitit-*1t § rX~[l25]~[126], ff:J:~fe~ 

~-~~F~fi~~(J9 Hoo-ADDPMSJ.illffl:f£3f;ti~.ljl-1Iiii§t~~jt~~(J9 SISO(fEJ 
ffii~1JitJJ2!)~fi~~. 

*1ltf)t@l)@i Schererc21J (19-Jli Hoo-ADDPMS ~-IR Hoo-ADDPS 11Jfij¥(19)E 
*~,~~{Lt. ?&J6~J.ffi~~~f,~£fi19ife Scherer (19JL{iiJ~{tf:$t~¥!J$~~~(19 
*ftt. rlii~;f Schererc21J a9~*;ffl:boml. 

~1.19.1 ~m-Jlia9i9!tl:M:.&i1!~~<9.1Y. A~R~~a9-Jli HoolL-1--Ttlt 
m~~~ltfffi¥a91E*~~*~~~~J;,(r~~: 

(1) (A,B) ItT~~; 

(2) (A,C!) ItT~~; 

. (3) Dzz +DzSD1 = O, jt!ft S =- CDTDz)tDJD22DT<DTD1)t; 
(4) Im(E+BSDJ) c 9*(~p) n { nAEC'9'A(~p)} ; 

(5) Ker(Cz + DzSC1 )~'f'+ (~Q) (J { UAEC' "VA (~Q)} ; 

(6) 'f'+(~Q) c y+(~p). • 

it 9.1 tt~~n* ~p ::tiltJJ2!~:11A,~tL. ~Q ti:ltJ12!~:lVJ,~tL.Jntl~J.!l! 9.1 
a9*ftt(4)--(6) § z;b~~. fE!Jlt Hoo-ADDPMS 11Jfij¥(19~{4~:1g 

0) (A,B) PI~~; · 
(2) (A,C!) ltJ~i9!tl; 
(3) Dzz +DzSD1 = O, jt!ft S =- CDTDz)tDTDzzDT<DTD!)t. -It 
it 9. 2 ~~~(9. 1)(19Eff~~~ltfi9!tl:M:~ ,ep C1 =I ~D1 = O, ~ll$~~YE 

-IIi Hoo-ADDPS 11Jfij¥~{tf:~:Jg 
(1) CA,B) ItT~~; 

(2) Dzz = 0; 

(3) lm(E) CY"(~p) n <nAEC'9'A(~p)}. 

ffii.§.:f£Jlt#if£5l.r ,fj::f£fit~&i1!$*ffi¥-~(19 Hoo-ADDPS, I!P u = Fx, jt!ft F 

ltJ~~~Jj(~~#~~. • 
~J.~~la9JLfiii*~~$•*•a9.PJ~aJJcm_t~Y£l!@JLfiiJ~~tttt~ 
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~il~o riti ,~fl1x-f-!i::l!~atfiij*~IW Hoo-ADDPMS tfttfi-1'-ffliitiiW:1Jr! 
*t2:~J!®PJfmfj:~{4= 0 

"!17!11 9.1 1t-S=-<DIDz)tDIDzzDf(DlDDt o :!Ut~Dzz+DzSD1 #0, .r! 
~ 1.l:o ~Ji!U~!PJ~W9. 2o 

"!17!11 9. 2 tt•.!p, I!Pn!II$1m:7Gm (~,B,Cz ,Dz) IW~~~f,j£(SCB) o -Jg~ 
~jJ{j!,~fl1x-J"JYf:fl~ .!p ;.f{f.*IW SCB !ftrn!II$~?:lt~$ffll:rf,j"P" ,~It rsP ~ 
.!p 1ft SCB IW~~?:lt~, A~~ .!p IW~4l!Jl:/F?:lt~f.(~~o 

"!17!11 9. 3 ffl {WPl ,Wpz, ••• ,Wl>ip} ~JR A~ Elf:fl~~fA~~IW~ro:tRIW#Ht, lliJ 
at ,x-J" i = 1 ,z, ... ,kp, :l2U~~n!II$ v.l' ~~~'EIW~UfiJ~ttr~ro:~l'al 

{x E en~ I x"(WP;l -A~)= 0} 

IW-m£o~!ftn~~~~IW~~o~E4f-

Vp:= [VlP Vzp ... vkpP J 
lliJIJtlt. nxP :=dim(~~)+ dim(;r-bP) ~ 

r~ (E+ BSD1) := 

E;p 

E~ 

E~ 

EbP 

Ed' 

dP 

(9.5) 

(9. 6) 

(9. 7) 

"!17!119.4 4t.!'Q-:h*~.!Q IWx-J"M,llPEf:tlm:lGm (AT,Cf,£f,DD fiJ~IW* 

~0 ~{11#-.!'Q IW~~~f,j£o lliJ¥-f~~~jJ-ff,x-J"r .!'Q IW SCB !ftiWT-n!II$~ 

~~$ffll: rf,j"Q", :!m r oQ ~ .!~ IW SCB 1ft IW~~?:lt~, A~Q ~ . .!'Q iE~4l!Jl:IW/F 
n'r-~.f:;;>J.~ 
:Jl:..~JW..~JJ~O 

"!17!11 9. 5 ffl {wQl ,wQ)!, ... ,WQIQ} ~JR A~Q Elf:fl~~fA~~IW~tiE{i[IW~fHt, lliJ 
!Jt,X;J- i = l,z, ... ,kQ, ~1f;~nf!I$V;Q ~~~'EIW~UfiJ~ttr~tiE~I'aJ 

{x E en~ lx"(WQ;l -A~Q)= 0} 

IW-m£o ~!ft n~Q ~ ~~ IW~~o ~E1t 
VQ:= [V1Q YzQ ... V~QJ 

lliJatlt• nxQ :=dim(~~)+ dim(~ bQ) ~ 

(9. 8) 

(9.9) 



E~ 

E~ 
E+ 

r~<E+.BSDI):= aQ 

EbQ 

Er.Q 
dQ 

. [x-;o * * l 
r~!<~ )T = * • r * 

* * Xa~ 
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(9. 10) 

(9. 11) 

;lt'ft x-;o lll Xa~7HJtl~ (n;p+n~) X (n;Q+n:b) !tlll (ncP+ndP) X (ntQ+ndQ) ME 
l'fJ, r ~ n"" X n~ !il'f.J o tit 

ftfll::ffFOOI'f.Jtt!.tlt o 
tt.li 9.1 ~.L!t-/RI'f.JimHI:&imii~atfBJ~~(9.1) ,Jt.:ffP3~~1'f.J HooJL.1f 

=ftftffiUIJ;fiillm<H=-ADDPMS), ~p r· = 0, PJJWI'f.J1t:7t~'~*f4~ml_@~r 

*flf: 
(1) <A,B) Pill~; 

(2) (A,CI) PJ~im~; 

(3) Dzz + DzSDt = o, ;lt'ft S =- <DTDz)tDTDzzDT<DtDDt ; 

(4) E~= O,Ebl' = 0 lll V~E~= 0; 

(5) E~= O,EbQ = 0 l!l V~E~= 0; 

<6) r= oo t~t 

i.iEiln ~Xi~l::tlHiJ.:::.~*f4~~~(9.l)l'fj Hoo-ADDPMS PJJWI'f.J~'~*f4o 
~m~4·~~*~~1'f.Jtt/.tlt.PJ~~I::tlJLM*# 

lm(E + .BSD1) C .<f+ (4p) n { nAEC' 9'A (4p)} 

~fft-T: E~= o,Ebl' = 0 lll VVE~= Oo X;f-ool'f.J,JLM*f4 
Ker(Cz + Dz~l) :J "f+(4Q) u { u.EC'"fA (4Q)} 

~fft-T: E~= O,EbQ = 0 ltl V~E~= o. 
lii1 ¥-F l'f1 • ~ m~~* t~~ l'f1 ttmt • ::ff 

5I* <l:,J ~ Ked [o r..,. o ]r;o! } , "!" Q:ol · 11 ~r;J J T [r; l} 
fl3.lltPJ1t~~iiE "f+(4Q) c .<f+(4p) ~fft-r 
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• 
*11~ltU~:ffP3~)E~~!fit~&11!B<J-~ Hoo JL-'F--TtftfuHM&11!$,Jt~B<J 

P3~)E~~-T7fti:*-lJZ-iiiB<J, l!P-AiB<J Hoo-ADDPS. ~fi'J~~jjlj~/:lj-m_~fl1t 

fft~!fit~Jitjf$ 

u = F(dx 

B<Jiiit:i:iW, -e:r:iJfffiii~U!fB<J-~ Hoo-ADDPS: 

{

i=Ax+Bu+Ew 
.!: y =X 

h = Czx+Dzu+D22W 

(9. 12) 

(9. 13) 

l!P~;J"Jt:Jj-;j\B<J E, t£~m_!{;t~Jit1f$rB<J~Jf*~:J!~JJi~)EB<J. ~ E .@rPJ~IJ;f, 

JAW Jlj h B<J.~Jf-ffl:li~j~ T hw (s ,E) B<J Hoo 'ffl:fl.@rP.J~ 'Jt~ 
Thw(s,d = [C2 +DzF(E)][si -A-BF(E)]-1E+Dzz (9.14) 

H~ D22 = o ~-Ai Hoo-ADDPS r:iJMttB<J&'~~ftf. ~IU1&~JJiiJ;flaJR.lt~~UE 
ga~WGJt<ATEA):i:iW.~fll~ili~iJIJ F(€) B<J.r!. ej!Gf!Jffl~)E*~B<l~~* 
:fij£<JJi!.)EJJI! 4. 5),:ffm~xm~.~ga~~.&r:iJ~gaf1ilff*~*MJ&JL-i'r*~· 

•r!~•ili•--i'•B<JmJ&s?t.~~~-~~~~~~B<Jfi~~ii#.~fir:iJ 
~m~:lt!!~ili, ~~~~lt.t.~~~-~B<J~~:N:fiJtJt~~llfliJIJ;f ,f~~~•*~~wm 

~B<J~m. ~§JU~mili.Jdll~ii!iiA~~JJI!:N:JJJtrt~~llfliJB<J~~•~-~~~H:ftt: 
~FiitiEXf£B9$ffi ,JYf~t£xM:t~~fltffi~tttt:Ji1:~7~ mtB<J. 

~fnlfriiia<J:ii~Jt:r!. 

ti7Jil9. 7( ~- .!p ) 1e <A,B,Cz ,D2) 19f~~B9r *~ .!p 7tM¥JJ)EJJI! 4. 5 
B<J~~*:fij£<scm. ?t§JIJffl rsP,roP ~riP ~~tt~-~ili~tiJA~~m~. 

ti7Jil9. 8(~ f'£e m~tf.J-T~~tf.Jii~~II$) ~Fe :J!ff~B<J me X nc m~.T.W 

A~ =Ace- BeFc (9.15) 

:J!~)Em~B<J~~Jl(. tl:~~~*:fij£B<Jtt.&!:-f*iJET~*F Fe B<J:fft£11:, l!P <Ace ,Be) 
~r:iJt£(!9. 

tVa 9. 9(~ fl£t ,fl£b m~tf.J.:r~~tf.Jil~~~l ~ 
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(9. 16) 

(9.17) 

(9. 18) 

;l't.P F!uf!l Fbdi ~!ifi?HJIJ~ 1 X n~ fill X nbo 

tVill9.to(~ 9[~ m~.:r~~tr..rtt.td~lt$) ~.tin!lr$~f4l:iihtfFOO~?t~l11 

!ll~o 

tViJI9.10.1{Bi~IH1~~~) @lJ®i <Aan,Ban) ~~)(..'R.jc\(4. 36) ,;ff 

(9. 19) 

[Bt. J + [Lt. J Bt.b = B ' L.bd = L 
Ob bd 

(9. 20) 

(9. 21) 

A;.b = [0 L;.,Cb]- [Bo. L~]Ft, (9. 22) 

<Aoon- BoonFt.,Boon) ~~~~M:PJ~~. ~iiiriti~~l::~~~~n!lr$: 

[

I-
"• 

r.b = ~ (9. 23) 

;l't.P T~ ~ Lyapunov 1JW 
A~ T~- T~A;o =A~ (9. 24) 

~ Pl-fm o f§ 1-.7 A~ I¥J FJf;ff ~tiE Ul {E.Il411J..t , At,< I¥J FJT;ff ~tiE Ul {E 1f :li: ~.ljl-00 , FJi 
~ Lyapunov 1fWPl-fm;~,~if{E~ o :OO{E~~~YE 
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(9.25) 

(9.26) 

fl5l Jttn!~x-t (A~ '~ ) :Ji!::i"iJ f;! ~ ' ;Jt r:p . 
If. = [B&. + T~Btab L~ + T~W.1x1] 

~- 9.10. 2(i!_..;~tf.J~~~~) t1Hi:iEJ11! 4. 4 ~i.IEI!ij,~,~.~¥1H~~:ff1t 

~1€~ r~ fll r~, re <A~,~> 5t~¥JJ~x-t1H f;!itfJ~m:~ 

A;= 

0 

0 

o A •·• 0 

[

AI 0 ••• 0 l 
(T~)-1A~T~= : :

2 
. : 

1 0 

0 1 

. . . 
0 0 ••• At 

' ... 0 

0 

Bu *] 
Bu **: · 
Bt 

' B;= 

0 

0 

0 0 0 1 0 

--:- a~i - a~;-1 - a~;-2 - a1 1 

(9. 27) 

(9.28) 

!!Gff1l±:@:¥1J A; ~FJf;ff~tifil:tEEm~l:o ~lE~ * {-t~-.®x.*~t~~rn!~o 
~- 9.10.3(-=f~ttf\ii.f) XiJ"~-1'- (A;,B;}, ~ F;(£) E RIXn; :.IH~~&~~ 

~n!~.M!m-
.l. {A;- B;F;(£)} =- £ + .HA;) E e

li~ F;(£) ~Pl-~o 

~• 9. to. 4( ~ .s1~ ~~ m~tf.J.:r ~ttttf.J!Ijt~Jr$) ~ 

(9.29) 
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F1 (E:) 0 0 0 

0 Fz (E:) 0 0 

F~CE:):= r~ 
0 0 FH (E:) 0 

cr~)-l (9.30) 

0 0 0 FtCd 
0 0 0 0 

lt!:f:r t E (0,1] ~1-~iitta{]~Ji,J§mf~ifft};E't:a{J{R. 

~-®~E:~~a{JI#Jifl,BM~ 

I F~ (E:) I :::;;; .r.E:' EE(0,1] (9. 31) 

(9.32) 

[ 

Fabdl (E) l 
F.bd2 (E:) 

F.~x~Cd = • . 
F.~x»nd Ct) 

(9.33) 

(9.34) 

F~(£) = [~~;:; l , F~: (£) 

(9.35) 

tV!ll 9.1l(in ~d ~IH~-T~tfftf.Jiljt9ieli$) l!-tP"-*'JJ'IHn 4 Jitj\(4. 23)EJT~ 

ffia{]-T~tft, i= 1,z, ... ,md. ~A;= {Ail •Ai2 ,···,A~1 } ~c- !:f:ra{] q;t-JG~( i = 1, 
2, ... ,md), :Jt.W:Jilt~tl::iJ£, q; ~md :tln};EJJI! 4. 5 Elf);£)(,@~~ ~P a{]~~*f,j~lO 

~~. ~Ad:= At U Az U ... U Amd. )(ij" i = 1,z, ... ,md, .J;E)(. . 
qi 

p;(s) := IT (s-Aii) = s91 + Fils91-
1 + ... + F~.-1 s+ F~. (9. 36) 

j=l I I 
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F;=[Fil; Fi71-1 ••• Fil], S;(e)=diag{l,e,e2 ,···,eq;-1} (9.38) 

~- 9. 12( ~-e-fjti:-f.t±S.fiUe!t* F(e)) :(£J!-~q:t, )j4J~~ 9. 8~9. 11 

q:tif)l:tlDit~~#~iHI!~~il-:(£-®,%.1Vt~il-~~&t.iJ!~~~~ F(e) o ~ 

Fabdl (e)Fiq
1

/f.q1 

F.bdZ (e)Fzq
2

/eq2 

F"tuF1q
1

/eq1 

F-:&_ F" •• I eqz 

F~x~1F1q1 /eq' 
F bdZ Fzqz feqz 

•m~x~~&•~~~~F~)~ 
F(E) :=-riP [F.ixn (e) + F.lxd (e) ]r~ 

jtq:t 

[c~ cg. Ct.+ F!J ·Cob+F~ Cac 

.F;Ixd (e) = E;;. E~ E;t+~Ce) Edb + F1x1 (e) Ed<: 

E; E~ Et. 0 Fe 

(9. 39) 

(9. 40) 

(9. 41) 

(9. 42) 

~ l Fd(e)+Ed 
. 0 

(9.43) 

(9.44) 

(9. 45) 
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• 149 • 

(9. 46) 

• 
~119.2 ~mmJEi.ifltl: 9. 2 Nf::~Okftt~-*tff<9.13) 0 ~ F<e> w~<9. 42) 

~tfHt-t .Y!tlfit~~~&~$ u = F<e>x fi1AC9. 13)Nf~JVt~ffl~-*tffJ!.:~rFIIiiiW 
ftml :X>f{f~~~~ r > O, ff{E-1- e· > O, {51H-t~;f}!Jf:fl(J9 0 < £ ~ e• , :fl 

(1) ffl~-*tff~$f)li:i~~~, I!P .\{A+ BF(e)} C c- ; 
(2)1>\tJt~ w JIJitf1~:±i h IWffl~.Wii~~~ H"" 111Ji'J'r y, ep 

II Thw<s,e) lloo <Yo 

f§JlttiHS~Jl. 9. 1 ,f1$fj$ u = F(e)x ?R~ T -*tff<9. 13) IW-Ai Hoo-ADDPSo 4 
i.iEPn ~ 9. 5. 1 ~ 0 • 

!!Gflffl~OO~M~*·~~OOIWM*o 
~ 9.1 ~t!t-*tff<9.1),jtcp Ct = I,Dt = O, 1i 

0 1 0 0 0 0 

001 00 20 

000 00 00 
A = , E = (9. 47) 

000 00 00 

000 0 45 10 00 

123 4 56 01 31 

Cz = [~ ~ ~ ~ ~ J , Dz = Po ~] , D22 = [~ ~] (9. 48) 

0 0 0 0 1 ~J l~ 0 0 0 

~~tff~p Bfr£~~~*f;~~~Ao /F~~iiE:<D (A,B) PJUi~r®~P {E 0 ~:fl 

~1-/F~~-~.:tE-1 ~:fl-1-~~IW/F~~-~,@~p :ff-1-~ID~-~Wxm~i;\,-
1--ID~-~Wxm~i;\;@~p :litem~~;® 

0 0 0 

0 0 0 

.<J*(~p) =I 
1 0 0 

1 
(9. 49) 

0 0 0 0 

0 0 0 0 0 

0 0 0 0 1 
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1 0 0 0 

0 1 0 0 

0 0 0 0 

0 0 1 0 

0 0 0 0 

0 0 0 1 

(9. 50) 

0 0 0 

0 0 

0 0 0 
9* <.!p) n < n.Ec'l 9', <.!p)} = 1 <9. 51) 

0 0 1 0 

0 0 0 0 

0 0 0 1 

B.f&, lm(E) c Y*(.!p) n { n.EcDY'.(,!p)}, :ftH\Hftl: 9. 2.~~5:£*~89 H ,.,

ADDPS;i:P]"~JJ{l(J9. ~M*l3•7'!, llJ~if!Jtt~&tff!~iHI!~ 

. [ 0 0 0 0 -6 -2 J 
F(i) = 

-£2/3-1 2£2 /9-£-2 2£/3-£2 /27-4 -4 -5 -1/£-6 . 

(9. 52) 

ffi~*~:&.~lffiliJ&&r-L- z, -£, -£,-£ :fll-1/£. ~ £ ~*~'J\a>t .m~ 

~:iaH4!~ Thw<s,d 89ii::k~:1f{K:!m00 9.1 JiJfffi,B.f&~OO H oo-ADDPS;i:P]"ffilt(J9. 

4 
~, .,. --------- ... , 

I/ r-0.01 . ',,, 
-20 I ' 

I \ 
I \ 

/ ',, 
-30 / .... , .... 

~~---------------- ............ ,', ', ', 
fg / / £9l.001 ',, \ 
;;;;. -40 // ', \ 
~ /,' ' \ • /I ',, \ 

-50 / / ---------... \ 
! ./!.' ,,, 
V1/ £9l.0001 '~\ 

~,, \ 
I . ' 

-70 

\ 
\ 

-80..___..._____. _ __._ _ _.._ _ __.__-L.._.......__~ 

10_. 10-• 1o• Jo' 10• 

~*'(radls) 

00 9.1 Th ... ifJ:ll::k~#{l<:!~~&i1!11/l£) 
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*13~ ,~{f1~-iiit~~~~~4itl:l&i1H~ifi!JH*ffiH~~c9. 1) ~-!2: Hc,.,
ADDPMSo E!fiW~Im'rlifi!JH,:likmrlifi!JHB{]~7X~M-~~~~(9.1)8{]~7X, f!P no 
ifff~ ~rlifi!J H., ~mrli&J H 8{] i9J ~1m' lX'J' ~ no :tE:if' ~ -!2:ft B{]'!W l5l r 1N 19.:~ ~ 
(9.1)~8{] D22 = Oo 

9. 4.1 :i:llfi'Witfi&tilt 

r008{]~~~~~~7~~~8{]~!m'4itl:l&~rl~H*~-!2:8{] 

Hoo -ADDPMSo 
'lV!ll 9.13(~i~Ji~~~ Fp(£)) }.EJ(~WJ~~ 

{

i =Ax +Bu +Ew 
. y=x 

h = ~x+D2u+D22w 

(9.53) 

~Ja~;f_tOOB{]~~llt:fi 9. 3118{]~~ 9. 7~9.12,~t¥1J~~~B{]!t~n!~ FC£), 

~ Fp(£) = F(£) o 

'lV!ll 9.14(~@it~~~ KQ(£)) }.EJ(~-~~WJ~~ 

y=x (9. 54) 
{

i = ATx+Cfu+C[w 

h =erx+DTu+D'bw 

~_5~_t008{]~mut:fi~~ 9. 7--9.12,~{J¥Jj~~~:ll~n!~ FC£), ~ KQ(£) = 

F(£)T 0 

'lJ7!1J 9.15(~@:i: llft~ltfjft ~PC(£)) :ll:Ja~t¥JJ~~~B{]~!m'~ tl:l & t1irl 
ifi!JH 

(9. 55) 

l
AFC(£): = A+BFp(£) +KQ(£)Cl 

BFC(£): =- KQ(£) 
(9. 56) 

CFC(£): = Fp(£) 

DFC(£): = 0 

~-~~7~~~1m'Mt&t1trl~HB{]·~o 4 
~119. 3 ~ m D22 = o 8{] ~ ~ < 9. n, m .@J.EJ.!I! 9. 1 8{] E!f:ff fdtt:o mu ru 
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~(9. Dlfl~!m"tiiilfL!i~t£it!I:H<9. 55)J9f~!Vt~ffi~~tff:Jt.lfrlti~f!19t :X'tiflt 
~ r > 0, fftE-1- E• > 0, ~~fX'fJYflf~ 0 < E ~ E• 'lf 

(1) f;ij~~t/t;.likWfllf~)E~; 

(2) ~ tt ~ w ¥1J ~ t£ ti!i ili h ~ ffi ~ ~ :ii ~ If$ ~ H"" 1i1 ful\ f r, l!P 
IIT""'(s,dlloa < r. 

tttl~)EJ( 9.1,1£$11$(9. 5)fffHR:7~t/t(9.1)~-~ Hoo-ADDPMS. • 

i.iEPJJ .!A!. 9. 5. 2 -;l. • 

~~mrm~~r*~~km~~~-
9~ 9. 2 ~.ltt~t/t(9. 1), A,B,E,ChDz ln Dz2 :fm!RJ{9lj9. l,{g;.lik 

[

-1 -1 0 1 1 1] ~ OJ 
C1 = 0 0 0010,D1 =00 

0 0 0001 00 

(9. 57) 

~Jffl)(fttt[74]9=t~ttf~IA< -&iiJ~.!A!.)(fttt[127]ln[128]), iiJ~~lt~~~t¥1J.!Q ~ 

~rtt19t:CD CA,Cl) PJ*-l!if!IJ;@.!Q t£-1lfl-o. 5616 ~lfWI-t-~)E~~~~'~' 

tE 0 ~lf-1-~~~~,g,t£ 3. 5616 ~lf-1-~~)E~~~~R,i:;@.!Q lf-1-~ 

~m-~ .xm~ R.i:, --t--~m-~xj)(l~ R.i: ; <I> .!Q tr..iiJ ~; ® 
1 -2 

1. 2808 1 

't4 C.!Q) = I 
0 

UAEClt'A(.!Q) =I 
2 

(9.58) 
0 0 

0 0 

0 0 

~Xl#ili Ker(Cz) :::> 1f+(.!Q) U { UAECl ~ (.!Q)} ln 1f+(,!Q) C y+(,!p). t!H~)EJJI 

9.1 iiJ~t~)E~tff~ Haa-ADDPMS iii~. *ffl:2fi:1lJH!PT~¥1Hlll~(9. 55)}9fffi 

~~lm"~ili&ijj!t£$11:H. Fp(E) Ef:J~(9. 52)~ili ,Jl 
2.4375 

2.4028 

0 

0 

1 

2 

0 

-3 

0. 1813 

-0.0808 

-3.1758 

-4 
0 -8.2462 -5 

-3 -2 -1/E-3 

(9. 59) 

A+KQ(E)Cl ~f;ij~~tff~~«i~Wflliiii!.JIC:fl:t£- 0. 5616,- L- 4. 2462, 

-4.2787, -Eln-1/E. ffl~~:ii~lf$ T,.w(s,E) ~-::k~#«i:flll!J 9. 2 JYfffi ,~IY.) 

~ E ~[ti}~IJij' ,Hoo-ADDPMS ;.lik"PJ~~o • 
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*'j'"'j;*ffl(Jg~ Chen ~(129,130] (Jg1fi!*iiit~M"~ .'fi& =r1ffi!J:B. ;jjtf(l~ 

YEIYJ~~m~:i&:lZ\;~~~~~, ~f-fagr1ffi!Jfftti~-ill.~ fiT ~ffi¥¥~ C9. 1) ag-~ 

H ,., -ADDPMS. 1116,~~-~tt@fiT l>'ml" ,;JJGfllffilii~~ C1 ftl D1 B!~A:ff%~ 

c1 = [~ C~oz] ~ D1 = [D~,o] (9. 60) 

;lt9=t k = l- rankCD1) ,D1,o mJfk. ¥~(9. 1) fiT~ffiJ-J 

h = [Cz.1 Cz.zJ[::J+Dzu+Dzz W 

.@:*ag~~ x ~?J-J-JM1'-~?tx1 ftlxz ;y~?f:h Yo fllyp ;tt9=t Y1 =x1. Ffi~:(£~ 
llftr1ffi!Jff(igiiif9=t ,;jjtf(l~~~#jif~~~· Xzo tfff*~)($lijWJ¥~ ~ ~ffi 
EE~~Irnftffl. CAR ,ER ,CR ,DR) #JJVZ(!g¥~,;tt9=t 
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{

:i: = Ax + Bu + Ew 

y=x 

h = C2x+D2u+D22w 

(9.63) 

t&ftiX>J_t[fiftJ9~UJEill:rr 9. 3 iltJ9ffi:ljJ 9. 7--9. 12,~~¥1J~fi{ttJ9~~m~ F(E) ,~ 

Fp(E) = F(E) 0 

tVS 9.17(~~il!d~~ KR(E)) ~j(~-1-*ftjJ!b*ME 

{

:i: = Alx+Gu+CI.2w 
y=x 

h = Eix+Diu+Di;w 

(9. 64) 

t&m~-t_tooa9*MEill:rr 9. 3 ila9ffi:.!.ll9. 7--9.12,~~¥JJ~fi-ft~~m~ F<E),~ 
KR(E) = F(E)T 0 

~• 9.ts(~m!IfWH~fttJH ~RC<E) > ~~Hr x = [:J~ y = [~: J lfixtJ:W:, 

1E Fp(E) ~ KR(E) ?r~tl~ 

Fp(E)=[FPI(E) FP2(E)] ~ KR(E)=[KRD(E) KRI(E)] (9.65) 
t&fti~j( 

~(E) = [- KRD(E) A21 + KRI (E)Au- CAR+ KR(E)~)KRI (E)] (9. 66) 

:S:fti~f{{t~~tutrili.&t1!~i!J!J~~ 

(9. 67) 

;lt~ 

{

ARC(£):= AR + BzFP2(E) + KR(E)CR + KRI (E)B!FP2(E) 

BRC(€) := ~(£) + [B2 + KRI(E)Bl ][0 FPI (E)- FP2 (E)KRI (E) J ,(9. 68) 

CRC(E) := FP2 (E) 

DRC(E):= [0 FPI(E)-FP2(E)KRI(E)] 

m~~~T~~tutrili.&t1!~~~a9~~~~0 • 
l!Gffl1rFOO a9 ~Jll! o 
~1.19.4 ~J!t D22 __:.. o a9~U!t<9.1),tfl1L@.~Jll! 9.1 a9Eif~~flj:o Jiltlm 

J:\:C9.l)~~~tutrili&t1!~i!J!J~<9. 67)EJf%~(1{JffiPF*MEA~rOOH9ttlOO::X>tfflt 

r > 0, ;{ft£-1- E• > 0, ~~~~;j"Eif~ 0 < E ~ E•, ~ 

(1) %~a9ffiJf~Mt:l!$TJJ.I~~a9; 

(2) .!A w ¥1JWt~~ili h a9ffiJfffl'ilm~a9 Hoo~Jl!J\T r,I!P ~ T~~w(s,E) II oo<ro 
t!Um~.)(. 9.l,~i!Jtj~(9. 67)Nflk:7*ME<9.DA9-~ Hoo-ADDPMS fP.l.lmo • 
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iiEM ..00. 9. 5. 3 1l. + 
riliifflf9iJ-T*lli[mtt..t~*· 
m 9.3 :a5~~~f9iJ 9.1 ~f9iJ 9. 2~W¥~. ~m 9.1~Wli~~#ms~nwJE 

IW ,*'Jffl~l!ft~lf:l&~¥1iWJ:H~IlJttfffti11~¥~1W H.,-ADDPMS. rilii~~iiii! 
~IW¥1iWJ:H. tt;tt,lf:l5f~ T. ~To 13 

0 1 0 0 0 
0 0 0 1 0 0 

To-~ 
1 

0 0 0 0 1 0 
T.= ' 1 

0 0 0 0 0 1 
0 

1 0 0 0 0 0 
0 1 0 0 0 0 

llJtt!e C1 ~ D1 ~~¥JJ;a:;<9. 60)EJfm!W%:a::,RP 

Dl,O ------- ---- -

[ 
1 0 l 

T;' D, - [ Q ] - ~ ~ 

4 5 0 0 0 0 
5 6 1 2 3 4 

~] (9.69) 

(9. 70) 

(9. 71) 

~ .. ---· --·. . ... -- -.--.. -... -.. -- --
T;lAT. = [A~-~- -~-~!~- - ] = o 1 o 1 o o (9. 72) 

A21 i A22 0 2 0 0 1 0 

T;1B = [-~;- ] = 

1 0 
0 1 
0 0 

0 0 

0 0 
0 0 

tt.& AR = A22 ,ER = E2' ~ 

c.- [~I 

0 3 0 0 0 0 
3 4 0 0 0-1 

0 0 

3 1 
1 0 

2 0 

0 0 

0 0 

(9.73) 

(9. 74) 
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*t!ti *'J' ~-1! llJ1-i 
Fp(E)T. =[FPI(£) i FP2(£)] 

[
-6 -2 : 0 0 0 0 J 

= -5 -1/£-6 i -£2/3-1 2.£2/9-£-2 2£/3-£2/27-4 -4 

(9.75) 

[

1. 2000 + 0. 1219£ 

. 0. 8187- 0. 0609£ 
Ka(£) = [Kao(£): KRI(£)]= 

-0.1219£ 
0 . 

0 - 0. 6663 + 0. 4025£] 
0 - 0. 8534- o. 2012£ 

0 -0.4025£ 

0 0 . 

(9. 76) 

)!~jE Aa + Ka (E)Ca ~~UEfiftGfl:t£ -0. 5616,-1, ~ 3. 8303 ;fll-Eo i}G{()-Ii!.W. 

¥1JT~~UJ:.\(9. 67) FJfffi~~M'tlti l:f:L!i t1H~ifi!J:ft, FJT1f~T-~J$:m~uJ:.\<9. 70)---

J:.\(9. 76)FJf)E)(., iffl Boc(£) ;fll Doc(£) ~lE~ 
' Boc(£) = Ga(£)T;1+[B2 +KRl (£)B1][0 FPI (£) -F~(£)KR1 (£)]T;1 

(9. 77) 

Doc(£) = [o FPI (£)- FP2 (£)KR1 (£> ]T;1 (9. 78) 

fflJfft:iin!jr$ Thw<s,£) ~ii::k~:Jffi~um 9. 3 FJTffi,~gij~ £ ~T-~11-tllJft¥~~ 

~ Hoo-ADDPMSo 4 

10.-------.--~--.-----.----~--. 

0 

-to 

-20 

~ -30 .-40 
-50 

-70 

-M~~-~----~----~-~~ 
10_. to-• 10• to> to• 

ll*'(rad/s) 

m 9. 3 r ... ~:li:k .. #Ui<i*llfl'~lfl&11!1f~> 



*13 ~*tiFJf1f±JHI!i*(J{JiiEtm o 

9. s. 1 ~11 9. 2 t(.Ji.iEPJI 

&i1!t£f!Jij$.1-J u = F(£)x, tE~~*f,j£"f!Wffl~*~1f.l'iJ~ffi.1-J 

i-; = A;x-; + BOaho + L~hd + L;,hb + E-;w 

i~ = A~x~ + B8.ho + L~hd + L~bhb + E~w 

• 157 • 

(9. 79) . 

(9. 80) 

i1 = A~x1- BtabF~(£) (x~ +T~x1)+L~[FtJ,Fbd]x1 +L"tbdhd + E1w 

(9. 81) 

Xc = A:':cxc + Lcaho + Lcbhb + Lcdhd + Ecw 

ho =- [F;:o ,FbO ]x1- F~ (£) (x~ + T~x1) 
x; =~.x; + LiOho + L;dhd- 1q.Bq. [F~F ;q .x"t + FodiF ;q.xb 

I £ t l I I 

+F~(£)F;q; (x~ +.T~x1)+F;S;(£)x;]+E;w 

h; = ·t:?.,;x;, i = 1, 2, ···, md 

+- [x"t] Xab-
Xb 

(9. 82) 

(9.83) 

(9. 84) 

(9.85) 

.(9. 86) 

(9.87) 

Btab filL~ :flnfRJ~~&tJJHii.tJH!IW~~ 9.10. 1 FJi~)l.o ~fflill.f'JfflTtt 9. 2IW 
*{lf:(2) ,ep D22 = 0, iffl E-; ,E~ ,E~,Eb,Ec ln E;(i = 1,2,···,md) !W~)(:flnr: 

~ E = [<E-;)T (E~)T <E1)T EJ Ef E[ ••• E!:d y (9. 88) 

tt 9. 2 IW*"flf:(3)~tm 

E1=0 (9. 89) 

Im(E~) c 9'(A~) := nwEA(A0 ) Im { wl- A~} (9. 90) .. 
.1-.77t.ntiiEtm .~-tffl~*~<9. 79)~(9. 86).ill:ft"WI1'~~~~0 ~-1'-~~~ 

~.1-1 
(9. 91) 

~if i = 1, 2, ··· ,md, 1f 

' 
Xi! = Xn + F~xt + F adiXb + F~ (£) (x~ + T~x1) (9.92) 

~ j = 2,3,···,q;,i = 1,2,····~· 1f 



• 1-58 • 

(9. 93) 

lx~] [x~] -0 $n---+ Xab - X: IJ'H Xab - ~·: 

Xab Xa 

(9.94) 

x>t-Tllf~~~1f:I:C9. 9D~C9. 93), ~YF-*~!Vt1-1 

:i~ = A;;~.x;;+ A;;;.b.x~- [Bo. ,L;d]F~Ce)x~+ L;dhd + E~w (9.95) 

i~ = A=x~-[BQ.b,L;d]F~Ce)x~+L~bdhd (9. 96) 

i~ = [A~- .mF~ Ce) ]x~+ (L~ + T~L~bd )hd + E~w (9. 97) 

ic = A~xc + CL.b[O,Cb]- [LeO ,Lcd]F~)x~- [LeO ,Lcd]F~Ce)x~+ Lcdhd + Ecw 

(9.98) 

ho =- [F~,Fbo].x~-F~Ce)x~ (9. 99) 

i; =Aq.x;- 1q.Bq.F;S;(e)x; + Li.;b(e)x~+ L?] Ce)F~(e)x~ 
I £I I 

+ L?; Ce)F~ Ce)A~x~+ Lid Ce)hd + E;Ce)w (9. 100) 

h; = h; + [F;ti; ,Fixli]x~+ F~~= Cq,x;, i = 1,2,··· ,md (9. 101) 

hd = [h}fh2 f ••• ,hmJT (9. 102) 

;Jtqcrj;!!jr$ A;;;.b ,A~b ,B~ ~ L~bd :fm~~li 11H~iiit~~l11 9. 10. 1 §f~J(, Li.;b (e), 

L?l Ce),L?;Ce)_L;d(e) ~ E;Ce) H~EiutC9. 3D§f~J(,x;f-.®~ e x~~~~:ffl.1it 

ff.li.;b ,l?] ,l?; J;d ~ e; filij,fE 

I Li.;b Ce) I~ li.;b, I L?] Ce)l ~ l?l , I L?'; Ce) I ~ l?; (9. 103) 

IL;d(e)l~lid• IE;(e)l~e;, eE (0,1] (9.104) 

!!Gfi1JJI!t£#Jii~=~:'Jt~.!!Gfn~~roo~* § xm:t[126J~Bf*~='=· 
511.19.1 .=::7Gm <A. ,BifF;Ce)) El=l~~Jiijj!Jt:~q:r~~!lJ 9. 10.2 ~ 9. 10.3 

~ili ,Jiltl:fft£~~-it:ff~!I*~:'Jt~j;f!jr$ Q;(e) E R"•xn,, f!J!~' 
CD Q; Ce) reA- B;F; Ce) :'Jt~¥1J~ Jordan~, RP . 

Qi1 Ce) [A- B;F;(e) ]Q;(e) =];(e) 

= blkdiag{J ;o Ce) ,] iJ Ce), ... ,] ;p
1 
(e)} 

(9. 105) 

[

-e 1 

];o(e) = . (9. 106) 
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··. 

(9. 107) 

M J9f:1i lW i = 1 , 2, · •· , Pi , :1i {J;j > o, M i #- k :1i Pii #- pik o 

<2> I Q; <t> I fU I Q/1 <t> f t1H~:1i WIW, IIP~if-®fU t :X~IW eit :1i 
IQ<t>l<ei. IQ;1 <t>l<ei. tE<0,1] · (9.108> 

(3) :!ln* E; E R"•x9 -M!~~ 

lm(E;) cnwEA<A,>lm(wl -A;) 

j!tlff:tE-1'-fU t :X~IW 8; ~ o, -M!~~ 
IQ;1 (dE;I<8it £ E (0,1] 

:!ln*tl!~ ];(£) re Q/1 <t>E; ~tlJt1-J 

Eii (t) = [~::.::~ l 
. Eijri: (£) 2r.Xl 

v 

muH=tEfU t x~lW p; ~ o, -M!~~~-t4i-t- i = o. 1. ···.Pi. ;ff 
I Eijr .. (t) I< (J;£ 

•J t'• 

<4> :!ln*~S(-1'-miMcm~ S.;<£> 1-1 
S.; <d = hlkdiag { saiO <t> ,sail (t), ···, s~. (t)} 

X;f j = 1 , 2, •• • , Pn :1i 
S.;i (t) = blkdiag {t'•;-t Izo£'•z-2 I2, ••• ,d 2, Iz} 

muH=tEfU t x~lW ICi ~ o. -M!~~ 
IF; (t)Q; (t)S;;;t (£)I< IC;£, IF; (£)A;S;;i1 (£)I< IC;£ 

(9. 109) 

(9. 110) 

(9.111) 

. (9. 112) 

(9. 113) 

(9. 114) 

(9. 115) 

(9. 116) 

(9. 117) 

•• 
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iiEPJJ l!1-ta:Mtfkx~D26Jll1[86]9=t~:r.t:c2.13)~~-g.. 

51119.2 ~ 
]; Ct:) = blkdiag {] iO ,Jil Ct:), ••• ,] ;p. Ct:)} . 

--[-1 ·~. ·. 1 JiO-
-1 1 

-1 r;oXr;o 

• 
(9. 118) 

(9. 119) 

J; Ct:) = [ -1 fJv/t:J 
-{J;dt: -1 

(9.120) 

X>f FJflf ~ j = 1, 2, ···, p; lf Pii > 0 lf~X>f j :r= k lf Pi #pia Lyapunov 1Jlll 
];(E)TP; + PJ;(t:) =-I (9. 121) 

~llf£-iE~f8¥P; lilt: x-*. t~t 
iiEJI)J .OO.X~[126]. + 
~:(EX;fffi~*~~Jt -F'iti~~= 1-!IR~~~ 

S. Ct:) = blkdiag { Sa1 Ct:), Sa2 Ct:), ···,Sat (t:) } 

·Q(t:) = blkdiag{Ql(E),Qz(t:),•··,Q(t:)} 

- c-T -T · -T JT -T S ( )-Xd = X1 ,xz , ••• ,Xmd ' X; = i E X;' i = 1,2,···,md 

i; = A;X. +A;b(£).i1 +A;o(t:)~ +L;;;ihd +E;-w 
~+ - +c zt- -t(l ,() + - . Xab - Aab Xab + Aaba (t:)x. + L.bdhd 

xc = A~xc +t:[A~b.i1 +A~Ct:)~ +Lrohd +Ecw] 

ho =-[F~,Fij)].i1-.f'?o<t:)~ 

(9. 122) 

(9. 124) 

(9. 125) 

(9. 126) 

(9. 127) 

(9. 128) 

(9. 129) 

(9. 130) 
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.: - -+ <>+ -o ,.,() - - -
£X;= (.Aq,- B9,F;)x; +d...iab(e)x.b +d...ia(t)x. +d...id(t)hd +£;(e)w 

A;o(t) =- [Bri;.,L;;d]F~(e)r~Q(t)S;1 (t) 

A~ (t) =- [Btab ,L~ ]F~ (t)r~Q(t)S;1 (t) 

](£) = blkdiag{JJ (£) ,J z(£) , ••• ,J,(£)} 

[ 

0 .812 (£) ~13 (£) ... ~ll (£)] 
- 0 0 Bza(£) ••• Bu(£) 
B(t) = • . . . . . . . . . . . 

0 0 0 0 

:x-t-r i = 1,2, ... ,t~k =i+1,j+2 ... ·,t,:ff 

BjA (£) = s~ (£)Qj1 (e)BjAF. (t)Q. (t)S;i (£) 

[~ (t) = s. (t)Q""1 (t) <r~ )-1 (L~ + T~L~) 

~(e) = s. (t)Q""1 (t)(r~ )-1 E~ = [~:::~] 
~(£) 

A~b = Lcb[O,Cb]- [Ldl ,La~]F~ 

A~ (e) =- [Ldl ,La~]F~ (t)r~Q(e)S;1 (e) 

P.o(t) = F~(t)S;1 (t)Q(e)r~ 

L2.(t) = S;(d[L2.(t)F~(t) +L?1(t)F~(e)A~]r~Q(t)S;1 (t) 

Lid(£) = S;(t)Lid(£) t E;(~) = S;(t)E;(£) 

(9. 131) 

(9. 132) 

(9. 133) 

(9. 134) 

(9. 135) 

(9.136) 

(9. 137) 

(9. 138) 

(9. 139) 

(9. 140) 

(9.141) 

(9; 142) 

(9.143) 

(9. 144) 

(9. 145) 

[t..,<t> = S;(t)L!J.(t), Pad;(£) = F~(t)r~Q(e)S;1 (t) (9.146) 

Jtr:f:!:x>t i = 1,2, .. ·,l,];<t) illl~IJ11! 9.2 FJTJlJC ~tHW~<9.3U .. ~<9.l03), 
~(9.104)~iJIJ11! 9.1,X;fFJf:ff~ t E (0,1], :ff 

IA;b(£) I~ a;b, I L~(£) I~ l~, IA~b I~ a~b (9. 147) 

IA~(t) I~ a~t. IA~<t) I~ a~t. IA~<t> I~ a~t. I P.o<t> I~ .f'.ot 
(9. 148) 

(9. 149) 
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I LUI(£) I~ ld, I F> ... C£) I~~£. IE;(£) I~ e 
Xif i = 1,2,···,l, ;(if 

m:..ra-x-t j = 1 ' 2 ' ... ' l *" k = j + 1 'j + 2 ' ... 'l ' 1if 

(9. 150) 

(9. 151) 

I Bji C£) I~ hji£ C9. 152) 

Jt'P a;t"l~,a~b,a~ ,a~,~ ,a~3~J J~J~ Jd,~,e *"hi' ~~.@*" £ :X;}Ctf(J .iE 
'iitlt. 

riiiiX>fMJf~~(9. 126)~(9. 133)~iii-1- Lyapunov i?Blt. ~fl'liM:i:.tr~ 

~tf(J Lyapunov i?.i§ftj(~*~J£)!-,~. X>t-T-T~~X., :Qtf.J Lyapunov i?.i§ft 
Y;<x.) = (X.)T ~X. 

Jt'P [>; > 0 ~ Lyapunov1Jfi 

CA;)T~+~A; =-I 

tf(JIIf£-M. Xifr~~~. :Qtf.J Lyapunov i?.i§f! 
V~(~) = (~)T.P!i,~ 

Jt'P P!i, > 0 ~ Lyapunov 1ffi 

(9. 153) 

(9. 154) 

(9. 155) 

(A~)T P!i, + P!i,A~ =-I (9. 156) 

tf(JIIf£-M. ~ *" ~ tf(Jf¥t£f£Eb A;*" A~ tf(J*ili~)Ett~f!Jf!+';iiE. X>t-T-T~~ 

:Qtfl Lyapunov i?.i§f! 
I ( 0 · I 

uo ( ~ ) _ "' a.).- ( ~ )T no -o 
V a Xt1J - LJ -- X.; .r;;:r.; 

i=l £ 

Jt'P a~ ~-1-.i£f;~:I:,Ja'OO~f9fi)E't;tf(Jf.{U1,4iJ:1- ~ ~ Lyapunov 1ffi 

(9. 157) 

(9. 158) 

];(E)T~+.P;];(£) =-I (9.159) 

tf(JPf£-M,~!tBflll! 9. 2 itJ~E~ £ :X;}C. ~fp_{tf(J,Xif-Tr~~.r., :Qtfl Lyapunov 

i?.i§f.{ 

(9.-160) 

Jt'ft Pc > 0 ~ Lyapunov 1ffi 

CA~)TP.+Pc<A~) =-I (9.161) 

tf(JIIf£-M. P. tf(Jff:tftti&t'&Eb A~ tf(J*ili~)Ett-*f¥iiE. :li.Ja'Xifr ~~ xd :Qtf.J 
Lyapunov i?.i§f! 

md 

vdc.rd> = 2;xiP;X; (9. 162) 
i~l 

Jt'P P; ~ Lyapunov 1ffi 

(Aqi -BqiF;)TP; +P;(Aqi -BqiF;) =-I (9. 163) 
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ti<J!IfE-fU¥o fiijf-fa<J, A.,; - Bq;F a<JWf:ilr~~ttf:*YET P; a<J#t£tt. 
Jl{£~~PF~~Jf(9. 126)~(9. 133)~~-1- Lyapunov Bi§f{ 

V(x. ,xt,,~,.Xc,.Xd) = V;-CX.) +a~V~(zt,) +~(~) +Vc<xc) +adVd(xd) 

(9. 164) 
jtl=f:J a~ = 21 P;-1 2 Ca;b) 2

, ffil ad a<J{il~i.fft~o 

1t it~~~(~) ni:B-T ~tiE~ tlt~a<J~Jl 
I I ( 0 )i-1 

0.C~) = ~ [- Ca~)i-l(~)T~ +2i~1 7<~)TP~Bii(e)~] 
I ( O)i-1 

+ 2 ~ _a_. -[C~)Tnf~Ce>iid + C~>TnE~(E)w] (9.165) 
j~i-1-1 £ 

*J.fflii:C9.152) ./f'~~YEX;f~ E x*a<J~~fft 1itlta1 ~ a2' #t£-1-iEa<J a~> 0, 
{51!~{1 

0.C~) ~-!I~ 12 +~I~ I• liidl+azlwl 2 (9.165) 

ffHiii:C9. 166), V t£~PF~t/EC9. 126)~(9. 133)!J;t~tJt~_ta<J~Jl:1-J 

V ~- (X.)TX. + 2(X.)TP;-A;bCE).rt, + 2(X.)TP;-A;o(e)~ 
+ 2(X.)T P;-L~iid + 2(x. )T P;-E;-w-a~(zt,)Tzt, 

+ 2a~ ext,) T ~A~ (E)~ + 2a~ ext.) T ~L~bdiid 

- ! I~ 12 + : 1 I~ I • I iid I+ a2 I w 12 -xi i 
+ 2&rJPc[A~~.rt, +A~Ce)~ + Lcdiid + Ecw] 

md 

+ "' [ 1-T- + 2-Tp L-+ ::.+ ad~ - -x; X; X; ; iabXab 
i=1 E 

+2x[P;L~CE)~ + 2xTP£idC£)hd + 2x[P;E;(e)w] (9.167) 
*J.fflii:C9.147)~Ji:C9.15Da<l*~·i±~JIJ5'1:<9.164)ti<J a~ ~.:X..~ll~~~YE#i£ 

-1-ad >O ~-1-et E (0,1], {SI!~{JX;ff]f:ffa<J E E (O,Et ], Xif~£ x*H<11itlta39 
1f 

. V~- ~ lx.l 2
- ~ l.rt.l 2

- ~ l~l 2 -ielxdl 2 +a3lwl 2 (9.168) 

~~5'1:<9. 168)Pf~{J{£N:1ftJt;:tJ w a<JffilSZ.r, ~PF~tlf~Wf:ilr~~a<J o H5~~YE 
~X;f-ff~a<J r> o, fi:i£-1-E* E CO,Et ), {SI!~{JX;ff]f:ffa<J e E (O,e* ), 1f 

• ~hlli~rllwllzo (9.169) 
.:1-JltiJIJJ!f-ftJ9 § a<J ,X;fii:C9. 168) a<JpijltiJ>\ o JIJ oo uHi"tfHt o i±~JIJ V~ o ~ t = 

0 atVCt) = O, 1f 

(9. 170) 
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~~ l2 ~ (J2a!a3 +a2 )~wl2 
re iid ~nit~~ X:., ti9tlt~PJ~X1~.@fn e ~:ktl9.iE#J!£a4' -;ff 

1 I.X:.,l2 ~ (a4 v'£>llwl2 

Pac~1 (e) 

_Foad2 (e) 
Pac~(e) = 

P ac1md (e) 

(9.171) 

(9. 172) 

(9. 173) 

(9. 174) 

Jt9=t4U:-t- .Foadi<e> m..@~<9. 149>fn~<9. 15o> .x-t~:@fn e ~:ktl9.iE11tt£,-;ff 

II h ll2 ~ I r oP I ( .;2a;i + a4 l F"!i, lv'£ + a5V2aia3e + a2e2 ) I wll2 (9. 175) 
J-J7'enltliEOO .~1n:i2U~ e* E (O,et), -Be~l 

I raP I (.JZa;€ +a41 F"!i, lv'£ +asJ2aia3e+a2e2 )~ r (9.176) 
J-l*lffl~ll:&11!#i:lltf9liEOO ,J>l.J~l~*~1Ifi<9.126)--(9.133H~~~~liE 

JA E~w JIJ h tf9~:ilP.SJ!£Jg 

T~(s) = Taa(s,e)[si -A~ +F.F~(e)]-1 

~ e- 0 B;f, T;.,(s,e)- 0 :M s ~.~.Qltj[. 

9. 5. 2 ~119. 31'(.JiiEPn 

(9. 177) 

•• 
m~~*~<9.1)fn~~~ili&11!~ifi!J~<9. 55>FJrmn~tti9M~*~ti9~~tt 

~~ffii~!\!.ti9. M~f&~Jg .A {A+ BF p(e)}, tE~Jll!. 9. 2 9=t B liEI!IJX11EJt'j\tf9 e, 

f&.~{)l-T c-o X11E?t,NI~ e. -tl!PJM-oo:it!!li£00 .A{A+KQ(e)C•} {)IT-c-o ~111tEJ5 
mi~li£00~~~ ili& 11ft~ifi!J~PJ~J1*~(9.1) ti9 Hoo-ADDPMS, 'Em..@~Jll!. 

9. 1 tf9EJf";ff:9kft!:. /F~-~f£{Eljg7fiif!,J500-1IiN-tiUY:JGtJI (A,B.~ ,D2) IW 
r*~ ~p B~tlU~~JIJ~Jll! 4. 5 ti9~J!*f,j~. ~JJU~ 



A;;;; 0 

0 A~ 

0 0 
A =BoCz,o + 

0 0 

BeE; BeE~ 

BdEd. BdE~ 

:=BoCz.o +A 
Bo;. 0 

B8. 0 

B= 
Eta 0 

Bob 0 

Boe 0 

BOd Bd 

~.o =[CO. c&. 

r~ 
cg. ct. Cob 

~ = 0 0 0 0 

0 0 0 cb 

Y*(.~p) =I 

E= 

0 L-;;i,Cb 0 

0 L~Cb 0 

A~ Lt,Cb 0 

0 Abb 0 

BeE~ LcbCb Ace 
BdE;t BdEdb BdEdc 

0 Bo;. 

0 m. 
0 

Bo= 
Eta 

' 0 Bob 

Be 
0 

C6;. 

Coe 
0 

0 

I 

0 

0 

0 

0 

0 

0 

0 

Ee 

Boe 

BOd 

Cob Coe ~] 

~l D,~ ~ 
0 0 0 

I 0 0 

0 0 0 

0 0 0 

0 I 0 

0 0 I 

Ed 

"FOOX>f1f~B9 t' E "YA (~Q) ,A E co, re t' :iGU?t~ 
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L~Cd 

L~Cd 

L~Cd 

LbdCd 

LooCd 

Add 
(9.178) 

(9.179) 

(9. 180) 

0 

~ 0 (9.181) 

0 

(9. 182) 

(9. 183) 
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~= 

r.
r. 
r. 

~b 

~c 

~d 

9!~~~1:1 9. 1 tf(J*{lf:(5)Jijff£l:f1 C2 ~ = 0, !OC~ffr"tf(J 

Cz.o~ = O, Cb~b = 0 lU Cd~d = 0 

~~)(. 3. 13 Jij~X;J-~®~~9di7J• :fi 

[ A-AI E][~]=o 
c1 D1 1J 

~~~it(9.183)lflit(9. 186)PJ~l:l1 

* 
* 
0 

(A -AI)~=- E7J = 
0 

* 
* 

Jt'P * :N!~®x~~~tf(J~:I:o tt~¥1Jit<9.185)~19j 
<A -An~ =<BoCz.o +A -An~= <A -An~ 

* 
* 

<A~-AI>r. + L!t.Cb~b + LttCd~d 
<Abb- Al)~b + LbdCd~d 

* 
* 

(A~ -Anr. 

<Abb -AI)~b 

* 
* 

~it(9. 187)lflit(9. 188)Jij~l:f1 

* 
* 

<A~ -Anr. = 0 lU <Abb -Al)~b = 0 

(9.184) 

(9. 185) 

(9. 186) 

(9. 187) 

(9. 188) 

(9. 189) 



• 167 • 

[§~A~ ~~~):£(19,1>\ <A~ -;.nta = 0 fiJftili ta = O. IPJ~fl9,[§~ (Abb,Cb) 
~.7t~nrma9, <Abb -;.n~b = o ;fJl cb~b = o ~IY} ~b = o. :1!~ ~t.tA1fFiiiia9tt 
191:: 

r.-
~ 
0 

E .r-c~p) ~= 
0 

~e 

~d 

Hf&,l>\A;<9. 190);fn}EJ11! 9.1 B9~{lj:(6)1'iJftili 

y+ <.!p) "::J "~~ + <4Q) u { u.~E<f "~~.~ <4Q) > 

•~*mwaa~A-dnr•~•~ 
A-,sl = X1 +XzCz +X3 +X4 

Jt~ 
A;;;.-sl 0 0 L-;J,Cb 0 

0 0 0 0 0 

0 0 0 0 0 
XI= 

0 0 0 0 0 

BeE; BeE~ BeE!. L.bcb Ace -sl 

BdEd.. BdEl BdE1. BdEdb- BdEde 

Eo. 0 0 

B8. L~ L~b 

Xz= 
Bt. Lt L~ 

Bob Lbd 0 

Boe 0 0 

Bod 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 A~-sl 0 0 0 
X3= 

0 0 0 Abb -sl 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

(9. 190) 

(9. 191) 

(9. 192) 

L~Cd 

0 

0 

0 
(9. 193) 

LooCd 
Add -sl 

(9. 194) 

(9. 195) 
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0 0 0 0 0 0 
0 A~-sl 0 0 0 0 

X4= 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

0 0 0 0 0 0 

~~ZtJ!t! 
lm(Xl) C &*(,!p) n { nlEcf9'l(,!p)} 

~ 

Ker(X3) ::J &* (,!p) ::J "f'+ (.!Q) U { UlEcf "Yl (.!Q)} 

1>\~lll! 9. 2 a<JYE~PJ~.f, ~ e:- oat 

(9. 196) 

(9. 197) 

(9. 198) 

ncz + DzFp(e:) ][si-A- BF p(e:)]-l L., < ICP (9. 199) 

Jt~ ICP ~-1-~ e: x:X:a<J:ff~1E11tJ.t. WH1£~lll! 9.1 a<J~flf:<4)""f ,:ff 

[Cz + DzFp(e:)][si- A- BFp(e:)]-1 X1 - 0 

X>t s ilh-J!J.JI.. ~ e:- oat ,ttH.WJ:\:<9. 180)itJ~.f 
[Cz + DzFp(e:)][si- A- BFp(e:)]-1 X4- 0 

Xf s ilh-J!J.JI.. XffMJ&itJPJYE~ 

(9.200) 

(9. 201) 

(9. 202) 

II [si- A- KQ(e:)CJ]-1[E+ KQ(e:)DJJII = < KQ (9. 203) 

:J.t~ "Q ~~ e: x:X:a<J1E11tJ.t. ~rtW:~lll! 9.1 a<J~ftJ:<sH-t¥UflJE,.YtU~ e:- oat, 
"Fiiifa<J!ti:W:X>t s ilh-J!J.JI.: 

(9. 204) 

X 3 [sl -A- KQ(e:)Ct]-'[E+ KQ(e:)Dt]- 0 (9. 205) 

:lflJ§',{£~Wl"~tfH~11JH~ilitJ:B<9. 55)""f ,~~~YEJ>\tlt~ w iiHJt~~tfi h a<JM~ 

~iim~Jg 

T~awCs,e:) =[Cz + DzFp(e:)][si- A- BFp(e:)]-1 E 

+~[sl-A- KQ(e:)C1]-1[E+ KQ(e:)D1] + [~ + DzFp(e:)] 

• [sl -A-BFp(e:)j'(A -sD[si-A-KQ(e:)Ctj1[E+ KQ(e:)D1] 

l!Jffl.J:\:(9. 192), T,.w (s,e:) PJJUJr~ffiJg 

T~awCs,e:) =[~ +DzFp(e:)][si -A-BFp.(e:)]-1E 

+C2 [sl- A- KQ"Ce:)C~J-'[E+ KQ(e:)D,] 

+ [Cz + DzFp(e:) ][sl- A- BF p(e:) ]-1 CX1 + XzCz + X3 + X4) 
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• [sl -A-BFp(e)]-1[E+KQ(e)D1] 

.mM~<9.199)--~(9. 205)*"-.®fRiij1jg-,/F~Y£ijij~ e-o IJif, T"w<s,e)- o 
Xif s i£h.JilSL, ~fft-T ~ £- 0 R;f, II Thw II= -0 o :!m:W:~Jll! 9. 1 (J{JEFf;ff ~1!f:$fmt.W 
JE.,Yttl~ID'i"tWilili~~ifi!jff(9. 55)fffHJc7*~(9.1)(J{J Hoo-ADDPMSo ·+ 
9. s. 3 ~II 9. 4 tf..Ji.iEPJJ 

m=fffi~t&h. ;\{A+ BFp(£)} *" ;\{AR + KR(e)CR} Xifjt:7}-;j\(J{J £ ~$iili~)i! 

(J{J,Nf~Eii*~<9.D*"~~M'ili~iiliti1!~ftitlH<9. 67)Nf~Jlt(J{J~~*~~~)i! 

(J{Jo~~ID'i"M'ililiti1!~ftitlHr(J{JMtt~w~~~tWilih(J{Jffi~~~m~~ 
T~tw<s,e) =[Cz +DzFp(e)][si -A-BFp(e)]-1E 

+ [C2 + D2Fp(e) ][sl-A -.BF p(e) ]-1 (A- sl) [
1
:·J 

• [sl -AR .:_KR(e)CR]-1[ER +KR(e)DR] 

+ez[
1
:J[sl -AR- KR(e)CR]-1[ER +KR(e)DR] 

Chenc79J(RPtt.&i: 2.1)B~Y£ijij 

[ 0 ]-r+-<~) = i"+(~Q) . 
I,._, 

*ffl*" ChenC79
J 1ft (J{J:#fllij1Jj! ,lJGfl11tJ ~ Ylijij 

(9. 206) 

(9.207) 

[
1
:]<-r+-o;QR> u { uAECl"~"'A<~> > >= "~"'+<~> u { ulECl"~"'A<.~Q> > 

(9. 208) 

~ r (J{JYE ijij *"~m 9. 3 :#fllij 0 • 



10.1 ~ i~ 

;2js::$':!:f:t~lifiji£JYfiW(J{J.$fli1G:i:Bll~ (robust and perfect tracking, RPT) jil] 
J!.~~m Liu,Chen fll Lin[131JtltfDIE(J{J. ;2js::$':(J{J~~fli)Cftit[131](J{JtJ!i:~JVM-IJJ;fH 

~.-.$fli1G:i:m~jil]~~~rr-~~~H~mre~~~~~m~.~ffMm~ 

.#fll*•tt~~.-~~iliA.1G:i:mDM~(J{J·~-~.mA•1G:i:Bll8~ 
m~*•tt~fllmMA#•~~.•~~~~ff•~(i{j~~~~m••~m~. 
*•~m~OO(J{J$~t~tt~~~~~: 

{

i: =Ax +Bu +Ew, x(O) = x 0 

.!: y = C1x+D1w 

h = C2x+D2u+D22W 

(10.1) 

;Jti=J:t X ERn~~~' U E Rm~~itfJttJiA, WE Rq~?~-tt~, Y E RP~~l-~ 

ili, hER ~-~~ili. ~fiTW.iN~ <A,B) PJfl~, (A,Cl) PI~~~. ::hT J§"OO(J{J 
-~.~)(. ,!p fn .!Q ?HJij~~mn!~llYJEm (A,B,~ ,D2> fn(A,E,Cl ,D1) JYfft 
~(I{J-T ~~. M~?~-tt~ w E Lp, P E [1 ,oo), fllffM-~M~9C:fl r E R 1 , 

;Jt!:f:t r,r,···,r<r-1> ~PJ~tiflJ(J{j, IC~ l,r<"> !!X1f~ll*/JPjij§J!{9C:f1,~1fnt6r Lp, 

~~OO.l)(J{J.$1G:i:Bll.<l!P RPT)jil]~~~.W.~-~~~~~(J{J·J!{{.t~~ 

~~·~itfj$: 

{
v = Aanp(e)v+ B._(e)y +Go (e)r+ ••• +Gr-~ (e)r<c-n 

(10. 2) 
u = Canp(e)v+ D._(dy+ Ho(dr+ ••• +Hid (e)r<r-~> 

~ti~~OO.l)~~itfj$(10. 2)(i{JfF.ffl~ ,;ff 

(1) f¥~-~ e* > 0, ~ r = 0 fn w = 0 ~(i{Jffl~~~~JYf;ff(i{J £ E (O,e*] 

~~ilim~(J{J. 

(2) ~ h(t,e) ~ffl~-~ttli ili~~. m e(t,e) ~m=~~. ep e(t,e) := h(t,e) 

- r(t) • .o!tlXifff.WM~~ xo E Rn, ~ e- 0 ~ ,lf 
]p(xo,w,r,e):= lle~p-0 00.3) 

~T·~-~ r RH~.~J:OO(J{J0A;!:f:t:BSiJIATJtftM,fi!!,fF::hffl:hii(J{J~itfJH~A. 
ep ;.,;: , ... ,r<..-n. ii#1Wl5L~ ,:Xfi!tbllffMfQtfl~PJ~_F:1:~®fflbiiM~~ f91J 
~ll .~ll:'= r(t) = t2 

• Ht), ;Jt!:f:t Ht) ~iji{}IIlfj-~jij§J!{,.of!Hil~~m¥1J'E(J{J-Ilft~ 



7-ct) = 2t • Ht) + t 2 • ~(t) = 2t • Ht) oo. 4) 

Jt!f:' ~Ct) ~1Mil~/lPP1§~. 'E~=Iffi'~~~ 
;: (t) = 2 • l(t) (10. 5) 

iiJ ~f!Jffl r(t) ~ ;: (t) *~mii!Jc!frul~tt~~, mf r<3
> Ct) = 2 • ~(t) tE~IIJF~JJI!:i&W 

!f:'~:fft£,Bif~x~f!Jfflo tl:~~;r.too. 3)!f:'-§ffiTBiflf~ r(t) = t! ~5:-t~iiJ~ 
~:5itffi.Ji}( 0 ~ k < =) o ~Jit.2js:ijl1J~iiJ ffl-Ti'i~rul~tE t = 0 6l£Jl,Hf~ Taylor 
~~~:51tffi% o :i!R~~UJT~JEm% Taylor ~~JlBf~jli:jlffi'tfl!~iiJ~J!e.o ~~ 
$tJJe..§ r(t) =oat, fiiJ1J!8Jt~~T~tl:ll:&i~rf~:J'G~iJ!J1li'PJ»!o 

lf ~\~fm!'ji@]J®i-.®(JL.3f )jG~i]!j-;l~(JL.3f ):J'G~rul~I'PJJm~JE!f.o :J'G~i)!j 

"il~.btflt~~I'PJJmt£ 2o tf:Ua 70 1fft~ 80 1fft--!f!.WH.{l¥lJTf&~7*A~1VfJlo ~ 
~& i1f"f ~ jG ~i}!j -;l ~ 1iJf~ ;;!f-§ ffi K wakemaak ~ SivanC132J , Francisc133J , Kimu
ri134J , Scherzinger ~ DavisonC135J , mf * ~~.{l ¥11 ffif.tk:!J!~ ~ E8 Lin ~c136J :J'G~ ~ (if! iiJ 
~.m.::t~[87]) o fPJ;W~, R~tE:lli'i;;;tru Chen ~c137J ~m T -M~tt*~m:ll: 
•m&MT~:J'G~iJ!l1l~N!~ffif.o7'G~rul~~-~JL~~fPJ~~;r.tcPJJX!.::t~ 
[138]~[139] ,)!.® 3:~6ll:Jl~~& 1m 'If&' ~.&::t~[140]' ~lf'EffJ ~~:51t::t 
~) o ::t~[l31] !f:' B~~itF~:l&r@ ll)} T'EffJBif~~~fPJB~ RPT I'PJBlf~lt:k~ 
~fiij 0 

.2fs:ijl!f:',~ffJ~it~ili-riltt-$~7'G~JI!ll~I'PJB:fft£ffif.~JE?t~~'~*flJ:o 

t£:i!.®*#T.m~~~~~~~&•$•~*ffif-tk:Bif~~·o~~iJ!J~~.t£~ 
~r*~:lt1Joff:M~7r~fR::st:Htw&T, .2fs:iilB~T~m ~::n~~-~tiitiiJ ~m~ff: 

M$19!5:-tm% o :i!~m r~fflf!Jffl T Blflf JA~:51t r(t) iiJm¥IJ ~fit~ o :1! -it-* 
B~~~~:l&ffl-Tilf$~1IJFI'.lJB,:tlllij!:JlfPJHil*~·:i!~~ 16 iil~R~o 

Tmi~ili-=t:~ga*, tt:St~ili*~OO.DI'l~r§·$~7'G~rul~Ct!P RPT)fPJBiiJ 
-~JE?t~~~*#o~IIJF~.~fl-~~M~~~~~~~~M$*~1l)}:J!.® 
*ftt:~JE::sttt.-1-~~lffi-~, t!P~~Iffi'?X~r~f~lffi'?X n, ~-1-~~lffi-~, t!P~ 

~lffi'?'XIl'T no 

~ffJlfTmi~JEllo 
~1110.1 :51t.t!t*~00.1),1?;~7Hl15tt~wE Lp,p E [1,=), fJJMl*# 

x(O) = Xoo ~;fff:filJ~:51tfs% r(t), ;a.§flf~ i lffi'~~$~iiJ~~.{l¥Jj~( i = 0, 
1, ••• '"-1 '" ~ 1) ,r<"> (t) ~;;!f-J!~/lPBl§~9C:II: .~;;!f-]ji-T Lp, !J!~tE~fll!J$00. 2) 
T·$~7'G~JI!ll~<t!P RPT)fPJBiiJ.~JE?t~~'~*flJ:i!: 
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(1) <A,B) PI~):£, <A,Ct) PI~l9!tl; 
(2) D22 +D2SD1 = o, jtq:t S =- <DiD2)tDiD22Di<DtDDt; 
(3) ~p, f!P (A,B,Cz ,D2), ::l!:bPI~~!l!NtimiW; 
(4) Ker(C2+D2~1 ) ::::>Cj1{Im(Dt)}o ... 
i.iE ~m !lG tn rt ;t 1IE IYl ):£ l.l q:t 1'19 * flJ: o ) ~ < 4 ) ::l! &, fliW o rt ;t ~ m 1'19 ::l! 

r(t) == o 1'191tl£,Jtta;fx~fffiiJM"IW~~U::l!PI1'1'19o 1!l~~~JilE!f~IW@-$~ 
7t~B!l~fiiJJm~~77t~f,ij1HilJ»!o ttlii Chen ~c137J 1'19~*· ~fflPJ l~He~~ 
0 o. 1) 1'197t ~f,ij"'W fiilJmm: ~ 1g r 00 ~ ~ ~ JL-'¥-T ttWH~ fllJ 1m< .W. Willemsc67 .ss] 1'19 
'* fii] Jm) : 

{

.i =Ax +Bu + [E _!JW, x(O) = 0 
· y = C1x+ [Dt O]w 

h = C2x+D2u+ [D22 O]w . 

(10. 6) 

1gslffl:/J{f,~ iQ ~JRrum~tm:lGm (A, [E I],Cl> [Dt 0]) E!fft~IWT-~ 
~0 t&iilL-'fTtlt-~fiiJIHliW~*<PI ~ .W.~ 9 i~O, ~fflPI tt iiE!Yl ~ll*lL-lf-Ttt 
-*"~ ..t 00 1'19 ~~::l! PI -1'19, DlUrOOIW*flJ: ~JL:: 

(1) (A,B) ::l!PI~):£1'19, (A,Ct) ::l!PI~i1j!tli'J9; 
(2) D22 + D2SD1 = o, jtq:t S =- <DfD2)tDfD22DT<DtDT)t ; 
(3) lm([E+BSDt I]) c ,YJ+(~p); 

+ -(4) Ke~(Cz + Dz~t) ::::> "'f (~Q) o 
~?'?.\ • ..t001'19~<3)*~1Yl ,Y'+(~p) =R~, Elftt~P:bPI~.:(£c+-ii1f~~~Bo rtf 
-T iQ IW~~~J:\.~XliiE!Yl "'f+<iQ) = Ci1 {Im(Dt)} o ~Jtt~(3)*~~(4)*:fr 
jJij ~-fft-T: 

O) ~p :bPJ~.:t£ c+ ii1f~~~B; 
(2) Ker(C2 + D2~1) ::::> Ci1 {Im(Dt)} o 
rOO..RfliiE!Yl~ll* RPT fiil.lm::l!PI-1'19 ,JnUT-~t!f ~p &'m::l!J\'lJj\;fti{i'Lo ~fl1 

*11EIY13! 1-$~ 0 

rt;t.±JlJA~=-t-*flj: D22 + D2SD1 = 0 Pifil:l:l .~ll*~;j-~~(10. l)*fflffi 
fftr 1:1:1 & iJJH$ 

u = Sy 00. 7) 

-~Eif~~lW-~t!fJAw~hlW···fftrB:frM1g~o~Jtt~~-&ft,:(£~00 
~iiE!Ylq:t.{NN: D22 = Oo 

rOOiiE!Yl~if~):E~~F~~~fftrA. r(t) *&, :flll*@-f*~~~B!l~fiiJJm~ PI
~, ~p .&,m::l!J\'lJj\;fti{ft, liP ~p :f£LfUlb..t~fm1f fffiiJ~~~ -~ o ~~..t, f!PM!::l! 
w = o ~ xo = o a;f, 3!-*f4-tl!&,m.lltJL:, -tl!¥t::l! -roo~~IW@-f*~7t~m~ 
fii]Jm: 



{

i =Ax+Bu 

y=C1x 

e = Czx+Dzu-r = h-r 

(10. 8) 

Jm:t£, :!m*fe r ~f~5'~$tlt;b, Ji!U ~l:f~»!X ~fftr ~fF ~t!f:t£~tl:l:& i1Hil ~ ~5£ 
~w:r ~ JL.3f-TtltffiHM r~ .1m= 

i=Ax+Bu 

[
Cixl r 

y = • 

r<;_D 

(10. 9) 

e = Czx+Dzu-r 

~~-Mt£,fl1Uilm:Jtm (A,B,Cz,Dz) B~~flt~~fiJ5EJ.I4. 5 ~¥-f~*f,jlt~ 

~.I!P 

i;: = A;x;: + Bo.ho + L~hd 
i~ = A~x~ + B8.ho + L~hd . 

Xc = AccXc + Bocho + Loohd +Be (E-;.x;: + E~x~ )+ Bcuc 

eo = C2.o.x;: + cg,o.x~ + Cz.ocXc + Cz.OdXd + Uo - ro 

M i = 1,2,·•·,mH ~ 

(10. 10) 

(10.11) 

(10. 12) 

(10. 13) 

(10. 14) 

(10. 15) 

(10.16) 

(10.17) 
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. . .._ .· md 

X; = Aq,Xi + L;oho + L;dhd + Bq, [ U; +'E;.X0 + E;cXc + 2:,; EijXj] 
. . ~I 

e; = h,- r; = Cq.X;- r;, ed = hd- rd = Cdxd- rd . . 

X>f-T i = 1, 2, ••• ,md, ~ff]J.E)( -!li!ITS9~~1t:fi, :tul:* tc ~ q;. »!tl 

Xii r; 

X;q r~.-ll 
I 

X;:= 
X.r,+l 0 

x;q, 0 

e; = Cq,x;, ed = Cdxd 

:i-; = A~x-; + Bo.eo + L~ed + [Bo. L~]r 

:i~ = A~x~ + B&.eo + L~ed + [B8. L~ ]r 

(10. 18) 

(10.19) 

(10. 20) 

(10. 21) 

(10. 22) 

(10. 23) 

(10. 24) 

(10. 25) 

Xc = Aa:Xc + Boceo + Lcded +Be (E-;.x-; + E~x~ )+ BcUc + [Boc Led ]r 

(10. 26) 

){>f--1'~~~f{~~ Ci.od • ff 
eo = CZ,o.x-; + c~.o.x~ + Cz.ocXc + Cz,OdXd + Uo - ro + Cz',Odrd (10. 27) 

ffij){>j i = 1,2, .. •,md, ;fll~~~f{S9~~ Eq,, ff 

i; = Aq,x i + L;o eo + L;ded + Bq, ( U; + Eiax. + E;cXc + ~ E;jXj )+ Eq, r ~ · ] 
,=1 l(.-1) 

(10. 28) 

(10. 29) 



s~rt.jffU~~*fij~JBA:T o JJltl*tH«~ 9 -89~5fHllPttml: 9.DPJ~~.:fm51U£i9!tl:l.: · 
&i1JHlli*JfiU£89~:!RT, ~t~eoo. 9) 89JL.3JZ-TtltfD¥*MfiiJ/m~ PJ~89~ ,JJ1~16,?&1¥:t£ 
-1'~~~89*:1.: e. ~~~ 

(IO.I -A~)= 0 ~ (I[B8. L~]= 0 (10. 30) 

JA~JJI! 3. 5,~fi1PJ~A;(lO. 30)~ty} <A~, [B8. L~]) =1'~~:i:Pff189o .f&i«~ 

4 -89~~*fij~if£1!1t 4.1, <A~, [B8. L~]) 89=1'11Jf11f£~1Y} (A,B) ~if89=1'PJ 

-~tt.~~?&~-1'~ Jfi 0 fl;~Jit X~ 16\=1"1¥:t£o .f&i«~~*fij~89ttmt 4. 2 PI~~ 
~~~~ffi~89o~-~-T~-tt8*89~1Y}o + 

~r D1 = o 89tN~.:Rfif~ftitr8* Dzz tl!16'~~1'~~1r$.~JJI! 10.1 89~]§
-tffi, IlP~(4)1Ji8J&:1-J Ker(Cz) :::> KerCC1) o 

~fl1:lt-3M:i:i~Jiitf1ft!Jff89~:il!r*~.IY}~JJI! 10. 1 ~~f4891t:*1i· :(£~JJ!! . 
10.1 B9~ftf:Ci)_.._.(4)T .~f1ft!J:HPJ~fi.$~;;G~H!l~fiiJ!mo :t£1!lflm89'J'"W~~ 
mfi~tffii~o·~~~T~~~~&•89•~0 

tl~ 10.1 ~ m~tff (10. 1), 5'~8tlti91 w E Lp ,p E [1,=), :W:!za~ftf 

x(O) = Xoo ffU1l:JYT~89~~PJfflr& •• IlP cl =I ~Dl = Oo ~ff~~~m% 
r(t), lfJYT~89 i lllf~Ji~~PJ~~~¥JJ89C i = 1 ,2,··· ,~e-l.IC ~ ~) ,r<"> (t) ljjt;f~ 

-i'!!*~rP:Jii_B!§fl,ljjt;fmlr Lp, JJlljA;(lO. 2)JYf.lR89f1ft!J$PJfU¥fl.t$fll~~H!l~ 
fiiJB891t:*~~-~#~~ll«~~T~#~~-~= 

(1) (A,B) ~PJ~~89; 

(2) D22 = 0; 

(3) };p, llP <A,B,Cz ,Dz) ~tiPJ~fll~'J'ffiUI89 o 

10. 2.1 ~~&tml'l'f.JM 

~JYT~89~~~PJM:I.:#fflr& •• ~PJfflD~f1M1**~~fiiJimo*~"W 
~#g~-1'~J!lit89~~&·$: 

u=F(£)x+Ho(i)r+···+H..-~(E:)r<..-n · (10.31) 
~&11Jt1*:t£m~ 10. 1 89~ftf:TPJ~~tfe(lO. 1) 89-f*~~~HllH*fiiJ&o =1'Xlt£ 
~~~~89~~PJm~•Too89JBA:: 

l r ] [ 0 I

1 

·.. 0 ll r ] [ 0 ] d : : : : : : . - . . . . . + . r(c) 

dt w 2> - 0 0 .. · I 1 r<..--2> 0 
c..-1~ o o .. · o <.-u I, 

. (10. 32) 

1EA:C10. 32)fll~~~tffgjiit:t£-®PJ~~~¥1JT0089:Jt)~tfe: 
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{

i =Ax+ Bu + Ew 

~ ... : y=x 
e = Czx+Dzu 

X:= 

0 II .•• 0 0 

A= 0 

0 

0 

0 ••• Ii 0 , B= 
0 0 0 

0 ••• o A 

r 

rc..-z> 

rc..--n 

X 

0 0 0 

0 , E= 0 0 

0 0 II 

B E 0 

(10. 33) 

. (10. 34) 

(10. 35) 

C2 =[-II 0 0 ••• 0 Cz], Dz =D2 (10.36) 

J11.t£~~iiEf!nt£~}~t/E(lO. 33) 9J, b' u Jlj e (!(]7" ~tfe (A,B ,Ci ,Dz) ;~!;(:; 

nJim(!(J ,fll ~p ~fiiJf-F(!(Jxm~g~~, mill. 'E(!(J~1t~g{g:~7 ~p (!(J~~~.~ffl 
~7~(!(] l X" 1-t\l.rs = O. rilif~tfjjt:f!~~*~~~(lO. 31)Wfffi~~(!(J~ 

illtJ$. 
tV!lllO.l ~-~fe!:il}~t/EOO. 33)1>' u JIJ e (!(JT-~t/E~~JIJ).EJJI4, 5 (!(] 

~~fMlHi~~' ~Ptt!IH~~::JF(!(J~~,tWAffltU'uili1!:~ r.,n fl1 ro te!~t!E1!:~¥1JJ.EJJI 
4. 5 (!(J~~~A;,~]kt£A;(4. 29)--,J:\;(4. 32)(!(jf:jf!ij~A;J:fji-J!tJj\i&Z9J. xt.:P 
,J:\;(10. 33)Wfffi(!(Jb' u !IJ e (!(].Y~tft, nf~ii£f!ij~(4. 29)--,J:\;(4. 32)(!(jfijl"~~A;PJ 

IiJT~1g 

~~ 
0 

0 0 l - 0 A; 0 L~Cd 
A= (10. 37) 

BeE';_. BeE; Aa: La1Cd 

dE~ BdE&. BdEdc Add 

A'=[~ 
II 

~]· - [;. 0 

~.] 0 
B= (10. 38) .. 0 0 ... B0c 0 

0 0 ... B0c1 Bd 
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C = [c;. c: ~e ~:J• i5 =[I~ ~ ~] no. 39) 

'iVII to. 2 llt1$-1'-A1f~~!tf{899a!II$ Fe. 'iit!1-' 
no. 40) 

:J!lfflli~~89o (Acc,Be) 89~~~fltl:-f*ii£7mlf$ Fe 89fft£o 
'iVIIlO. 3 x-I xd ~894U:-'t- x;, 'Elll~P EJtJtno. 33)P.Jfffi891>\ u Jlje 89-T~~ 

89x~W~ i;i:~~lfl.*. ~frJJZt1$--t- F;. -fit!1f 
9; 

p;(s) = II (s-Aij) = ~i + F,,s<l;~l + .•• + F,q;-ls+ F,q no. 41) 
j = l 

P.Jflj 89 Aii $t£ c- ~ o ~ 

S; (t) = diag { 1,t .t2
, ••• ,t9;-l } · 

'iV!JilO. 5 :lil.lffl£fi:t!J~ 

F(t) = [ Ho (t) ··• Hr-~ (t) F(t)] 

H;(t) E R...x1 ,F(t) E R...x" o -f!~JIL 

~frJ1f""F0089~* o 

no. 42) 

no. 43) 

no: 44) 

no. 45) 

no. 46) 

no. 47) 

... 
~JilO.l ~ltt~~~~no.u,;o~Wrft~ wE L,,p E [1,oo), 'E89tJJ:flit 

jk{lj:1-J x(O) = Xoo -fNiiP.Jflf89:!R~$iiJ~:IJfJilr.&t1t.I!P cl = IlllDl = Oo :!l11 

**~ 10. 1 89~#n)--(3)$f.WJE,J3.x-Jff{PJ~~ffi% r(t), 'E89P.Jflf i Mt~f{ 
$iiJ~1f¥JJ( i = 0,1, .. ·,/C-l),r«<>(t) !ilt:i't:J!~?Ifti?.i§f{!PJ:fi,EJt:i't~r L;. 91U 

J:.\00. 31) P.Jf ffi 89 fl $1J $ iiJ !IN f} $ fll ~~ill'* fill I!, ;It~ F(t) fll H; (t) di 
Jtno. 47)~l:f:l( i = 0,1, .. ·,/C-l)o 4 

i.iEM ~ 10. 4. 1 13 o + 
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TW~WttMWT~*~~~~~~~~&M*•••m•~~~m-~ 
~.amre~-~~~~~~~•~•M••· 

;t 10.1 tt~:fit~&M RPT ~Jmf)fflS~~iHa!rtltJii~TW~ Riccati ~ 

~~.IE~· p > 0 *-H-Jt:: 
Rf +A'""~'P+Cit2- <m +CID2><fiTD2)-1 <m +CID2)T = o <1o. 48) 

C, ~ [d~]. D, ~ ll] <lo. 49l 

A= [A" ~]. ~~-d.+[~ 1 ::: ~] no. 5o) 

Jtrp B,C2 ~ D2 ~niRJ~OO. 35)~~00. 36)f)f~Jl.. fJTrm~~itmlrtJ-J 
F(£)=- (DfD2)-1 (PB+CJD2)T = [Ho(£) ••• Hr-~(£) F(£)] 

(10. 51) 
Jtrp H;(£) E ~~~F(£) E ~". :S:.5tt~¥1JXifr'J\~ £, Riccati ~~(10. 48)Jij" 

00~~~~~~~~~-n--=~~- • 

10. 2. 2 lY!U.ttltl:i&tll'tt-.JM 

ft111~~ ttt~ftft~~~iij!~it& WH~tJJ$, -:J!~Wi't£tiJH, 't:~PJTM~ ~tff~ 

lf!IRJ~;~J~W!-?X;~-1-~~W~-t£t~JH, -t:~;tJ~W~-?X'J\-rPJT~~~tff. ~~-~ 

tt.*1lrf'~ffilti Dz2 = o. ~n5J!:£~~~.!J!U.~-JtJii!i~TW~B!~W&Mitz~~: 
u = Sy 00. 52) 

:Jtrf' s ~niRJ~Jll 10.1 ~~<2)1.9!. rW:l!:tE~Jll 1o. 1 ~~fttT, nr•••~~~ 

m•~~~~W~-~~W~-~it&mr£•=n~~~tt•~· 

TW~~~nr•••~~~·=~~-~~~~W~-~~t&mr£•=n-=~~ 

~~-
-w• 10.6 Xifr~~~-~ffi% r(t) ~~tffOO.l), eJtffiltiOO. D~J!Jr~ 

tt~~-~~Jij"ilj!~-1'19.tRU!i 10. 2.111~~~.~)(.-1-~WJ~tff 

{

:i =Ax +Bu +Ew 

y=x 

e = Czx+D2u 

(10. 53) 
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f'&J§"~!m 10. 2. 11lJlri~!J110.1~10. 5,~:Jii-1-it~&tJJ!~~n!~ 
F(e) = [Ho Ce) ··· Hr-~ Ce) F(e)] (10. 54) 

~- 10.7 ~ 4Qo ~7Kfmf~n!~ll!15Gtll 
(AQ.,EQ.,CQ.,DQ.): = (A,[E In],CH[D1 0]) (10.55) 

l!-~~re4Qo ~~J~J)EJI4. 5 ~*f~*ftj~. m-rm~4Qo ~*f~M~.:::f'~i!E 
~ 4Qo -~~t!PJ:i9!~ ,i5t:ff:::f'~~-~. f~Jffl)EJI4. s ~M:JIH~iiJ~~~J'Ftt~,tiftrA. 

(10. 56) 

(10. 57) 

(10. 58) 

Jtqt k = p~rank(D1)a PJ~i!E~ (A,C1) PJ~if!~~Jt::$t~,~~{lf:~ 

[A~, [~::JJ 00. 59) 

PJ~i9!t 

~!IJ10. 8 ~ KcQ ~Jt:ff~~£t~~)E#n!~.~~~n!jr$ 

A~ =A~-KcQ[CocQ]=A~-[KcOQ KooQJ[CocQJ 
EdcQ EdcQ 

(10. 60) 

~fJT:ff*fUE«lfl):f£ c- a rmf)ES£.~~1t~X!i!.i9!~H~~n!~: 

[
BocQ + Kc0Q LalQ + KaJQ/ef_1 

K Ce) =-r sQ B A + I I oQ 
OdQ ddQ k € 

(10. 61) 

~!11 10. 9 il.5, ~~i'Jrmf~~jS)fi9!~:S:& i1H~ittH~: 

{
v = Aanp(e)v- K(e)y + BHo(e)r+ ••• + BH..--1 Ce)r<r-~> (10. 62) 
u = F(e)v+ H0 (e)r+ ··· + Hr-~ (e)r<r-I> 

jtq:t A-<e) =A+ BF<d + KCe)C1 a J!Jlft;JG~7 ~jS)fi9!~:S:&W!t£ittJH~~:liia .. 
~ffl:ffrmf~)Etla 

:iE:Jm 10.3 ~$*~00.1),~~mstJtZ9J wE Lp,p E [1,=), ~Hfi~{lf:Jg 
x(O) = Xo a :!liJ51(!:)EJI10. 1 ~~{lJ:(l)~(4)fmfg$711/4JE,~ij"{f~~:5tyf~% r(t), *£ 
~ i jS)f~~fi)PJ ~~~i'J ( i = 0, 1, ·•· '"~1 '" ~ 1) ,r<"> (t) ~:if~Jl*flft9\::S: ,~:if~ 
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-T L,o 9ltl~f£1tfl91t~OOJ:It&~t£i!J!J$OO. 62)PifWHt-•fll5t1tlifl'*fiil:lmo 4 
i.iEPJJ !A!. 10. 4. 21lo • 
rWE19Wtt~l:fijj5'~El9:/J~*ttjf:zt;HJlO. 8 !fl!W!(f~m~ KC£) o 
ft 10.2 zt;~ 10. 8 'Pfl9:ll~m~ K(£) -tf!PI~l!:CJ:MrWE19 Riccati 1r;wa9 

.iD£M Q > o ~-tJJIJ: 
AQ+QAT + (EET+l)- <OCT+EDJ)(DIDT +d)-1(CIQ+DIET) = 0 

(10. 63) 

Blfrm(!{J:tt~m~ K<£> 1:1 
K<£> =-<OCT+ EDTHD1DT +d)-1 

fiiJ¥-ffl9, ~ £ ~IVNt1PI~~ilil1fitilttJt:fiil:lmo 
(10. 64) 

4 

2. '*" f1t-iJN ~ .&... -tt 

-rw~ili~~~OOJt&~r£~$~l1fl9••fll*1tmD.-J:J••a!A!.,W• 
m~ cl f!l D1 B!£~1t~¥1JrWEI9~~ = 

C1, = [~ C~02 ] fJl D1 = [D~,o] 00. 65) 

Jt'fl D1.o ~frm~fl9o :(E~l:fi~~~fi{t~~ltltl:fi&1jftt£$1JHfi9Jl:~tf;HJzDiJ, 
1t7tX>trWEI9~m 

{
i = Ax + Bu + [E I .. ]W 

y = C1x+ [D1 O]w 

:J£rrf!l~oo. 65>'Pfl9 c1 f!l D1 ~~lfim;WGf19:trJ?t,~P 

[~:] = [~:: ~:: J [::J+ [!:Ju + [~: ~ I:. Jw 

[~:J= [~ C~o2J[::J+ [D~.o ~ ~Jw 

w = [Xo •~(t) J 
~r& Y1 = x1 PI1UfH-tJJJJ, f51rmx'$#itt 0 H€r*)E)( ~QR 1:1 

[. J [C1,o2] [D1,o I~ 0
0
]] (AR ,ER ,CR ,DR) = A22' [E2 0 I,..... ' Al2 ' El • 

(10. 66) 

(10. 67) 

00. 68) 

. (10. 69) 

fiiJ¥-FPI~~!l~J)}J&~iiE~QR ~;(lW~El9.&~:ffmfllxm~Ro rmli <AR,cR> PI 
~OOJEI91f?t~,~~flj:~ CA,Cl) PI~~. ~ffJJ1:t£~ilirWE19Jl:~. 
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:!V!ll10.10. x>tr~5.£89~~ r(t) ~*moo. 1) ,{5f&laii*moo .. l) IWJ!Jf 
:fl~~~:l:ti5JikilT1!i!tl~W ,*m 10. 2. 1 1l1Wtf7!J)5.£)( --i'~m*m 

{

i =Ax+Bu+Ew 
y=x . 

e = C2x+Dzu 

(10. 70) 

m!H:ttHW 10. 2.11JJf:7!89tf7~ 10.1--10.5 fAJiii-1'~~Bi.t1!~~~~ 
F(£)=[Ho(£) .... Hr-1(£) F(£)] 

reF(£) uH-T~~(lO. 67)89 XI ~ Xz ;fHx>tlilZIW~JJt, I!P 
F(£) = [FI (£) Fz (£)] 

~!}J10.11 ~ KR ~-1'Jt.:fl~~!1Ut895.E#~~,{t1~~~ 

IWJ!Jf:fl~W:«<t!SH: c- f:J:t. <AR,cR) IWPI~1!i!tltl:i1HiETJ!-,~. 

:!V!ll10. 12 ~ 

~. = [- KRO Az1 + KR1An - (AR + KRCR)KRI] 

j
A.,"'(£) = AR + BzFz (£) + KRCR + KRIB1Fz (£) 

Banp (£) = ~ + (Bz + KRIBI) [0 F1 (£)- Fz (£)KRI] 

Canp (£) = Fz (£) 

Danp(£) = [0 F1 (£)- Fz (£)KRI] . 

:!VIlt0.13 :ii.€f1-i¥lfFiii89~M-1!i!U:I:Bi.t1!t2ifi!J$: 

{
'l.i = Aanp(£)v+ Banp(£)y +Go(£)r+ ••• +Gr-~ (£)r<r-ll. 

u = Canp(£)v+ Danp(£)y+ H 0 (£)r+ ••• + H.r-1 (£)r<r-I> 

JtqtX;fi = 0,1, .. ·,1C-1, :fl 
Gi(£) = (Bz +KRIBI)Hi(£) 

J!U~~T~~OO:I:Bi.t1!t2MU~fAJiii. 

. (10. 71) 

(10. 72) 

(10. 73) 

(10. 74) 

(10. 75) 

(10. 76) 

(10. 7'7) 

4 
~1110.4 ~.Lit~5.E*moo.D,?~'$tt~wE Lp,p E [1,oo), 'EIWfJJila 

~1lfJ-J x(O) = Xo. :flllJ!i!:5.El11! 10.1 89~1~(1)--(4)$~nwJE,x>t1f~~~~Affi 
~ r(t), l!f'EIWJilf:ff i IDf~~$fm~tl:Ji( i = 0,1, ... ,~e-l,IC ~ 1) ,r'"> (t) !!X;~~!* 

?lflBi§~!JC:I: ,!JX:~JlJ£-T Lp, Jil~~~1t89~M-7Ji!U:I:Bi.t1!t21ttJ$OO. 76)PJffiHf$~~ 

~~-~~. 4 
i.i£11}) Jli!, 10. 4. 3 ll 0 • 

J1H:ttU~5.El11! 10.3 ~J:Elll! 10.4 89~*'~Jli!.J:El11!.10.1 891E?ttl:. 5-Elll! 
10.1 89iiE00~:5R. • • . 
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:tE~ifi!HUJc ifitit'P 1lt1lt ~ll!l :¥1J Bit~-®~~ m ~ tW if~, :!ut Jjl -T L= tW .iE ~ 

m%o~--~·WIW~Mm~~~m~Z~#:t£~~.-~~~~-~--£ 
tW L= m:J.tf:I:~'J'o .:11--t'ilt .W.tW•If%~~~ r(t) IW;lit®?til:~~fJl&r-'t~ 
it,:fut L,,, ;lit®?}ii:Jjl-TJ1-'t.it,:fut L,

2 
•P1 E [1 ,=) ,pz E [1,=) o X;fi!~ 

~~1~~.1;JT~~:¥JJ-®lf~.)(IW~*·~fi1~~XifmtfUJJm:ill:fi-®~mo ~~~ 
J!t.J:t o o. D FJflR IW~tt¥ t1E, Alf .9Hl!Stt;tJ 

(10. 78) 

(10. 79) 

'EAlf~rtt.&t :Xif i = 1 ,2, ... ,l, ~fl1lf r; ,;.; , ••• ,r~ .. ,-1) :m~~~¥U, JC; ~ 1 ,rf .. ,> ~ 

ilt~/lik?JflP.BJi,~ilf]jl-T L" ,p, E [1,=) o P!U>Jtf&li!~~~f~~IW-~ft$~% 
ri ' 

~Ji!f!~(general RPT,GRPT)lllJlm!t~~f.JG:¥1J-'tit-lf~r%~1W~Jiiti9J~?Y!tl 

:1:&11i~ifi!J$: 
.. ,-1 .. 1-1 

{

v = Aanv<dv+ Banp(E)y + ~Gl,;(E)di) + ... + ~Gt,;(E)di) 
1 1 (10, 80) 

"1- "1-

u = Canv(E)v+ Danv(E)y+ ~ Hl,;(E)d;> + ••• + ~ Ht,;(E)rfil 
i-=0 i-=0 

(l)tf:t£-'tE* > 0 ~~~FJf%JilttWffiJf¥t!E:t£ r = 0 ~w= 0 IJ;Jx;JFJflftW E E 
(O,E*] ~WfJli~~IW; 

(2)FJf%1VtffiJf.£1~~ .e (aJUHl: E IWP.BJi)~flt?tf&l1J 
e = e + ··· + e + e + ··· + e + e (10. 81) r1 r1 u; w

9 
o 

ITff~ E- 0 IJ;J ,X;JFJflftW 1 ~ P < = ~f:I:~ Xo E R", lf 
I q 

f(xo,w,r,E) =~lie,, liP,+ ~llew,IIP..,.·+IIeoll,-0 (10.82) 
i=} I i=} I 
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eo :*~;tt.R£~t£flt tf:li'J9tJJMifiUU~~ZfEiJ 1'19 ~ ~§ff=1: 1'19~~. lffl e,i (i = 1' 
2,···,l) lfl ewi (i = 1,2,•••,q) R£liJJ.l)z-T~):E~~I'J9~~o 

~ffJlfrOOI'19~* 0 

lEJ.IlO. 5 ·~mtJJMi~f41J x(O) = Xo I'J9~):E¥~(10. 1) 0 lliJBt~m?r~mstJt;tJ 

w, '81'19?HI W; E Lpwj •Pwj E [1,=) ,i = 1,2,···,qo mUx-t{f{iiJJ:\;(10. 79)J!)f~~A;1'19 
~~m% r(t). jtq:t r; .r; •... . r~"'i-1) R£ilJ~~¥IJ1'19. IC; ;;::: 1.r~"';l !OC:i!f~JJ*flfti'Bi~!OC:i!f W6 
-T Lp •Pr E [1,=) ,i = 1,2,···,l, J:\;00. 80)§f~l'19t£i&J$ilJft1-~.ftf$lf1*1tH& 

'i I 

~CGRPT)IPJR!I'J91f?}lf116,~~{4R£):EJ11! 10. 11¥J§flfll9-1'-*'f4fflt:ti:o tit 
iiE PJJ ~):EJ11! 1¥1 YE 1!/H!?:Jt.J lf1 )E l1l! 1 o. 1 ;tH lliJ 1'19 ttl11!Jm~ , JHl~ ffl :bll ifflJ ii. 1 o. 2 

-=F~¥J~~tt~rt:f~a:tmr 0 

1. .:l>t ~ .&.. -tt·tt Qt 

t£~~&11!·tn~r, ttjt~~~¥IJ~r¥~ _ {i _ Ax+ Bu + Ew 
~.Uil: y- X 

e = C2x+D2u 

e = h-'- r, W:= [ :l J, X:= [~
1

], T; = l7] 
r r1 ~ .. ;-D 

. . 
X 

f&,Tg*ffllO. 2.1 "WlH~I'J9~~ 10. 1~10. 4 ~~¥1J~~~~ F(£) #-~tl?J-1-J 

(10. 83) 

(10. 84) 

F(£) = [ Hl,O (£) ••• HI,.,,-!(£) ••• HI,O (£) ••• Hl,.,l-1 (£) F(£) J 
(10. 85) 

.. ,-1 "'t-1 

u = F(E)x+ 2:HI,;(£)r~·> +···+ 2:Ht,;(£)d'> (10. 86) 
i=O i=O 

2. ~J'!t-;JJll-1:.&.-tt 

.A.~~ 10. 2. 2 "W-~1'19~~ 10.6 ti=~1J..t.OOI'19~ 1 ~!tilJ~~¥IHI1Jml'19 
F(E)o W~Hl10. 7lfl10. 8 f*M=/F~.1tllft?mrliltl1Ytf:llit1lt£i&J:H1J 

~~ ~~ 

{

ti = Aanpv- K(£) + ~B'HI,;(£)d'> + ··· + ~BHI,;(E)r~·> 
.,
1
-I ,.

1
-1 (10. 87) 

u = F(E)v+ 2: HI,;(£)d•> + ··· + 2: Hl,;(dd'> 
i=O i==O 
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;ft!f' Aanp =A+ BF(~) + KC~)C1 o 

3. f.f- l'ft-iJN i: .&. ft 

~WJlW,ftf11JUffiJHE 10. 2. 21llW·r!~!JI10.10 ~~1-J_tiiilW~ 1 ~. 1ffl 
~!JI10. 11 ~ 10. 12 f~H~:if'~.~M-imUI:&i1!rtibJJ1gj\(lO. 80)FJfJRlW%j\,~f{ 
1tlW m lr$ :!zllllij j\ C 10. 75) J:f:llW Aanp (~} ,Banp (e) ,Canp (e) ~ Danp (~), Hj,i (~) :tzll 
j.\(10. 85)FJf~( j = 1,2,···,l;i = 1,2,···.,/Cj -1)' ffij 

Gj,i(~) = (B2 + KRIB1 )Hj,i(~)' j = 1,2,··· ,l,i = 1,2,··· •ICj -1 
(10. 88) 

~-*·7~-1~5lW~~o • 
ft~~••w••••~~lW~~*~•••~*~••o~~~Mfi!f'1-J 

7&~--_tey~-lWt£M$.~m~m8ftD~;!t~m*Z~*W-®aWo 

ft~ey~•tt••~f{~*~-~#-~o 
~m~W-~f{ffi00r*&~-M··~*~&8R~lW~*o~rt~~~ 

w;i~f]tt£$tu W ,ftffJ·&~-~ GRPT rtibJJ~~~f~rt~~lW~-~~t£$tu W ey 
~·-~*H~~*~~---~~~ffi%,1ffl~=~~·-~*H*~&8-
~iE~PJ§f{o 

19~ 10.1 ~~-~j\(lO.l)FJfJRlW~ft-*~•;lt!f' 

[
0 1 OJ 

A= 1 o 1, 

0 1 0 

C2 = [
1 1 0

J, D2 = [
1 0

J, D22 = 0 0 1 0 0 0 
1g~~1Jif,-tN&j!-$tJt;IJ w 1g 

w = [ . 
1 

J • lCt) E L= 
sm(xt) 

(10. 89) 

(10. 90) 

(10. 91) 

r= [r1J= [ t J·lCt) (10.92) 
r2 cos(2t) . 

tl:~¥1J r1 = lCt) E L= o 125i.llt~:if'ftJJijfj§l·,~, r1 lW'If(£ r, ftff)ey ~~ ~_t-*~~ · 
~~ffi%~-GRPTo· 

n ~~&11!·m<£ 
ltit~t!t-*~~~~il:tiS;.I!eyllJ!tllW'If<£,f!P C1 =I ~D1 = Oo :if'Xl~~r-* 

~~p ;.l!ey~~~'J'lHUllWo ~ s =-1 ~~-~:if'~~~.?HJIJ~WJ~ oM-~ 2 
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~~~m~~.m~~~•~m%••~~••,-•~••~~~m•~~• 
PI~~- ttum~~&11tiflSlr~#J;U!r;tf~,~fmiiiJ--t#~-ttfl9rl1!itJ~= 

. [-:-1 -1 0] [1 OJ 
u= 1-~ -1-1_ _1_ x+ -1 1_ r 

. 2 ~ £ ~ 

(10. 93) 

m ~~--~J:IIii~rl11itJ~FJT%~~~~••t&~til~-1 ~-1/£±j/£. m~~ 
~--f}ll~\Xifff;'iJE~ dfEiJtA8~~. 00 10.1A:tE£ = 0. L o. OS~ o. 011tlSl 
r~~£m% ez(t) = hz(t)- r2 (t) ~ntnJIU. it;'iX;f t ~ o :fl e1 (t) = h1 (t)

r1 (t) =:0. ~*~?&;&~-···~~~/ill~APJ~J1~· . 

0.4 .--------r------.------.----r---..-------, 
I I I I I 

. .---1·----- : : : : 
/I '·I I I I 

o.2. ---1----:-:::::::---~,------i---------r---------r---------
• ,,.,, ---- I ., I I I lT-' I "T~ ....... ...: ... :, : : : 

0 I ·1 ---- I----- -I --- "<'!-- ------ -
I ! I I ·1, -------+--------:j:.:.-·-·-
: I : : : ·'"""----~-------· I 

~ -0.2 tr-----:----:-----:--------:---------:---------:--------
:; I I I I . -·-·-"·- RJ.t I • I .-=:. I I I I I I 

-0.4 ft------1---------t-~------l---~-----t---------:---------
:,· : . : -------t-- RJ.05 : : 
t I I I I I 

-0.6 ~r-------T--------r---------:---------y---------:---------
1· 1 1 --"011 I 
1/ I I c.~. I I 

-0.8 I --------~---------~--------~~--------~---------l--~------
1 I I I I 
I I I I I 
I I I I I 
I I I I I 

-!~-~--~--~--~--~-~ 
0 0.5 1.5 2 2.5 3 

ll'Jiiij/s 

•r-*~*~A&11tr~••~~~mD.+~A~W~y=~x+~w, · 

Jt9=' 

cl = [1 o o], Dl = [o o] oo. 94) 
0 1 0 0 0 

~~~W Ker(Cz) = KerCC1) = C!1 {ImCD1)}, m~lM:iiiY!Hi&11tPJ~~-·· 

-~~~m•fiiJ~. :fl@~~mll.95t!Jl (A,E,C! ,Dl) §ff"t7&fl9r··-~l:iVJ' 
fff{ft~,tE s = 1 ~:fl--t~~~~. ~fgt~fi1§f~~~?t~X>tJJ\!SUJI!,tE~imHi 

~W&11tr~••~~~m•at.:r•• };Q ~~,•m:'J':.ffim~/~ti:PJ~,i!.!3 };p 

-~~f$~. 
2)~~imtlA& t1f·ttlSl 
tLH.IiH'iil ;U!rttJt:~, ~fD~iilfFIIii ~~Wr-~Hit& t1frl11itJ ~: 
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1 -1 0 1 1 -1--

[~] ~]r+ 
€ € 

v= 0 1 1 v+ 1 1 
€ € 

y 

2 1 2 2 €2 
0 1+1_ 1-- -1----

€ € €2 € € 

[ -1 
-1 

-o;]v+ [~I ~]r u= 
1-; 

2 -1--
€2 €2 

(10. 95) 

.§$}~i!Effi~ti.~~:i&t'Ir-1, -1/e±j/e,-L -1/e;fll-1/e. E§JttX>fPJf:ff e > o, 
Eb~;Ext~lll~ID"t~~:l:&i1H~ibJJ$PJf~Jilt89ffi~*~~~ifr~)EEf9. 00 10.2 ~:tEe 

I 
I 
I 

0.8 .--- - ~----~ ----~- ---~----+----~----~----~- ---~--- -
\ 

I I I __J,_. _ 1£9)Q<I I I I 
I I I I I ' "1 I I I 

• I I I I I I I I I 

0.6 \---~- ---~----~----~----+----~----~----~- ---~--- -
\ 

I I I I I I I I I 

• : : : --~---- :£9)0~ : : : 
l!! 0.4 ,--\--~-- - +----~----~----+---+----~----~----~----
• : \: : : .+-:c9l.odl : : : 

t •I I I I I I I I I 

0.2 ~---~.:J-- -::-1=.~--=~=-~---~-=-d. ----~----~----, I .,-·- .- I I I I-·~·--·-+ 
\ I I I I I I I I ·-·-

0 , ___ , ----' ___ ,J._ ____ J.----+----l----d----' ----' 
: : 
I I 
I I 

~-2 o~~o~. l~~0~.2~~0~.3~~0~.4~-0~.5~~0.~6--0~.7~~0.~8--~0.~9--~ 
ll<fl'li)/s 

(a) ij!~ffl-i}e, 

0.4 r---.--.--.---,,..--,---,,..---,,..--,..---,,..---, 
I I I I t I I I I 

: : : __ . ...!.--4·-·-+·-·~·--·j_ : 
0.2 ----~r-:-4----~----t----t---- t- ----::;-·=---t-........ 

1
1• I I I I I I I I 

oPT~~-~-~-~-~-~-~L~-~-~-~-~~--------~~--------T~·-~-----~+--_-_-_-++--------~+'-~-~-~-~~~·-~-~-~-~ 
I ft I I I I I I I I 
I • I I I I I I I I I 

l!! ~-2 +-,~-~----~----~----~----t~-0-St----t----i----i----
!lf I • I I I -r-·- I"~· I I I I 

~.4 ~-+-~----~----~----~----+----.1.- ---+----~-- --~----
li • I I I I I I I I I 
I I I I I --.1.---- 1=0 OJ• I I I I I I I i " · I I I I 

~.6 -t--~----~----~ ----~----t----t----t----1---- -1----
• I I I I I I I I I 

I I I I - £9l.00J I I I 
I I I I t I I I I 

~.8 r---r-----r-----:-----:-----t----t----t----j----1----: 
• I I I I I I I I I 

L l l l l l l l l -JL---~--._--~--~--~--~--~--_.---L--~ 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
ll<fl'li)/s 

(b) ij!~ffl-i}e, 

oo 10. 2 ~Wt~:l:&t1rf($itHsi~i9<!~ 



= 0. 05,0. 01 ~ 0. 0011J;fa<J~M'iY!tl:l:&~rtifi!J$ra<Jlm"*~£. ~?&-~fit$~ 
7t~Im~~ "iiJ~~a<J 0 

3) ~M-lmtl:l.:& ~mm. 
IPJ ¥-fttHt~ ~ M'lmtl :1:& ~·If l5L a<J #;J lii tt~ i! , ~ ff1 ~'¥Iff 00 a<J- M-Z91 ~rt ifi!l ts : . 

v=[-1 -;}+[-; -1-~~;}+[-1 £~} 

u= [_oz]v+ [1=12 -1--21_1_]Y+ [~1 ~]r (10.96) 
£ £ ~ £ ~ 

m~J£M~~.LOOrtit11$JYf%.mta<Jffil1'~mt&.~llTifB:l1!!.-DLr -1.-1/£ ±j/£ ~ 
-1. ~JJt~-tJYr:fla<J £ > o, ffil1'~m~~m:~J£a<J. oo 1o. 3 ~7tJJUtE £ = o.t. 
0. 05 ~ 0. 01 ra<J~£m% e2 (t) a<Jntnllill. ~tt~&~·lf(5L-¥-f,M'JYf:fl t ~ o, '* 
M-iJ!tl:l.:&m'lrm.ra<J e1 Ct) M:i~J.J~. ~.*H?&~I!JJ-Ma<Jfi$~7t~Im~~ "iii 
~~a<J. 4 

0.4 ·I· ·-,·-: ....... I I I I . : '"'{.. : : : 
0.2 ---!----;J;.~~~-;.;,---t-~-----1---------l--------+-------

~t-"'- I · ... .,,..4. '·......_ I I I 
I I ,-.,...,.,.. "'- I I I · · 
:· I I .......... :..~. I I 

0 r=:=r· ----r--------r---- r :1• I I I I I 

:· : : : l : 
-0.2 f'~------~--------t--------1---------J--------+--------

$ 1 • I I I I I • :t I I -·-·- le=().J I I 

-0.4 l!i-------t--------+--------1--------~--------i--------
l ~~ I I I t 1 'I I I ------· I e=0.05 I I 
: I I I I I 

-0.6 ii--------~--------t---------t---------t---------:--------
1 i -- le=O.OI i i 
I I I I I 

-0.s --------r--------t--------1--------1---------:--------
• I I I I 
I I I I I 
I I I I I -JL---__._ __ ..__ _ __._ __ .....__ _ __._ _ ____. 

0 O.S 1.5 
ll'f(iij/s 

2 

10. 4 ±~~*l¥1iiE~ 

10. 4. 1 lEll10. 2 t(.]}lii}J 

2.5 3 

tE 10.1 "Wa<J~i!~lii.PB~tlHli ,tiHI)EJJI! 4. 5,~ff111Jv.Ate~moo. 33)~ 
~¥11AOO. 37)----AUO. 39)JYfffia<Jr.t'I!JJ~~*f,.F£%j.\. i!!.~~fftE~~~#tt 
~.ttuA~ttul:li~~ r .. n ~ ro, ~~-' 
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(10. 97) 

(10. 98) 

(10. 99) 

(10. 100) 

• [ ~ ~t ••• ~I [ ~ J r = r+ r<"> 
0 0 It 0 

0 0 ... 0 It 

(10. 101) 

(10.102) 

i. = Aa:Xc + La~ed + B0.e0 + B.(u. + E~r+ E~x;- >+ E.w+G.r<"> 

(10.103) 

eo = C8.r + Co.x;- + Cocx. + Co.!xd + Uo 

X't4IJ:1- i = 1, ... ,md, ;fi 

X; =Aq;x; + LiOeo + Lided 

"'d 

(10. 104) 

+ Bq. (u; + E~r+ E'i;,x; + E;.x. + ~Eiixi )+ E;w +G;r<"> (10. 105) 
. • • j=-1 

e; = Cq;X; =Xi!, ed = Cdxd (10. 106) 

Jm:tE:iF~fUrtfi.~Jl* r<"> ~~llf!i?Bit!ldii: • .PIIJ G;-rc..> ,G.rc..> ~ G;r<"> iiJ~it7HJtl:bn 

Jljlij{~~~:fl X~ ,x. ~ XL.t~~?~~fnfzft*flJ:o ~* rc..> JiJFf L, ,p E [1,oo), 

.PltliiJ~fat~?~~tt~, iiJtt~Lif.:tt~ w -fr#o f§Jlt:tEl!~f+m~r .~oo. 102), 

~(10. l03)~~(10. 105)iiJ~J9 



• 189 • 

:i; = A;;;.x; + L~ed + Bo.eo + E;w (10. 107) 

Xc = AccXc + Lcded + Boceo +Be ( Uc + E~r + E~x; )+ Ec'W (10. 108) 

"'d 

X;= Aq,X; +L;oeo +L;ded +Bq, (u; +E~r+E-;.x; +E;cXc + ~Eiixi)+E;w 
j=l 

(10. 109) 

;It q:t w E L, , p E [ 1 , oo > , E; ,Ec ~ E; ~-@)Q ~(f.) )E 1it~~, A1f -1'-flf tf.J1f W. 
:mMtJfdlJ: • lt~ll Yo. 

tJff*tl:ili!Js\(10. 43)(J{J:ftid~~ F JYfft~tf.J~ittJ$ u = Fx PJm:~1-J 

Uo =- c&.r- C().x; - CocXc - ~Xd 

Uc =- FcXc - E~r- E~x; 

. "'d 

U; =-E~r- E-;.x; - E;cXc- ~ E9x i - ~; S; (t).X; 
j-1 £. 

eo= 0 

(10.110) 

(10. 111) 

(10.112) 

(10.113) 

i; = A;;;.x; + L~ed + E;w (10. 114) 

Xc =(Ace- BcFc)Xc + Lcded + Ecw = A:;.,xc + La1ed + Ecw (10.115) 

. F· -x; = Aq.X;- B9. -q~S;(t)x; + Lided + E;w, e; = Cq,.X; (10.116) 
• '£. 

i; = A;;;.x. + L~ed + E;w 

Xc = A:;.,xc + Looid + Ecw 

ti; = <Aq,- B 9,F;)x; +ELid(t)ed +£;(t)w 

e; = e; = C9,x;, ed = ed = Cdxd 
Lid(t) = S;(t)Lid, E;(t) = S;(t)E; 

;f~iiEIY},XlJ"t E (0,1] l;,(Jk-.®~tx~tf.Ji£1ittild ~8;, 1f 
H:id<t>l~ld, IE;<t>l~oi, i = 1,···,md 

(10.117) 

(10. 118) 

(10. 119) 

(10.120) 

(10.121) 

(10.122) 

(10. 123) 
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riii~ifffl~*t!E00.118)--(10.120)~irt--t- Lyapunov P8flo ~fl1ii:i1: 

T-*t!f~ Lyapunov P8fl~~1t*~Jji~-.~o ~ifrT-*t!f x. :l2t~ Lyapunov 

P8fl 
V.:<x.) = (X.)TP;X. 

Jt9=t P; > 0}! Lyapunov :/r@ 
<A;;;) T ~ + P; A;;; =-I 

~Pf£-M o 'XifT-*tiE :Xc, ~fl1~~-1'- Lyapunov P8fl 

Jt9=t Pc > 0 I! Lyapunov :lrW 
(A:':.,)Tpc +PeA:':.:=- I 

~M o :fllJ§''XifT-*tiE Xd, ~fi1:J2t~-1'- Lyapunov P8f£ 
md 

Vd<xd) = ~xTP;X; 
i=l 

Jt9=t P; }! Lyapunov :IJW 

(10. 124) 

(10. 125) 

(10. 126) . 

do. 127) · 

(10. 128) 

(Aq, -B9)TP;+P;(A9, -B9) =-:-I (10.129) 

~Mo EbT-A9i- B9;Fi J!~Jl!~)£~.~11£7 P; ~ff:tEtto JJitE~ffl~*t!E 
00. 118)--(10. 120):J2t~riii~ Lyapunov P8f£: 

V(X. ,.Xc,.Xd) = V';(X.) + Yc(.Xc) +adVd(.Xd) (10. 130) 

Jt9=t ad 1f~liffi)Eo V tEffl~*t!EOO. 118)--(10. 120)i1t~_t~~f£:1g 

md 

+ad~ [- ;.xrx; +2xTPLro<t)ed +2X[P;E;(t)w J 00.131) 

JJitE~~lfl:fi,ff:tE-1'-ad>O~t· E (0,1], {St!~'~Flf1itE (O,t*) J6.tlk~t:X 

~~1E1itf£ Q)' 1i 

V·~ 1 1-1 2 1 1-1 2 1 1-1 2+ 1-1 2 ::::::::,- 2 X a - 2 Xc - 2£ Xd QJ W 

fli!Jltt£&1ftlt~ w ~~~~A r IJ;j', ffl~*t!fl!~Jl!~)£~ o 

JJit£~~~YE00~:1>Jt~P8f£,m~~&eA1iriii~tt~: 

(10. 132) 

~t-OIJ;j',J,(xo,w,r,t) = lel,-o (10.133) 

tB'G~ti w ~fftEo ttHi:tt00.132)PJ~,~-®~ t :X~~1Etij:lla2, 1i 

V~-a2V 

.b\~!R;(l0.117)PJ~ff:t£-®~ t X~~ao > 0 ,fst!~ 

I .X(O) I~ ao I .Xo I 

(10. 134) 

(10. 135) 



I V(O) I~ a3l .Xo 12 

;lt!f:l a3 > 0 fll Ex*· ~~f,f-?tlttle~~.b\A00.134)iiJ~' 
V < V(O)e"z' 

~~A(10. 136)iiJ~l 

V ~ a3 e"z' I .Xo 1
2 

~Jlt)(;j"-@fll E X*I'J(Ji£f,f-:fla4 ~as t ;ff 

(10.136) 

(10.137) 

(10. 138) 

I xd (t) I~ a4.e"z' I .Xo I ~ I ed (t) I~ as e-..z• I .Xo I (10. 139) 

~;{£~ ed ~fit~t/E<10.120)I'J(J x; r~tfti'J(J~A.~f(JiiJV.HIEI!ijx;J--®~ e:X*I'J(J 

i£f,j:lt as ,a7 ,as fll /31 • ;ff 
(10. 140) 

(10. 141) 

(10.142) 

;lt!f:l eo = 0 f!l ed = ed, JJIIJ;ff 

I el ~ lro 1/31 (e-..8 '1' +ee-az') lxo I · ,8z (e-..8'
1' +ee-..z') lxo I (10.143) 

i!*FxtFJf~I'J(J 1 ~ p < =· ~e-o at ,;ff 
le~p ~ (J~[,8zmd(e"s'1• +ee"z') lxo I ]"dtt" -o (10.144) 

1tr-*:;t;.Ltttlti9Jw E L,,p E [1,=), @.ro = o. tE:@:~tfE00.120)!f:li'J(Jed ~~ 

tfti'J(J$?tllit~~•·xtr3't:?t'J'(J(J £.~~.-Bq,Fi ~tttJC, d.id<e> iiJv.,(~~.Jntl-T 
~tft(l0.120)iiJ:lli{J;..t:1g 

(10. 145) 

;lt!f:l w·E L,. FJfv.,(X;J"-®fll E :X*I'J(Ji£f,jJt,B3 fll ,84t ~ 

I e; I= I e; I~ [I Cq, exp[- ! (Aq,- Bq,F;), ]E;(E)w(t- r) I dr 

~ J~ e-P.•1•1 w(t- r) I dr (10. 146) 

p = 1 flti'J(J~*~IlH?&. ~ffl-*i!EI!ij 1 < p < = flti'J(Jif~. *JFilif~I'J(J Holder 

~~A,I!P 

1 1 -+-=1 p p• 
(10. 147) 
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I e; I= I e; I~ I~ [ (e-P4 r/c ) 11" I w(t- r) I J (e-p,rlr ) 11". dr 

lk II~ QJ: (~rip* I~ [I~ e-p4r
1•1 w(t- r) I "dr ]dt 

={J: (~rip* I~ e-P,rlr [J~ I w(t- r) I "dt ]dr 

=[J: (~ rip* I~ e-p,rlr [f~ I w(t) I "dt ]dr 

Pit>* I =fJ:(~) llwll$ ~e-P4rl•dr 

(10. 148) 

(10. 149) 

. (10. 150) 

( 
t )I+plp* . 

={J: fJ• ~ wll ~ oo. 151) 

tl:-~{flftJfflTttllfr w(t) = O(t < 0), ~A;00.149Hf.¥!JA;00.150). ffii 
A;OO. 148)---A;(lO. 151)fi(Jyfn)j-tf!~~¥1J Desoer ln Vidyasagarl) IJ tfllfl~fPHfUI 

tflJa~. ~ t- 0 JJ;f .~?&:ff 
£ Ilp+IIp* (& 

lle; ll,~~(p.) lwll,= ,B.t)tllw~p-0 (10.152) 

~!WA;OO. 144)lf1A;OO. 152) .t!tt$lt17'G~Jm~fiiln!Bt£~f.¥1JfffHf.!:. J!~7'G~T 

~~1Q2(fl~tm. • 

10. 4. 2 llm 10. 3 ~i.iEM 

Xv = x-v (10.153) 

J!\!tE~~~~m~~lU!fOO. Dltl~W!"~tl:&t1Ji~<10. 62)JJrm.JVtfflffi~~tff.PJ 
ililf~ffi~ 

(10. 154) 

i = [A+ BF(t) ]x- BF<t>xv + BH o Ct)r + ··· + BH <..-D Ct)r<..--1> + Ew 

(10.155) 

h = [Cz + DzFCt)]x- D2FCt)xv + DzHo(t)r+ ••• + DzH..-~ Ct)r<..-D 

(10. 156) 



3W.:f£/F~fUriliffiJf*~il9~uHa A {A+ BF(£)}, :(£)EJ.110. 2 q:tE.t~ID:~ti5Urr 
c- q:t, ffii~ £-0 at, A {A+ K(E)Ct} ~fftr 

A{[AccQ- KdJQCdJQ - K~/EJL - A(A~) U ·{- _1_, ••• ,- _l} 
E<XQ -I~!£ J £ £ 

(10. 157) 
J9f~~9Hl~tJt~ w = 0 ~~~tiftrA r = 0 at ,Xif.JMj-Jj\iJ9 Eo fflJf*~:fk~:il[~ 

)Ea9o 
riiii.*MJlT-*~oo. 154) q:t x, il9ttmL rt:Stl!Jffl~~~#il9tt~,$tA~ 

~ili~~ r,Q,riQ l!l roQ rer*~oo. 55)~~¥JJ)EJ.I4. 5 il9~~~f,-F~r 0 ~ 

at~ 

(10. 158) 

3W.;(£X;f-.®~ £ .X~iJ9,Jt.:fl~~~Ht~il9~~ EcQ ~ EdQ, PJre*~(lO. 154)~ 

jj\:Jg 

(10. 159) 

(10.160) 

XcQ = XcQ - K<XQXdQ (10. 161) 
J9f~*~(10. 159)lU(10. 160)PJ][~~jf\:Jg 

(10.162) 

iciQ = (- ! I+ E<XQK~ )xciQ + E<XQxcQ + EdQw (10. 163) 

~ £-0 at, ~_t*~il9flk~.Hf&~:ilr:it!!:J.J A(A~), ;(£ -1/£ ~:fl k ![f&. l!!thl: 
~7~oo. 157) q:t a9,-,uwr 0 ln~oo. 133) ---~oo. 152):flliJ~fW.i19ffUJr. ~fnPI 
~ID:~Xifff-fiiJ:fl :W-il9tJJ:fz&~flflil wE Lp ,p E [1,oo), Xif-.®ln £ .X~iJ9.iEf,~:lt 

/1c lll /3.J' :fl 
(10. 164) 

(10. 165) 
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·( [0 0 Jr-l) [0 0 J [XcQJ [ 0 J 
0 lit sQ Xv = 0 lit XdQ = XdQ 

00. 167) 

P.Jft;..(}:E}]! 10. 1!W:Ql.@~{lj: Ker(C2 ) ~ Ci1 {Im(Di)} ~a)f5C;j"-@fll e :JG~IWJ:Eilt 

1i!ltlj: M flliE!Wf,-~:I:,Bm, ff 

Czxv = MxdQ fll IICzxvll, ~,Bmellwll, 00.168) 

~~_tJt;j"{f~~~~ Ker(N) ~ Ker(Cz) !W~~1i!ltlj: N fll!j e :JG~!WiEt'F:I: 

-,Bn.f:f 

IINxvll, ~ INI• ,8n • € • llwll, 00.169) 

!lG fl1 JN.tEPJ 1;..{ idE llJb.\ 0 o. 6 2) P.Jfffi 1W ~ lm"i9!~ :1: & i1H~ ifiJJ 1$: PI fA¥ RPT fiiJ »!. /F 
~~ii£~~(10. 155)f!l(10. 156)P]"j!~~ffi)g 

{
i = (A+BF)x-BF(e)xv+Ew 

(10. 170) 
e = (Cz +DzF)x-DzF(e)xv 

Jt"f=t A,B,E,Cz fll Dz :tm~St.J.:rtoo. 35)f!l.:rtoo. 36)P.JTJ:E)(. :iJ';Jc-~tt.r.:iliif~iN 

--iitm:JGm <A,B,Cz ,Dz) ;tH~~~t'F£1Wm.:rt. *m;a:oo. 97)--.:rtOO.l16)!WIJl.l 

¥-FMW,X;f-@J{.ff~~~1Ut!W ,fll e :JG~!W1i!ltlj: N; ,Nc fll N;, !!GffJPJt;..(.Jii:i:t~ 

~IW~~re~~oo.17o)~J9rliff~Wm.:rt: 

Ker(- [CO. Coc Cod])~ Ker(Cz) 

S3.:rt00.169)P]"~~ 

(10. 171) 

(10. 172) 

(10. 173) 

(10.174) 

(10. 175) 

~ e- 0 ft;j", II eo II,- 0 (10.176) 

i!r*fll.:rtOO. 117)-f-F ,}E)( 

(10.177) 



i; = A;;;.X. +L~ed + [E; N;.-J[:J 

Xc = A:;.,xc +Lcded+ [Ec NcJ[:J 
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(10. 178) 

(10. 179) 

(10.180) 

(10. 181) 

(10. 182) 

Lid(£)= S;(£)Lid, N;(£) = S;(£)N;, E;(£) = S;(£)E; (10.183) 

H~, Lid <d ,N; (£) ftl E; (£) 89 2 m:~tiU!:fl :W-89 ,1f!if&A;Oo. 42) 9=' Bq. ,S; (£) ftl 
' 

F; 89~~!ll;f:1J ,:ff 
0 0 0 

'• 
M;(d = 0 0 0 

F;qi 
F ,q,-• £q,-z Fil 

£ 

(10. 184) 

A;OO. 180)ii]"_m:if~ffi~ 

i= !<~,-B9,F;)x;+L;d(£)ed+[E;(£) N;(£)J[:J-~,q·[o o (\Jxv. 
00.185) 

Ker( [ 0 0 . (\] )::> Ker(Cz) 

11!il&il::OO. 169)iiJ~~X;f-®ftl £ :X*89i£f,j:l;: 1Ji, :fl 

~~9'[0 0 C9,]xvt ~TJ;IIw~p 

(10. 186) 

(10. 187) 
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[w] ltl FY; [ 0 0 C ]x 00. 188) 
Xv £ ~ v 

~nit L, ffi%, 'EIY-J l, 1i!fl/f'til:l:J:-®ltl t :X~IY-J.iEf,]dit. ~J§"ttU~s.l:tOO. 124),...,. 

.J:t < 1 o. 15 2) ;tO~ {PJIY-J tiHF:l:J:fi , /l'Xl YE ~ 
~ £-0 flit, lied II,- 0 00.189) 

t&~.J;t00.176)ltl.J;t00.189) ,~lift~llt&11!rt11J!J$OO. 62)J&~Bt.£ff¥Hk: 7-f$ 
ltl~~m~~~- + 
10. 4. 3 ~1110. 4 t(.Ji.iEIIJJ 

tt )tJ.E)( -~ 1¥-J ~~~-: 
x, = Xz- v+ KRIXI 00. 190) 

~~ ~YE Ell~ i.E~ tit o o. D ltl~ M-IM~ :1: & 111ft ifi!J $ 0 o. 76) FJfW nit 1¥-J ffl PF ~tit PI 

m:~;&~1-J 

.i:, = (AR + KRCR )x, + [ Ez + KR [~~0 J) w (10. 191) 

.i: = [A+ BF(d]x- BF2 (t)x, + BH0 (t)r+ ••• + BHr-~ (t)r<r-D + Ew 

(10. 192) 

h = [Cz + DzF(t)]x- DzFz (t)x, + DzHo(E)r+ ••• + DzHr-~ (t)r<r-D 

(10. 193) 

PI .1\1 ffl PF ~ tltX>t Jt: ?t 1]\ 1¥-J £ Jik jff ili ~i.E 1¥-J ' ffii ffl PF ~{IE {ill Ell A + BF (E) ltl AR + 
KRCR 1¥-J~fif{ili~tll. 

l:§:!fg AR + KRCR Jiklffili~J.Etr.J ,FJf~X>tiffnJ:W:Mt~{lJ:,,R~ wE L, itPI~x. 

E L,. riii~til-1-~~~~: 

BFz(dx. = BF(t)[;.J ltl DzFz(t)x, = DzF(t)[;J 00.194) 

~U~.J:t<I0.65)PI1' 

(10. 195) 

(10. 196) 



~~J.tagm!I$ N ~ Ker(N) ::, Ker(C2), ;(if 

c2[:.J= o ~ N[:J= o 
.tLHJ&j.\;Oo. 170)~j.\;00.189)aglii.J¥-f:iiN,~ffJ'ilJ~iiE~~ e-o at ,ff 

!ellp-0 
f§ Jlt ~ W~:ru :1:& t1!ri ifi!J $ < 1 o. 7 6) 'iii ft1-t-$ ~ 7'C:~llfUUil.J JHi. 

(10. 197) 

(10. 198) 

• 



11. 1 ~ it 

M***M~M14•.amre•m~M•~•a~~~-~~-~.~~
•~ .a1n~t11•8~fBJ Hoo:llftlii!J!J~B~:RVJ't.a~it:Jt:. **~J::~.lllt*~ 
XifTm..@.-.®JL-fPJ~ftf~~-*ffl~~~f-t~::IJi!*it:Jf:f,if!fij~:Ql;J'tR. ~ll*~Tm..lE 

~.® JLM ~ftt:. mu~,m~;1ft~WJ-~-~£lilll~*ffl:i!f-t~:ni!*urfP.L~.®:Ql'J'm. 
**~*ms?t~*m*~ rJtmt[11];fU[141J. 

i
x(k + 1) = Ax(k) +Bu(k) +Ew(k) 

~: y(k) = [~Jx(k) + GJw(k) 
. h(k) = C2xCk) + D2u(k) + D22 (k) 

(ll.l) 

Jt~ X E R" ~~~it~. u E R"' ~lii!J!HtuA. wE JR'I ~7~$tltl9J~A. y E R..-1-q 
~iJ!~:IttW"tJ1, hE R1 ~tltli~tl1. "J;JT ftimi~~~::IJ{J!,fift1~)(. ~p "J;JEI:ln!~lm 
:JCm CA,B,C2 ,D2) Elff-t~~T-~a. 1f_%;~fFmi~flrHi: ' 

~ia: ll. 1: CA,B) ~iiJ~~~; 

1111ia: n. 2: ~p ~!JUl:IMI~N:fl"~~~-~; 
~ ia: 1 L 3: Im (£) c if0 (~p) + .<f0 (~p) ; 
flrlia: ll. 4: D22 = o. 4 
~mi~t11it:Jt:fi~t.ar·~:Jt:i!~~. 

"!V!ll 11.1 ~~-A2:1ifEI.iiJ111*~-!J!.11!1ia:lm:JCm <A,B,C2 ,D2) Elff-t~~ 

~p e~tJttJ?t.lllt::tt<4.13)EJT~~%::tt. ~ftire~p ~~¥JJM 4 •~~~~t-F£% 
::tt<:kr*f~·~tj£~~1!f1%A-tf!iiJ Jh!.A<4. 29)----::J:t(4. 32)). :tJT ftimii31ffl~::IJ 
-!J!,afnxt:tt~~~ r. J31A~7~~f.IF7Um~.ft1~U~,r~it~~-~:J=.I~J¥1>1 



x= 

Xc 

X a 

x;; 
Xd 

b 

Ec 
E-; 

F.1E= Et 
Ed 

Eb 
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01. 2) 

01. 3) 

tl:~iN~ 11. 3 ~fftr Eb = o. :13J-J7iC%(19fljn!f ,~)( R" /'fG (~p) B9~1tJ;J n,., 
;ff n,. = n;; +nd +nb o it~~_§_-&~ ~P ~:E"PJ i2!fUit;J\lfl{ll, ii;fii*i =f~M"B9;tll!l 
~~IJ.t, n,. = 0. 

fV!llll. 2 )E)( A,. ,B,. ,BzO ,B,r~ ,E,. ,C,. fU D,. J;] 

01. 4) 

01. 5) 

~ 0 0 ] [Jmd 0~] C,.:= To Cd o· , D .. := To 0 

o cb o 
01.6) 

M~~*f,j~(J9f£J9J:PJfftili (A,.,B,.) ~PJ~~B9. t~ff*W.~-~~Ir$ F,. it~-' 
A,. + B,.F,. ;(£ -1 :{ztii;ff~tif{il. f&J§')E)( A,. J3,. ,E,. ,c,. j),. fU D22 J;J 

X,.:= <A,.+ B,.F,. + n-l <A,.+ B,.F,. -n 
n,. := z<A,. + B .. F,. + n-2 n,. 
E,. := z<A,. + n .. F,. + n-2 E,. 

C,.:= c,. +D,.F,. 
01. 7) 

D,. := D,.- (C,. + D,.F,.) (A,,+ B,.F,. + n-1 B,. 

f>22 := D22- <c .. + D,.F,.) <A,. +B,.F,. + n-l E. 
fV!llll. 3 fillffififM~fU r ;t-*B9ii~B>tfEUftlt Riccati 1r~fnftlt Lya-
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punov 1Jfl 
o =[it-B,.<i5Ii5 .. >-1 i5IC .. ]s,. +S,.[A,.- B .. <i5Ii5 .. >-1 i5IE .. ]T 

- B,.<i5Ii5,.>-1 BI +.S .. [Cic .. - Eii5,.<i5Ji5,.>-1 i5Jc .. ]s,. 01. 8> 
o =[A,.- B,.<i5Ii5 .. >-1 i5Jc .. ]T,. + T,.[A,.- B,.<i5Ji5 .. >-1 i5IE,.]T 

-[E .. - B,.<i5Ji5,.)-1 DJD22J[E,.- B,.<i5Ji5 .. >-1 DID22 ]T 01. 9) 
(l{)i£~fli¥ s .. ~IP¥-iE~fli¥ T,.. 1gT }gilff(l{)*'jffl .~)( 

S,.:= <A,.+ B,.F,. + l)S,.(AJ + FIBJ + D/2 01. 10) 

T,.:= <A,. +B,.F,. + DT,.<AI +FJBJ + D/2 
1:17111 11. 4 liVNl r· 1g 

(11. 11) 

r· = J;._,.cf,.S;i) = ./A.max<T,.S,.
1

) 01.12) 

m~Bfi~~T~MA&-~(I{Jr"S#W. 4 
~ff];ff~ifij(I{J~J]!. 

2!111.1 ~.Lit~(ll.l)}!Jf~(I{J~--@,*~· ~.iNti 11.1~11. 4 ~,;{if 

0) m~Ol. DJ!Jf#WtiDIE(I{J r· (I{Jflff!:li'diVJ\S; 
<2> ~r r> r·, ~~J!Jf~(I{J-*"iE~~~ P<r> :JHIItfE~ll5. 7 *flj:C2.D

(2. 3) (I{JIIft-fli¥: 

_ -1 T[0 0 J -1 P<r> - cr. > 0 cs,. _ T,.lr>_1 r. <11.13) 

lffl~ r < r· IJ;f' ,J!¥-f(I{Jfli¥ P<r> if:::f'rt~. 4 
· YEM 'BJ'G~tHS~ 4 -(I{J~JI4. 5 ~ttll1t 4. 4 PJ~.tJ <A,.,B,.,C,.,D,.) ti:PJ~. 

t£!)i 1:iL IMI _t N:;ff :::f' ~~ t.\ • ttl iS i31 J1l! 6. 3 , PI iiE IYJ ~ iti.::: 1'-~i£~~fft (I{) : 
(1) ~M.m*moL Drf~-1'- r lXtt~*'l.B. 
C2> ~ilff(I{J~IUitJ*~rf:tE-1'- r ?Xtt~ifltJB: 

{

x,.(k + 1) = A,.x,.(k) + B,.u,.(k) + E,.w,.(k) 

y,.(k) = [~Jx,.(k) + [~Jw,.(k) 
h,.(k) ..:. C,.x,.(k) + D,.u,.(k) + Dzzw,.(k) 

(11. 14) 

Jtrp AnBx,EnCx ~ D,. :!zll.J:\(11. 4)-~(11. 6)}!Jf~)(. t{l!f&fllli:i, Dzz = O. 

<3> ~ilff(I{J~WJ*mrf:tE-1'- r 7Xtt~ifltJB: 

(11. 15) 
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Jt9=' Ax,Bx,Ex,CxJ)x ;fll Dzz ~QIP],J:.\(11. 7)J!jf)EJ(. 
1-.77J§"OOI'J9Mffl,ffll:x ;fll ix ?HJrj~~mii*Im5G!Ji <Ax,Bx,Cx,Dx) ;fll<Ax, 

Bx ,ex ,Dx). ;t;LU\'Ht~ 5. 1 f!J)EJJI! 5. 3, I.OOB9~<2)~f!J~H3)~?HJrJ~ffl'r: 
OYFOOB9~1ttff;J"f8Jftf.{ Riccati :/JN:ff:t£-1-fii¥ Px > 0: 

_ T T -[BIPxAx+DICx]T 1 [BIPxAx+DICx.J . 
Px- AxPxAx +CxCx EIPxAx G; EIPxAx 

Yx:= BJPxBx +DIDx > 0 

Rx:= f I -EIPxEx +EIPxBxV;1BIPxEx > 0 

<2fFOOB9it~tJ;tfBJftf.{ Riccati :/JN;(f:t£-1-fii¥ Px > O: 

-T- -T-
- [DxDx DxDzz J · Gx:= -T- -T-

DzzDx DzzDzz ---: r I 
ffiill~:W:_tiiff Riccati :/JNI'J9fii¥::(f{fi'J9i!,Ji!lj~~~ 

(11. 16) 

(11.17) 

(11. 18) 

(11. 19) 

(11.21) 

(11. 22) 

Px = 2<AI + n-1 Px<Ax + n-1 (11. 23) 
J!Jf~ YEJY}.J:.\01. 12) J!Jf~ 119 r· ~~m.@.~~ < 11. D 89:iVJ,ffi~~fftrYE~ 

B'~~.ltb~~Ol. 15)l'J9:RVJ,ffi. PJ~tt5'6YEIY}~WJ~~Ol. 15)l'J9t£19t,f&J§"ltJ 
ffl~ 7 :$':89M:W:. ftfnrt:~JIJ•f!~~ 11.2 9='89mii* Fx :m:ffi~~Ji11J!,'t:.R~ 
1-.77M{-J" Ax if -1 ~~~m:ffi,-ft1t I +Ax 89J!~::(f{fi'J91f~. 1-.77fmfi!@X~ 
~-Att£,}§-IIfffflt.:\&t Ax{£- 1 ~N:~*fm:ff{;fll Fx = 0. 1]jtidEJY}f!J~WJ~~ ... 

(11. 24) 

0) Dzz +DxFw = 0; 

(2) lm(Ex +BxFw)C 'j/0 <ix) +,910 <ix)o 
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(11. 25) 

(11. 26) 

M!~f~~~~ Ax+ BxFx A1frOO~ga~: 

[A0~ LAttddcd L~0cb] (11. 27) 

0 LbdCd Abb · 

ffi1~~01.14)if'~Jtfi!!~~f~tH~~~o Flf~fN"ti Ax ~~(11. 27)FJfffi~~~o 

~;k-A9:t'£,-tl!1Nti Add :fO Abb tE -1 ~i9:1f~U£fa,DfU~$~YE 

l
(A~ + n-l XI Xz . ] 

<Ax + n-1 = 0 <Add + n-1 0 

0 - (Abb + n-1 LbdCd (Add + n-1 (Abb + n-1 

(11. 28) 

(11. 30) 

Dx · . Dx - Cx <Ax + n-1 Bx 

· =ro[-cd<Add~n-1 BOd -Cd<Add

0

+n-1Bd ] 
X3 Cb(Abb + n-1LbdCd(Add + n-1 Bd 

X3 = Cb(Abb + n-1 LbdCd(Add + n-1 Bod- Cb(Abb + n-1 Bob (11. 31) 

~)( 

(11. 32) 

tt~ro ~4~~#~o ~~f§~b\~~*f;~£~t'£Jjj:(~~JJI! 4. 5)PJ~.=::JG!.ll 
(Add ,Bd ,Cd) ~/JPJ~~.i9:1f~~~R,i:. f§Jlt Cd(Add+D-1 Bd ~4~~#~o ~lfi 
1f 
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(11. 33) 

D22 =-C.<A. + n-1 E.= [ - Cd<Add

0

+ n-1 Ed l =To [;4] 
Cb (Abb + n-1 LbdCd (Add + n-1 Ed 0 

(11. 34) 

X4 = [Cd(Add + 1)-1Bd]-1Cd(Add + n-1 Ed 01. 35) 

${Eilf Ji!.~-t *~ Ot. 15 > *:ilrfifti a9 Hi tlt~ & 11H$: 

- - [OJ -u:. = Fww. +v. =- X
4 

w. +v. 01. 36) 

Pf-f¥iiE Dz2 + f5 • .Fw = o. lilJIJ;f:ff 

E; =Ed- Bd[Cd(Add + n-1 Bd]-1Cd(Add + n-1 Ed 01. 38) 

~-1'- $ ~ ~ ¥1J iiE IJ)]. [!~;) 11 f5. 1f :li ::k a9 ~d fk, WT ~ _t ifti a9 .Fw ~ r 
- <f5If5.>-1 DIDz2. riftiiiEOO~= 1'-$~, l!P 

Im<E. + B.Fw)c 1f0 <i.> + Y0 <i.> 
lltE~-trooa9*~*fiJL-t-~~~J=Fa9~~~~= 

{~"- ~x:x+~x~x+(Ex+BxFw)Wx 
hx- CxXx + Dxvx 

re~~-~2~~5a9••*~~a9~~.-~2x--t-~~~• 
1\ = <A" + n-2 

~'W1f~~l1Ji, Eb~Ol. 28)Pf~.t} 

l
<A~ + n-2 * 

Tx = 0 <Add + n-2 

0 Xs 

Jt~ * tt~x~~~a9~~. rm 

(11. 39) 

(11. 40) 

(11.41) 

Xs =- (Abb + n-1 [LbdCd (Add + n-1 + (Abb + n-1 LbdCd] (Add+ n-1 

(11. 42) 
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#!H,f!J . 
Ax:=T';1AS,. =<A"- l)(A" + n-1 

=[
<A:-n<~A:+n-1 * 

· <A&t - n <A&t + n-1 

2(Abb + n-1 L~x~Cd CA&t + n-1 

2(A~ + n-1 L~Ct,(Abb + n-1
] 

(Abb- D<Abb + n-1 

(11. 43) 

(11. 44) 

(11. 45) 

- [CdCAdd + n-1 ~d]-1 Cd(Add + n-2 ~ ] (11. 46) 

- cb cAbb + n-z L~x~Cd <Add + n-1 cb <Abb + n-z 

D.,= D.= fo ~ ~ 01. 47) 

jj7fE~~Cll. 39)~~f!Jf,jft:~*f?t~t,-F~~*J:t,~ffll1H-rJ3-1-tt;:5~~~ 

ff{tJ:\:01. 46)~ c" ti~~9=t~C3,2)~7j!j:Ji:, TiM~~~ T" PJWiJE:i!-i~\: 

T. ~ [~ 
PI ~~~1it~1lti&~YEI:fi 

,t:=1x1ASx 

[

<At - l) <At + n-1 * 
= 0 <Add -[)(Add+ n-1 

0 · 2(Abb + n-2 L~x~Cd CA&t + n-2 

(11. 48) 

2(A~ + l)L~Cb (Abb + l)] 

<Abb + n-1 <Abb - l) 

(11. 49) 

Bd 0 ] 

- (Abb + n-z L~x~Cd (Add + n-1 Bd 

(11. 50) 
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l E~ ] [E~] . =2 E; = 2 E; 
CAbb + n-2[Eb- L~x~CdCA;t + n-1 E;] · . 0 

(11. 51) 

[ 

0 0 0 ] 
=f'o 0 -[Cd(Add+D-1Bd]-1Cd(Add+n-2 0 

·------- --- ·· --- --- ------- --- -- --- ···· ·· ·· ·· ·· ····· ·· ····- ------ -········- --- ---
0 o cb . 

(11. 52) 

(11. 53) 

[
<A~-[) <A~ + n-1 

/\ /\ /\ 

Ax-B'Jd)C'Jd) = 0 

' 0 

2CA~ + n-
1 L0~CbCAbb +I)] 

A.':, 

CAbb + n-1 CAbb - [) . 0 

* 

(11. 54) 

A.':, = (Add -l)(Add + n-1 + 2Bd[CdCAdd + n - 1 Bd]-1CdCAdd + n-2 

(11.55) 

[

I o T.] 
Tx = 0 I 0 

0 o I 

(11. 56) 

/\ ' 

T. ~ r0089-JR Lyapunov /J~89iff: 
/\ /\ 

(1-A~)(l +A~)-1 T.+ T. (Abb + n-1 (Abb- I) 

=2CA~ -n-1 L~CbCAbb +I) 

~Xiftt[ 34] 1iJ ~ .tuH~: A~ ~ Abb ii:fl ;f:N lfiJ %'UE ti , Ji!tl J!f-f 89 iff,~,~ .fft£ 89 • JJ.\!t£ 1iJ 
/\ /\ /\ 

~~i!Etltr\:01. 54) q:t89 Ax- B.o C'Jd) q:t89(1 ,3)~tlt~~}Vt 0, mi;lt{1!?,~~f41ii:fl 

~ft. mr CAbb,Cb) 89~~1iJX!i!~tltt, CCAbb+D-1 CAbb-l),Cb) -tl!::!i~~liJ 
1\ /\/\/\/\ /\ • 

X!i!~tl89' f§Jlt T X mre~~ <Ax ,B X' c X ,Dx) ~EX ~~¥JJ);EJ11! 4. 5 89%'~~l~.ftj£ 

89~~~A.JJ.\!iE*~%'~*~£89tt~1iJ~ 

(11. 57) 
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A A A A A 

Jtq:t ~x ft~ (Ax,Bx,Cx,Dx), ~(11. 57)~fftT 
lm(Ex + J3xFw)C if0 C~x) + g>0 C~x) 

~= ~$~1~H1Eo 

r iiix.J*ffi WJ .¥ ~ < 11. 15) JJllJfH:ii! tJt;tJ & i1H* : 
- - -T- 1-T- -Ux = FwWx +vx =- (DxDx)- DxD22Wx +vx (11. 58) 

IWJ¥-Fft9, ~ffi&i1H*~~~rq:g.¥~01. 15) ft9 H= IEJ»!ft9ffl¥, :!ilt~nW 01. 20)---
01. 22)ft9j(J¥ Pxo ~~:i:i~~ffi&i1H*!61U1,¥1Jriiift9ilf.¥~: 

• - - - - - -T- 1-T-

i
Xx = Axxx +BxVx +[Ex -Bx(DxDx)- DxD22Jwx 

Yx = [~]xx + [~Jwx 
hx = Cx +xx +15,.vx +O • Wx 

(11. 59) 

Jmt£tt~~J11! 5. 3 JU~.¥~o1. 59)ft9 r ?XtiiA~ifitJHH=tl:*flf:~fft-TH=t£-~m 
~Px > 0, ft1' 

o =Pxiix +A~Px +C~Cx- <Pxi3x +C~15xH15~15x)-1 <PJ3x +~15x)T 
+ i\[Ex- Bx<15~i5x)-1 i5~1522 J [E,.- Bx<15~15x)-1 15~1522 JTPx/f 

~' v..t m ,IE o tt~__t iii Riccati 1rWft9ffl¥~ 1WJ rmJEnWOl. 20)--- 01. 22) ft9ffl¥ o 
tt~~Jll! 4. 7 JU1l <Ax ,Bx ,c,. ,Dx) ~tr:JU~ft9 .7i:trXm~.li?:lJ!~~ft9~1t 

~ . .a' v..t.&t£.!.)i{ft[MI__tft9~1t~.¢.(0 IWJattt~*ffi.!VJ.¥~<11. 59) a9~=~-~' 'E 
mJE~ 1 Jitq:tft9fNii 1.1---1. 4o JA~ 1 i\lft9~M.!JUv..t~&~$Hmm:19":1 

I -- 1 r• = vl.max(TxS';;) 
(11. 60) 

x.JfffiiJft9 r > r·, 1rWOL 20)---01. 22)ft9iE~ffl¥ Px .1-J 
P x = (Sx -J\/f )-I (11. 61) 

!JlUtt~~Ol. 23)11J1,~>tif~ r> r·, 1rW01.16)--01.19)ft9iE~ffl¥ Px .1-J 

Px = 2(A~ + n-1 <Sx- 1\!f )-1 <Ax+ n-1 01. 62) 
~~r·~JU~:i:iriiift9~~~rr•ili*= 

r· =.Jt.max<TxSx1) (11. 63) 
Jt~ Sx lJl Tx :$HlUEb~Ol.10)lJJ~Ol. 1DFJf~.SC ffiill$)1!£ 

_ -1 T[0 0 J -1 P(y) - <r. ) 0 <Sx- Tx/f)-1 r. 
~mJE~Jll! 5.1 *ftt<2.D--<2. 3)ft9Pft-ff!¥o 

:M:Jiitt~¥IJ <A,. ,B,.,C",Dx) ~ti:JU~ft9, 7i1fXm~.¢.(lJ!~~ft9~1t~.¢.(, 
v..t.&t£.!.)i{ft 1M1 __t ft9~ 1t~ t.(o ~ .1-J <A,. ,Bx) ~ JU ¥1 ft9, ~ 01. 9) Flfffi ft9 Lya

punov 1fWa9ffit fx ~-*iE~ft9,tt~)(~[115]1U~'~(ll. 8)FJfffift9 Riccati nW 
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Ms.~~~~~o~~~~~M~~-~0 m~~~-~~~~0 + 
-roo~-®Wtto 

lt 11.1 :(£ Dzz =1= o ~·twt£r .1Nii 11. 3 J.iiiW:fl!lrmi!W~f4Elflttft: 
(1) Dzz: = Dzz -c. <A.+ n-l E. :(£D. ~iii~~ faj 1ft; 
(2) Im[it- it<DJD.)-1 DIDzz ]c "f0 <i.) + Y0 d.) o 

-~PT::f5Y:ff{PJ~nluJ:t&l1Hl" o ~ffliE~m ili :!liL~ <A,B,Cz ,Dz) ~:fiPTJ2!~, JJ~ 

~ <it ,B.,('~ •• D.) ~~Pfl2!1W, D. ~~~~#1J!t$, "f0 <i.) + f/0 <i.) = Rn· o I§ 

Jlt~ mi~ ~~f-4 EPsM~ ¥IJ 7A,@ o W:~ * § ;t Ef:t Chen[141
J ~~ ¥IJ 0 4 

lt 11.2 :!lll*iNii 11. 3 ~ 11.4 ::fm,g.mtl&,ffl:iiM:i*ft~W:n~1JG¥IJ:RVJ\iii 
r· !WnfP.L, f!PfJG¥1JiVJ\~~~fftf,-F:It, lt:!lll r· ~ o, M!~~ft~ Riccati :1J~ 01. 20) 
~01. 21H~¥IJ7A,@o 4 

rmi~llifffrJ-T*~.m~oo~W~*o 
f§rj 11.1 ~.Ltt-~~f~.ti!-.~~(11. 1) ,Jt~~~lt$1-J 

1 1 1 1 1 0 0 1 1 
0 0 0 1 1 0 0 0 1 

A= 0 0 1 1 1 ' B= 1 0 0 ' E= 1 (11. 64) 
1 1 1 1 1 0 1 0 1 
0 0 0 1 1 0 0 0 0 

~ 

Cz = [~ ~ ~ 
1 

~ ~] , Dz = ~ ~ ~] , Dzz = [~ol (11. 65) 
oo o 01 l~oo 

Pf~~~ili (A,B) ~Pft21W, (A,B,Cz ,Dz) ret::f~;fiP]"J2!,tf!::f~tl:PTJ2!1W, ~ 

~~:fll;J\;tfHil!W,:t£ o ~ 2 ~*j}rJ1f~~::f~~.go lffl.§.Bi£~~m! 4. 5 ~~~~ 
~j~~W%A:.m-r Eb = o -1t~~1Nii 11.3 f.lij,go l§JJtmlii 11.1--11.4 ~'llfSm,go 
ttUW-~PT~~ 

r. = ls' n. = 3 
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. [ 0. 25 0. 25 
Ax = 0. 50 - 0. 50 

-0.25 0. 75 

[ 

0. 3125 -0. 1875] 
Bx = - 0. 6250 1. 3750 , 

0. 4375 - 1. 0625 

0. 25] 
0. 50 

-0.25 

[ 

0.125 ] 
Ex , 0. 750 

-0.625 

[ 

1.000 0.000] [ 0.00] 
Cx = Cx, Dx = 0. 250 -0.750 ' Dzz = -0.50 

- 0. 125 0. 375 0. 25 

/f'~~YE (A,,,Bx,Cx,Dx) ~li:i1Ji2!a9,t£ 1 ~ 1/3 ~?HJtl:flM-'t/f'~~-g. ffif 
Riccati 1JW01. 8)~(11. 9)iij'~f 

[ 

0. 227615 

Sx = - 0. 207890 

. 0. 019725 

[ 

0. 09375 

Tx = -0. 062500 

0.031250 

- 0. 207890 0. 019725 l 
1. 202254 - 1. 005636J 

-1.005636 1. 014089 

-0.062500 

0.041667 

-0.020833 

0.031250] 
-0.020833 

0.010417 

[ 

0.562306 

Sx = · - 0. 145898 

-0.145898 

.&:la:,Hil 

-0. 145898 -0. 145898] l/3 0 0~] 
0. 618034 -0. 381966 , Tx = 0

0 

0

0 -0. 381966 0. 618034 

r· = o. 93417~ 

11. 3 *flU ttl & 1m 

{

x(k+l) =Ar(k)+Bu(k)+Ew(k) 

.!: y(k) = C1x(k) + D 1w(k) 

h(k) = C2x(k) + D 2u(k) + D 22w(k) 

(11. 66) 

;Jtf:J:! .x E R' ~.! a9tt~. u E R" ~riifitJ~A, wE R1 ~?HliH'ftZSIJ~A. y E R" ~ 
IJ!~II:~If1, hER JfdJtri~lf1. J]~~/f'fif!,~)(.!p J1n!~ll95Gm <A,B,Cz ,Dz) 

FJT-tt~a9-T~m • .!Q JJn!~llY:JGm <A,E,c) ,D)) EJT{-t~a9-T¥m. tt.9G:flroo 



ll9ff~Hi: 
~ii 11. 5: CA,B) ilJ~)E; 

~ii 11. 6: 4P t£.!\itl:IQD_tiiff/F~~.~; 
~ii 11. 7: Im(E) C 'f0 (4p) + 9'0 (4p) ; 

~ii 11.8: CA,Cl) ilJ~&tl; 

~ii 11.9: 4Q tE.!'titl:lmL.ii:fl/F~~-~; 

~ii 11.10: KerCC2) :J 'f0C4Q) n 9'0 (4Q); 

~ii 11.11: D22 = o. 
~ 11. 21J-¥-f,~ffJ1;JtilJI±HtJl: r* tJ9)tf!~~. 
iV!IJll. s x•rFOOll9*~)ES03-1-~WJ~m.mJilJII: 

{

x(k + 1) = Ar(k) + Bu(k) + Ew(k) 

y(k) = [~Jx(k) + [~Jw(k) 
h(k) = G.!x(k) + D2u(k) + D22 (k) 
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(11. 67) 

r&JI§":lJH·r 11. 2 1J)t rt ll9 ~ ~ 11. 1----11. 3. JJ T 11§" oo ll9 mz r1no :i!it!k. e% _t ll9 m 
#t,~ff]ffl4p li9~~~:fj~(J9~~![ftr~JJ r,.P,Ax ll9ti~JJ n,.p, if:flA;01.10) 
Elfffill9 Sx ~A;01.1DE/fffill9 Tx jtJJU:I:ftr~JJ SxP ~ T xP• 

iV!IJll. 6 xifrllii!W*~)EJtJ3-1-~WJ~m.mJilJII: 

j

x(k + 1) =AT x(k) +Cfu(k) +CJw(k) 

y(k) = [~Jx(k) + [~Jw(k) . 
h(k) = £T x(k) + DT u(k) + Df2w(k) 

(11. 68) 

.PHx:l1Hr 11. 21l~WJl:rt~~ 11.1--11.3. ~ 4~ JJ 4Q ll9xifOO*~·~ffiJJ cAT, 
Cf ,£T ,D[). ~ffJ!E 4' Q IW~~~:fj~~~~~:l:ftr~ JJ r .Q ,Ax !WtiltJJ nxQ, 
A;C11. 10)E/fffi!W Sx ~A;Ol.ll)E/fffi!W Tx jt_jjrj![ftr~JJ SxQ ~ T xQ• 

iV!II 11.' xift{r~II* 

r~ cr~D T = [ : ; J 
:lll:fi:tUjt,Jt9=' r~-1-nxP X nxQ ~ji!j:,;Jf:)EJt-1-)E11t~II$ 

M = [T xPS~+ rs;JrTS~ 
- T xQs;JrT s~ 

r* = ./A.msx(M) 

Jt9=' M Jtff~~~~fA(J9~tJE{il. 

(11. 69) 

(11. 70) 

(11.71) 
... 
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i.iEPn -l!x>t~m.I~Htm.~~¥1J7~*·•7!1'J{JiiEIYHJ~fP.{r~ 7 Iif:I'J{J 7. 3 ~9=' 
I'J{JiiE~o • 

roo:J!-®i.fi'±o 
it 11.3 ~m~JE111H~ 11. 5~1L111'J{J~'IltatfEtJ*t~EoL 66)0 mtlx>tffit 

r > r· .r· mJ:\OL 7D~tl:l. rOO~'~{] P<r) *" Q<r) 

Q<r):= <r;.DT[~ <sxQ-;xQ/i)-l]r-;j 

~JE~Jll! 5. 7 I'J{J~ftf:(2. 1)~(2. 7) 0 

(11. 72) 

(11. 73) 

it 11.4 xifr~AilltfliJ Hoo~iWJ .xi~ Dzz = 0 :J!:aJVtJL:,~f~L~-li11t*tlfi'J{J 
r· -AVIE~~IPJr~~~li11t*tlfo xifr~~&i1t't~l5L.ItP C1 = I*"D1 = o, tl: 
it¥IJ-T*tlf 4Q .~1!&1f~~~,¢,(<~.1lt&1f 1!imffill..t.I'J{J~~~~.v*"li:PI~o FJr 
v.AJt~&1f1!imffill..t.I'J{J~~~.~*~JE1Nii 11. 5~11. 1 .WtPiv.AE~I.m..t.ooi'J{]•r! 

~~iiJ:&VJ'iil r· o x>JW:~~mm..•r!~~ 11.6 9='1'1{] rsQ,nxQ,sxQ *" T xQ PJl'Jfflr 
OOI'J{JM1!itt~1It1H~¥IJ :tf----'t~F~#I'J{J~~ r sQ, MH~ 

r~E = [;] 01. 74) 

(11. 75) 

y* = [.l.max(T xPS;J!+ IS;4rTS;J! )]! (11. 76) 

-fa:·twm.r, r* ~ V.l.max<T ,.pSJ) o 4 
it 11.5 tE Dzz ::;t: o 1'1{]•11fl5Lr ,{Nti 11.7 *" 11. 10 PJv.Aittl: 11. 1 9='1'1{]*" 

~{~.~*tlfOL 67).ffi~I'J{J~ftf:, v.A.bU-\fi'± 9=' 1'1{]-!.fl*"~f~.~'*t~E 01. 68) .ffl~ 
I'J{J~~~#FJre~o~*•tt~PJv.AIPJ~~n#~~~•I'J{J~*oi'±il~* 
4P :J!:tJPJ~*" 4Q :J!li:PJ~,9itlFJf1fj!®~ftf::jt §~~tEo J!~:J!:)C~[141]1'1{] 

~*0 • 
it 11.6 ~n*JLM~ftt1Nii 11.1 ,11.1o *" 11.11 ~~JE.mtl~~m:i!f-ti'J{J 

1r7!*•~m:'J'iilo PJv.A:lii:J:~¥1HiVJ'I'J{J r·, f!~~rOOI'J{J~ftf:i~~~JE: 
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( 1) Riccati :If~ 

-T - -T - 1 -T - ·- 2 D22P[I-DxP(DxPDxP)- DxP]D22P < (y*) I 

tl:~..tmf Riccati :If~~ (!9EJf;ffT-~~$t£A: 01. 7) ~)E)(, ~~:li~X;ft,V~ 

11. 5 ~89~W1-*~0l. 67) 0 • 

(2) Riccati :If~ 

- - -T - 1 -T - - 2 Di;Q[I- DxQ(DxQDxQ)- DxQ]D22Q < (y*) I 

!Rlfftl:~¥1Lt 00 Riccati :If~ 897-~~:fm IRlA: (11. 7) Eff)E)(, ~~:li~X;ft,V~ 

11.6 ~89~W1-*~0l. 68). 

(3) :S:Ja;fffll@-~flf: 

?.max {i\roxrT }< <Y· )2 

Jt~ r~niRlJ:.\:01. 69)Nf)E)(. 

rOO~tiH9tJT-Ui!~;;;fi:l';M:~. 

01. 77) 

• 
{9tJ 11.2 ~ltt~'lttatfBJi!i!UI&~-*~01. 66) ,jt~ A,B,E,Cz ,D2 fit Dzz ~0 

11ij 11.2 11~89f91J 11.1 EJT~. 1t5t~ltt~~~&~·lft£,RP C1 = IfltD1 = o. * 
m•~v..c&wti: 11. 4 ~ 89mHt.:li~, ~fn~~¥~Jflt~m-~:1Wt£-ff89~~, v.,(Jk 

1 1 1 0 1 

-1 0 0 0 0 

r.o. = 0 -1 0 0 0 ' nxQ = 1 
0 0 -1 0 0 

0 0 0 1 0 

sxQ = 1, T xQ = 0, r~~ 
fit 
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r· = 3. 181043 

~1£;tj mx>J~~¥~1mHiUtu ili -:fi1 
c1 = [o o o o 1], D1 = o <11. 78) 

PJ~li£1Jij <A.~) ~PJ:f&~tl89, (A,E,C1 ,D1) ~PJ~89.?HJU1£ 0,0. 618,-1. 618 ~ 

::ff=:-1'~~~.~---1' 2!lfi'l'!9:5t~~~. f&Jltii!Ui 11.10 Eii9Jf.W,@. :.ttHJiUt:~PJW. 

52.08746 76.55250 66.46233 -0. 95905 2.61803 -4.2360 

92.57546 138.46401 120: 13777 -1.65303 5.23607 -7.85410 

M= 
28.03444 42. 12461 36.88854 -0. 69398 2.61803 -2.61803 

19.20270 29.28949 24.96658 0 0 1. 44097 

0 0 0 0 0 0 

-46.97871 -70.77709 -61.686918 0.95905 -3.61803 4.23607 

r· = 15. 16907 4 

11. 4 1£ iti lli: rm _t ":fi~ ,¢.f. a~r~t~ 

::<$:"'Wi.t~lmtl:l:&i1!¥~01. 66) r· 89~~:1!1-t•~· 't:89-T-¥~2:p *"1Wt2:Q 1£ 
lfi{il:1MJ_t::ff~~~~. JJGf111!iifi!: (A,B) PJil~*" (A,C1) PJ:f&~. ~ F *" K ~ 

A::ffm~£t~89m!I$.1!~l A+ BF *"A+ KC1 1£-1 ~12:::ff~vHa.~Jl. 
.Ap:= <A+BF+D-1<A+BF-n 

.Bp:= 2<A+BF+D-1B 

Ep:= 2(A+BF+D'---1E 

C2P:= <C2 +D2FHA+BF+D-1 

D2P := D2- (C2 + D2F) (A+ BF + 1)-1 B 

D22P := D22 - (C2 + D2F) (A+ BF + 1)-1 E 

ciQ := 2c1 <A+ KC1 + n-l 

c2Q == 2c2 <A+ Kcl + n-l 

EQ:= <A+Kcl +n-1<E+KD1) 

.D1Q:= D1 -c~<A+Kcl +n-1<E+KD1) 
- -1 D22Q:= D22 -C2<A+KC1 +D <E+KD1) 

(11. 79) 

(11. 80) 

,&. - - - - - - -, - -T - - -T ':!i };p ;&/J\IB (Ap,Bp,C2P,D2P) JYf!HJVt89¥~. 2:Q ;&/J\IB (AQ,C[Q,~•DQ) JYf!fi 
mt 89 ¥ ~. JJG fl1-ill.~ m roo 891li iti!: = 
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-ffilti 11.12: Im<i5zzp) C Im<i)zp) ; 
- - -T - t -T - - -iNti 11. 13: lm[EP- Bp(DzpDzp) DzpDzzp]C '1"- (~p) + y--(~p) ; 

Jl!:!.:ll- -T -T Jtll~ 11. 14: lm(DzzQ) C lm(DtQ) ; 

iNti 11. 15: Im[CTQ -ETQ<DtQDfQ)tDtQDi;Q]C r<i~) + y--<i~). tit 
ilJV.!liEIY31Nti 11.12~11.15 fJ!j.\;(11. 79),j.\;(11. 80)9='~ F fJ!K ~:litfJx 

~.~~~--~-&~~~~~*~~~-*~·r·~*•RD~M7*~ 
7. 4 "'W9='~•~fltbo~i&f!PPJ. if!~~~~ 7. 8 fn7.12 9='(m ~pit ip J!Jf~ft. Ifii 
:r.\;(7. 92)it~~:Jg 

-1 - - -T - t -T -r sP [EP- BP <DzpDzp) DzpDzzP] = 

E~ 

EbP 
E oaP 

Ed> 

EcP 

EdP 
~~~:[ll7. 9 ~ 7.12 9='~ ~~ iti~ J!Jf~f-t,Ifii:r.t(7.1<)9)it~~Jg 

E~ 

EbQ 

r4 [CTQ -ETQ <DtQDfQ)tf51QDizQ] . E~Q 
E~ 

E<.Q 

dQ 

(11. 81) 

(11. 82) 



12.1 ~ ~ 

*•~~--~~~&•,~m•&•~-•••&•m~~~-·~~ 
R," ~lfi!Jfiil./m, f3 ~-JH~fiJ•a~faJ Hoo ~lfi!Jfil:J.Im~M. -~~~~Ji:i:J:~~tt 
~~<.vi!.~ 4 lifHEn~a~rSJ Hoo !itft~lfi!Jfil:J.Im~ftfiJ~fft~j!~atrSJ Hoo !itft~ 

lfi!J fiil.lm, ~fa PI~ fiJft JJ$ili 1lb fil:J JmM ~ j! ~~fa]~ lfi!J :H, N.f!J fH ~~~ tt ~ ~ < Ji!. 
~ 4 lit> re-t:~ ffilfiJ~fft~••~rSJ ~m; .§j-~~~~~tmJH:~mll9ttflli~>Jt.« 
tt:a:•aatrSJ:m~~>J(fm,J!~Jr~ft1'1lttXW.~~®~Jll!~~~~nfR1J!.JJPTfllio 

iim, *lif~!lf@i23ttt£T~flliiEI!ij T:!m*~®~~!!)(;tfti9Jflli~1lttXW.?mtl¥1J, Jj!IJ:fl 
PTflli~~-~~~~-:H;l!-M*~~Blif~j!~~~~~~-:Hffi~~o~ 

Jw-_t, PTV .. kiAJ'l*lif~M*~~ 8 lifll9M*ffiX1'~. 

*lifM*~:>c~[23]ffi~f~,ffi~Jr:J:\:fl1~:kll9~1il'l o *lifEiftl!ili a9JJ~t£ 
~{tf~J]ijJjiij tt~-~ 0 

{

x(k+ 1) = Ax(k) +Bu(k) +Ew(k) 

~: y(k) = [~Jx(k) + [~Jw(k) 
h(k) = Czx(k) + Dzu(k) + Dzzw(k) 

(12. 1) 

;lt'P X E R" ~~ ~~~. u E R"' ~~lfi!JtutrA. wE ~ ~9HliH'Jti9JtutrA, y E R"v 
~?mtl:IHtftrili, h E R' ~~~tutrili o llilf.F~)( ~p J'Jn!~llY5Cffi (A,B,Cz ,Dz) Elf;& 
~~r~mo fN~ ~P t£•{iL[MJ_t~:fl~~~t,i: ,H=1i1~~!VJv(RJJ r· o ~fll~ 
~H-~~m.~~~&•$ 

u(k) = F1x(k) + F2w(k) (12. 2) 
~re~~lfi!J$~fHT-~mo2. D~ ,Eif%Y!.Il9ffi~~m~~:ili~~~ ,J>l.. w ¥~1 h 

~ffi~~iin!~~ Hoo"ffl:~;J'T~~~ r'> r·. 
~OO~iliitJt: F1 ~ Fz ~-~tf7!11o 
'!VW 11.1 ~9c-&ttffiJJTmifl~Ji!.,fN~IlY5Cm <A,B,Cz ,Dz) Elfft;& 
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~ 4P ~:ttlJtj;Jj\(4.13)FJfffi~%Jt. f&5fe4p 1£~¥1H~ 4 iltFJftNiJt~~~M~:f,j 
~r ,l!Ptt¥IJ~~~jf~1£~ r.,n fll ro, it~~ 

Ace BeE; BeE~ LwCd LehCh 

0 A;;;. 0 L~Cd L-;.bCb 

r;-1 (A-BoC2,o)r. = 0 0 A~ L~Cd Lt,Cb 

BdEdc BdEda. BdE-;t. Add BdEdb 

0 0 0 LbdCd Abb 

. r;' [c,,, Jr. ~ F co. ct. Cob 7] 0 0 cd 
c2.1 

0 0 0 0 cb 

Boe 0 Be 

Eo. 0 0 

r·· 
0 

~] F.1 [Bo B1Jn = Bt. 0 0 ' r-;;1D2n = ~ 0 

Bod Bd 0 0 

Ob 0 0 

tt~~;f)jj()'G SCB J:f~tt~1£~51A 7 Jj-:1'fi~Jtlm~,{t~~!Jftt~1£:1:~f1Hf1:7 
Xe 

x;: 

x= X~ 

Xd 

b 

Ee 

E;: 

F.1E/r= E~ 

Ed 

Eb 

(12. 3) 

(12. 4) 

ti7!1112. 2 ~Fe :;ll:{ffiiJ{t~~ Ace- BeFe ~~{IE{R{Eif.U'lmlrt-J~A:fl~~~ 

~~m~. <Ace,Be) ~:%~fm~i':EI'iff*YEJ!-~. 

LtJCd Lt,Cbl 
Add BdEdb , 

LbdCd Abb 

(12. 5) 
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(12. 6) 

~ 0 0] rlmd OJ 
Cx:= To Cd 0 , Dx:= To 0 0 

o cb o o 
(12. 7) 

tV~ 12.4 Wff[tit'f9~~Btfa]ft~ Riccati /r~t'f9fU¥ Px > 0: 

_ T T _ [B~PxAx+D~Cx]T 1 [B~PxAx+D~Cx] Px- AxPxAx +CxCx T G; T 
ExPxAx ExPxAx 

x = <r;i )T[~ ;Jr;~. 
ti7!JI12. s 11fF71Ht• 

Fzx = (B~PxBx + D~Dx)-1 (B~PxEx + D~Dzzx) 

?&.Ere F1x l'J:?t1.1 

Ct.+ Ftax COd+ Fodx 

F;k Fddx 

* * 

Cob +Fobxj 
Fdbx r;1 

* 

[
Fzx] 

Fz =-n * r 

Jt.P * J!A1fJg~£t~t'f9ff;ttm~. 

(12. 8) 

(12. 9) 

(12. 10) 

(12. 11) 

(12. 12) 

(12. 13) 

(12. 14) 

(12. 15) 
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!JG trHrr oo !'fl ~JJI!. · 
~m 12.1 ~mrt:o2.uNrml'fl~m.@J~fi'tB>tfBJ.&UJUU!f. t£~m.@,.&i!lt 

$r ,:« 
u(k) = F1x(k) + F 2w(k) (12. 16) 

F1 ~ Fz ?HJ1Jffirt':02. 14)~rt';02. 15)~l:fi ,mtlffi~*~~$f:il[~~i'fl ,JA!Jtz;IJ w 

JJJ flt~tltr ili h l'fl H 00 m:r.uJvr r. 4 
YEPn .::F~931J1lm~m.@,*~oz. u ~~fb~J$o2. 16> FJr~J£1'flffi~*ml'fl 

tJl.gm A,.- B<Fc ,A~~ Ax- BxF~x ~ili. ti:~JJJ Ace- BcFc ~A~ tiH~:$f:ili~ 

2l'fl.m4ffi~-t!f~2i'fl~~~~~~#~~-R~x~8~!'fl.WHWA~ 

J!ijJA w JJJ h i'flffi~~:iaHl!fr$ Thw ~T rTh w 'Th w H,;t;.{rffi~-~i'fllA Wx JJJ hx 
X X X X 

i'flf~iimfr$, ~ WJ •~1-1 

(12. 17) 

Ux =-F1xXx- FzxWx (12.18) 
m1-1 <Ax ,Bx ,Cx ,Dx) :li:"ilJ:i2, .R:fl.lf'8~i'fl.lf'1!:~_g ,f!H.WX~[23]i'fl~~L'=, .R~ 
r > r* , Riccati /Jfll (12. 8) it:fl.iE~m. W H:fl Ax - BxF~x H::t4fi:ili~~ !'fl, 
1 rh w 1100 < 1. m4~JJI! 12. 1 ·l'fl~;HIH~~. • . . 

-roo~ilifAit~JrrJimi.OOI'fl~:.W:. 

1§rJ 12.1 ~Lit--i'~fi't!J;ffBJ~ffl'.@,.¥~02.1),mlf$ A,B,E,Cz,Dz ~ D22 
~ 11 •i'flf91J 11. 1-*F. ~fOJ/mi'fl:iVJ\itt£f9iJ 11. 1 r?1-J r· = o. 934173. J!Gflllit 
~--i'M::kr r· a~ r = o. 934174. ~m_too!'flJl:f!~f.JJJ 

[ 

0 0 - 0. 7 45354 - I. 078688 - I. 078688] 
F1 = - 1 - 1 - 1. 412022 - 1. 872678 -1. 872678 

-1 0 0 0 0 . 

F: ~ [ ~: :~:~~~ 
t;.{liUfl~*~tJl_g .HA+BF1) = {0,0,0,0,0. 38197} .JAw Jljh i'flffi~~Jim~ 
i'fl~:Jfit:flllOO 12.1 J!Jfffi,Hoom:fA.l~H'?.VJ\-=frft~i'fl r = o. 934174. 4 

t£~ 11 .-e.r~mmx-t-r~fi'tB>t1Eil.¥~-~m.@..&111*~~roo!'fl~~~.&.111! * m :«.IF fli.l !'fl :fiJJ\m • liP 
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0.9342 .----,----r---r---r----r-----r----, 

0.9342 

0.9342 

i 0.9342 

0.9342 

0.9342 

I 
I 
I 

I I y=j0.934J74 : : I 
------~-------r------,-------~-------~------~------

1 I I I I I 
I I I I I I 
I I I I I I 
I I I I I I 

I I I I I 
------~- ----~------~-------+-------~------;------

' 1• I I I I 

: : ,ol=o.934173: : : 
I I I I I 
I I I I I I 

------~-------~- ---~-------~-------~------~------' I I I . I I 
I I I I I I 
I I I I I I 
I I I I I 
I I I I I I 

--- ---~-------L ______ J __ ----~-------L------~------1 I I I I I 
I I I . I I I 
I I I I I I 
I I I I I I 

------~-------}------~------~+- ----~- -----~------
1 I I I I I 
I I I I I I 
I I I I I 
I I I I I 

0.5 1.5 2 
-~(radls) 

{

xCk+D =AxCk)+BuCk)+Ew(k) 

y(k) = x(k) 

h(k) = Czx(k) + D2 u(k) + Dzzw(k) 

(12. 19) 

~ r· ~~tt~&i11fF~iVNi. JJIU~ifff-fiiJ r > r·, ~w~•7'!:11Jrz:~--tfit~ 
~tt~&i1f$,~~lHJ:I~~~~~.JA w ilJh ~mJF.WJlm!I$~ Hooiiiti:~JI\!.r.tiJi! 
~>Jt. 

iV!lJ 12.1-12.10 J!.®~~5HJtl~r~~ 12.1---12.4. 

tV llJ 12. 11 tt• 
H .. : . BJP .. B .. + DJD .. + <BJP .. E .. + DJDzzx) 

X <I- Diz .. Dzzx- EJP .. E .. )-1 CEJP .. B .. + Diz .. D .. ) . 02. 20) 

F .. :=H;1 [BIP .. A .. + DJC.. + <BJP .. E .. + DJDzi .. ) 

XCI- Diz .. Dzzx- EIP .. E .. )-1 <EJP .. A .. + Diz .. C .. )] 

f&J§"1E F .. lttfi~ll~tU5t: 

F .. = [Ftax FOdx Fobx] 
Ft.. Fddx Fdbx 

iV!lJ 12.12 :~:~~m!I$ F ~ 

[

Cec CO. 

F=-n Ea: Ed. 

Fe * 

Ct.+ Ft ... 

Ft.. 

* * 

Cob +Fobxl 
Fdbx r-;1 

* 

(12. 21) 

(12. 22) 

(12. 23) 
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Jtq:t * ~-@A;;ff~~~f489if~~~. 
fn)EJJI! 12. 1 tfJYfi!JlqttfJftJJI!:fiJ~ru.M-rD~~ifi!J$ 

u(k) = Fx(k) (12. 24) 

jtq:t F m.:it02. 23)~ili ,~fiT~'iJ~YEI!Jl~~ifi!JilJ~~JJ.i!ffiJHit)Ett,Jf HM!~l>\ 

will h 89ffi~~i!m~B9 Hoo1i1l't!J\-T~)EB9 r. ~fllJifFiti89f9tJr*~$. 
{§IJ 12.2 ~~~lt!J;ffa]~it~&i1U~~(12.19) .~~ A,B,E,C2 ,D2 fJl D22 

fnjjl11 il89f9tJ 11.1-*F. f9tJ 11.2 it-T~fiiJJm(J{J:il!Hil r· = 3.181043, m::k 
-T r· . ~!\t.tilff(J{J•i!1iilJ 

.[ 0 0 -0. 432563 - 0. 885373 - 0. 885373] 
F = -1 -1 -1.479753 -1. 914538 -1. 914538 . 

-1 0 0 0 0 

ffl~~~tlt~j;] .HA + BF) = {0,0,0,0. 27093,0. 38197}, 1>\ w iiJh tfJffi~~i! 

~~(J{J~Jfiil!.!llOO 12. 2 Nf$ .~!l.Hf& Hoo1i1l't!J'-T~)EB9 r = 3. 181044. 4t 
3.181 .....---r----.----.---.---,-----r------, 

I 

3.181 

3.181 

!!!. 3.181 • 
3.181 

3.181 

I 
I I I I I I 

: : 
1
3.181044 : : : ------~-------~-----~-------~-------rA-----~------

1 I I I I I 
I I I I 1 I 
I I I I I I 
I I I I 1 I 
I I I I I I - -----1--.-----+------- .... -------+-------.... ______ .,. _____ _ 
I I I I I I 
I I I I I I 

' I I I I I I · 
I I I I I I 
I I I I I I ---- -~-------~------~--~----·-------~------4------
: : y-1=3.181043: : 
I I I I 
I I I I I 
I I I I I I ------ ----~--L------~-------~ -----L ______ J _____ _ 

I I I I 
I I I I 
I I I I 
I I I I 
I I I I 

----}------~- -----+-------t------i------
1 I I I 
I I I I 
I I I I 
I I I I 

1.5 2 
~.$/(radls) 

Xfrilif tfJ~Hi& t1Jt ~~~}! ~lt!J;fra.J -Hoo ~fM fiil.lm (J{JffN: 

{

x(k + 1) =Ax (k) + Bu (k) + Ew(k) 

~: y(k) = C1x(k) +D1w(k) 

h(k) = ~x(k) + D2u(k) + D22w(k) 

(12. 25) 
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;It~ x E R'~~ fi<J:{;t~, u E R"~t:l$1HifiiA, wE RI~5'Hlf5tlt~~A. y E Rl'~ 
W!tl:l:~ili, hE R1 ~fltt:l~l±l o lii.lf-f~7~Jm1Jff,)E)( ~P ~rum~trn5Gffi. CA, 
B,Cz ,Dz) Eff~Vi~a<J-T~~. ~Q ~rum~trn5Gffi. CA,E,C, ,D,) Eff~ffifi<JT-~~0 

* 1l ~ ff~lli ~p fn ~Q :tEiti-lll!ML.t ii:fl~~~ ,¢.\ o 

4- r· ~A02. 25)Effffia<J~~~ a<J Hoom:J!tiVHlo ~)E-1'-f,f-:S: r > r· 
~ o, rooa<J•r! ~tH~iiJ-1'-W!tl:S:& ~t:l$JJ$, M!m-ffiPF~~~ PH~)E a<J, 1f H 
II Thw lloo <Yo 

~~~~o ~rooa<J~~)E)(--t-•~a<J~m•~~= 

{

x(k + 1) = Ax (k) + Bu (k) + Ew (k) 

y(k) = [~Jx(k) + [~Jw(k) 
h(k) = C2x(k) + D2u(k) + Dzzw(k) 

(12. 26) 

t'&ftii1HT 12.2 "ilfi<J.r!tV~ 12. 1~12. 4.~~¥1J-1'-*iE)Em~ Xo 4- P:= X, 1f it. 
V:= BTPB+DlDz. (12. 27) 

R := f I- DlzDzz- ET PE + (ET PB + DlzDz )yt (BT PE + Dl Dzz) 

;It~ t ~ffi Moore-Penrose(~):i2o i'iJ~Hi£1!13 R > Oo ~r?fEitJt: 

A.:= A-BvtCBTPA +D[C2 ) 

C.:= C2 -D2vtCBTPA +DlCz) 

I 
Ep:= ER.z 

CIP := cl + DIJ(l (ET PA. + DlzC.) 

(12. 28) 

02. 29) 

(12. 30) 

C2p:= (yi)t[BTPA + DlCz + (BTPE + DlDzz)l{' (ETPA. +DlzC.)] 

D1p:=D1~ 
D 2p:= yt 

Dzzp:= Cvi)t(BTPE+DIDzz)~ 

~~~~u ~rooa<J~~)E)(~--t-••~~= 

l
x(k + 1) =AT x(k) + CTu(k) + CJw(k) 

y(k) = G}<k) + [~Jw(k) 
h(k) = ET x(k) + DJu(k) + Dizw(k) 

(12. 31) 
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-flHxllH7 12. 21l~Jt:i!~!jl12.1~12. 4.~~~J~-~-*"iE.i:E~~ X,#~ Q:= 

Xftl 
Y:= Cii-QP)- 1Q 

~~~ 12. 15 tiT-*itJt: 
.Wp:= DtPDfp +CtPYC[p 

Sp := CC2PYC1P + DzzpDfp)Wj,(CJPYC2P + DJPD[zp) 
~..2· T T + 1 I- D22PD22P- CzpYC 2P 

Az:= Ap- (ApYC[p+EpDfp)Wj,Cp 

Ez := EP- (ApYC[p+ EpDfp)WtDtP 

APY: = AP + (Az YC [p+ EzDb.P) Sp-1 Czp 

Bpy := B +CAzYC2p + EzDJzp)S"P1 Dzp 

EPY := [CAzYC2P + EzDJzp)S"P1 CCzpYCJP + D22PDfp) 

+ ApYCIP+ EPDfp](Wt )t 
......1. 

Czpy := Sp 2 c2P 
.l 

D)py:= w~ 
......1. 

D2PY := Sp 2 D2P 

D22PY:= Spi CC2PYCJP+ Dz2PDfp)(Wbt 

(12. 32) 

(12. 33) 

(12. 34) 

~fll"PJ 1;,{ i.iE PJI CD (Apv, Bpy, Czpy, Dzpy) ~ 1i liT :12! fU :li ;J' ffl W., ii li x j)& ~ ,g; 
@ (Apy ,Bpy ,ClPY ,DIPY) ~ti:PJ:i2!fn:li;J,ffl{)j_, fitlfxlllt~,g, lfij_§_ff:(E-~~~ 

~J:E'Iit~~ XPv' ft~f. Dzpy + DzPYXPYDIPY = Oo 

~-12.16 ~ 

(12. 35) 

F2PY ==- D~Po22PY c12. 36) 
Jt9=' Fo ft~f. AP + BF1PY = Apy + BpvFJPY ~J!Jflf~tif{il:(Eifi{\'LIMJI*J o ~B1~ 

K1PY :=- EPYD1PY + Ko CI- D1PYD!py) (12. 37) 

K2PY :=- Dtpy (12. 38) 

Jt9=' Ko ft~~ APY + K1PYC1P ~~J:E~ o ~fll~f.UIHtJf:J::Jt~~~~~-*~fdt:l:i 
W~:fET -:f:!it ili o 

~-11n :m:m~~•••m&•~•$= 

(12. 39) 
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j
Dr:mp :=- F2PYK2PY 
Canp := FIPY - Dr:mpCIP 
Banp := BPYDr:mp- KIPY 
Aanp := Apy + BPYCr:mp + KIPYCIP 

Hf& v E R", l!P~ftl!JH ~r:mp ~*~ ~ lf;ffilliJtf.Ji9.l~ID'l-7Xo. 
~ ffJlfr oo tr.J ~Jll! 0 

(12. 40) 

:iE!I12. 2 ~.Ltt~02. 25)~~tf.J~A'tlltl'al*~ ~ ~~(12. 39)~~tr.J~ftl!J 

H~anp' jtq:t Ar:mp,Banp,Cr:mp ~ Dr:mp Ef:J~02. 40)~/:tlo llilllt~ r> r* ~~,JJ!U 
O) ru ~ ~ ~r:mp EJT%.1Vttr.JfflPF*~~*ur~~tr.J; 
(2) 1Atti9.l w ¥1Jflt~~ ttl h tr.JfflPF~:iim!t*tr.J H = nU~vJvr r o _,. 
i.iE Pn ~Jll! tf.JiiE J!ij PI 5t:~iw.i Zf; : jjl-zP-:JiHIE J!ij t< rM ,¢,(~fit : 
0) m~02. 25)~~tl9*~~ ~~02. 39)~~tr.J~ftl!JH ~r:mp EJT%.1Vttr.JfflPF 

* ~~ ~ ~~ fi9 , JA w ¥1J h fi9 ffl PFf~:iimlt* T "w <~ X ~anp) fi9 Hoo 1it~1UJ\T r o 
(2) m~ab*~ ~py ~~02. 39)~~tr.J~ftl!JH ~anp ~P-J~~tf.J, ~py 1-.J 

{

xpy(k + 1) = Apyxpy(k) + Bpyu(k) + EpyWpy(k) 

y(k) = C1pxpy(k) + D1pyWpy(k) 
hpy(k) = C2pyxpy(k) + D2pyu(k) + D22pyWpy(k) 

JA Wpy ¥1J hpy tf.JfflPF~:iimlt* T"PY"'PY (~pyx ~r:mp) tr.J H= nt!fvJvr r o 

(12. 41) 

jjl =tP-~iiE J!ij :tE ~py ~ ~r:mp EJTm.IVt tr.J ffl PF * ~ rp , JA Wpy ¥1J hpy tr.J ffl PF * ~~ 
~ ~~ tl9, ~ ~ _t~ x-t Elf ;ff i}J! .$ ntnJ M tiS 1-.J ~, l!P T"PY"'PY (~py X ~anp) == o o H ?& 
II T"PY"'PY (~py x ~r:mp) II= = o < r o ~ Jlt ~py x ~anp ~ ~ ~ ~ tr.J ii 
II Thw(~ X ~r:mp) Ilea< Yo X>fJf!:1JPif~ii£J!ij~~~tf.J~:1lfjjJt(~~Jtifi,t[23]o + 

)! 12.1 JA..t.OOtr.Jii£J!ij9=JB~~PJt<~J!it!J.tfttl ,x-fJN:*~02. 25)iiit-1- r . 
7Xft~ftl!J$~fftT-~;j~aiJ*~(12. 4Dffi¥A:ff~~~tf.J Hoo .::Pttffl¥mfiiJR!o ~ffJ • 
PTt<Mffljjl13•tl9*~~tP-~*~~~~tf.J~~$o _,. 

roo~-1-lliiffif91J-r 0 

f§IJ 12.3 ~.Ltt~A'tlltl'al*~(l2. 25), A,B,E,ChDhD22 ~jjl11 .fi9{91J 
11.1-~,_§_ 

c1 = [o o o o 1], D1 = o 02. 42) 
W:fiiJR!tr.JmA\m:tEf91J 11. 2 r:FitJt:1-.J r· = 15. 16907 0 ~ffJ:i2UJ-1-iEt'$il: r = 
15.17 o ttHS*1lJt:f!PTm.¥rJ-1-1tllfl-7P!~il:&tu!~ftl!J$02. 39) ,;ttrp 

0 1 1. 005710 1. 003592 -9.516228 
0 0 0.005710 1. 003592 -3.303781 

A = anp 0 0 0. 691710 0. 191432 -1.876073 
0 0 -0.310193 -0.809744 3.217071 
0 0 0 1 -3.281899 



Bal1' = 

10.519757 

4.307309 

2.067505 

-4.026815 

4.281899 

[

-4.043756] 
, Dal1' = -14. ~46573 

[ 

0 0 - 0. 314000 - 0. 812097 

Canp = -1 - 1 -1. 315903 -1. 813273 

-1 0 0 0 

Mw~h~ffi~~~m~~-#ffl001~3~• 

3. 231659] 
12. 7~3300 

.. 223 • 

~ Thw<.~ X ~anp) II 00 < r = 15. 17 (12. 43) 

m~ * tJt ~ t&,¢.( :13- o. 596025, o. 618045, o. 433068, o. 382376,- o. 237186, 

-o. oo0212,o,o,o fn o,:i!®~'$tE1(!W:miJpg. 4 
15.1696 .-----r---.-----,r-----r----.--..,.---,-----, 

15.1694 

15.1692 

!!'!. 15.169 

• 
15.1688 

15.1686 

15.1684 

I 
I 
I 

I I I I I ------; ------r------,-------T-------r------,----- --
1 I I I I I 
I I I I I I 
I I I I I I 
I I I I I I -- ----;------ ------~-- -----~-------r------;-------
1 I I I I 
I I I. I I 
I I I I I 
I I I I I 

------~-------~------ -----+-------~------~-------1 I I I I 
I I I I I 
I I I I I 
I I I I I I 

------~-------~------~------- -------~------~-------1 I I I I I 
I I I I I I 
I I I I I I 
I I I I I I 

------4-------~------~-------·-- ---~------~-------1 I I I I I 
I I I I I I 
I . I I I I I 
I I I I I I 

------4-------~------~-------~------ ~------~-1 I I I 
I I I I 
I I I I 
I I I I 

15.1682
0
!------::

0
-'::-_
5
---:------:'

1
_-;-
5 
--2~---::'-:::----±----::-' 

~$/(radls) 

*"'Wq:t .~fflhl:IY]X;J"T--Ai:-f.t H~~ifitJI'PJJM,,~,~~~~ji;IJ~Wt'iX'J'rX;J"~ID(
iX~iX~~-··WR~-Wr'S~H~M~.:i!-M*~MT-M8·~-~~~ 
:ii~BtfilJfii.JJm~M*· ~~-fN:tt,x-t 12.3 il~-*tff~py ~J(--t-•M-~S~tlH 

~~ifltJD: 
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{

xpy(k + 1) = ApyXpy(k) + Bpyu(k) + EpyWpy(k) 

y(k) = C)pXpy(k) + D)pyWpy(k) 

hpy(k) = C2pyXpy(k) + Dzpyu(k) + D 22pyWpy(k) 

:fftE--'}~#89-tfH:M.&i1H$ Xpyy, BllfflW:.&i1tt::!ffi!J$~J6, ~p 

(12. 44) 

u- Xpyy + u 02. 45) 

PJ~JA Wpy ¥1J hpy Ef91JJl1~-JJ!m~o INJlt~~-1Jif£,tEJ6ffiitfS{Fiii Dzzpy=Oo 

:fftE --'}":ll1t"Ei9~~.& ij}i~ id F PY, ~~-' 

(Czpy + DzpyFpy) (sl- Apy- BpyFpy )-1 Epy = 0 

:Jt~ Apy+BPYFPY JH~~89o !JG1f1flBH~ii!i--'}1f£ID'i"89XW.~~=no ~~-fN:ttffi!iJ 

fBjfil!,fFii~J~f2i: CIPDIPY 89%AE.f~J! 

(12. 46) 

(12. 47) 

(12. 48) 

tl:~Jlj Yl =xl o Effl;,{!JG1f1ft~:fl--'}{iiit Xz Ef9~IDf#itt=no *ffl)C~[118]Ef9!J!i 

:W:, tJ)ttiHi~tl:.l:~ili Y1 *"~~ Xz ltif~ffi X1 Ef9:f;t~:1fW: 
'Y1Ck+D. Auyi(k)+Aizxz(k)+E]Wpy(k)+Blu(k) (12.49) 

:Jt~ Y1 .fn u E.~o xz 89XW.~ii!i:i1: Yo :ilHr 'mi 
Y1 (k) = A1zXz (k) + E1 Wpy (k) = Y1 (k + D -Au Y1 (k) - B1 u(k) 

(12. 50) 

--'}#iit~~ Xz Ef9~1lft_¥~1g 

{
x 2 (k + 1) = ARx2 (k) + ERWpy(k) + [Azl BzJ[~(~:J 02. 

5
1) 

YR(k) = CRxz(k) +DRWpy(k) 



[Ct,o2 J [Dt,o J AR := A22' ER := E2' CR := At2 ' DR:= Et (12. 52) 

tLHJ&.*titC12. 51) ,!!GfiTilJv..t#J~-1- X2 119~1m-X!tW!~H: 

.£2 Ck + 1) = AR.£2 Ck) + [A2l B2 J [Yl Ck) ]+ KR [CR.£2 Ck)- YR Ck) J 
uCk) 

(12. 53) 
. KR ~X!tW!~H~~He!I$.&,mnwJEAR +KRcR ~141fil!~):EI19~~.:#-ll 

(zl- AR- KRCR)-1 CER- KRDR) == 0 (12. 54) 
ttHi)C~[79]119~* C f!Pttml 2. 2. 1), !!GfflilJ v.A iiEIIJ3 .R.~ ll95t!l.l. CApy ,Epy ,Cpy, 
Dpy) ~ti:'ilJ~fU!VN1Jlli:l19. r;t;fi)[j~~.~ .Jjl~ CAR ,ER ,CR ,DR) ~ti:'ilJ~fU!ifJ\ 
ffllli:l19 .&;fi"X~!l~t.(. KR l19-*tit1tttJPiJf!JJij~ 13 i't9='B9:til~H~¥IJ. 

-~B~1f7~1m-119X!t.Ufn.«l19~~&·.ffi~»~*7-1-S~I19 
Wl~:t:m. epA;o2. 5o) 9='119 Yl ck+ D. !!Gfn*m-1-:t~*m~J!-l:v!. re~~m-X!t 
W!~UI19~id:i~HT*~ KR = [KRo KRI J' J!fll~ tl:l [yJ' yTJT 119!liUEI~Eii' Iii] 
IJt):EJ( -1-!fiB9~~:lfi: 

'V: = X2 + KRtYl 
-~'ilJv.A~~~00119~1m-~tt:H~~-H: 

vCk + 1) = CAR+ KRCR)vCk) + CB2 + KR1B1 )uCk) +GayCk) 

xpyCk) = [I..-~ }ck) + [~ _ ~RI Jy(k) (12. 55) 

u(k) = Fpyxpy(k) + Xpyy(k) 

~ = [- KRo A21 + KRJAll- CAR+ KRCR)KRl J 
FPv ~~~&-~id. XPY ~~tl:lfD!&.~id. 

it 12.2 1f@I19~A:o2. 55)JYTm119~Wr-~ttH~~iMHB9~~~rEil~mnr 

f}~.lf'~•'J'I19, f51.tlt~i!J!JUI19 McMillan lm-!IZ,,J,-TA: 02. 55) B9~~~ fEiJ ~ml191m-

7X. J!~E!J-T!£:111.D!~ili&t1H4!C12; 45)ZJ§' .~):EB97;JJ~~1lt~~ili hpy 9='~.11' 

PJX!t.B9. 
-1-$#;fi@I19~~~~=If!lDt=OI19~~&·ffi~ • .tltBt'ilJB. 

A;02. 45)B9fD!~ili&1m Xpy, -ft~~JJiiJijz)§';fi C2PY = 0 filAPY ~~)EB9. f51JitPJ 
~- FPY =O,f!!J!~'*lif~!m-~itff~~i!J!Jff(l2. 45) B9 McMillan ~~-T~. f!P 
$;1>.1-1-D~~~& 1mfftf u = xpy Yo ... 

•J§'mm~~m-~m&•~t~J$<12. 55)'ilJ:m!ff~m1-JrooB9tjrt%A:: 

(12. 56) 
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A,~:= <AR +KRCR) +<Bz +KRlBl)FpyGJ 

. B._:= (Bz +KRlBl>(FPY[~ -~Rl]+x~ )+~ 
(12. 57) 

C._:= FPY[~J 

D~:= FPY[~ -~Rl]+xPY 
~fll:fir00a9~111!o 

~1112.3 ~l!t.J:.\02. 25)J!Jf~a9~1ttatfaU~tlf~o ~ r> r· JiHit~a9o .Pltl 
:ff:f:E~~m~ xpy~Fpy ~ KR 1!1!~~3to2. 56>WT.~a9~ittJ=H~ ..... ~m.Jto2. 57)~ 
ili a9 A._ ~B._ ~C~ ~ D~ A:fir00a9tt.&t: 

(1) Eb ~ ~~ ..... }!Jf;m$;(t9ffi~~tlf~ltilli~~(t9; 
(2) JAtft.l;fj w i'J~~titrili h a9ffi~~:iim~a9 Hooii!~vJv'f Yo 
il1llJI 1~1:~g ~py A:firooa9ttmt: 
(1) :ff:f:E-1-~-ntm~ XPY, f!J!m. Dzpy + DzPYXPYDIPY = 0 ; 
(2) c<\py ,Bpy,Czpy ,Dzpy) ~ti"Pfi9!~!VJ\ffi{il:a9 ,i§t:fixm~~; 
(3) (Apy ,Bpy ,Czpy ,Dzpy) ~li:Pfi9!~:il:fJ\ffi{iL(t9, ii:fix~~-~; 

J!JfV.Ha~.B.f&$;:lr.o #Jf: Xpy~Fpy ~ KR a9~tlf1t~~PJ:(:E~ 13 :iif:~tti'Jo + 
r00a9f9!Jrai!~7*11a9ta*o 
~ 12.4 ~~.J:.\(12. 25)J!Jf~a9~itat16J~tlf,Jt~ 

A=[~ ~J. B = [~2]. E= GJ (12.58) 

c1 = [~ ~], D1 = [~] 02. 59) 

Cz = [0. 8 0. 9 ] , D2 = 0, D22 = 1 (12. 60) 
~Sh~i!Er~t/f (A,B,Cz ,Dz) ~Pfi9!a9 ,:(:£ 1. 5714 *:fi-1-~~~(t9~~~-~. 
-1-~tlt <A,E,C! ,D1) ~li:PJJ9!,:(:E 2 *:fi~~~(t9/PS!:~.~o *lffl~ 11 :4ia9Jf: 
t!?!HtJt: r· , PI1~fnTiffii'BiVNil.1-J . 

r· = 3. 9631638 
rOOx:t r =a. 963164 ~tt-1- r7Xfit~tl:IHtfuili~i!JtJ$,*ffl...t~:i:tfliH~i'J~WJ~ 
t/f(12. 44) .jt~ 
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[
1. 14353033 1. 18520854] [ - 2 J 

APY = 2. 34861499 3. 46328599 ' BPY = o. 96422578 

3 [1.65382390] [0.14353033 1.18520854] 
E = 10 • C = 

py 4. 83262217 ' IP 1 0 

3 [1. 65382390] 
D1PY = 10 • 

0 
. , Dzzpy =- 3297. 4252 

C2py = [ -1. 74280115 -2. 36309110], D2py = 0. 30400789 

:8:JEit£iMH~~1g 
A~= 0, B._= [0. 06254887 0. 05328328] 

c._= o, D._ = [6. 55844429 4. i9141397J 

EIL.tiiila9lUJE~t£iiJIJHJ9f%JVta9ffiJiF*~:fll~1g o ~ o. 4878±jo. 1199,19ft;.{'i?:ff1 

H?&~~)£(19. 1!112.4 ~JAw i~Jh a9ffiJiF.ffl-iim~a9~jf«fi!J,flf*Hffi 
. ~ Tllw (.~X~._) II 00 (i(jli}BJjv=frit)£(19 r 0 • 

3.9632 .---~----.----r---.---~----.------, 

3.%32 

~ .3.%32 

3.%32 

3.%32 

I 
I 
I 

1 1 ,{3.963)64 : 1 : 
------;-------r ------4-------~-------r------;------

, I I I I I 
I I I I I I 
I I I I I I 
I I I I I I 

. J I I I I I 
- - ---4-------~------~-------+-------~------4 ------

l I I I I I 
I I I I I I 
I I I I I I 
I I I I I I 
I I I . I I I 

---- -4-------L------~-------~-------~------~------
1 I I I I I 
I I I I I I 
I I I I I I 
I I I I I I 
I I I I I I ------ -------L------J-------~-------L ______ J _____ _ 

I I I I I 
I )1*=3_%3)638 I I 

·-·+·-·-·+·-·-·-t-·-·-+--·-·-1-·-· 
I I I I I • 

----t------4-------+-------~------4------
1 I I I I 
I I I 
I I 

0.5 1.5 2 2.5 3 3.5 

"$/(radls) 



13. 1 !¥f. i~ 

;z!s:~~,Ltt-f.ji~~atfiiJ~UfE!'B H=JL-'F--Tttffl¥mfiiJ:!<H= -ADDPMS), mi¥ 
~I'B~¥~~~•w~•&~k!'B&~o~~at~¥~!'Ba~~~~~~-•I'B 

*•&~o~~•at~I'BM~~~.-:flli~~at~!'BJL-'F--Tttma~n!m~m~ 
1i1f.Jlo ~ 1996 1:f, xif-TMt~xif~I'B~ ¥ ~~•& ~ ki!it~~~~ ~ !'B H=~ 
ADDPMS,Chen ~c11JMtlf:l T -:!JliiJff!¥11~flj:o ~~~lll:lli::tEE Chen ~c142J~lf:l 

T -:flli~~a;JfSJ¥~!'B H,"-ADDPMS I'BJE?t~1Z'~~flj:o Lin~ Chenc143J ~UMt 
ili T -f.li H=JL-'F--Tttffl¥mfiiJ:!!'Bff!¥o ;z!s:~!'Bt!<'r.'~EEXmx[l42]~[143]l'B~* 
f!Jmti'B 0 

A~-~~•~wi'B•ttat~~~~at~*~= 

{

x(k + 1) = Ar(k) + Bu (k) + Ew(k) 
~: y(k) = C1x(k) + D1w(k) 

h(k) = C2x(k) + D2u(k) + D22w(k) 

03. 1) 

Jt9=1 xE Rn~~~ ,uE Rm~t:!i!J!J~A,yE R1 ~7Jltl:l: ,wE Rq~f]tl9J ,hE RP~1J{t;! 
~lf:lo ~BtrOO-¥-f,~~ ~p ~ ~Q ?t~U~mm~lm:7C!JHA,B,C2 ,D2)~(A,E, 

CuD1 )fjf~ffi!'B~¥~o ~ffJ1iJfJE~OO!'B19J~t:!i!J!J$: 

03. 2) 

Ac1 := [A+ BDanpCI .BCanp J 
BanpCI Aanp 

03. 3) 

~UfJ\.:r.\:03. 2)FJfffii'Bt:!i!J!J:H~anp"PJ1!¥~~ 1*18~0 ~ T~~w~m1Afft191w $JJ1Jtt:! 
~ lf:l h I'B ffl PFf~iim ~ o ~U X;f-:fl1i ~~at fiij ¥ ~ I'B H= JL-'¥- -T fJt "PI ffJ¥ tti'B ~ ~ 
:ttn~o 

~)t 13.1 x;J¥~03.D!'BA~iJltl:I:&~~I*J8~g~:lRI'B-fN: H,.,JL-'f-Tfft 
ffi¥MfiiJ:!<H=-ADDPMS)"PJffJ¥~flj::flO~ :XiffffPJMt~iEf,j:l: r>0,3I~:ff~-1'

m:ttn:r.\:03. 2)Flfmi'Bt:!i!J!J:H,-f!1~ 
0) :tfi!it~tt19Jat, EE ¥~03. D~t:!i!J!J:H03. 2) FJrmmti'BfflPF¥~~*:lli 

a~!'B, llP:r.to3. 3) FJrm!'Bm~ Ac1~*:lli8~l'B; 
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(2) ffi~.*Mtb\tltz;/J w ¥!lflt~~ lli h 8<1 Lz !tMil\-'f!i)Z~-T y, I!D 
llhllz~rllwllz, VwELzfll(x(O),v(O))=(O,O) (13.4) 

'1ft-B<J ,)>\ w ¥U h B<Jffi~f~ii~~B<J Hoo 1i!~lj\-'f!i)Z~-T y, ep II T hw II oo~Yo • 
~~&a!iX:~~a&a~B<J~~•fttMM~~m~B<J~~~-~~0* 

~8<1 § B<JRd*JE~®fOJ:!B<JPJfitt~ftJ:,*fi~:ff:t£8<1 ,!J!tl#J~'t; o *!J:B<JJi;J~~ 
:1J~: 13.2 ~lli T -fllltilSitatfElJ.*MC Hoo-ADDPMS B<JPJfitt~ftj:o 13.3 "ilfll 
~ 3. 4l)~lli T:(£fi:ff:(£8<J1W?£~ ,-fN:iliitatfa] Hoo-ADDPMS fia9#J~ttJr1! o 
:!-!J:B<J.IYf:ff.±~~*a9iiE~U~f-IF:t£ 13. 51l'P .~*FJIH~ffl~ o 

*1l~lliJt.:ffp;j~~B<J-/.1i Hoo ~•fttfi*MfOJ@B<J~-fj:~{tj:,~Jit-=.f* 
W?£:~f~t~,&•-~~~&afll~ls.:&ao · ~®~ftJ:Ul&tJ&~M-r~'BJ*~~o 
~ffltfl.~lli::::Fi!BtJrfffilJ~filJ-T~IBJB<J~UiJr1!*~~~®~{tj:o ~-"'P.±~~ 

fl!:B<JiiE~U~f-IF:t£ 13. 51l'P o 
tr )'G~ Lit~~ JJ:~ {£ '~ffJ:ff~iiif B<J~ * 0 
~~ 13.1 . ~ltt~03. DJYf~a97lSitHtfElJ~:Ulat::::F1t.¥ME ~.~tl:!l~lli:h 

y -:- [:J. ~ c1 = [~J.v~ = [~] 03. 5) 

!P.IYf:ffa9~~1t:!lfllttz;IJ<~~.fj!J~~~Ht-~ffl-T&ao xt~~.*MEJt.:ffpg~~ 

:U~~.fj!,& aB<J H=~•fttfifi.IIIPJ@PJ fiB<JJt::frfO~,~~{tj:~: · 
(1) (A,B)~~~; 

(2) lm(Dzz)Clm(Dz), ep Dzz+DzS=O,;Jt'P S=-<DIDz)tDIDzz; 

(3) lm(E+BS)C{i-'0 (~p)+BKer(Dz)} n { n IAI =!.'f.(~p)} 0 • 

i.iEIIJ.I .9i!. 13. 5. 1 ll 0 • 
~-r-f.liB<J~•••&aMl£.9i!.~ooB<J~•o 
~~ 13.2 ~Jit~(13.1)JYf~B<JJlrfitatiBJ~ttat~1t.¥ME ~0 Xt.*ME 

13. l)B<JJ{.:ff~tl:!l& afll Ji;J~~B<J Hoo ~.3J2-=ftJtfi*Mfill@PJfiB<JJt:7tfO~,~~ 

t~: -
(1) (A,B)~~~~B<;; 

(2) (A,Cl ):;lf:~~~tla9; 

(3) Dzz+DzSD1 =O,;Jt'P S=-<DIDz)tDIDzzDT<D!D[)t; 

(4) lm(E+BSDI )C{i-'0 (~p)+BKer(Dz)} n { n I AI =I.'f.(~p)}; 

(5) Ker(Cz+DzSCI) ~ { 9'0 (~Q) nc11 {Im(Dl)}} u { u I A I =I~ (~Q)}; 

(6) 9'0 (~Q)Ci-'0 (~p) o 
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i.iEPJJ ~ 13. 5. 2110 • 

riti~~Jli!~Jll!~itfJ~~~J-.7.FmiEJi!U~ffim., l!P D_, =o at~~it~J~ 
(13. 2) 0 

~1113; 3 ~..LttJ:\03. DFJfffi~~fitatfaJtilttat/F~*~ ~0 tEFm iEJilU 
m~ :1.:& 11! fll ~ ~~t'-nf:!r, X;J" * ~ < 13. D ~ H ," JL.>f-TtftflllH/.11 fiiJ NJfi'iJ m ~ 1E ?t fll 
~,JHiHt:~: 

(1) (A,B)PJ~~; 
(2) (A,Ct )PJ~1Y!tl; 

(3) Dzz=O; 

C4) IrnCE)ci"0 (~p)n{n IAI=t.ciX<~p)}; 

(5) Ker(Cz )C9'0 (~Q) U { U 1 A 1 =I~ (~Q)}; 

(6) sP0 (~Q)C"V0 (~p); 
(7) AsP0 (~Q)Cf0 (~p) o 

i.iEPJJ ~ 13. 5. 5 11 o 

' 
-roo~-.®Wlto 

4 

• 
a: 13. 1 :flll:W: ~p ~i'VN1Jtilfll:f1PJ ~. iilfXm~ ,~ .~Q ~!VJ\ffHilfllti: 

JtT~.&lfXm~t.\o Ji!tl~Jll! 13.2 ~*ftt (4) '"""(6) § ~711/LfEo :!X at~ H=
ADDPMSPT m~ftj:~JVt: 

(1) (A,B)Jt]"~~~ 
(2) (A,Ct )Jt]"~1Y!~; 
(3) Dzz+DzSDt =O,;ltl=j=t S=-(D[Dz)tDJDzzDT<DtDDt o 4 
a: 13.2 x>tr*~Cl3.D~~~WPJWtl:l.:.1t:PTffl-T&-mi~~~'lfm., t!P y= 

x.~~Jll! 13.2 PT~~:ltl!.~tl:lt£~~~&-mif!l~~~tf.J:5Rr ,H=JL->1-Tttm*lllfiiJ 
»lri'iT m ~ 1E?tfll~,~ *ftt~: 

(1) (A,B)PJ~~~ 

(2) Dzz=O; 

<3) Irn<E)c"V0<~p)n{n IAI=I.ct.<~p)}o 4 
~r*tE&lfitJHifiii ~p ~~ ~JLfiiir~faJffim.r .~fn~tl:l~fl!u-.:~* 

~YE~Jll! 13. 2 ~Pimtt*ftto 
fV!}J13. 1 4{- S=- (D[Dz )+DJDzzDT CDtDDt o :flll:W: Dzz + DzSDt ::;t:O, Ji!U 

*~03.1)~ H=-ADDPMS~/FPTm~.jf:~~ll:.~Ji!U~rliJr-~o 

!V!ll13.2 itJH;H~Il!f5tm<A,B,Cz,Dz)Ffif-t~*~ ~P ~~~~f,j~ 
cscm. J-J~~1Jff, ref!l ~p .ffi~~ scB 9=' ~FJTlf-rm~fll~~m~ _r_ r·tj 
"P" ,:flll r""~ ~P ~ SCB !ft~~~~~.BdPf-t~rm~ Bd ,A~fll ~P t£1\i{\J:!m_t 
~/F~~t.\~~.ffi~. 
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fV!ll13. 3 t:tfF71EtE A~ q:t!M't[{il(8~~:ffl.Em$~JR.1g {wPI ,wPl, ... •WPkp.}, x;f 
4!J1' i = 1 , 2, .. · , kp, ft fn:l2U~.ffi x;f .fill t8 JHIU$ V,-p, M! ~-WE t8 ~tl M1 ~ T ~ft£ ~ l'al 

{xEC'~ lx"(wp;J-.,-A~)=0}£8-m~.Jtq:t n~~ ~t8Mt~. f&j§-~ 
Vp := [YrP Vzp .•• vkpP J (13. 6) 

tt;M: n,.p: =dim(9r~)+dim(9rbP)+dim(9rdP), ~lk 
EcP 

E-.d> 

E~ 
r.I}<E+BSDr): = 03. 7) 

E1.f, 

EbP 
EdP 

fV!ll13. 4 ~ 4~~;JR[gjGgJi(AT ,Cf ,£!' ,D[),~*~4Q (8x;J-(M. tt;M: 4~£8 
~~*f,j~. IRJ*F .1g T ~ .!Rt1rfl!, tf!~ 4'Q~1tkt8 SCB ?:lt:~Wffll: rtf-"Q", :till 
r sQ~ 4~£8;t;t~?:Jt:~.BdQ{-tt1-Tm!I$ Bd .A~Qfll4~iEl!im!Wl:t8/F?:Jt:~.¢.(~~ 

ffi*· 
fV!JI13. S ~~(8 ·~ A~Qq:t~ft£{il(8~~:ffl.Em$~JR.1g {WQI •WQ2, "' ,w~Q}, 

x;f4lJ1' i= 1,2, ... ,kQ ,ftfnJit~.ffix;f.fili£8![m!I$ V;Q ,fl!~·WE£8~tl:ftJ~T~tE~I'aJ 

{xEC"~ lx"(wQil-~)=0}(8-m_~,Jtq:t n~~ gt,.~£8~~. f&j§-~ 
VQ := [YrQ VzQ ... VkQQ] 

~r71Eit;M: nxQ :=dim(~) +dim(9rbQ) +dim(~Q), ~lk 
EcQ 
E~ 

E~ 
r~ (Cz + DzSCr )T := + . 

EaQ 
EbQ 

EdQ 

(13. 8) 

(13. 9) 

(13.10) 

Jtq:t r~n,.pXnxQ89~11tmli$. 4 
r0089tt19!:x;f~J:;M:?'!ilHT T .~,~. ·tf!tLHi 4P fll4Q 89 SCB ffi*89-Tm!I$, 

~ttl T;r.t03.DJ9fm89-M~ftta;fl'al*~ 4 89 Hoo-ADDPMS 11J!U¥tt891E?tfll~' 

~*flf. 
ttmi 1J.1· ~m.:r.to3. n J9fmt8~tta;fl'al~ttat/F~*~ 4. A:flili!!l:l.:& 
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i1!~1*J~~89 HoolL.lf-=ftJt~mfiiJN2!CHoo-ADDPMS)JjJ~89&'~~JE7t~flj:£: 

(1) CA,B)PJft~; 

(2) CA,Cl) PJf.&~tl; 

(3) Dzz-DzCDiDz)tDiDzzDTCDlDJ)tDl =0; 

(4) V~E~=O,EJ,=O,EbP=O,lm(EdP)Clm(BdP); 

(5) V~E~ =0 ,E~ =0 ,EbQ =0, ImCEdQ) ClmCBdQ); 

C6) r=o. 
tt~~{lj:C4)~(6)9='89J!Jf::ff~li$$BiE·7!~~ 13.1~13. 6 9='~)( 7. 4 
_tiTi.f89~=*PI1H1MtJffl~ 4!if89f~~*:fi'F~ttl9i~llt~Jll! 13. 2 89~=*ilH=J 

~ilE c 1:1! PI~ Jh!.~~ 9 !if 89 Jt~BtfEiJ liHP-t 89~ =*) • 

:<$:1l~mJ't.::ffi*J~~~~~~&~~llt~f~J~U3t~r89-IN: HooJL.lf-Tt/t~ 

mr£i!JIJ$89riUt .;tt9='891*J~~£~>tJf lttlli:!Mirm~89. 1t 5'6~ ilif1J*t-m~~1t. 
89D~~~& l1!t£i!JIJ$ 

u(k) = F(E)x(k) 

89-iittu{lBIE~rOO*m89-:J!N: H"'-ADDPMS: 

{

x(k+D =Ar(k)+Bu(k)+Ew(k) 

y(k) = :r(k) 

h(k) = C2:rCk) + Dzu(k) + Dzzw(k) 

(13. 11) 

(13. 12) 

-m8Jt£iE-m~~&i1!$r .~>tJE7ttJ\89 €, ffi~*m£14Jfm:~~89 ,JAw i!J h 89 
ffi~~Ji~li$ T~rw(z,E)i£ € ~-T~Bt-tf!~-T~.;It9=' 

T~rwCz,E) = [Cz +DzF(E)][zi -A-BF(E)]-1E+D22 (13.13) 

~fn::w-roo89•7!*f1J*t:i!*F89 F<€) • 
. i!71t 13.7 (~p 1¥-.J~M) 1E~Ii$1m5G!llCA,B,Cz ,Dz)J!Jf~~89r*m1t~ 

i!J~Jll! 4. 5 89*f7**:fi'F~cscm. ~~ -~ ili ~~A1t~mli$7tJJIJ~~yg r sP ,r oP 

~riP. 

i!71t 13. 8(~0-T-~~ 9fc m*l¥-.liiUd9iell$) ~Fe Y-Jff~i!WJE~.g* 

- A~ =Ace- BcFc 03. 14) 

89~~~1jt~li$. ~~*f~*:fij~89f£J9if*iJETJ!*F Fe 89:ffi£f£, 1.\!P (Ace ,Be)£ . 



[ 
0 0 

F ·= abd. Ed. E~ 
F~ Flil Fr¥>] 

F!J F1x1 Fdd 

l A! L~Cb L"!iCd1 [o. 0 l 
A~:= 0 Abb L~x~Cd - Bob 0 F~1x1 

BdE1 BdEdb Add Od Bd 
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(13. 15) 

(13. 16) 

(13. 17) 

~~~~#m~.~~*~£~tt~~~~~T~~F~~ff~tt. 

itl-13.10(~ A~ffi~T-~t1ctr.Ji!~UIH$) W:m~~MJ:iii~-"FIIii~-T&;q:t 

~nX;. 

ill. 13.10.1(*JJill~~) tt~i!J 

L.bcb Laded] 
Abb L~x~Cd , 

BdEdb Add ~
Oa 0] 

Boon:= Ob 0 , 

Od Bd 

[A~ 0 A;;:1x11 [ BO. 0 1 
A.,..- BconF.~x~ = 0 A~ A~1x1 , Boon= B&. 0 

o o A~ Bt.~x~ Bd 
(13. 18) 

(13. 19) 

(13. 20) 

A;;:1x1 = [0 L;i,Cb L;;dCd]- [BOa O]F~1x1 (13. 21) 

Hf&<Aron- BoonFabd ,Boon)~iiJtl~l¥). MJ:iii-"FIIiii¥J~~~#~~~~m~: 

(13. 22) 
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A~ 'r. - 'r.A~ = A~1x1 03. 23) 

Eli ~ A~ a9 Elf:fi ~VE ia:fEili ill: IMI _t , A1'i a9 Elf 1i ~ VE {a :fE :1f iii ill: IMI P3 , _t 00 a9 Lya

punov :/Jf£tf9Pi--#:fE. ml:fE~~~iiE 

r 
Bo;. o J 

-1 - + -r.~x~Boon- Bo.bd Bd 

BZ. + T~Bt.~x~ T~Bd 
f!;JJ.It~~xtCA~ ,B~ )~ -ey¥1tf9 ,JtJ:j=t 

(13. 24) 

(13. 25) 

B~ = [BZ. + T~Bt.~x~ T~Bd] 03. 26) 

ti7iil13.10. 2(i!-tl7~~~rt) *J.ffl~ 4 ilta9~:W:f.t¥IH~~Jf1£~9a!~ 

(13. 27) 

[B, B12 B11 

~I cro )-1 B!r = 0 B2 B21 
M a ~ • . . 

0 0 B1 

(13. 28) 

JtJft z ~mJJc.xt i=1,2,···,t,:fi 
0 1 0 0 0 

0 0 1 0 0 

A;= ' B;= . (13. 29) 

0 0 0 1 0 

-a~; - a!i-1 - a~i-2 - al 1 

tt~~A;a9~V£mmt£ililli:IMI...t.~£*~~x*~~a9m~. 
tJ7iiJ 13; 10. 3(7-~i'Jf\ii.t) )(;j"iij1'-(A; ,B;) '~ F;(E;) E RIXn; ~~~JitjJ!~ 

~m~.-BI!~' 
.A [A; ....:... B;F; (E:)] = { (1- E:)e"ii , ···, (1- E:)eil'•, } 

JJ;J:j=t et~il ~A; a9~VE{aCl=1, 2, ··· ,n). B.?& A;+ B;F; (E:) a9Eif:fi~VE{a:fEijilli: 
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U1U 1*1 ,Fj (£)~1JfE-IW o 

"!V!lJtJ.to. 4(-ttJno :P. m*.:r~i'!ftt-.Jifl.fid~~) ~ 
F1(£) 0 0 0 

0 F2(£) 0 0 

0 
<r~)-1 P. <£) := r~ 03. 30) 

0 0 FH(£) 

o o o F1(£) 

0 0 0 0 

1t 9=' £ E < o , 1 ]~ iii.t~fi , 1t 00: ;(£]§ liHiffl J;E o 1>J T J§ ITii IW lliZJfBll::fi r ITii IW ?tJJc : 

(13. 31) 

(13. 32) 

ffi:Jg 

F(£) :=- r;p[Fo +F. <d Jn (13. 33) 

1t9=' 

r~ 
CJ. ct.+~ Cob+ FbO Coc C..+F,.l 

Fo = Ed.. E?t. ~ Fbd Edc Fdd (13. 34) 

E; E~ E+ 0 Fe 0 ca 

~ 

~ 
~ (£) poaO+ (£) ~b (£) 0 ~d(£)] 

F. (£) = Pad(£) Pad+(£) ~b (£) 0 Padd (£) 

0 0 0 0 0 0 

(13. 35) 

:i!¥t~nltT~It{t!f*~&i1!!g'ft~I!!F F(£)fJ9~;iiiO 

jiG 1111ir oo a9 J;EJ11! 0 

~~ t3.4 ~m!lr1i!i*~tJniJfflr&i1!~W~J;E*~o3.12)o iNiiX>t*~ 
(13. 12)(19 Hoo lL.3JZ-T~Wf~fllJ/l!~I1IWfa9, l!Pi.-ftl: 13. 2IWI1Iffff11:~{lf:~~¥1JmJ£o 

!lltlm*~o3.12)~!f*~&~$ 
u(k) = F(£)x(k) (13. 36) 

FJT~nlt!Wffl~*~A1irmia911:.&i<1t9=' F<d Ell~03. 33)~/:fD :X>f{ffpJ r>O,# 
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(1) MJf*~:liH~1fili~~tl9 .RP A{A+BF(£) }t£1jt{}zmDP3; 
C2) 1>' -T tft w JIJ tit tl ~ ili h tl9 ffi Jf ~ :il mIt$ tl9 H"" 111 ~ ;J' =f r, l!P 

II Th (z,£) lloo<r. 
INJitttHW~Jl. 13.1 llJ1.ijA;03. 36)FJfffit19rtilitJ$ff¥Hk: Y*~03.12)tf9 H""-

ADDPMS. • 

iiEIIJJ !Ji!. 13. 5. 3 11. • 
riiii?lH~it~~1ttl9ttilitJ$. RP 

u(k) = F.r(£)x(k) +Fww(k) (13. 37) 
't:llJ ffffiiii ~wL~* ~ tl9 Hoo JL3f--TtJtf«UMfiil II!#A1f P3 ~~ tt: 

l 
x(k + 1) = Ax(k) +BuCk)+ Ew(k) 

y(k) = [~Jx(k)+ [~Jw(k) 
h(k) = Czx(k) + Dzu(k) + Dzzw(k) 

(13. 38) 
mtt~-~Jt:tEL.iiiitl9~wL~&11ittilitJ$r .mlf*~~-t=f1E:7t'J'~W £ ~141fili~~~W. 
Wl>' w Jlj h t19ffiJf~:ilmlt$ T hw(z,£)tf9 Hoo1t!~:tE £ ~=f~IJ;f-tlz~=f$,JtJ:f:l 
T hw(z,£) = [Cz + DzF.rC£)]• [zl- A- BF.rC£) ]-1 CE+ BF w) + CDzz + DzFw) 

riiii~~ii F.rCd~ Fw tf9-?*~~. 
tf7.13.12(itl!J S) .it. 

S =- CDIDz)tDIDzz 03. 39) 
tfTS13.13(itJJ F.rC£)) ttH~~~ 13.7--13.11 llJf=~:ttitmlt$FC£) ,f&fri 

F.r(£) = FC£) (13. 40) 
~tl:r-~it• Fw.~fll:ffi~l'Jffl ~p tl9 scB tl9~~mlt$ raP~ riP, ~lk-T~ 
It$ Bdo 

tJT-13.14(~~!1~~~ Fw) 4'-

~<E+BS) = 

f&Jfi"ilJ~:Jt~~lt$ Fw ~ 

E; 
E~ 

Et 
Eb 

Ec 

d 

F.~-r, [<BJB,);'BIE,]+s 

(13. 41) 

(13. 42) 
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:ff@(f9~ Fw B9m-$:5t~~71E1!£r~~ Ed ffi.*£f9jf:{£ Bd -fil~~fiij!ft(J9tJt 
i;/J, rmm=$:5tJJ!tl~jqli!JIJJii:t Dzzi£A~UJEB9tlti;/J o . • 

~frJ:ffrOOB9~* 0 
~m 13. s ;;~JJ&JitJ£~~03. 38) ,FJT:ffa9~~lt1ttti;JJ:mllf J'tlr &i1L ~A 

:ffi*J~JEB9 HooJL~-TttfWHMI'iiJJmX;f~~03. 38)~ llJf&lB9, I!P.rltlEJEJll! 13. 1 B9 
llff&ltt~flfo JJ!tlm~~Cl3. 38)lf1~uL~&~rli!JIJ$ 

u(k) = FxCdx(k) + Fww(k) (13. 43) 
FJT~ nlta9 ffi Jf ~~A :ff r 00 B9 tt JllJ:' ;lt 1ft Fx (e) ltl F w * JJU Ell j\ (13. 40) ltl 
j:\(13. 42)~ili 0 

X;fff-fiiJ~JE(f9 r>O,f¥{£--'ti££f9f,~:li £* >O,~~~X;fFJf:ff(f9 O<e~· ,:f] 

CD ffiPF-*~~Wf:ili~JEB9, I!P A. {A+ BFx(£) }{£7f1fiflLIMII*J; 
< 2) JA tit i;/J w ~J ~ rl ~ ili h B9 ffi Jf ffl- i§He II$ B9 H oo 7i! fuJ\ -T r, I!P 

II T lrw (z,E) II oo <ro 
[§JfttiHWJE)(.l3.11lJ~~j\03. 43)FJfffiB9rli!JIJ$>1tfil7-*~03. 38)£f9 H=-

ADDPMSo • 

i.iEII.ij t\!. 13. 5. 4 ll 0 • 

-roo~mf¥tJ-T71E~ffi*1lB9~*0 
0a 13.1 ;;~Jmj:\03. DFJTffiB9~~atraJ~~.Jt!ft 

1 1 1 1 0 0 0 1 
0 1 1 1 0 0 0 0 

A= 0 0 0.1 1 0 ' B= 0 ' E= 0 0 (13. 44) 
0 0 0 0 1 0 0 0 

0.1 0. 1 0.1 0. 1 0.1 1 a. 0 
J!lE a. ~f,~:l: 'll 

Cz = [0 0 0 1 o], Dz = [o], Dzz = [0 OJ (13. 45) 
00100 0 00 

{£)!-'tf¥tJ-T4';;1J.£tt~~&i1J!lf11tffH~,&i1J!iW#if~o f!Jffl Lin, Chen ltl Liu[74J £f9 
*XflfiA.~ff]llJ~~i~HA,B) ~ llJrl89 .~P FJfft~B9 (A,B,Cz ,Dz) ti:llJJm, {£ 

. z=l~1fWl-'t~~~~~,---t 2 M-B9xm~Bo mill 
1 0 0 
0 1 0 

if0 (~p) . I 0 0 ' BKer(D2 ) =I 0 (13. 46) 
0 0 0 
0 0 1 
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1 0 0 

0 0 0 

n ~ <~p) = I o o o 
I Al - l 

0 1 0 

0 0 1 

1 

0 

f0<~p) n <n IAI=l~<~p)}= I o 
0 

0 

1 0 

0 0 

{f0(~p) + BKer(D2)} n { n IAI =l~(~p)} =I 0 0 

0 0 

0 1 

(13. 47) 

R?t\ , ~ ffi .!~!- & 1~Hl~ H ., JL .3f--T tit ffi¥ ~ fiiJ I]L~, H:: llJ WHfJ ; ?t\ iffl, it~ & ~ H .,
ADDPSiiJ !fi¥ ~ 1E :fr 1Z,~ ~ {lj: H:; a. = 0 o ftl ~ * 'W Jt: 7* ~~ JIJ l' iiif ~ ~ 1t ~ ~ ~ 
~~: 

-0. 526316(£ -1)2 -1. 052632(£ -1)- 0. 626316 T 

-0. 775623(£ -1)2 - 2. 603878(£ -1) -1. 928255 

F.r (£) = - o. 798061<£ -1)2 
- 2. 763490(£- 1) -:- 2. 066429 (13. 48) 

- (£- 1)2 - 4. 2(£ -1) - 3. 31 

- 2(£ -1)- 2. 2 

'Ete!A+BF.x(£)~~ID:00Jfc~t£ 0,0,0,1-£ ~ 1-£, iffl 
F..,= [-a. 0] (13. 49) 

fflfF-wii~~ T~~w(z,£)~:Ql::k~~U1:fzlli!l 13.1 EJT~,_H.ft\~ £-o IJt,f!Jffl~ffi,@_ 

&~<~a.=O ~!!*~&~)~ Hoo-ADDPSH:;IlJ~lm~o 4 

~)E*m03.1) '*'W'fl~iiitllJ!fi¥-~ Hoo-ADDPMS ~~!Wt~~!Wtrutrili 

&11H!li!J!JHo :i!!E~~!Wt~i!J!JHH::m~i!J!JH~M-?XF~~=f~)E*mo3.D~M" 

?X, l!P~=f no iffl~M-~i!J!JHH::m~i!J!JH~~~M-?X'J'T no 
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0.04 .---~--,--.,.--,...---,----.--.....--,...----.---, 
I I I I I I I I I 
I ,....,..._,. I I I I I I I 

o.o3s ---+1·--f---~---f-----}----}----+----+----+----: : : .,.l&=O.Il : : : : 
0.03 ---t.----f-----f-----~---l-----l-----l-----+----+----

1 I I '·...J I I I I 
.1 I I I -,., I I I I 

0.025 --+~----t-----t-----t-----t:......,._t----t----t----t----
• I I I I I """t. I I I 

"""' 0.02 --,'lr-:.._~~:.~----~----t----t:::-:i·-;--f----+----
;,; II I"., I I I I I 'i·-.1 
_. • I I I ' ' I I I I I I .......... ....__ 

0.015 -1!-+----t-----")'-..;:--~----t----t----t----t----t--::~ 
~ I I I "".I. I I I I I 
t I I I r',..,. I I I I I 

001 ~--L----~----f-----j----~---1----t----t----l----
. : I t I : ........... ,........................ I : 

0.005 --
16~~~~----~----~----t----t----+-~:.:-;::::t==== 
I I I I I I I I 
I I I I I I 

0 ----t-----t----+----t---- t -, --;· ---;-- -; 
I I I I I I I I I 
I I I I I I I I I 

. -0.
005o 0.05 0.1 . 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

~$/(rad/s) 

00 13. 1 T ~ou BC.lli:k~#Uli:OO <~fit~ ml£> 

13. 4.1 :i:l!fl'~Hfi&tl 

. :<f.:'ill§tlt~!Sft&tlii& 11Jtt!itltJ$,:t£~w13. z (f(JPJmtt*1ttrPifH~~~~ 
(13.1)(J(j R",-ADDPMS. Xifr~~~~nl.iJE~JI13. 3 Jf:I}Yf;U~{lf:(J(J'If~,-~ 

!jvj,(J(Jf~iEPJr:~F~iEDltl(J(Jm,l!P~~!JI 13.15 Jf:I(J(J N=O. rllii~#ii~PJfijl~ 

~ (13. 1) (J(J R"'-ADDPMS (J(J~~ {t~!Sfttlni tl:l & 11Jtt! itltlf! (J()Jl:f!~ lJI. 
ii7!1113.1S(i.tJJ N) .frJffl~~*:ft'F~(J(Jf£19l:it•~~~1itm!t*x f!l Y,ft 

~i "f0(~p)=Ker(X)f!l ,Y'0(~Q)=Im(Y). ?&JiiitJl: 

DIJ[XAY ·XEJ 
CzY Dzz 

[yrcr] wrcr T t x DT < c1 1 + D1 D1 ) 

il7!1113.16(~~:1iJ!~II$ Fp(e)) ~)(.-~~WJ~~ 

{ 

x(k+D =Ax(k)+Bu(k)+Ew(k) 

y(k) = x(k) 

h(k) = Czx(k) + Dzu(k) + 0 • w(k) 

A:=A+BNC1 

E:= E+BNDI 

Cz := Cz + DzNC1 

(13. 50) 

(13. 51) 

(13. 52) 

(13. 53) 

(13. 54) 
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F(£)~ ~ Fp(e)=F(e;)o 

'!V!JI13.17(ijU;d~lt$ KQ(e)) ~)(.§j--f-4lfiWJ*tlf 

{ 

x(k + 1) =AT x(k) +Cfu(k) +CJw(k) 

y(k) = x(k) 

h(k) = f:T x(k) + DT u(k) + 0 • w(k) 

(13. 55) 

?&m~ ..too (J<j * t~tmz.m 13. 3 ., (I<J~~ 13. 1--13. n, ~¥JJ~f£1t(I<J:f:tl~~~ 
F(e)o ~~(I<J.~KQ(£)=F(£)To 

'!Vlll13. 18(~:@:i: ~~1M H .!FC (e)) :Iilii, ~It 1t (I<J ~llfi'*Dtr ili Bt 1j}f~ibfj 
~1-1 

(13. 56) 

j
A.FC(£) :=A+ BNC1 + BPp(e) + KQ(e)CI 
BFC(£) :=- KQ(£) 

(13. 57) 
CFC(£) := Fp(£) 

DFC(£):= N 

tt~:!ut~IHit~*tlftiJE~lll! 13.3 (I<JJ!Jf:ff~{tj:,jltlllJ~:J21ii~~~ DFC(e)=N=O,~-!t 

~F·~-~-~0 4 
~frJ:ffrOO(I<J~lll!o 

~!113. 6 X;f-=fi1:;(13. DJ!Jf~(I<J*tlf .!.~~J{.:ffpg~~(I<J R.,JL1Z-Ttli:fa¥ 
fMIOJ»!:J!PJfWt(I<J, l!PmJE~Jl13. 2 (I<JPJfa¥1i~{4o mtlm*t/t(l3.1Hil~llfi'~li.:Bt 

1j}f~ibfJHn3. 56) mmJOC(I<Jffilf *tlfA:ffrOO(I<JttM!: ~ff:'t~~(I<J r>o ,.fft£-
1'-~(I<Jf,jil: e* >O,{t~-ft~J!Jf:ff(J<j O<e~·,:ff 

(1) ffilf*tlf~pg~~(J<j I 
< 2 ) JA tit ~ w ¥1J tJt ~ *D1i ili h (I<J ffi Jf -w :il ~ ~ (I<J H"" 1tt It 1]' -T r, l!P 

II T""' (z,e) II oo<ro 
~.lit*~~)( 13. 1 llJ~-!t~ibfj~(13. 56)fa¥t/c 7*tlf(13. l)(J<j Hoo-ADDPMSo 

• i.iEIIJJ !A!. 13. 5. 5 1l 0 • 

rOO~ilif91Jr*llii~..tOO(I<J~*o 
f§tj13. 2 ~~A 03. 1) J!Jf~ (I<J""fttB;jl'aJ * t/f, A, B, E, Cz- D2 ~ D22 fliJ ~j 

13.1-~.w 

[
0. 5 

C1= 
. 1 

0.1 o. 5 0. 2 
0 0 0 

0.1] _ [1 OJ , D~-
0 0 0 

(13. 58) 
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1-Jmi!'Jt®!lt1~~~ E rpag a~=L .fi}{Xf!Jffl Lin, Chen~ Liu[741 (JgiJJ,, PJ~~YE 

CA,Ct)J~PJ~i!J!~ag ,.4Q JYfft~(Jg(A,E,Ct ,Dt )PJ'~,;ff -1--Ml"ag:X~~.¢.(,{£ 

-o. 6554,o. 3777±jo. 6726 *" 1 ~;ffll91-~~~,¢.(0 mHI. 
1 

0 

0 

0 

0 
1 
0 
0 
0 

1 

0 

0 

0 

1 0 

0 1 

{ y0 (.4Q) n CJ1 
{ lm(~)} } U { U I A I ~1 ~ (.4Q)} = 0 0 

0 0 

0 0 

(13. 59) 

(13. 60) 

(13. 61) 

~x1UriliJlJl13. 2 (JgJYf;ff*ftttJHmntt,go ~Jit~Jl*~ag R ,., -ADDPMS H::PJ 

frirfag o tiHW*~ag-~PJ~iiJ::i\03. 56) J9fffiag~IDf4iitr ilili19!rtittJH ,Jtrp 
N = [ -1 0. 4] 03. 62) 

-0. 526316(£ -1)2 -1. 052632(£ -1)- 0. 526316 T 

-0. 775623(£ -1) 2 - 2. 603878(e.-1) -1. 828255 

Fp(e) = -0. 798061 (e -1)2
- 2. 763490(e -1) -1. 566429 03. 63) 

- (e -1)2 -4. 2(£ -1)- 3. 11 

- 2 (e- 1) - 2. 1 

'EteA+BFp(e)ag~{iE{i[WCit.f£ o,o,o,1-e *" 1-e ~, ~.& 
-10 4 

-10e 5e 

KQ(e) = 0 0 

0 0 

0 0 

(13. 64) 

'EteA+KQ(e)Ct 89~{iE{i[JJGit.f£-0.6554,0.3777±j0.6726,0 *" 1-e ~0 



• 242 • 

l¥113. 2~ffll~~i8H~!~ T ~~w<.~,£) (I(J:ft:X~:ffffiOO, ~JfH~.ffi:(£ £ ~r~flit, H""
ADDPMS~PJ~m!.(I(Jo 4 

0.7 r----r--r--=-_,.---,--..,---,.---r--...,...----, : : ,...·:·-·4... : : : : : 
I 1/ I I ' I £=0.1 I I I I 

0.6 ----t---t----~-----t---.:~,--t----1----~-----t----
1 

1
. I I I I ·.....: I I I : : : : : ,., : : : 

o.5 ----r7~-;----r----:-----r----r--"f,~.:J-----:----
, • I I I I I I t........ I 

04 ----~!---!----~----~----~----!----~----~--:~~-. :,,, .... +...... : : l : : : : ........ 

: 0.3 ----r---1--~-:.*--..:.-:~~~----t----t----~-----~---
,f· : : i ............... : : : : : 

_I• I I I I ......... I I I I 
02 --7,.r----~----~----4-----~-~----~----~-----r---

. I. : : : : : : ----:------~--- I 
I 1£=0.02 I I I I I I I -~----

01 -- ----~----~-----L----L----L----~----J-----L---. 'I I I : : : : : : : 
I I I I I I I 

0 ----}----{----~-----~-----r----r----"1----.,-----r---
' I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 

-<l.l 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
11$/(rad/s) 

m 13.2 T~au(J{J:fi::k'$tjFfD:<~M-t~ttftoci1!tRN.> 

13. 4. 2 l!fllfi'WH:I:I&~ 

*~*ffl~9~(1(JM~*~rr~~~ili&~~~Bo~~~~~~M~~~ 
:l2Uf:lt~m~,J!*F(I(J~ft!JB~MJPJfff~'lltflitiBJ~~Hl3.l)(I(J Hoo-ADDPMSo 1t 
)t,/f'~-Al!:tt@.PJmffl,lm~mii* Ci fn Di Bf£A~~J:t 

fn Di = [D~.o J 

{ 

x<k+D =Ax(k)+Bu(k)+Ew(k) 

y(k) = Cix(k) +Diw(k) 

h(k) = Czx(k) +Dzu(k) +Ow(k) 

(13. 65) 

(13. 66) 

Jt9=t A,E fnCz :!!ll!RJJ:\:03. sz),....,J:\:03. 54)P.Jf};E)C ?&.lt:He!~~03. 66):tJJ?t1-J 

. [xi (k + 1) J [Au Aiz J [xi (k) J [Bi J [Ei J = + u(k) + w(k) 
Xz (k + 1) Azi Azz Xz (k) Bz Ez 

[
y 0 (k)]= [0 Ci,oz][xi(k)]+ [Di.o]w(k) 
Yi (k) Ii 0 xz(k) 0 

[
Xi (k)J 

h(k) = [Cz.i Cz.z] ( ) +Dzu(k) +O • w(k) 
. Xz k 
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Jt'P~~(l3. 66)J:f:tB~P~~ x it:1Gtl?t1-Jx1 ~ xz WJ1'-$5t;lm y it:1Gtl?t1-.7 Yo~ Y1, 
Jt'P Yl ==xl 0 ~JlttE~M"t:ii!JIJ:Hiiit'P JHI~~tt~~ Xz epey. tiff*~)(-
1'-~ili!lf.Jr~~ ~QR, 'Eft~n!lt$1lY:JG.mCAR ,ER,CR,DR) ,jtq:t 

(AR,ER,CR,DR) = [A22tE2 ,[~~:2 l[~~oJ) (13.67) 

rmi :JikX;f __;..· ~ Ji!£ ftt IJ;j llil Hoo-ADDPMS ~~~WI"~ l:li & i1Jt t£ it!! :H ~ Jt:#i: 
tP-!JJ. 

fV!1113.19(~~it~~~ Fp(£)) ~)(-1'-~ililli.J~~ 

(13. 68) 
{ 

xCk+D =AxCk)+BuCk)+Ew(k) 

y(k) = x(k) 

h(k) = Czx(k) +Dzu(k) +O • w(k) 

~J5xt.t.oo~*~mm 13.3 -=w~#i:~~!Jil3. 7---13. ll,~,JtJ~flft.~:ttftn!ll* 
FCc). N~ Fp(e)=FCe). 

fVIt13. 20(~~it~~J{$ KR(£)) ~)(~-1'-~Itb*~ 

{ 

x(k + 1) = A~x(k) + (1u(k) + Cf.zw(k) 

· y(k) = x(k) 

h(k) = mx<k) + D~u(k) + o • w(k) 

(13. 69) 

~J5xt.t.oo~*~mm 13.3 -=wJt:it:~~!JI13. 7---13.H,m¥~J~flft.~:ttftmll* 
F(e). ~{~~'~ KR(e)=F(e)T. 

fVIf 13.21 (~~llfllft~!ttJH ~RC (£)) X>f FP (£) ~ KR Ce)Jtjj1Jl1Hi~ x= 

[:: J~ y= [:: ]lll~>tm~:ttl?t, ep 

Fp(e)=[FPI(£) FP2(e)] ~ KR(e)=[KRD(£) KRI(e)] 03.70) 

~15~)( 

~(£) = [- KRO(£) A21 + KRI CdAu- CAR+ KR(e)CR)KRI (£)] 

(13. 71) 

(13. 72) 

BRC (£):=~(e)+ [Bz + KRI (e)BI] [0 FPI Ce)- FP2 (e)KRI (e)] 

CRC(£) := FP2 (e) l
ARC(e) := AR + BzFP2 (e)+ KR(e)CR + KRI (e)BIFP2 Ce) 

DRC(£):= [0 FpJ(£)-FP2(e)KRI(e)]+N 

(13. 73) 
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tl:~~Wr"~fM=H-ft&:b\ y ill u "ff -1'-~J:~~J!UtfHtutJi o 
~in"ffrOO~;EJll!. 

~Jm 13.7 ~.t!t.:t\03.DE!f~~*~ 2,~~AfiPH~;E~ H=JL-'f-TtJtfW 
*Mfiil»!.£Piffl'fJ, enm.IE;EJll! 13. 2 nrmtHld4=. 9!Um *~o3. IHo~Wr-ttuili&~ 

~fll!l:HE!f!ll~~ffi~*~AfirOO~ttlill :X>i"fffiiJ .r>o,;(f:(£-1'-.iE~tj:fl £. > 
O,M!1~x>J"Eif"fftf9 O<£~· ,"ff 

(1) ffi~*~:.likW(ili~)E~; 
< 2) b\ tit $1 w ill 1Jt ~ M' ili h ~ ffi ~ -ffl ii m If$ ~ H = 111 ~ 1j' =f r, l!P 

IIT~~w(z,£)ii =<Yo 

f~illt~tHS ;E..)( 13. 1, ;A; 03. 72) ~ ili B9 ~ ttJ $ fW lk: 7 * ~ 03. 1) H=-
ADDPMSo 4 

i.iEPJJ !A!. 13. 5. 6'il o + 
-roo~ilif911r*Uir~_too~~*o 
f§d 13.3 ~~~.ttt{91J 13. 2 ~*~· rW*M1iii~Wr-ttili&~~ttl=H. eit 

llHi~tl?t 
1 ; 1 1 1 0 
·· ·'" ·· -- --- ··---- ---- ------ --- --- ---- ---
o i l 1 1 · o 

A= [1~~·+·1~:J= O!O 0.1 1 0 
0!0 0 0 1 

B= [!J= 

o:o -0.4 -0.1 0 
0 1 

'- --- -- --
0 

0 

0 

0 

1 

' E= [iJ= 
0 0 

0 0 

0 0 

0 0 

0.5 0.2 
1 1 

0. 1] 
0 ' 

(13. 74) 

(13. 75) 

(13. 76) 
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-0. 526316(e; -1)2 -1. 052632(£ -1)- 0. 526316 

-0. 775623(e; -1) 2
- 2. 603878(e; -1) -1. 828255 

- - 0. 79860l(e; -1)2
- 2. 763490(e; -1) -1. 566429 (13. 77) 

--:- (e; -1)2
- 4. 2(e; -1)- 3. 11 

:.__2(e;-1)-2.1 

ra ~EJ K. (,) ~ [K., (,) ; K., (,) J~ ~ ~ (13. 78) 

-t;reAR+KR(e;)CR l'f9~UE{lli]~c~t£-O. 6554,0. 3777±j0. 6726 ~ 1-e: ~. ~ff] 

tl!m.~J 7% ~n ~ c 13. 12) 1'19 ~ WJ- • te & t1t rt fli1 =n, ;tt 9=t f1f 1i 1'19 -r m ~ tl5 tE 
~03. 73)qt}E)( 7. 00 13. 3 ~ffllf~:Imm~ T ~m- (z,e:) 1'19ii::k~:1ff1IOO, PI~~ 

£ ~f~R;j" ,Hoo-ADDPMS ~PJ~J£1'J9o • 

0.1 r--r---.---.--....---.---.---.--.---,---, 
: .-·-:-·-.. : : 

I 1/ I '· I I I I I 
I j, I I ....... I I I I I 

o.os ----l---~-L----1-----L--~~ . ....._---L----l-----L----l----
, I I I I • I I I I 
I ol I I I ....... ~.11 I I 

:I : : : : I.,: : : 
0.()6 ----{/----~----{-----~----{-----~---~f:·~.----{----

1/ ~-,~ I I I I I I - • ....,. 

','' I ............ : : : ; : : ,· ............. 

• 
!!!! o.04 --- } -----~----~'".:-~ ... ';;F: ~:.~~-----~----~-----~-~--~----f, I I ..,.,. I I I I I 

I~: : : : ......... :-...... : : : : 
I I I I I ............... I I I 
I I I I I I ........ ..,.., I I 

0.02 - ---t-----~-----t-----~-----t-----~-----t---~~--1--=-~-;.:. 

:e=<l.02: : : : : : : 
I I I I I I I 

I I I I 

0 ----~-----~----~-----~----i-----r----~-----r----~----
1 I I I I I I I_ • I 
I I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 

-0.02 '----
1 
--

1 -~1 -..,..-1--1-'---1--1--1~--1 
_ _, 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

~$/(radls) 

13. 5. 1 lE~ 13. 1 tr..JiiEPJJ 

~ffJ-*YEtm)EJJ. 13.1 1'19~*' l!Prlm~WL~,*~eg Hoo-ADDPMS llJf!l¥11: 
~f4: 
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4FI: y(k) = [~Jx(k) + [~Jw(k) 
{

x(k + 1) = Ar(k) + Bu(k) + Ew(k) 

h(k) = Czx(k) + Dzu(k) + Ozzw(k) 

1t ;t)ES( -roo~~ JUJ:it~atraJ ~ t1t = 

-r~rrii[o]~'" 
I"'1: :.::6,1u:6nW 

Jt 9=' A, .B, E, c z- Dz fJl Dzz ~5ES(~ 

A= (A+BFo +D-;1 (A+BF0 -I) 

.B =.fi<A+BFo +D-1B 

E = .fi <A+ BF o + n-1 E 

Cz = .fi (Cz + DzFoHA + BFo + n-l 

- ~ . Dzz = Dzz- (Cz + DzFoHA + BFo +I) E 

(13. 79) 

03. 80) 

03. 81) 

XJt9=' Fo ~~ff;Jik{ii!~~A+BFo t£-1 ~ii:ff~UE-!io ,R~(A,B)ItJfA5E~~ 

PJti~Jl!-..ao ~7 J§'lfii~J.i)zffl ,~fflffl ip 1-t~<A, .B, Cz, Dz>Flf~ffi~-T~ 
tfto Glovecf:8JBt~Y£f!ij(tf!.JU~.W..~ 4 :i\l:)"~itatfa]~tft(13. 79)~ Hoofitlt~:lll 

!j\ffi~-Ti1~atfBJ~tft03. 80)~ Hoofitlt~:lll'J\-!fio ~JitJA~-i'~itJU1ittHi 

tl1~fita;ffiij~tft03. 79)~ Hoo-ADDPMS ~PJfAi1tt~fft-Ti!~a;ffiij~~(l3. 80) 

(19. n ,., -ADDPMS ~ Jij" fAi1 tl:o *1! M Schererl:20
'
21

] ~ ~ *' ~ tJt ( 13. 80) ~ H oo

ADDPMSJij"fAi1~1E7t!ll·~*fttJik: -

OHA, B)JikltJfA5E~; 

(2) ;(ft£--i'~lr$ S fl!!~~ Dzz + Dz S =0; 

(3) lm(E+ B S)c.<f+ <ip) n { nAEC0 Sf(ip)} 0 

~~Y£1!1} <A,B)ItJfA5E~fft-T<A, B) ltJfA5Eo ~Jit.R fi~YEI!I}r!Df~~i£ 
~ffti!PJUYEI!I}~~ 13. I. 

1*~1: 

0) :(ft£-1' S {i!!~~Dzz+DzS=O; 

(2) lm(E+BS)C {"f0 (4p)+BKer(Dz)} n { n I A 1-I ,Sf(4p)} 0 
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~i£2: 

0) #t£-1' s ft1l Dzz+DzS=O; 

(2) Im<E+ B S)c9'+ (i;'p) n { nAEC0 ~(i;'p)} 0 

~);£ 1~~);£ 2:/F~-A~ti:,1N"ii03. 79) 9='~ Dzz =Oo ltU~)]!Jll! 3. 11 ~)]! 

J1l! 3. 12,JL{PJT-~faj "fix ,9'x, "'{ ~ ~ t£-{:f{PJ!f;t~Jiiff! -~iliiff!A,~F~#~A~~F 

~#~ ili?:Jt~r~Jik/F?:Jt~ o t£J6ITii~ff!1iir*tfE ~P E!ff-t~~lm:JGm (A,B,C:H 
Dz) Bi~Jik)]!Jll! 4. 5 ~~~~IHij~%A:o 1-Jt£J600~~:1J{J!,l£-tf;ff!1ii ~p flt?t 
fflfj) 

£r = ~· Ef} £r-; Ef} 9.fc Ef} 9r~ Ef} 8tj, Ef} 9ld Ef} ~I (13. 82) 

jt9=' £r~1 Jik~ ~P t£ z . -I :fi.t~/F?:Jt~,g~*~~~~~.~· Jik~ ~P t£~{\'L[!!U 
_t~/F?:lt~,g~*~~-g~~o ~jjtl:ff 

A: 0 0 0 L~i: cb L~Cd 0 

0 A;;;. 0 0 L;;t,Cb L~Cd 0 

BeE:_ BeE;,. Ace BeEt. LebCb LooCd BeE~ 

A= 0 0 0 A!_ Lt,Cb L!tCd 0 +BoCz.o 
0 0 0 0 Abb LbdCd 0 

BdE~ BdEda. BdEde BdE;t BdEdb Add BdE~ 

0 0 0 0 L~lC~ L~Cd A~ 

(13. 83) 
BO* Oa 0 0 EO* Oa 

Bo. 0 0 E-; 

Boe 0 Be Ee 

B= [Bo B~J= Bt 0 0 ' E= E:- (13. 84) 

Bob 0 0 Eb 

BOd Bd 0 Ed 
BOI Oa 0 0 E~~ 

~~ [~ 
0 

~] 0 (13. 85) 

0 

CO. Coe ct. Cob Cod CJ!l 
o o o o cd o 
o o o cb o o l:

. . c 8 

Cz = [ z.o ]= 0 
Cz,I 

0 

(13. 86) 

jt9=' A8!~E!f:ff~:fif{ilt£-I ~,Ag: ~E!f:ff~:fif{ilt£~-1 ,g~9~~~{\'L[!!U_to 
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mtl'*~ 1 (1{](2) 9=t(J{J*{tf~-fftr~if-@1f~~~:HtUt(J{Jm~ ~~ ~ xd ,1f 
E~ = 0, Eb = 0, E~1 = (1 +A~ )~1 , Ed = BdXd (13. 87) 

. ~0000 00] 
Cz = Cz +DzFo = 0 0 0 0 0 cd 0 . 

. oooocb o o 
(13. 91) 

~TfliHt~.W..,l£-~ffilW: Acc,Abb~ Add{E-1 ~&1H~ID:U1. ~Jiltl~~~~1Jn 
A A · 

~~~&~re~ID:mm~~~.~~E~(J{J~~~~~A:tE-t~&1f~~m. 

rWiifitJt:m 
(A+ BFo + n-1 

([+A: )-1 0 0 0 X1s X16 xl7 
0 (1 +A;;;.)-1 0 0 Xzs Xz6 Xz1 

0 0 ([ +Aa:)-1 0 X3s x36 x37 

- 0 0 0 ([+A~)-1 x.s x.6 x.7 
0 0 0 0 Xss Xs& Xs1 

0 0 0 0 x6s x66 x67 
0 0 . 0 0 x75 x76 x11 

(13. 92) 



• 249 • 

/\ 

Xss =(I +Am)-1 [I -L~x~Cd(l +Add)-1 ]JdEi!.t1-1 L~~Cb(l+Abb)-1 ] 

(13. 93) 
/\ 

Xss =-<I +Abb)-1 L~x~ {I+ L~x~Cd<I +Add)-1 BdEi!.t1-1 

X [L~ -L~~Cb<I+Abb)-1 L~x~]}Cd<I+Add)-1 (13. 94) 
/\ 

Xss = ([ +Add)-1 {BdEi!.t1-1 [L~- L~6Cb(l +Abb)-1 L~x~]Cd(l +Add)-1 +I} 

(13. 95) 

/\ 

.t1 = I+ A~ + [L~6Cb (I+ Abb)-1 L~x~- L~ ]C <I+ Add)-1 BdEi! 
(13.114) 
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U +A: )-1 B8; + X1sBob + X16B0c1 + X11B8! x16Bd 0 

(1 + A;;;,)-1 B0. + XzsBob + Xz6Bod + Xz1B8! Xz6Bd Q. 

(1 + A.,.,)- 1 Boc + XasBob + XasBod + X31B8! x36Bd Xcc 
jj =-12 (1 + A;:;)-1 Bt. + X4sBob + X4sBod + X41B8! x46Bd 0 

XssBob + Xs6BOd + Xs1B8! XssBd 

X6sBob + X66BOd + X61B8! x66Bd 

X1sBob + X1&B0c1 + X11B8! x16Bd 

;It~ Xcc=U+Acc)-1 Be. 

(1 +A: )-1yo.; X~* + X1sBdXd + X11 (1 +A~ )~1 

(1 + A;;;,)-1 E; + Xz6BdXd + Xz1 (1 +A~ )~1 

(1 + Acc)-1 Ec + X3sBdXd + X31 <I+ A~ )~1 

X46BdXd +X41<I +A~)~1 

Xs&BdXd +Xs1<I +A~)~1 

X&&BdXd + X67 ([+A~ )~1 

X16BdXd + X11 ([+A~ )~1 

0 

0 

0 

(13.115) 

(13.116) 

D2 = [- Cd(X6sBob + ~66BOd + Xs1B8!> - Cci~66Bd ~OJ (13. 117) 

-Cd(XssBob +Xs6BOd +Xs1B8!> -CbXs6Bd 

(13.118) 

(13. 119) 

1\ 

I +A~ = .6- [L~Cb(l +Abb)-1Lbd- L~]Cd(l +Add)-1 BdE?J! 

(13.120) 
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(13.121) 

/\ 

(1 +A~ )-1yo.; ~· + X1sBdE:l!~1 + X17 (1 +A~ )~1 

(1 + A;)-1 E;: + X2sBdE:l!~1 + X27 (1 +A~ )~1 

• (1 + A .. )-1 Ec + X~sBdE:l!~1 + Xa1 ([+A~ )~1 . 

X.sBdE:l!~1 + X•1 U +A~ )~1 

XssBdE:l!~1 +Xs1U +A~)~1 

XssBdE :l! ~~ + X61 ([+A~)~~ 

X1sBdE:l!~1 +X11U+A~)~1 

([+A~ )-1¥: ~· 

* 
* 

=J2 0 
0 

0 

* 
(13.122) 

Jt'F * ~-®:X.*~~~n!~o ~ ip FJfft~~n!lt$IDiiEm<.A,.B,c2ti52)~~ 
~~fBlit?tffi¥1-.7 

~ = ~ Ef) ~ Ef) ~c Ef) ~~· Ef) ~b Ef) f:-1 Ef) ~d (13. 123) 

Jtcp ~,~; '~c,~b ~ ~d ~~ ip ~~~*f,~~~)i1jt~.}(~r~fBJ,ffij ~-:! 

~~~~s=1~~~·~~.*~·~~~,~-~~~~Jt·~-~~~~ 

.*~~~~~<~-E!m s=1 ~)0 itHtt:t~[3]rp~ 7 -~(7. 4. 36), PJI~HiE~ ip 

~ ~ ~ .!p ~ fl"~-**1-1 
t!Yo _ 11Y1l• tlY- _ llY"- tlY _ ay tlY+• _ llY"+ 
.A.a-.A.& t 3.-a -.A-at Vt.c-...t.ct .A.a -.A:.a (13.124) 

~b = :ib·,- f:-1 = ~' ~d = ~1 (13. 125) 
' WJl,ip ~Kfl~_t~~~·~~~mz~•~~~afFiiin!~~~fiE~~*~~Jll!!J: 
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A~: = <A: + n-l cA: - n 
./.AJ:t03. 88H&~~~YElli 

Im{ U +A: )-1yu.: } = n Im{,BI- A~} 
flEA( A~) 

~1£~~./.A):.\(13. 122)fl!t¥~~l;j~~1imilflli 

(13. 126) 

(13. 127) 

Im<E+BS)CY*(;fp) n {nAEco9i(:fp)} (13.128) 

llP !*:it 2 ~ < 2) Jllt.ll. o 
!*:it 2:::;.!*Jt 1 : f'UIH~~ii1t~fll~ 4 :!jl ~ fti *, JHHE ~ _t ~ ffE Wi"i:U'l& 

:i::VfEllPnJ ,l§Jit1!l'~o ~~1Gnlt7~~ 13.1 ~YEI!ijo + 
13. 5. 2 ~1113. 2 tt-.Ji.iEPJI 

~7~:it~~,1£YE!!ijuW~m~~~~A1£-1~&~t¥~~o~E~X 

roo~~ It1Jit~atr8J ~~ = 

1
i=Ax+Bu+Ew 

~= ; = c,.r +i5,-w 

z = C2 x + D2 u + D22w 
;it~ A,i3,£,c"i5~-.chi52 fU D22~~X~ 

A= <A+l)-1(A-1) 
.B =J2<A+n-'B 
E =J2<A+D-1E 

C1 = JZc, (A+ n-1 

D1 = D1 -c1<A+n-1E 

c2 = J2c2<A + n-1 
D2 = D2 -C2CA + l)- 1 B 
~ -1 D22 = D22 - C2 <A+ I) E 

(13. 129) 

(13. 130) 

~Tmilii~~~::tf~,~ tp ~ffim~~lrn5G!ll<A, .B, C2 ,D2)FJfft~~T-~~' 

tQ ~ffim~~lrn5G!llCA, E' c1 ,EI )FJfft~~T-~mo liH~)C~[8]~fti*,~ 
ff]nJ ~ YE l!ij rOO~ 1'-l*:it~~fft ~: 

(1) ;J:\;(13.l)~~~J.fj{~fitatf8J~m~ ~ Hoo-ADDPMS~n]"fWt~; 

(2) ):\03.129)~~(19~It1Jit~Btf8J~~ :f ~ Hoo-ADDPMS~n]"fWt~o 

mM~~ 9. H -w.nr~.Yi!.x~[2oJfl![21J), _too~~=-t-I*Jttf!.~fft-rroo 



B9~flf: . 

O> CA,B>~Pit.A)E~; 
C2> eX, c\ >~PI~~tl89; 

~ + ~ ~ ~ -t:t-r-h ~ '":T ~ t '":T ~ '":T ~ '":T t (3) Dzz DzSD,=O,~,.. S=-CDzDz) DzDzzD,CD,D,); 

- --- + - -(4) ImCE+ B SD, )CY (,!p) n { nAEC0 ~(~p)}; 
~ ~ ~~ + ~ ~ 

(5) Ker(C2 +DzSC,)=>"f (~Q)U{UAEC'i:i'C~Q)}; 

C6) "f+ cfQ>cY+ cfp) 0 
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lt)t~~~~(A' B' c, )~Pit.A)EfUPI~~tlB91t:?tfU~\?&=~flf~(A,B,C) 
~Piti\)EfUPI~~tlo 11ff"?~:&M 13. 5. 1'ilB9iiEI!ij~fFOOB9~~~fft: 

(1) ~~I: 
CD Dzz+DzSD, =O,Jt9:t S=-CD1Dz)tD1DzzDlCD,Dl)t; 

® ImCE+BS)C {i® (~p)+BKer(Dz)} n { n I AI -J~(~p)} 0 

(2) ~~II: 

CD Dzz + Dz s i5, =o,Jt9:t s =-ci5I Dz >t DI Dzz DT ci5, i5Dt; 

® ImCE+ B si5, )C{Y+ cfp)} n { nAEC0 ~(fp)} 0 

X;f 13. 5. 1 1189~~llHrX;f~, PI~ Y£f!ijr0089M1-~~~fft: 
(1) ~~A: 
CD Dzz+DzSD, =O,Jt9:t S=-CD1Dz)tD1DzzDTCD,Dl)t; 

® Ker(Cz +DzSC, )=> { Y0 (~Q) nCJ' {lm(D,)}} u { u I A I - 1 i;;'(.!Q)} 0 

(2) ~~B: 

CD ~ ~ ~ ~ ~r-h ~ '":T ~ t '":T ~ '":T ~ '":T t 
Dzz+DzSD,=O,~,.. S=-(DzDz) DzDzzD,CDtDI) ; 

- - -- + - -® Ker(Cz + Dz S C, )=:>i" (~Q) U { UAEC'i:i'(~Q)} o 

m:m, mm 4 ~)EJJI! 4.1 PI~ 

"f0 (,!p) = f!+(fp)' Y 0 (~p) = "f+(fp) 

"f0 (~Q) = y+ ( f Q) 'y0 (.!Q) = "f+ ( f Q) 

1251JltrOOB9M1-~~~fft= 
(l)y0 (~Q)C"f0 (~p); 

C2)"f+ cfQ)c;~+ cfp) 0 

lNJlt:fl)EJJI! 13. 2 89~-*0 

13. s. 3 ~1113. 4 tt-Ji.iEPII 

t£&~f£f!jfj$ u=F(E)X r ,*f~*f,j~r(l9ffl~~~PI~~j;J 

(13. 131) 

(13. 132) 

• 



• 254 • 

(13.133) 

~(x~). = A~x~ + B8.ho + Lo.nhd + L~hb + E~w (13.134) 

~(x;t"bd) = A~x;t"bd + [.Bt.bd ,B;;bd]P. (£) (x~ + 'P.x;t"bd )+ E;t"bdw (13. 135) 

~(xc) = A~Xc + Bocho + Lcbhb + Lcdhd + Ecw 03. 136) 
ho = [~ ,Fij) ,F dO ]x;t"bd +~(e) (x~ + 'P.x;t"bd) (13. 137) 

hb . [0""' ,Cb,D""'x"d]x;t"bd, hd = [D""'x": ,O"'b><nt. ,Cd]x~ - (13.138) 

(13. 139) 

Bt.bdB~tftt~&11tiiit·?'!~~ 13.10.1 t:f:lflt~)(:i:iT ~ ~fl1-tf1.*'JfflTWtl: 
13. 2 ~*flJ:(2), I!P D22 =Do £;" ,~ ,E.b.J ,Eb l!l Ec ~~)(~IfF: 
. r;JE = [<E;;-)T (E~)T (Et,)T E'[ EIY' E;t"bd = [(Et,)T EJ]T 

(13. 140) 

(13. 141) 

lm(E~) c 9'(A~): = nwEA(A0 ) Im{wl-A~} (13. 142) .. 
~%Jllt-iiE~ ,){;jffi~~tft:(13. 133),.....(13.138)i1tfii'ij-t-tt~~~: 

[
x;;-] [x;;-] 

- 0 :t:n - - -+ Xabd - X: IJ'H Xabd - X~~ 

Xabd Xa 

ffi~~t~tt.E~~tt~~-r~~~~ 
~(x;;-) = A;x;;- +A;bd+x~ +Bo.~(e)x~ +E;;-w 

~(x~) = A~x;t"bd + [Bt.bd ,B;t-bd]P. (e)x~ 

~(x~) =(A~ +B~P.(e))x~ +E~w 

~(xc) = A:'xxc + A. .. bd+x~ + BocF~ (e)x~ + Ec w 
ho = [F~ Flj) FdO]x~ +~(e)x~ 

(13. 143) 

(13. 144) 

(13. 145) 

(13.146) 

(13.147) 

(13. 148) 

(13. 149) 

(13.150) 

A;bd+ = .Bo.[~ Flj) . FdO]+L;;;-.[0 0 Cd]+L;i,[O Cb 0] 

(13. 151) 
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A;;;,lxl+ = Boc[~ Flil FcMJ]+Lcb[O Cb O]+La~[O 0 Cd] 

(13. 152) 

lm:tE*f1;J~~=-t-~~. ftff1flf~::t~[87]1¥.l~*fF~?l*· 
51~ 13.1 ~m~:tzn:J:.\03. 29) I¥J~M"Ax;fCA,B) ,A I¥J~W:{R~{E~mlm 

Lo ~ F(E) E JRIXn~M!~',\ {A+ BF(E)} = (1-€),\(A)JVtJl.{j{JIIf£-~~.EE (0, 

1]. ~tlfJ::t£-1'-~~~jf{j{J~~~~ Q(E) E RnXn ,M!~' 

(1) Q(E)1eA+BF(d~~¥lJ?k Jordan ~.RP 

(T1 (E)[A+BF(E)]Q(E)= ](E) 

:= blkdiag U-1 (E),] +I (E),] 1 (E),··· ,Jt(E)} 

... 

mix-t~-t- i= 1. 2, ... , z ,:fi 

:i!II!x;f i= 1,2 t ••• ,l :ff a~ +it= 1 ,x;j" i=Fj :ff a;=l=aj 0 

<2) 1 Q<E) lllll Q-l <€) 1 ~~:ff ~{J{J, RPx-tlll € x.!ki¥JJE11tfl o, :ff 
IQ<dl::::;;o. ICT1 <dl::::;;o, EE co,l] 

lm(E) c nwEl(A) lm(wi- A) 

;tt!:f q Hdf~~Ji • .P!tlft{Elll E x.!kl¥Ja~O.M!~' 
ICT1 (E)EI::::;;a, EE(0,1] 

(13. 153) 

(13. 154) 

(13. 155) 

(13. 156) 

(13. 157) 

(13. 158) 

(13. 159) 

(13. 160) 
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· [Eo1 (£) l [E;1 (£)] Eoz (£) E,'2 (£) 
Eo(£)= • , E;(£) = • 

E~ (£) "oXq Eo.i:(£) 2n; Xq 

.!J!U.ff:tE~ e x~B9p~o.M!~fxt4IJ1- i=1,2~··•,t,:fl 

I E;,i (£)I~ /3£ 
(4) 4-

S-1 (£) = diag{e"-•-1 ,e"-•-2
, ••• ,£, 1} 

s+l (£) = diag {£"+1-l te"+l-2 ' ••• •£' 1} 

M4IJ1- i=1,2,···,l,:fl 
S; (£) = blkdiag { e";-l 12 ,£";-2 Iz, ••• ,£12, Iz } 

(13.161) 

(13. 162) 

(13. 163) 

03. 165) 

(13. 166) 

(13. 167) 

S(e)](e)s-1(£) =J(e): = blkdiag{]_I(e),J+I(e),JI(e),···,J~(£)} 

(13. 168) 

- . [-0~£) .: 
1-1 (£) = 

... 
- 0-e) 

(13. 169) 

J+, (<) = l-· .~. ··. 
1-£ 

(13.170) 

M4IJ1- i= 1.2, ··· ,z ,:fl 
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(13.171) 

. (13.172) 

® Lyapunov :1JW 
]T(e)P](e) -P =-d 03.173) 

IW!Jf£-iE~m P(e):J!~ WIW, I!P:ff:(£~ e :JG.*IWiE~n!~P1 ~ Pz .M!~~x.t e· E 

(0,1],~ 

P1 ~P(e) ~Pz, VeE (O,e*] 

(5) :ff:(£~ e :JG.*IW a .p~O,M!~~XifJ!JT~ eE (0, 1] .~ 

I F(e)Q(e)s-1 (e) I~ f£ 

----- -+ - -+ 
X 0 - X a ' Xabd - Xabd' 

- -
Xc = &Xc 

(13. 174) 

(13. 175) 

(13.176) . 

• 
(13. 177) 

(13.179) 

Q.(e) = blkdiag{Oat(e),Q.z(e),···,Q.(e)} (13.180) 

:1!!1! Q.;(e)~ Sai (e):J!i31 E! 13. 1 9=t tJ9 Q(e) ~ S(e>Xif .=.ft~.IHAnB; ,F;) rro1:ftl9. 
[:l;!Jit51E! 13.1IWJ!Jf~ttmi"WPJJ.i!Zffl. ~~*tff:(£:J!.®mf!W~~1fltrn\t_1;} 

~(;;-) =A~;;;+ A~lxl+;;;;lxl + Bo..P.o (e)T~Q.(e)5;-1 (e);~+ E;w 
(13.181) 

(13. 182) 

(13.183) 
- - ~ 1 -~(xc) = A~xc +e[Acalxi+Xalxl +Boc.P.o<dr~Q.(e)5;- (e)x~ +Ecw] 

(13.184) 

(13.185) 
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J. (£) == blkdiag { Ja1 (£) ,J.z (£), ••• ,Jal (£)} 

[ 

0 ..812 (£) ~13 (£) 

_ 0 0 B23(£) 
B(£) == • . • . . . . . . 

0 0 0 

X;f i==l,2,· .. ,l ~j==i+1,i+2,···,l,;ff 

... ~ll (£)] 
••• B2l (£) 

. . 
0 

(13. 186) 

(13. 187) 

(13. 188) 

(13.189) 

. [~1(£)1 
- ~(£) 
~(£) == S.(£)Q;"1 (£)(T~)-1 E~ == -: (13.190) 

~(£) 

xr i== 1, 2, ... ,z,J ai <e>Jl!::51}]! 13. 1 ~~ J <e>x>t~~-=::7Gm <A ,B;,F;)mi~~ 0 

· ;f:IU~51}]! 13.1 PJ~l,xtf!Jf;ff~ £E(0,1],:ff 

(13. 191) 

x>t i==1,2,···,L,:ff 
(13. 192) . 

:S:.€fxr i== 1,2, ·•• ,z ~ i ==i+ 1 ,i+2, ••• ,z ,:ff 
I .Bij <£>I~ b9£ 03. 193> 

l!.m. F.o ,;~ ~ bij H::-®~ £ x.rc~.LE'M"Ito 
rififx;ffflYF*~03. 181)-03. 186)f1;J~ Lyapunov PJSilto ~{llJM:li!!itT

*~~ Lyapunov PJ5ilt-*:11HT o X>tr *~ ~;;- ~~ Lyapunov PJ§f.{ 

v;G;> == G;>TP;~; 

;lt~ P; >O Ji!:: Lyapunov ::IJ~ 

(A;)TP;A;- P; ==-I 

~Pi-Mo x>tr*~~Llit~ Lyapunov PJSilt 
v~bdG~bd> == G~bd>T~bd~~bd 

;lt~ PL>O H:: Lyapunov ::IJ~ 

(13. 194) 

(13. 195) 

(13. 196) 

(A~)T~bc1A~- ~==-I (13.197) 

~Pi-Mo A;;;;~A~~$T:ll!ll~ttf¥iil:T P;;- ~ PSn~ff:~tto x;ffr*~ 
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. • 

X~ = [ G~l ) T ' <X~) T ' ••• ' <X~) T y (13. 198) 

m~ Lyapunov PEjf{ 

- l (aO)H - -
~(x~) = ~ -"-(x~)TP.;(t)x~ (13.199) 

i~ l t 

Jttp a~ ~iEl;jJI:,'£1'19{il:(£_5jjjHjff!~o 4iJ1'- Po;(€)~ Lyapunov:IJ~ 

],.;(e)Tp>.Joi(t)-P.; =-el (13.200) 

a9Pf£-fi'¥,JAi3IJI13. 111J~X;f-®.fth .:£*1'19 P .u:fl 

poi (E) ~ p,.; (13. 201) 

~-ru.ta9 .Mr.*~ Xc m~ Lyapunov PEjf{ 

VcGc) = xJPcxc · 03. 202) 

Jttp Pc>O ~ Lyapunov 1f~ 

(A~)TPcA~- Pc . -J 

a911l -!W¥ o A~ 1'1914Jflli~~ 1i {¥ iJE T P c a9 ff::(£ 1i o 

J£:(£)(;j"f:ijfF.*~03. 181)~(13. 186)~iifFifiifl9 Lyapunov fEif{: 

(13. 203) 

- -+ - - - + + -+ - -V(x;;: ,xabd ,x~ ,xJ = V;;: Cx;;:) + a.bd V.bd (x.bd) + ~ (x~) + Vc Cxc) 

(13.204) 

l 

X ( ~ Bii (e)x~i(e) + ~(e)w)} 
j~i+l 

(13. 205) 

fiJJijJ:\(13.192),J:\03.193).fni3IJI13.1,/f'~iiEI!flff::(£-1'- a~>O,~~~M.fn t 

x*a9~~fft 1jtf{ a! ,:fl 

~~~- ~ lx~l 2 +a~lwl 2 03.206) 
. . 

11lt\SJ:\(13. 206) 'v :(£f:fffF.*~03. 181)~(13. 186)$Jt~J:a9£7ti1Ji.t·~ 
~V ~- (X;;:)Tx;;: +2G;;:)T(A;;;;)TP;;: 

x [A;;;;bd Cdx-:-bd + Bo.P.o Ce)r~Q. Ct).5;;:1 Ct)x~ + E;;:w J 
-a-:-bd<X-:-bd)Txtbd + 2atbd Gtbd)T(A~)T ptbd 

X [Briabd ,B;;bd]P. Ce)Q. (e).5;;:1 Ct)x~ 

3 ~-o 12 1 12 -T- -T - +c T -+ -4 Xa +a! W -xcXc + 2src (Acx:) Pc[Acabd+Xabd 



• 260 • 

+ Boc~ (t)T~Q (£)5;;"1 (£);~ + Ecw] (13. 207) 

.fUffli\03.19D:JHI:~f!JJ:\03. 204)_:X:r atwa<J~..)(,~!l~$}~11E.ff{:E--1' 
Et E (0, 1] ,{51!~-f}xfFJT::ffa<J EE (0 ,Et ) !;.{,btfll £ :JC.*a<JiE1lt~ az ,::ff 

1 
1
-_

1
z 1 

1
-+ 

1
z 1 

1
-o 

1
z 1 

1
-

1
z 1 12 t.V~-2 x. -2 Xab -2 X 0 -2 Xc +az .w (13.208) 

MJ:\03. 208)1iJ~'{:Eii::fftJt;IJ w a<J·tff~ff ,ffiYF*~~itflli~~a<Jo liflS=~ 

iiEI~Jt#{f:;f:~~a<J r>O,.ff{:E--1' t" E <O,tt) ,-Bf!~'xifFJT::ff(J<J tE (O,t") ,::ff 
llhllz ~ rllwllz (13. 209) 

1>J~ml:i!-1' § a<J ,XifJ:\03. 208) a<J"MitlM o f!J=>J(f!lo t±~f!J v~o f!l k=o Bif 
V(k)=O,;ff 

ll:i:~ liz~(~) llwllz (13. 210) 
fllj.\;(13. 191)-~f-t.AJ:\03. 182)1iJ~-f}Xif-.®fll £ x.*a<JiE1lt~a3 ,::ff 

(13. 211) 

h~r~EJ (13. 212) 

Jt~ ho,hd,hb Bf~{:Effi~*~03.18D---03.186)~~..)(,xif-.®fll t x.*a<JiE 

llhllz ~a. I raP I dwllz 
j;JjG~liEI!ij 'ftill~fl €. E (0 ,Et J ,{51!~' 

(13. 213) 

a.lroPit~r 03.214> 
:1«.5 ,1>J7 Hll*~JJ! 13. 6 a<JiiEI!ij ,JA.ffi~~~::tr~03. 181)--- 03. 186H!l~$}Hi 
iiEiliM. E~w f!J h a<J~iiiil§~j;J 

'n,(z,£) = T.o(z,t)[si-A~-B~P.(t)]-1 

~ ~0 B;j", xif4il-1' z ::ff T .o (z ,d-O o 

13. 5. 4 lEll13. 5 tt-.li.iEP..ij 

(13. 215) 

• 
. ~~-AittffiltJfalfl,1Ntimj{$JmjGnJ.(A,B,Cz ,Dz) Bf~~~JJ! 4. 5 (J<J*f~ 

~;fj~a<J%J:\7 0 :!lll:*~JJ! 13. 1 a<Jfdlj:(2) ~JL.' ~~HillE 

D, + D,F. ~ D,, + D,S- ~ ~ ~ [ CBJ B..:' BJe.] ~ 0 (13. 216) 

WM~JJ! 13. 1 a<J~flJ:<3)1iJftili 



E+BS= 

E-• 

0 

0 
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(13. 217) 

(13. 218) 
Jt9=t ~ ~-1-m!I$, 't:a<J~tl5*JVt7 naEA<A~> lm(al-A~).~ ~-1-A:ff~~!l 

r&a<Jmii*oroo~~~ili 
E-;; E-;; 
Eo 

a E~ 

E+BFw = 
0 0 
0 0 

Ec Ec 

dXd- Bd<BIBd)-1 BIBdXd 0 
E§Jlt:ff 

lm(E + BF w) C "Ji0 (4p) n { n 1.~ 1 =I Si (4p)} 
!llU-ttHm~JJI! 13. 4 ilJ~.ffEJT1ffl~* 0 

13. 5. 5 ~JI13. 3 ~~JI13. 6 i(.Ji.iEIIJJ 

(13. 219) 

(13. 220) 

• 
-roo.±~~t&~~JJI! 13. 6 a<J~*o w~trttf¥a<J:ill:ft,~111! 13. 3 a<J~*!t 

~~ll~B.o 

1BtXifA: 03. D Elf~ a<J *~ 4 :ill:lrfii!it:5& i1H$ 
u = sy + a 03. 22n 

Jt9=t S=-(D[D2)tDiD22Df<D1Df)t o i£~111! 13.2 a<J~flj:(3)r:ff D22+D2SD1 
= o o $IG ffl -tf!.fiH.ff ¥1J -1-if a<J-* ~ : 

{

x(k + 1~ = <A+ BSC1 )x(k) + BU" (k) + <E + BSD1 )w(k) 

y(k) = C1x(k) + D1w(k) (13. 222) 
h(k) = (C2 +D2SD1)x(k) +D2f£(k) +o • w(k) 

/\ /\ 

ffl 4p;fn 4 Q?HJU~~ EI:J m~I* P:Y.JGtiHA + BSC1 , B, C2 + D2 SC1, D2) ;fnm!I$ PY.JGtll 
<A+BSCi ,E+BSDi ,C1 ,Dl)EJfft~a<Jr*~o .tLHm "1"0 ;fn 9'0 (1<]~.)(, ilJm't:ff] 

/\ 

iEit:5& im ;fn*Dtr ili imA$r ~~1!: a<J, !lltl :ff "~" 0 <4P) = "~"0 <4 p), ,9'0 <4Q) = 
/\ 

,9'0 (4 Q) '~.& 
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[A+RSCt E+RSDt]{(9'0 (};Q)E9Rq)n Ker{[Ct Dt]}}C9'0 (};Q) 

(13. 224) 

£l£-tl7b\~J.!I! 13.2 89~ftf(4)11J~l 

Im{ [E+ :SD
1 J }c (if0 (};p) E9{0} >+ Im{ [~J} (13. 225) 

b\~J.!I! 13. 2 89 ~ftf ( 5) jjJ ~l 

(.<J'0(};Q)E9JRl>nKer{[Ct Dt]}CKer{[~ O]} 03.226) 

~:(£11Jl-1(iiEJ!ijb\j:\(13. 223)~j:\(13. 225) 'l-1(Jk~J.!I! 13. 2 ~ftf(6)11JffEI:f:l 

[ 
A+RSCt E+RSDt] {[B ]} 

Cz +Dz~t 0 (.<J'0(};Q) E9JRl)C (if0(};p) ${O})+Im D
2 

(13. 227) 

b\j:\(13. 224)~j:\(13. 226)' l-1(Jk~J.!I! 13. 2 ~ftf(6)11Jfftili 

[ 
A+RSC E+RSD J . 

Cz + D2~1 0 I . { (.<10 (~) EBR') n Ker{ [CI Dl J}} 

c { if0 (};p) E9{ 0}} (13. 228) 

iiJ&b\3t03. 22V~3to3. 228)11Jfftti:Ff¥:t£--t-m~ N' n'IVErnu89~f!f: 

[[
A+RSCI E+RSD1] [BJ- ) 

C2 +Dz~l 0 + Dz N[C1 D1] (.<J'0(};Q) E9JRl) 

c {if0 (};p) E9{0}} (13. 229) 

/F~~iiEm~ N: . N-S ~11~03. 229)89-1-•• l!ll N m~03. 50)~tf:l. 
~M::t~[144]8<J~:J!:!:, 11JI.!JiiEJ!ij~03. 50)Elf~89m~ N,9J.~ N=N+s<iv ~ 
3t03. 229) 89fiM--t-m)A:flrnn89tt.&J: = 

' 
ImCE+BND1) Cif0(};p) 

Ker( Cz + Dz NC 1 ) :::::> .9'0 (};Q) 

CA+BNCI)9'0 (};Q) C if0(};p)~ DzND1 = 0 

tl:~¥1J D2ND1 =O,f!JJ'IH¥~*f,j~jjJl£-tJ7iiEJ!ij 

ImCE+BND\) C•if0(};p) n { n Ill =l~(};p)} 

Ker(Cz + DzNC1) :::::> .<J'0 (};Q) U { U Ill =I"'{ (};Q)} 

~:(£X;f~t/tc13.1)~JlH:iji~tf:l&i1H$ u=Ny+u, 11J~l¥IJ 

'(13. 230) 

(13. 231) 

(13. 232) 

(13. 233) 

(13. 234) 



{

x(k + 1) = ltr(k) + .& (k) + Ew(k) 

y(k) = C1x(k) + D 1w(k) 

h(k) = C2x(k) + D 2u(k) + 0 • w(k) 

• 263 • 

(13.235) 

Jt'P A,E ~Cz B:t£~03. 52)~~03. 54)'fl~)(. To J&f&JUHiEaJrfOO~rtffJIJ 

tU~M~t!E03. 235)~ Hoo-ADDPMS ~Jl~YEI9l~JJJ! 13. 6o rtffJIJ:H::Y-1 
- {v(k + 1) = AFC(£)v(k) + BFC(£)y(k) 
};FC(£): 

u(k) = CFC(£)v(k) +o • y(k) 
(13. 236) 

Jt'P AFC<£) ,BFC<£)~ cFC<£) m.:tto3. 57)~ili 0 ::Y-JfiOfJ!®.oo. • .m IP ~m-T~t!E 
(A,B,Cz ,Dz) := CA + BNC1 ,B,Cz + DzNC1 ,Dz) 

.m IQ ~m-T~t!E 

(13. 237) 

(A,E,Cl9D1) := CA + BNCltE+ BND1tC1tD1) 03. 238) 

.1'~tfili <A,B,Cl )-f*M:PJ~~~iiJ~lP!t -tl!.~Jl~*bYEI9l~~~t!E03. 235)~fl 

ffJIJH03. 236)J!Jf.mmt~fflJf~t!E:iH~~~o fflJf~~{il!B A {A+ BFp(£)} C~JJJ! 

13. 4 B YEI91X>f1t:?t'J\~ £ ~Ui:rC0 )~A. {A +KQC£)C1} <liilf-fPJYEI91~11t:?t'J\~ 

£ ~Ui:rC0 )~ilio -roo~YEI9lt£~JJJ! 13.2 ~E1f1f*f4r .rtffiiJHo3. 236)PJ~ 
~~t!E03. 235) ~ Hoo-ADDPMSo *1!!m~03. 232) ~.:tt03. 234), ~bt "f0 ,ge, 

't: ~ ~ ~1fffiiJ~~&tt!~titrilit.iJ!A$~.1'~fJ:. PT1-'~JJJ! 13.2 ~*f4<4)~(6) 

~fftrroo~*f4: 
(4')Im(E)C'f'0 (Ip) n { n I A I -1 ~ (j;p)}; 

' - 0 - -(5 ) Ker(Cz):::}.<f' · (};Q) U { U 1 A 1 - 1 't: (};Q)} ; 

<6').<!0 <IQ)::::)'f'0 <Ip) ;bt 
C7')Age CIQ)::::)'f'0 <Ip) o 

IBJltPJJQ.~JJJ! 13.3 ~~Jft~?'&o ~ffl~~YEI9l~JJJ! 13.60 
itr*.-1'~-~fJ:fEJ.1iJfi01J!,t£~r~YEI9l!f~fflHift~mlf$tm5C.m<A,B, 

Cz ,Dz)~r~tfEip B~tlt~~¥1JJ:EJJJ! 4. 5 ~~~~f,j~r o Ji!U:fl 
A; 0 0 L;i,Cb 0 L~Cd 

0 A~ 0 L~bcb 0 L::..cd 

A= BoCz.o+ 
0 0 A~ L~Cb 0 LtJCd 

. 0 0 0 Abb 0 LbdCd 
BeE; BeE~ BeE"t. LcbCb Ace LcdCd 
BdEd. BdE3. · BdE;t. BdEdb BdEdc Add 

:= BoCz,o+A 
(13. 239) 



• 264 • H~~ttl»..S.Jfl 

Bo. 0 0 

m. 0 0 

0 0 Bt.. B= ' Bo= 
Bob 0 0 

Boc 0 Be 
Bod Bd 0 

r CJ. eta Cob Coc 

Cz = ~ ' 0 0 0 0 

0 0 cb 0 

Cz,o = [COa CJ. eta Cob Coc Cod]' 

I 

0 

i/0 (j;p) = I 
0 

0 

0 

0 

~xftbHkftJ:< 4' > mm 
E-; 

E~ 

E= 0 

0 

Ec 
0 

Hff*5t1fffi!J ~E~<j;Q),AEC 0 ,fE ~?f~:1g 

r.
r. 
r. 

0 0 

I 0 

0 0· 

0 0 

0 I 

0 0 

Bo. 
m. 
Bt.. 

(13. 240) 
Bob 

Bac 
BOd 

~] cd 
0 

(13. 241) 

D, ~ [~ 
0 

0 

0 
~] (13. 242) 

(13. 243) 

244) 

(13. 245) 



c2.o~ = o, cb~b = o f!l cd~d = o 

llHW;E)( 3. 13 ,ftt£~:1!: TJ 151!~-{J 

[A CIAI ;J[~]= 0 

E8j\C13.247)f!lj\Cl3.244)PT~.{J 

* 
* 
0 

cA -An~ =- .ETJ =. 
0 

* 
0 

Jt9=' *~-@:X*~~~~-. tf:;ltj\(13. 246)~~ 

CA-Al)~= CBoC2.o+A-Al)~= CA-Al)~ 

* 
* 

CA;:; -Anr.: + Lt,Cb~b + L!JCd~d 
CAbb- AI)~b + LbdCd~d 

* 

* 

(A~ -Anr.: 

CAbb -AI)~b 

* 

~x = E;.r.- + El~ + Etr.: + Edb~b + Edc~c 
blj\Cl3.248)f!lj\Cl3.249)PT~ttl 

<A;:;- Anr.: = 0, CAbb- AI)~b = 0 

• 265 • 

(13. 246) 

(13. 247) 

(13. 248) 

(13. 249) 

(13. 250) 

(13. 251) 

(Add- AI)~d + Bd~x = 0. (13. 252) 

f§jg A~ ~}9ffl"~{i£fllt£c®9=', CA~ -AD~ =0 ~~ ~ =0. ~'(Pl~. l;§jg(Abb• 

Cb)~1C~PTX!\1!W,<Abb-H)~b=O f!l Cb~b=O ~~ ~b=o. blj\03. 252)f!l Cd~d 

=o -ti!PT~ttl 
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(13. 253) 

Ebr<Add ,Bd ,Cd)(J{JPJ:i2!f!~ii:fl~~~~ ,J>\j:\(13. 253) PI~ t"d =0 ~ t"x =Oo 

FJf~:fl 

't<iQ) c Ker{Bd[E-; E:l. E;t. Edb Edc 0]} 

iffl J3. t" Jl.:fl "F iti (J{J tt./9t : 
r.
r. 

t" = o E 'j/0 <ip) 
0 

t"c 
0 

~~1>\;i:\(13.256)~~f~(6')PJ~l 

'j/0 (i;p) :::> 9'0 (i;Q) u { u I A I =1 't (i;Q)} 

~f)].((J{J ,X>JfffiiJ eE .<f'0 <.~Q) .~f~<5')~<7')~1Jij c2e=o ~ 

* 
* 

k= 0 

0 

* 
0 

9'0 (i;Q) c Ker{Bd[E~ E:l. E;t Edb Edc 0]} 

fbj:\(13.255)~j:\(13.260)PJ~ 

(13. 254) 

(13. 255) 

(13. 256) 

(13. 257) 

(13. 258) 

(13. 259) 

(13. 260) 

Ker{Bd[E~ E:l. E;t Edb Edc 0] }:::> .<f'0 (i;Q) U { U 1 AI =I't(i;Q)} 

(13. 261) 

(13. 262) 
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A;;;.-zl 0 0 L;bcb 0 L~Cd 

0 0 0 0 0 0 

0 0 0 0 0 0 
X1= (13. 263) 

0 0 0 0 0 0 

BeE; BeE~ BeEt., LebCb Ace -zl LcdCd 
0 0 0 0 0 0 

Bo. 0 0 

B8. L~ L~b 

X2= 
Bt. L!J L1 

(13. 264) 
Bob Lbd 0 

Boe 0 0 

BOd 0 0 

0 0 0 0 0 

0 0 0 0 0 0 

0 0 A~-zl 0 0 0 
X3= (13. 265) 

0 0 0 Abb -zl 0 0 

0 0 0 0 0 0 

0 0 0 0 0 Add -zl 

0 0 0 0 0 0 

0 A~-zl 0 0 0 0 

X4= 
0 0 0 0 0 0 

(13. 266) 
0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 
Xs= 

0 0 0 0 0 0 
(13. 267) 

0 0 0 0 0 0 

dEd. BdEl. BdEt BdEdb BdEdc 0 

~~lfili 
lm(Xl) c "f'0 (,!p) n { n I A I =l~(,!p)} (13. 268) 

Ker(X3) ::::> "f'0 (i;p) ::::> !:1° (,!Q) U { U 1 A 1 =11{ (,!Q)} (13. 269) 

blj\(13.261)~Pf~~~J 
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Ker(Xs)~,970{iQ) U {U!AI = I"Y.(~Q)} (13.270) 

~IHS~JI 13. 4 ~liE~,~ e-O at 
II [Cz +DzFp(E)]• [zl -A-BFp(t)]-1lloo <ICp (13. 271) 

Jt!:f:' ICp ~~ E x*~iE#J!£. Wiit£~1lf:<4'rr, ~e-o at .~t z ~4ll:1-~~:fl 
(13. 272) 

[Cz +DzFp(t)]• [zl -A-BFp(E)]-1XJ -o (13. 273) 

~IHWj.\;03. 215)Pfli£~ ~e-o at .~;f z ~4ll:1-~~:fl 

[C2 + D2Fp(E)] • [zl- A -BF p(E) ]-1 X4- 0 (13. 274) 

ft ffJ PI ~q-fill :it!!. liE~ 
II [zi- A- KQ(t)CJ ]-1 [E + KQ(t)DJ] II oo < KQ 03. 275) 

;Jt!:f KQ ~~!ltll:f E ~iE#J!£. ~~t~~flf:<5'H~:¥1Jntli,g,Jj!U~ e-o at .~;f z ~4ij:

l~(:flritii¥J~*= 
C2 [zl-A- KQ(e)CJ ]-1 [E + KQ(E)D1 J- 0 

x3 [zl- A- KQ(t)CI ]-I [E + KQ(E)DI J- 0 

(13. 276) 

(13. 277) 

X5 [zl- A- KQ(t)CJ ]-1 [E + KQ(t)Di J- 0 (13. 278) 

iiJa .~Il~~HiliEE9 ~Ufc03. 235)~t£ittJH03. 236)P.Jf%Jllt~bUJt~ w :¥1Jflt 

t£~l:tlh~fflPF1t31~~1-J 
T,.,(z,e) =[t; + DzFp(t)] [zl-A- BFp(t)]-1E 

+t;[zl-A- KQ(e)CJ]-1 [E+KQ(t)~]+ [t; +DzFp(e)] 

• [zl-A -BFp(t)Y1 <A -zl)[zl-A- KQ(t)~]-1 [E+KQ(t)D1] 

~Jfflj.\;03. 262), PJv.Are T ,.,cz,t):l:if~ffi1-J 

T,.,(z,t) =[G; +DzFp(t)]• [zl-A- Bfp(t)]-1E 

+G;[zl-A-KQ(t)~]-1 [E+ KQ(t)~] 

+ [G; +DzFp(t)]• [zl-A-Bfp(t)]-1 CX1 +Xzt; +X3 +~ +Xs) 

• [zl-A-KQ(t)~]-1 [E+KQCt)~] 

~!ijj.\;(13. 271)---j.\;(13. 278) 'v.A}k-.®flijiji~:Jg~.~XliiE~ ~ E-O,Mf4ll:1-

% ~~:fl T ,.,(z,e)-O,~fftf~ e-O a;f~ T 1w ~ =-Oo fl3Jltft~}EJJI! 13. 2 tf9~{!f 

ntij_.g,~~~ili&11tt£ftitJH03. 56)Pfft1M~03. 1)~ Hoo-ADDPMS. + 
. . 

13. s. 6 ~m t3. 71¥-.!YEPJI 

ft~~U$1iE~rititi9~$tjff~U$ft1~~(13. 235)~ Hoo-ADDPMS !tPfiiE~ 

}EJI 13. 7 ,t£itfJH1-J 
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- · {v(k + 1) = ARC(e)v(k) + BRC(e)y(k) 
_!RC(e): - -

u(k) = CRC(e)v(k) + DRC(e)y(k) · 
(13. 279) 

i!11! ARC(e) ,BRC(e)~ CRC(e) Jt5:\(13. 73)~:±1, W 
DRC(e) = [0 FPI(e)- FP2 (e)KRI (e)] (13. 280) 

IRJf-f"iiJin:l!ll IE*~03. 235)~f1ifi!Jfl.03. 279)FJfJf3mt!WffiPF*~~~5EIW ,J!~ 
f§jgffiPFt}k,gjg ,\{A+ BFp(e) }~ ,\ {AR+ KR(e)CR} ,x;j)t:)tlj\!W e,J!®t&.~U~ 

Mfi~5E!W.•~*&•Wa#•Mtt~w~•t1M:±Ih~ffiPF~•m~Jg 
T~rw<z,e) =[C2 +D2Fp(e)]• [zl -A-BFp(e)]-1 E 

+ [C2 + D2Fp(e)] • [zl- A- BF p(e)]-1 <A- zl) [
1
:J 

- [ 0 J -. +C2 l,-k [z/-AR-KR(e)CR]-1 [ER+KR(e)DR] 

t1Hi~~[79]~~5fHI!Pttl.9t 2. 2. D .~ffJPJ~in:l!ll 

[
1
:JS"0 (.!QR) = .<f0 <iQ) n Ci1 {lm(Dt)} 

[
1
:J<.<f0 <.!QR) U {Uio~l=tii<.!QR)}) 

= {.<f0 <iQ) n Ci1 {lm(Dt)}} U { U Ill =t"ti<iQ)} 

c .<f0 <iQ) U {Uio~l=tii<iQ)} 
~~$?t~in:l!llJM,~IRJ)El_ll3. 6 ~in:l!ll-f-f. 

(13. 281) 

(13. 282) 

(13. 283) 

• 



14.1 ~ it 

*•~•~o•~M~·*•~w~w•ft~~-•~••~~~~• 
(RPT)fOJ/m(llJ~!Ji!.)(;fiX[145]): 

i
x(k+D =Ax(k)+.Bu(k)+Ew(k), x(O) =x0 

4: y(k) = C1x(k) +Dlw(k) 

h(k) = C2x(k) + D 2u(k) + Dzzw(k) 

(14.1) 

;ttq:t xE Rn:N::~~,uE Rm:N::~lfi!J*idA,wE Rq:N::~~$tftl9J,yE R"H::~:S:tw"W ,hE 
R1H::tt~•w. 11~Hi<A,B>11Jft)£~<A,cl>ll1~~. :~.rn--B!!moo~~,)ESl. 4P 
~ ~Q ?HJUH::IiJ~It$1l9:7Gm<A,B,Cz ,Dz)~(A,E,Cl ,Dl)FJf~~~-T··· ~)£ 

~~${ftl9J wEL",pE[l,oo) ,~bHffiiJ~~ffl"Ji} rER1 ,.ft~fa]-·(14.1)~· 

-~~~i&· (RPT) l'iiJ/m:N::~JIJ--t-~~00%5!:~~Ji 1tl9J~i9!tl:S:& 11!~$11$: 

{
v(k + 1) = Aanp(E)v(k) + Banp(E)y(k) +G<e)r(k) 

04
. 
2

) 

u(k) = Canp(e)v(k) + Danp(E)y(k) + H(e)r(k) 

-ft~~~fti!J$04. 2)~JiFf •• 04.1)~ ,~ 
(1) .ff:t£--1'- e" >O,X;jFJf~~ EE (O,E* ],t£ r=O ll1 w=O ~~ffll~H::ltfJl£ 

~)£~; 

(2) ~ h(k,E)1gf;ij~1Jt~-Wn!i!J~,e(k,e)~~~~Hf!.~£, I!P e(k,E): = 
h(k ,€)-r(k) ,Jj!UX;j-{f~~tJJ:fzij~~ Xo ERn,~ 

~E-o~,]p(xo,w,r,E): = ~ell"-o 04.3) 

***~~w-m..w~~3tHl!8rOJJm~ffR~1t:?t~!J6,~*flJ:,#:t~:l!m* 
flJ:~!&W~:llillJffRJitrOJ/m~&11!$.1'!. ~:l!~~fBJ•If&~lt<!Ji!.Mlo .) ,J!£ 
FR!&W~ RPT IEJ/mllJffRtt*ftJ:~+?t~~J~. :ftfJlll.ifl]g~';}IA--1'-~iE~I'iiJ/m, 

Bllifflr-*~~-ft~~••·~iE~%li:~~~llJ~ffll~••~~)E~~~ 
$,#:e:~g~~-&~••~~m%.~*:ftfin•a•A~~m~~m%.R 
~~)EMa•~-m·~-1gM-ft~~#,~iE~&·~~···IlJ:tEA~Zm 

~T!fD··~~m%. 



X;fr~t!C04. D, rilii~~Jl~ili T.$ln7t~m~PTM~1Z,~fa1E?t~ftt:o 
fa~ 10 $:-f-F,*iJlitt~~f£~-i!*iiEI!ijJ!®~ftt:~1E?ttl:o ~:W:~tmX;fr 
··"~·$fa7t~m=~~.PJB.faM~#B~~~~-$. 

~!114.1 ~.Ltt~t!C04. 1) ,)'~~IJG;IJ wE Lp ,pE [1,=) ,tJJ:!lft~ftt: x(O) = 
Xo .Jjl~X;ffffiiJ#~ffi% r(k) .~ifitj$( 14. 2) PJM •• fa7t~m-fllJ~~1Z,~fa1E 
?t~ftt::.f!: 

(1) CA,B)PJ~~fa(A,Cl )PJ~l9!tl; 

(2) Dzz+DzSD1 =O,jt:Jfl S=-<DfDz)tDfDzzDTCDIDT>t; 
(3) IP J!.:ti11J:i2!:fa:lll!N:t:l&.ii~.X~~t,i:; 
(4) KerCCz+DzSC1 )::)Cj1 {Im(DI)} o -It 
i.iEM 1t1GiiEtm~ftt:<D....__<4)J!1Z,~~o Et;t~ltt r(k) == o ~·tw~o )!a;f 

••fa7t~m•liiJ~.IaJ'J7t~iffil~fllJ~o 3ltf'H~ 1o -=~!rijf-F,~,~.rex-t~~~t!C 

04. 1 > ~7t~iffil~~~~J'Jriiii~t!C~JL3f-T-ttM~IiiJ~: 

{

x(k+D =Ax(k)+Bu<k>_+[E I~(k), x(O) =0 
y(k) = C1x(k) + [D1 O]w(k) 04. 4) 
h(k) = Czx(k) + Dzu(k) + [Dzz O]~(k) 

J'J#J!ft::IJ-fl,~ j;Q J'JEf3mlr$1lYftm<A, [E I],CJ, [D1 O])EJf~ffi~r~t!Co 

··~13$:~--"~JL3f-T-ttM~~~~~:W:.JtJ~iiEtm~:W:~k~t!C~JL3f
T-ttliiJ~J!PJM~ ,JRuroo~~ftt:.IaJL:: 

( 1) (A, B) I1J ~~fa <A, C1 ) I1J ~~~ ; 
<2>Dzz+DzSDI =O,jt:J:f:l S=-<DfDz)tDfDzzDT<D~DJ)t; 
(3)lm( [E+BSD1 I])C"f'G (Ip)+BKer(D2 ); 

(4)Ker(Cz +DzSCr )::)9'0 (j;Q) nCI1 {lm(DI)}; 
(5).9'0 (j;Q)C"f0 (Ip) o 

ftr-*~~lfili .9'0 (j;Q) =R", ll3Jit~(5)lJi~l!ij "'f0 (Ip) =R" ,EJC;~fft~ ,Ip J!.:tl 
PJ:i2!:~, ii~.XfSR~.~ ,Jit£1(:® !fliilf~~~-~ .~( 4)lJiJRtl~fft Ker(Cz + DzSC1) 
::)Cj1 {Im(DI)} o EJfl~tR~iiEtm:flO:W: RPT liiJ~PJJW,-T~t!CIP 1Z'~.YL~:il'J';.fflmo 

~ fl1t£Fo iiii ~iiE l!ij)! -1' $ ~ 0 

eittl:~¥1J~H2)-i'~ftt: Dzz +DzSD1 =0 ~l!ij:flO:W:X;f~tJE(l4. l)~Jij]:ij!tfttr tfj 
liW!$ 

u(k) = Sy(k) (14. 5) 
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~~%~~----A~Mw~h~*~-~-~-~ft~~-&tt.~fiOO~ 
Y£1!ijq:tfNii D22=o. 

•r-*YEI!ijx-f-T-M~~~~~~ r(k) .:!lrHF:ft.$f!l:Jt~Jl&~fiiJRliUJfff,~p &' 
@f~:lVN1Hft~, ep ~p :tE~Ui:!QiL.t.ii~fffiiJ~~*·~· JJ~..ti!1-~f4ePM!t£ 
w=O® Xo =0 flitif!&,@f~1l.' epx>J"r00·-~·$®7t~ilU~fiillm: 

{

x(k + 1) = Ax (k) + Bu (k) 

y(k) = C1x(k) 

e(k) = C2x(k) + D2u(k)- r(k) = h(k)- r(k) 

04. 6) 

:tmt£,:!ln='=re r ~~?'HliStJt;b~il5 • ..tOO~fiiJJ!X~-fftr~r--tEiY!IIil&l1!®~ 
~)E~*r~JL-f--rttfffmfiil:~m: 

04. 7) 

x-; (k + 1) = A~x-; (k) + Bo.ho (k) 04. 9) 

X~ (k + 1) = A~x~ (k) + m.ho (k) 04. 10) 

Xc(k + 1) = Accxc(k) + Bocho (k) +Be [E;x-;(k) + E?,.x~ (k) ]+ Bcuc(k) 

04. 11) 

eo (k) = Ci,oaX-; (k) + Q,oaX~ (k) + C2,ocXc (k) + Uo (k)- ro (k) 04. 12) 

~TreM u ¥1J e ~-T·-~~¥1J~~~f;f-~~t~ffE~.~ffJJW~reA;o4. 9) q:t~ 

ho ~~¥JJA;04. 1D ;N¥1J eo +ro, ep 
04. 13) 

x~ (k + 1) = A~x~ (k) + B8.eo (k) + B8.ro (k) 04. 14) 
Xc(k + 1) =Accxc(k) + Boceo(k) + Bc[E;x-;(k) + E?,.x~(k)] 

04. 15) + Bcuc(k) + Bocro(k) 

~~~lliM~ft!J.A[uJ ~J]T ¥1J~1Htulli eo Br£~~JJI! 4. 5 ~f,~ffE~~~f,~ 
~%A:. JilUtiH~~ 13 :il~!li='=<ePttlat 13.DUT~.:!ln='=••o4. 7)t£irutlii&UJ! 
~ I*J~~~*r~JL.>JZ.YtJtfWH/llfiiJ:ImiiJ frl¥, JilU&,@ffrt£-1-~~~~:li ~.it~~ 



(10.1 -A~)= 0 ~ (1.88. = 0 04.16) 
:1!~1Yln!!r$X>t<A~ ,Bg.)::f~jG~irJ¥1. ~tg~ 4 iif:t.f~~f,~~l'1911~ 4. 1, <A~, 
B8.) 1'19 ::firJ t'!~ fYl <A , B) 1'19 ::fir} f:JUE 11 , H ?& ;lik-'t * }jjj • EJT l~.t!A t.f ~ ~ li~ ~ 1'1911 
~ 4. 2 itT~ 4P ~:iVN:tH:lL. ~~7tJVt7 ~'~11$7t119iiEIYl. + 

tt~JIJ D1 =oat ,][ftffl-~n!lf$ D22 -tl!.~,@f;lik~. J;EJ11! 14. 1 IW:I«fti-19l, I!P 
~(4)19iJVt1-J Ker(~):::lKer(CI)• 

ftfi.Bttt'!.UIW~m*iiEIYlJ;EJ11!1~1~~~1'19~7t11 •• t'!.U~J;EJ11! 
14. 1 IW~ftf:0)---<4)rirJff¥Ht-$~7t~mN*fiilJm. rOOIW'J'"il~7t.mt~®Ift. 
~~1L*~IYl~J;EJ11! 14. 1 1'19irJffif11~ftfr, irJffif*tlf.04.DIW._$~7t~lmN*IWt'!i&1 
~x1WfffiiiiJ.~lil~~. ~*f¥11&1~04. 2)irJflt~~1-J 

{
v(k + 1) = Acmpv(k) + Banpy(k) +Gr(k) 

04. 17) 
u(k) = Canpv(k) + Danpy(k) + Hr(k) 

m~~£~FJT~IWk~ont~1-J~.~~~rOOIW~r~~&~~Wm~. 

, it~ 14.1 ~Ltt~J;E*tlf. 04. 1) .-?'~$tlti9J wE Lp, p E [1, oo), fJ]:tlft~ftf: 

x(O)=xo. 1!1liiEJT~~~~PJiP!tlti#fflr&~. I!P C1 =I~ D1 =0. ,U!tlx-JfffiiJ~ 

~m% r(k) .t'!$11~04. 17)PJffif1!-$~7t~Jm~fiil»!l'19~7t~~,~~ftf:;Jik rOO 
~l-JtmGJ!.: 

0) (A,B)PJ~J;E; 
(2) D22=0; 

(3) 4P ;Jikti"PJJ2!~:ll!N1IULIW .N:~xi!R~.~ 

14. 2.1 tt~&tilfFtr.JM 

~FJT~IW~~~mru•#mr&~nt.fiil.~mmm•~~-~*•·~~-~ 
:w~ .afn~m---t~~&~¥11&1~ 

u = Fx + Hr 04. 18) 

:t£m~ 14. 1 FJT~IW~ftt:r ·•~1&1$Piffif*tlf.o4.DIWft$to7t~mN*<RPT)fiil 
»!. ftfll~rOOIWJt:~. 

tV!ll14. 1 :1! -;!:VfE.~);E*tlf. (14. 1) 1'19 ),A u JIJ h 1'19-=f * tlf.1!:~¥JJ);EJ11! 4. 5 

IWft:~~li~~. !!P~JIJ~~~JFIW~~,~A~~Iii1!:~ r"'n ~ ro,fE.'t1!:~f!JJ;E 
J1l! 4. 5 1'19~~%J:.\.~litJ:.\<4. 29)--J:.\:(4. 32)1'19fAJIYl%J:.\,I!P 

04. 19) 

04. 20) 
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C2 = Fo1 C2r. = Fo1 C2.or. = [ CZ.o. C2.0e] 
tV• 14. 2 :iit~A1f~~$f.{a9m~ Fe .M!~i 

~1$f)l[:§~a9o CAcx:,Be)a9:fC~~r.ttt{JiHiET2:~a9 Fe ff1£o 
tV• 14. 3 m:m~ 

(14. 21) 

(14. 22) 

(14. 23) 

F =- r [CZ.o. C2.ac]r.1 :t:n H = r [ 1]Fn1 (14. 24) 
1 E-;:;. Fe 5 

'I'W 
1 

0 ° 

m~:tc~T-~a9~~0 . 4 
~!114.2 ~t!t:ft1f{f~7'~$tl(l9J w(k)lJlfJJ:fla~{lJ: x(O) a9~~~t!f 

04.Do ~iiFJf1f~~$PJ~U:I:#-Jflr&l!J!,ep c1 =I lnD1 =oo :!m*m~ 14.1 
a9~{!J:(1) ........ (3)$f.ltf~,D!tl~;f{f~a9~~ffi-f} r(k) ,~(14. 18)f)f~a9r.titlJ~PJffl¥ 

@-$ln:fC~lm~CRPT)fiiJJ!,Jt.P F lJl H :!lll~J:\:04. 24)f)f~ o 4 
i.iEIIJJ ~ F lJl H :!lll~~04. 24)f)f~llt ,:lf'xtHiiiEEI:J~~X;f~04.1)lJlr.titlJ 

~o4. 18)FJfm~a9ffiJt~t!fPT~~:1g 

x(k + 1) = r.[A
0
; oe ]r;1x(k) -f-r.[~ ]r;1r(k) +Ew(k) 

Acx: Boe 
(14. 25) 

h(k) = r(k) (14. 26) 
J&f'&,FJf%~a9ffiJt~t/f~pg:§~a9 ,X;j"FJflfa9 k~O 1f e(k)=:Oo FJf~@-$lJI:fC 

~m~fiilg~mo + 
14. 2. 2 iJ!I.IA&tiffFIY-JM 

:::.F:k-l&fl,*'ili=fl~iim~ D22 =Oo :!ill*~~~~. D!tl.~ PJ ~)Mtt'"fitia9l:iii 
~ ili & l!J!M!z:h~: 

u(k) = Sy(k) (14. 27) 
Jt.P S ~:!lll~JM 14.1 a9~(2):rffi-FJf~ilia9o fft*~X;fiW;fttlltfSJ~t!f, EI:Jr~1PlB 

*~ff;{£-~-~.~~~~-~r.t-·:lf'~~~·-lJI:fC~Jl&~fj:~oFJf~ft 
{O~~~~jffi-~~:l:&l!J!r.titlJ~*ffl¥ RPT fiilJ!o :1gmJfJ!®.W..~ii C1 lJl D1 B~ 
~~¥IJritia9W~= 

(14. 28) 



~~~~n~ao~•w~•~~~•&•~~·~·~~•z8,~~-~ 
:r:to4. 2s>~ c. ~D. ~rafqte~t~t 

{
xCk+D =Ax(k)+Bu<k>_+[E I"~(k) 
y(k) = C1x(k) + [D1 O]w{k) 

j [
8(x•) J = [Au A1z J [x• ]+ [B• ]u + [E• I" . 0 l-:-
8(xz) A21 Azz xz Bz Ez 0 I""""Y 

[ Yo]= [0 CJ,oz][X•]+ [D1,o 0 OJ; · 
Y• I" 0 Xz 0 0 0 

(14. 29) 

(14. 30) 

;It~ 8Cx1 )=x. Ck+D~ 8(xz) =xz Ck+D o :Sit& Y• =x. fiT1i:~~!tllt¥1J,:X~lll: 

fi#iit o ~r*~ 2-QJ/.:h 

( [ CJ.oz J [D• .o 0 OJ) <Aa,Ea,Ca,Da) = Azz,[Ez 0 I,..], A
12 

, E. t 
0 

(14. 31) 

%1~i!Etm 2.QJI.J!;t1iiJ~~ ,£li2:~~1Sil~x!Sil~,~o iffl.§.CAa ,Ca) ~fiT~l9!~i1~ 

V"t-TCA,c. >~fiT~~~i1o ~ffJm!~MWriii.i~-~0 
tV!IJt4.4 x-t•~~t~to4.u,m?&1Nii*t!fo4.1)~tt~~•mnr~u~o 

~.5·!1 14. 2.1 ~-~~!1114.1---14. 3 *f'qj~)~~mjr$ F ~ H o fe F tJ:fr~ 
..!:gj\(14. 30) ~ x. ~ xz ~x;fJ.iii~i~~fSlS:fr, I!~ 

F =[F. Fz] 

fV!IJ14. s ~ Ka Jik-1-:A~~~M£Ji~~1itmjr$,M!~~ 

[
CJ,oz J 

Aa + KaCa = Azz + [KRO Ka1] A 
12 

~EJT~~ti£{R~C0 ~. CAa,Ca)~fiT~~~ttf*iiET:i!-,~. 

fV!lJ14.6 ~ 
~ = [- Kao Az1 + Ka1Au -CAR+ KaCa)KRJ] 

j 
Aanp= Aa +BzFz +KaCR+Ka.B.Fz ' 

Banp= ~ + (Bz + KRJB1) [0 F1- FzKRl] 

·canp= Fz 

Danp= [0 F1- FzKRl] 

G = CBz + Ka•B• )H 

fV!IJ 14. 7 :li.E~~¥lfFiii.i~~W!-~lll:& tl~$11$: 

{
v(k + 1) = Aanpv(k) + Banpy(k) +Gr(k) 

u(k) = Canpv(k) + Danpy(k) + Hr(k) 

(14. 32) 

(14. 33) 

(14. 34) 

(14. 35) 

(14. 36) 

(14. 37) 
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ru~~~~-&~~~H~~~. 4 
~1114. 3 ;1J.If;~{ff£5'~~1'Jtljfj w(k)~fJJMi*# x(O)~~):E~tJE04.D. 

~ll*J:EJ! 14.1 ~*140)--(4)mJE,Jiltlxt1ffiiJ~;1Jm~ r(k),~(14. 37)EJ(~~~ 
ID'I~U:It&~~ittJ$1iJ/mfl-:$fU~~Hlt~<RPT)fii]:Jl. 4 

iiEPR tJ)t):E)(if~!fR~?:!l::lt 

x, (k) . x 2 (k)- v(k) +.KRJX! (k) (14. 38) 

~~~iiEru~J:E~tlE04.DfU~ID'I~U:1:&~~1ttJ$04. 3iH.IT%~~ffi~~tJE1iJ 
mtw~~yg 

x,(k+l) = (AR+KRCR)x,(k)+ [E2 +KR[~;oJ)w(k) (14.39) 

x<k+D = (A+BF)x(~)-BF2x.(k)+BHr(k)+Ew(k) 04.40) 

h(k) = (Cz + DzF)x(k)- DzFzx.(k) + DzHr(k) 04. 41) 

rurffi~t&t.'t: ru A+ BF ff! AR + K~cR ~~m:UlHiff!J:E, f.Jf~ffi~~tJdiU~r:ili~ 
~~. 

~~~(14.21),~(14.22),~(14.24)fQ~(14.32)1iJ~~ 

04. 42) 

rrffb\J:.\04. 28)1iJfftlli 

C!1 {Im(D1 )} = Ker( [~ ~]) ~ [~ ~J[:J = 0 04. 43) 

ffi!~J:EJ! 14.1 ~:lilm-1'*14 Ker(Cz):JCi1 {Im(DI) }~19) 

. c2 [:J= o 04. 44) 

~lkx.tf.fi:fi~ k~O :fi D2F2x,(k)=O. ~tE~~tftl:iJ:.\04. 41)~Jg 

h(k) = r(k) 

f§~~ID'Iimtl:l:&~~1ttJ$ftHic 7 RPT fii]Jm. 

(14. 45) 

• 
. ):EJ! 14.3 ~~*M!~~):EJ! 14.1 ~1t:Jtt£1lH'&. f§~~JR~J! 14.1 ~iiEIY) • 

•• 
rifii~tl:if9iJ-T*ilii~*~~~*· 
f§~ 14.1 ;1JJ!tj\(14. l)f.jf~~~itBtfa:J~tJE.Jt~ 

(14. 46) 



C2 = [~ ~ ~], D2 = [~ ~], Dz2 = [~J . 04. 47) 

lfjjt}t$) w(k)ltlfJJ:Ml~ftf: x(O)$~ff;f:(J9. ~~~iiE(A,B);}t~::fiJrt,T-~~ l:P 

~liJ~lt1:Rl:tN1Jma9 ,:(£ o, -/2/2ltl/2 /2 ~:fl.:::-t:lf'1!:~.g, N::flX~~~o 
l)~~&i1f·tij'~ 

lt.1tfFHi.*~a9~~1!:1tliJJilr&i1J!,l!P C1 =I lt1 D1 =Oo l&?&ft~ 14.1 (19 
J!JT:fl ~ftf:tl51t~$T.IIt1E, f~Ht .RPT fiiJ JmliJ M o t!HW tt~& i1!til ~ 1'" (19~ ~-1!, 1f 

u(k) = Fx(k) +Gr(k) =- [
1 0 1

Jx(k) + [
1 0

Jr(k) (14. 48) 
. . 0 I 0 0 1 

:lf'•~11E~M2~aftl~ooa9tt••J!Jfmda9m~•~•~•2a9,Mtt•m~ 
J!JT:fl k?;!O TMJE. h(k)=r(k) o J!JT~IiJ~Jmftf$ftl:Jt~Ji!fl~(J9 f3f,jo 

2)~:fi&i1!til~ 

~~~··ill~ 
y(k) = C1x(k) + D1w(k) = [~ ~ ~Jx(k) + [~Jw(k) (14. 49) 

-ru?&~~~iiE(A,CJ)IiJXW,,Ker(C2)=Ker(Cl)o i~Jf2JI 14.1 (19J!JT:fl~ftf:~'¥1J 
TMJE.,~tllt&i1J!rtitiJHiiJMM2~>taa9 RPT fiilll!o lt.1til!fi-®~~a9tt~lt1· 
ili1!:~M!~' c1 d~J:\:04. 2B)J!Jfffia9~j.\o :i!liJ:iil:l:tl'"Wa91t~*~il= 

x ~ r,.;: ~ ~ ~ 
1 

~} 'f1l y ~ r.Y ~ [~ ~]Y (14.50) 

- [1 0 OJ- [OJ y(k) = 
0 1 0 

x(k) + 
0 

w(k) (14. 52) 

~U5~tl:li&i1J!~~tt-1!, ~fi1~'¥1J--'tj.\ (14. 37) J!Jfffi~i\:(B~ISJ'l"~tl:fi& i1J!' 
Jt~ 

Aanp = 0, Banp = [0 0. 25], G = [1 -1] (14. 53) 

(14. 54) 



• 278 • 

(14. 55) 

f&~UL-T o,../2/2 *"-../2/2,X;fJYf~f8 k~O ~~titft1-J h(k)=r(k)a f§llt~$11$ 
04. 55)fW~ 7~~lUftf8 RPT fPll!a -It 

*" 14.2 "'W-*F,ft-.*"7t~itU*PifWE8*1lf:X>t:k~7tf8~~J.i!ZJIHIH5t~:i: 
~, ~JJrj~~-T .*mxlltl~.~f811tlitiJ o *"'W~IA -1'-~JE£81BJJ!, l!PJYfiWE8JL3J2-7t 
~m~~PJJI,£x>t-:k~A~fffPixll&~~~~f8iliti:atiBJ.*m~~mmf8a ~ 

1'-8JE£8~PJJI•~~~~~f8~~$.#PT~~~mBE8M~~~••~m% 
r(k) 0 ~n*~fl1flli~Ml!WJL~~:itt-~m%,{~1Ef8B!l~~ifilj~~Jiltl.~JL~z 

!I'Hilf!fDB!l~#~m% a 

:1-Jfiif_.)i'g.!X!. ·*"'W~reii~;.l-mstt~f8~ti:atiBJ.*mo4. D, l!P 

i
x(k + 1) = Ar(k) + .Bu(k), x(O) = x 0 

.!: y(k) -:- C1x(k) 
· h(k) = C2x(k) + D2u(k) 

(14. 56) 

tt;t~refltrul~f8fti% r(k) E R1~E.~f89dll:.Ff?U' l!PX>t1itmft ICd~O,r(k+d) 
E.~ ,O~d~d a X>t:k$7tJ.i!ZJfHIH5t~~1'-li=J ~itJJI£8illfl, ~nrul.lffi"W(Pi§Ji,~ 
~Pi§fi*"lE~Pi§fta ~fi1~Fomi~~JJI r(k+d>*~£8-~,d>Oa Jm~j£~~ 

J(JL3)2-je~jjl~fPJJ!a ~~~fttfttiBJ.*m<14. 56) ,tJJ:!lfi*{lf::1g x(O) =xo .#~m 

% r<kHIJVEX>t-1'-~~ffl. t8~J!i "d, r<k+d> E.~ ,O<d~~eda JCo ~§j-1'-~~ffl.~ 

J!i • Jiltl (JCJ •"o) JL3)2--=ftJtfW*IJIIPJRJitt~~¥JJ~mi%~£8ij!Hi& Wf~iafj$: 

{
v(k + 1) = Aanpv(k) + Banpy(k) +Gor(k) + ··· +G .. dr(k +~ed) 

(14. 57) 
u(k) = Canpv(k) + Danpy(k) + Hor(k) + ... + H .. dr(k +~ed) 

~re~itiJ$04. 57>1.i!Zm-r.*mo4. 56>at .mu 
o> M~.*m~~~~£8, 
(2) X;f{ffPJtJJ:!lfi*{lf: Xo E R" ,jjl~~£~JE 

00 

J (xo ,u,JCd •"o): = :2::; I e(k) I= 0 
i="o 

f!PX;fJYf~£8 k~ICo ,e(k) =0 E.,lt h(k) =r(k) a 
~ {11~~ iiii £8 J.EJJI 0 

(14. 58) 
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lEJI14. 4 ~m~itllt1BJ*t!t04. 56) ,x(O) =xo ,HCDCA,B) iiJit)ElJI(A, 
cl)iiJ~ffi~;®~P ~tiiiJ:i2!l!l:liVJ,to&~. ~ ~p ~xm~.~~~J-J s;, c~p) = 
{ql , ... ,q,.d} ,ql ~ .. ·~q,.d c.w..~ 3 •~)£)( 3. 8), cAT, cr> ~nrt£ttmJ!{J-J ct:= 
{kl, ... ,kp}, k1 ~ .. ·~k~. Y!UXtfffPI~~f~%, ("d ,/Co) JL-'f-:fG~Jm~i'iiJJii~LI~: iiJ ff¥1 

~,jt:!:J:I ICd=q,.d '"o=q,.d +kp-L 4 
~M ftfi~tt~-~--~t£~$*~~-)ES.-~~--~~~M 

~*fij~. tlHJ&)ES 4. 5 iiJ~fi:t£-1-~~~#~~~,-l±ll!l·A~~ r.,ro l1l 
n, nrre ~p ~~~Jfijlft~M~*fij~%~, ep 

8(x-;) = A;x-; + Bo.ho + L~hd 
8(xc) = AccXc +Bacha+ Lcdhd + BcE-;;.x-; + BcUc 

ho = CZ.o.x-; + C2,0cXc + c2.odXd + Uo ' Uo E R"'o 
X>f4ij:~ i= 1, ... ,md ,x; E Rq• ,1f 

"'d 

04. 59) 

04. 60) 

04. 61) 

04. 62) 

04. 63) 

04. 64) 

04. 65) 

8(x;) = Aq;X; + L;oho + L;dhd + Bq; [ U; + E;.x-; + E;cXc + ~ Eijx j] 
j=l 

04. 66) 

h; = cq.Xi =Xi!' hd = Cdxd 04. 67) 

Jt:'P 8( * >= * Ck+D ,.=:.:JGm.CAq, ,Bq. ,cq. >A1f~C4. 25)~~~M~*fij~% 

~. fati)ES 4. 5 nf~ L;dA:ffV.fr~M~%~: 
L;d = [L;I L;2 ... L;.H 0 ... OJ 

~~:lilFc-;ff.~J-J~. ftff*X;j L;ofn L;diltfi"~J;k(i=l, .. ·,md) 

04. 68) 
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9!. 

hl (k + QJ)- .2: [LIO,j Lld,j ]h (k + QJ- j) 
j=l 

q,.d 

hm/k + Qm)- .2: [LmdO,j Lmdd,j ]h (k + Qmd - j) 
j=J 

~ [Ci.oa 
Ca= 

Ed. 

[ 

Eu ••• E~:md J 
Edd = : 

• £,.d I Emdmd 

(14. 69) 

(14. 70) 

(14. 71) 

(14. 72) 

(14. 73) 

~ A=r;•Ar. ~ ~=r;• Br;.~ ip ~ffi<A,B, CnD2)0 /FXfEYEIYHm.llb*~ ip 
;.l!tiliJ~~:iVN1f&~ ,Jii§t:fixm~~o 

Et5t~ii c. =I,;.]E:Jfl14. 2. 1-;l~~l1114.1-14. 3 ~~¥1Jtt~&1!JU~!i!JIJ$ 

ro(k) 

9! 

r1 (k + Q1)- .2: [LJO,j L1d,j }<k + Q1 - j) 
j=l 

q,.d 

rmd (k + Qmd)- .2: [Lmdo,j Lmdd,j }Ck + Qmd- j) 
j=l 

(14. 74) 

(14. 75) 

'EA:firiiii~tt.!9t :CDA +.BF ~l$T3liJ~J:E~, ®iin <k) =rn <k) o Etl JltliJ~~~~~ 
~~~ili h liJf£qmd ~Z.ftiftH.fDBtaHftJ:E~~~ffi% r(k)o ~;j'-®~lli~~J$ 



Lo ,LI, •·· ,L,.d ,jEj\(14. 74)lfi:flf*ffijJ 

u(k)= nu<k> = n[.F;<k> +Hr=nCk)] 
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= n[F_;(k) + HLo;(k) + HL1;Ck + 1) +··· + HL,.i<k +q,.d)] 

04. 76) 

~ F=n.Fr;1 ;fllx.f j=0,1,···,md,:ff 

Hi = nHLir;;1 04. 77) 

u(k) = Fx(k) + Hor(k) + H 1r(k + 1) + ··• + H,.d r(k +q,.d) 04. 78) 

rmi3IH~ii!iJ~~irutlJt&iff!tlillt1Ho mtw 14. 2. 2 l!lf:ta~~~ 14.4--14. 6., 

llJ~~¥1J ~It$ B1 ,Bz, F 1, Fz ;fll j\ ( 14. 35) 1Yf ~ttl (8 ~~~It$ A"'1', Bcmp, Ccmp ;fll 

Dcmpo it~¥Jj(A, C1) llJ~, (AT, Cf) llJtl ~ llJtlttm~jj {kp ···, kp}, ~Xltf ttl 
(AR ,CR)tf!J!IlJ~tf':J, iffl(Aft,CI) tt':JilJtlttm~t~ {k~-1, ••• ,kp -1} o mtw~ 4 

l(itf':J):£}11! 4. 3 llJ~#:t£-1'~ ~~It$ KR' M!~~ AR + KRCR tt':J!Yf:fft~HiE«i:t£JJ¥

~ 't;.{}it 

(AR + KRCR)kP-2 == 0 04. 79) 

~frJ~flJ!~tt':J KR *~ii!r~~~jt$ Acmp,Bcmp,Ccmp;fi:J Dcmpo ~~tt':J~tlil&iff! 

~jJ 

"'d 

{

v(k + 1) = Aanpv(k) + Bcmpy(k) + ~ Gir(k + j) 

"'d 

u(k) = Ccmpv(k) + Dcmpy(k) + ~ Hir(k + j) 

04. 80) 

j=O 

Jt:lf:t Gi = (Bz + KRBI )Hi (j=O, 1, ••• ,md) o 

~ x.(k)=xz(k)-v(k)+KRXI (k) o ~~~iiEEE~J:ElUJt04. 56);fi:J~~~tl 

Jt&iff!tli!Jt1~04. 80)JYf%nlttt':Jffi~*~lliliir*ffijJ 

x,(k + 1) = (AR + KRCR)x.(k) 04. 81) 

"'d 

x(k + 1) = <A+ BF)x(k)- BF2x.(k) + ~BHir(k + j) 04. 82) 

"'d 

h(k) = (C2 + DzF)x(k)- D2Fzx.(k) + ~D2 Hir(k + j) 04. 83) 
j=O 

~jJ(A + BF) ;fi:J(AR + KRCR) tt':J~ID:{tit!S:(£1t1{\LIMJ ~ ,!Yft;.{ ffi~*~J!Wfi[[~):E 

tt':lo H??.t~;jfffPJfJJ:Mi*fif,~j\04. 8l)llJ~f~;j!Yf:ff(8 k;;;:::kp-1:ff x,(k)=Oo ~ 

Jltxt k~kp-1,j\04. 82);fi:Ji'-\04. 83)JVtjJ 

"'d 

x(k + 1) = <A+ BF)x(k) + ~ BHir(k + j) (14. 84) 
j=O 
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md 

h(k) = CC2 + D2F)x(k) + ~D2Hir(k + j) . (14. 85) 
j=O 

~:lit~&11H~r:ff7t~lDIPJ~ffiJfl;fJ~o :tnt'=fe xCkp -D ~..lilt-*~04. 84)~~ 
~(14. 85)~iffJ]:!liJ;j;t~,91tl h ~~~ qmd tJ;~frufRT!fijRIH~l~~m-'% ro FJf~X;fFJf 

:ffk~qmd +kp -1 :ff h(k)=r(k) o J.:§Jltfiifitj$(14. 57)fm~ 7 (Kd ,/Co) ~JL.>J2-7t~ 

HJ!Jj!;f-fii]Jm,JtJft ICd=qmd '"o=qmd +kp-1o • 
roo:.m:-.®Wtl:. 
;t 14.1 ~..L!t~):EX;j-~(14. 56), 't:Jt.:ff)EJJ114. 4 Jft~FJT:ffttmJ: o 91tl (Kd '"o) 

JL.>f7t~HI!N*fiil»>IiJ m~:tm~o4. 57) mm~~J5fl'Iro~t& 11!fiifitJ~*m, Jt!ft"d = 
qmd '"o =qmd +kP o ~UH5EJ11! 14. 4 -u£'!ij Jft~IPJf-ffftJll!,~fllliJ~ Yfl!ij ~-r~fiifitJ~ 

trumVE~31t: " 
md 

{

vCk+D =Aanpv(k)+ ~BHjrCk+j)-Ky(k) 
(14. 86) 

md 

u(k) = Fv(k) + ~ Hir(k + j) 
j=O 

jtlft Aanp=A + BF+ KCHK ~:ilt*':.m:rJ!~~A + KC1 ~~@:fK~tEJH-~,~ li-
CA+KCt)1P-1 =Oo • 

;t 14.2 j;JfijijijfgJ.Q.,~.f!t.S pj;JifilOO"lli~~,ep l=1,liA:fflOX115fl' q10 :tnt'= 
~~4DUA rCk+d)X;fFJf:ff~ d>O *~,j{Jt'=fe~i5fl'~ii&11!!iifitJ~Cl4. 86) Jft~ 
r(k+ * )tf~j;J r(k) ,FJT~¥JJ~ffiJf91tltE q1 +kp tl;~J5~~:)g q1 tl;~]f~~~~ 
m-'% o IPJ¥-f~,t£1P]f-f~tk{tf:r ,fe~i5fl'lro~t&U.Ji!iifitJ~Cl4. 80) 1ft rCk+ * )tf~j;J 
r(k) ,liJJ.iY:~ffiJf91tltE ql +kp -1 tj;~]§-~~:i& ql tj;~]f~HI!'*~~m-'% 0 • 

roo~~r~ffi7*~~±~~*0 
f§~ 14.2 ~m~~t!J;fl'aJ-*~o4. 56) ,Jtt:f:t 

A ~ ~ ~ l B ~ ~ ~ , x(O) ~ x 0 (14. 87) 

C2 = [2 1 OJ' D2 = [0 OJ 
1 2 0 0 0 

(14. 88) 

~~-u£1!ij .sp ~liJJ2!~,Jiii:ffifM~~~~,~*}J'J:ffM1' 1 15fl'~ 2 15fl'~xm~ 
~o ~~~~A r(k)jg 

[
rl (k)J [ k/4 J r(k)- -
r2 (k) cos(kn:/5) 

(14. 89) 

l);j;t~JiU.J!tit~ 

1tJ'e1Piia:~t4tulli y=x, I!P C1 =I. 91tl.fll!m)EJJ114. 4 ~Y£ijij~:)(~[74]FJf 



~~*X{lj:IJt., 11JV.Hi¥Iffiti~~~~#~~,UiJA~Uirlli~~~ 

[ 

o. 5 - 0. 59628 0 ] 
r. = o o. 14536 o 

- 0. 5 o. 59628 o. 7 4536 

04. 90) 

. = [ 1. 5 -0. 74536J r. = [1. 0 - o. 44721J 
n - 1. o o. 14536 • 

0 o. 5 o. 89443 
04. 91) 

~@~~~L~~~rw~~~~~£~~~ 

A= r.~Ar. = [ -~ o. 2~814 1.1~251' 
0.67082 1.2 1 

.B = r;-1 Br; = ~ ~] . l~ 1 

04. 92) 

- 1 [1 0 OJ c2 = r; c2r. = 
0 1 0 

, 04. 93) 

~ 11111J V..Hi JIJ 
C = [ 1 0. 29814 1. 19257J i5 = [1 OJ 

2 
0. 67082 1. 2 1 ' 

2 
0 1 

04. 94) 

p = [ -1 -0. 29814 -1. 19257J' H = [1 o
1

J 04. 95) 
- 0. 67082 -1. 2 -1 0 

~Eeymrm~~~~~~&~~~~~ 

04. 96) 

[

-1. 5] 
Xo = 1. 2 

. o. 5 
04. 99) 

c1 = [I o o] 04. 100) 
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4 ---------------~~--------------~--------------1 I 
I I 
I I 

3 ---------------~---------------~-----
--: ~~{g.(} I 

--~--------------1 

!!!!! 

• I --r·-=1-----
I 
I 
I 

---------------~--------------
1 
I 

I I 

0 -- ------------~---------------~--------------• ' I 

I -·- : ~~-Uil : 
• I I -) --t------------r---------------r--------------

J : : 
-2 ---------------~---------------L--------------

0 5 10 15 
~-(k) 

~-(k) 

(b) ~~1ttl:lh,fit~~ffl-!}rz 

m 14. 1 ~~&t~rft'J{JffiJf~~ 

'E/FtW..@. KerCCz)~KerCCI )£8~flj:. ffl~x;J'JVf~~BIH*fiiJimt~{fJJ=t]W~CAt 
C1 )ltJ~. /FXl~i!E CAt C1) £8ifijltJ~t (AT t C[) £811J~ttmf£jq C(f= { 3} t f5J 
Jltkp=3. 

(l)~M"~tl:l:&i1i'lt~. 

~tHitl: 14. 1 t~fll1~¥IJ--t-P'J~)E£8~M"~~:I:&i1i~i!J!J$: 

{
v(k + 1) = Aanpv(k) + Banpy(k) +G1r(k + 1) +G2r(k + 2) 

u(k) = Canpv(k) + Danpy(k) + H 1r(k + 1) + H 2r(k + 2) 

(14. 101) 
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Aanp = [ ~: ~ ~ = ~: ~] ' Banp =- K = G] 
-3. 2 0 0. 8 l: 

(14. 102) 

Canp = F, Danp = 0, G1 = BH1, G2 = BH2 (14.103) 

~~•••~~m~K~-~~m•A+K~~~~-·~~~o001~2~m 

•~-~~M~~-~~w~~~••&•~•uMm~~m~*••~~.~ 
jzft ~flf: Jg 

Xo = [~~/] 
-0.1 

(14. 104) 

~IL'IH'& (ted •teo )JL.f-~~RI!~fPJ»!B~~1-{J.~!Jffi¥tk: '~~ ted= 2 ~teo= 5' ep m~ *• 
~ 5 ~~llim~~Ril~~~m% 0 

c2)~~~u•&m·twmo 

ti.UI&~Jll! 14. 4 ~liE~ .~ff11-{J.~J--t-P'J~~~~~~tl-&M~i!JIJ$: 

{
v(k + 1) = Aanpv(k) + Banpy(k) +G1rCk + 1) +G2r(k + 2) 
u(k) = Canpv(k) + Danpy(k) + H1rCk + 1) + H 2r(k + 2) 

(14.105) 

[
0 1. 8] [5. 4] [-0. 4 -0. 2] A - B - G - 04. 106) anp - 0 2. 4 ' anp - 7. 2 ' I - -1. 2 -0. 6 

C = [-1 -1.4] D = [-7.2] G = 1.[ 0 OJ . 
anp 0 0. 6 ' anp 2. 8 ' 2 3 - 1 2 

(14. 107) 

m 14.3 ~M~xta~~w~~~~u•&M~i!JIJBMm~m~*•~m•~•.~ 
1zft~flf:llil~~·twmBt o llil:t-FPJ~~:l&lfl±l~~ 7 Cted •teo )]L.f-~~RI!~IPJ/m, ~~ 
ted=2,teo=4,RP~ 4 ~z.5m~*allf~~RI!~~~f~i%o -It 

:S:.5fflrW~f9iJr-*~:JR:i! -Ijf, 1?:~~ M1f ~ d>O, r(k +d) •*~ ~ 
mmo 

i§tl14. 3 ~mJ:\:04. DMffi~J~HttBtiSJ*a,~~ . 
A~~ 

1 

~]' B~ ~ q. [ 0. 0 l 2 Xo = -0.5 (14. 108) 
0 -1 0.4 

C1 = [1 0 0], Cz = [1 1 1], D2 = [0 0] (14.109) 
~~~~}..Jg 
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4.------------.------------.------------. 
I I 
I I 

3.5 -----------------t------------------~-------------
1 I 

3 -----------------~------------------~------
-'-·-: Wtt'i!.lfl : 

25 -----------------t-----------------
1 

2 ------~~~-------{---------- ---~-----------------= 15 ______ j ___ l ______ j___ _ ________ j_ ________________ _ 
. I I. : 

• • I I 
I ------1--- -- --~------------------r-----------------, : ......__::•~-m-% 

o.: -~-~~~----i~~~~~1~~~~~~~~~~~~~~~~~Jt~~~~~~~~~~~~~~~~~ 
I . : : 

-0.5 ----------(:--+--:-----------------:-----------------
-lo~----------~5------------~10~----------~15" 

;!!;It (k) 

(a) iliJ>lt;! lflh 1 lll~~ffi ~r1 

I I --------------4------------------1 

-·+: Jtt'i!.lfl 
, I I 

------ ---~------J------------~- ---L-----~ ----------• I I 
I I I I I . . .., . I : : 

o --~--t--- ---r--1---------- -------~---------- ------L_. ' I I 
I I 
I I = -0.5 -------------- --1------- ----------r------------- --
1 I 

I 

-1 --------------~-----------------
1 

--: -~-ltf% : 
I I : -1.5 --------------=-...... ------------------r------------------

1 I 
I I 
I I 

0 5 ;!!;It (k) 10 15 

r(k) = ! cos( k
5
1t) 04. 110) 

tl:~ ~p ~~PJ~~iVJ,iffimiW ,i£Jn:~:fl1-:11'~~~~-1--lm"IWxm~~. ll!P 
~P JW;.ffi~(ffi-~ L (A,Cl)-tf!~~~PJX!ti'i!!IIW, <AT ,C[) IWPTrltl:fEiJi~ CC= {3}, 

ll!P kp=3. fl.HI&tl: 14. 2,~ffl~~¥IJFiMIW~Im"iM~Jt&~rlib'J:ff 



4.-------------~------------~-------------. 
I I 
I I 

3.5 -----------------~------------------t--------------
1 I 

3 -----------------~------------------~---------: ~~-:fj: : 
25 -----------------i------------------

1 
I I 

2 -----------------~---------- ---~-----------------
~ : : 
• 1.5 -----------------i--- ----------t-----------------·-·, : 

I --i---4-----~- ------------------~-----------------
0.5 __ j_ __ ! ~-----~-----=== _ _!!~!-t-----------------

1 I · I • 

. ---~::~j------~------------------t-----------------
1 I 

-o.s -----------------~------------------t------------------
1 • I 
I I 

-to~------------~5--------------~~o------------~15 

;!VIt (k) 

(a) ~~-Wh1ln.~ffl.li}r1 

I I 
I I 

--------------~------------------:---: ~~-:fj 
I 
I 

I : 
0.5 ------ ---r------:--------------

• I 
I 
I 
I I 

~ 0 ---------- ------+---------- -------~----------
• I I 

I I 
I I 
I I 
I I 
I I 

-0.5 --t------ ----------~--------------
1 I 
I I 
I I 

:--=-~ffl.li} 
I 

-1 --------------~-----------------

0 5 
;!VIt (k) 

1 
I 

10 15 
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[ -3 1 1 ] [4] [OJ v(k + 1) = -11. 5 - 0. 5 -0. 5 v(k) + 11 y(k) + 0 r(k) 

- 1. 5 -- 0. 5 - 0. 5 1 1 

[ -6 -3 -2 J [1] u(k) = v(k) + r(k) 
- 3. 5 - 2. 5 - 0. 5 0 

(14. 111) 
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- 4 5] [- 18] [OJ O. ~ v(k) + 
2 

y(k) + 
1 

r(k) 

sr---,----r--~----.---,----r--~----~--~---, 

-2 

-3 

-4 

8 10 12 14 20 
~lt(k) 

Sr---.----.--~----.---,----r--~----.---.----, 

-1 

-3 

-4 

-S0~--~2----4~--~6~--~8--~10~--~12--~14~--1~6--~1~8--~20 

~It (k) 

001~5 ~~~~$~~h-~~-~-~r 

(14. 112) 



15. 1 $f i~ 

~!:il~R~:gcHDD)/9iH~f1LfOJtf1E/~t!I;Ht:rn!-*t!EiJHt~T~~I¥Jttmf.?~]f&to 

{E :*:$71- i¥1 @!:it!~~ :g 4t , JiJf1W i¥JtiiE~ 111! :it!~ !PI' L., 1911 $ft ~ 3t-flt :ff ~&!fil ~ iC. ~~]f 
CJiHIEf.?~ttm)o ~!:ilii~ttmi¥Jff*~-1-EI3F"ffi~lm~~(voice coil motor, 
VCM)1J1.fr:gt£ffj!Ji¥J;j\~lliff%~1¥J~&!ii~CR/W)~*'JGf1X:i¥Jo 1!115.1 ~-1-
A~i¥J@!:il~m-*t!Ei¥Jm•~·~o®!:il~~:gqct~W~~~~--*t!Ei¥J~1-
3::~J}Jfj~~~$JI.f0$JL~Rlt~f,C~Il~ 15.2 Jijf~)o {E~$JL;i:1{!lqct,R/W ~f!J]ij:ffJjt 

i¥1 1£ 11J!J {E iii J \ i¥1 Bt fa] 1*1 M -1-$ftllt f$ ~ ¥1] J'j -1-~ ~ i¥1 § t;F $JL:l1!: o {E $JL~ m~ i1 
W4t ,R/W ~flt~ PJfj~Jt!!.t£1!JIJ{E$ftllti¥J 4t'L', t:Jf!M&!:il4tiit±l ~~A f~LI~L /}:;. 
JiJf }W] ffi '$ft~ i¥1 * rt _!::] $ft~ i¥1 ~rt JJX:& tt '-;liN~ ffl ~ * 111! m: 00 _t i¥1 $Jtllt~ PJ fj~ ~ 
*, i!~PJ :li:*:~&ltit!!.f!Jffl&!:it!OO o i!.ilt::li'$ftllt* lt~~1JD, xt R/W ~{,liiji*J$JL 
:i1t 4t,L.,89111t-m~:ff£F-mi¥J~>J( o 

YCM~:ff~ 

R/WJk 

1!]15. 1 -1-~;ff VCM ttl.1i~I¥J~liifn]ij[UU:Jt 

~IVJ~!:ili)bti¥1 ~~:;!!i!::~J\~1-tfn:*:~:S: 0 f§ ffi]$JI.llt 89 ~rt ':ft;j\' fffi~:fftlk fij; 
89 R/W ~ ~ f_i'li3t~ , ~1'T $ft :i1t R~ ~ i¥1 1£ 1M :g {E fP] ij~ 1£ ffj!J 4t ~ Jl.~ffHl 89 jJ\!iJ 11 fl~ 
}J o §IVJ891i!:il~~:gj(~if~~ffl~~-t£11J!Jtt*89~Jl-%, ~n!HiiVJ/?Iir!i'H~~,PI 
*~~fn~~zzg~:g~' J.! J!!;;{~tfE89}flt;:;f~fjUt~ JE ~ •lj:fj~~£:il~~:g i¥J'fffi>j(o 
f§llt, )Cf*IXqct t±l :J:m Y if~xttff89t£11J!J:1flt:it!1'T*iJ\89I 1f, ~ll LQG fn/~ LTR :1f 
lt;C JA!.)Cf*IX[l46]5f0[14 7]), § :11!J.ili:t£11J!J CJA!.)Cf*IX[148]~) o ~'lfB~~fi\iT:*::S:89I 
1f,ffiill~fffi~£it!-~Jtl!.~~t£~:1f7t:*~ii!:il$~:g~~£~89ttno 
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250 

200 

150 

100 

50 

0 

-50 

-100 

1\ 
\ 
\ 
\ ~ 
\..1 

Tracks 1111\ij 

...... -i1~ 
---~~ 
-~~m~ --· 

001~2 ~-~~--~~•~••m• 

*lit~§ ~i!~*'lffl~ 10 lit~·$f!ljG~R!t~ (RPT) ~t£fljtj1J~*iiit~ 

tllJg~1mHfl~~o 1t.)t~~¥1J VCM tAfiff~~~mru!,f&J§"teHmHfl~~iiit~~ 

JIJ RPT ~iiitm~, :ttt~:.lltm~zr iiit-~-~m-~~~tlll:& tff!t£f!l!JH*~Jmx-t 

UM·~-A~·$f!ljG~&8oti:*S~~fllUM~M*#~fflr,~iiit~ 
t£fljtjfft£Jl~__t'Pf{t&8~£~ L, 1i1~1f~1],,1~p<=o jg{t RPT tlf!l!Jfft£ 
J11f~~£1tt:*1lf:fll!t!aJI~~*rPI~JI.:tm*¥-Fi!$fllt£f!ltJ~~9=t~~f!ltJ ,-®~~ 

1!!-IZ,?ffl~o l!1f RPT tlf!l!JH~~!w-~*fll PID tlf!ltJHuHTtt~.~*~IYl*lit~ 

iiit~1mHfl~~~jg~1ji,1f~·~~~th.BtfBJ -~~~Miiffllfll~~~~JjL *lit~ 
~*1f!.jlc~~t£)C;ftt[149]9't 0 

*~~ttl VCM tAfiff~~~mru!,t£~1\l}g~fp]HfllVfJ'E®!~~iAjgi*mru! 

J!~~~*ff~__t-®~H-S.~*~Jl~~~~-~~~82tt~mot£~ 
f!JJg~~t!f~~.fft£-®5'HliFf~, Pfi31,g8~&jjf-~£o Eb T":lifE~fl13tff1~ll~ 
~.fft£,~~t£1~HS*~.fft£-®~~~fto ~1fl!®~J!t£iiit VCM tlf!l!JH 
Bt~-~·~ojg7~~-~~ffl~mru!,ftfi~~-~~-~ttfl1~1jifto* 
~~jjfiJUfi-~:f§Xif~it~ VCM ~~mru!~ 

ft111*'1fflH$nfiiJJ.i!Ijjfi:R1J~<-~)Ciftt[150])*Etli.tAlTH~~~m~o W: 
1J~~ffl-T":lll]':f§m~~o );}.. VCM tAfiff~!t!aJI~ttPJ#tlM9i'lli 't:R::~:ll'J':fHm 

~~orOOR::W•~•~Mft:e.)tftii:ll~:fHm~~~~-~~jg 

G(s) = N(s) = bo +b1s+bd + ••• +bmsm 05.1) 
D(s) 1+a1s+a2s2+···+ansn 

a• (k= 1,2, ··· ,n)fll b• (k= 1,2, ··· ,m) ,jt9=J n;;:::m,~J!f.j!Jfi:R~-~o :fHJ.i!I~H 

$n(PJ$Ijg 



G( . ) _ a(w) + kt{1Cw) N(jw) 
Jw - = a(w) + jwr (w) D(jw) 

j

a(w;) = bo - b2wT + b4w1 - •. •• 

{l(w;) = b1 - b3w7 + bsw1 - "' 

a(w;) = 1 - a2w7 + a4w1 - "' 

<(w;) = a1 - a3w7 + asw1 - "' 
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(15. 2) 

(15. 3) 

~ R(w)*" lCw):frjJ1J~!M-T:H*~~Hit~$111AJJ.i)I1'19~$*"~Sf5. J:EJ(1~Ufl*"~~ 

imtl :IJi!m~$ 1'19 PlnJJ.i)I ~~~ 

E(jw) = [R(w) + jlCw)]- ~iJ:~ 

ruBM&~~~OOI'l9m~m~*~··= 
L 

(15. 4) 

] = ~I E(jw;) 12 (15. 5) 
i=l 

Jtqt L ~.~,1'19imtltt•tm~•· ?&ffiB!~~~~~ttl'l9ft~filJ/m,ffi~xt~JJ(Nf. l:iG 
ff]llJftltm::tittt[l50]1'19~*tE~~I'l91i!·f~-e1~ 

L 

] = ~ I DCjw;)E(jw;) 1
2 (15. 6) 

i=l 

mtriiJ»M9!UilT~~JVt-~~ttt't~fi'iJ:m. ftJm~o5. 2)*"~o5. 4) .~o5. 6>Pim 
ffi~m~ 

L 

J = ~ { [X(w;) ] 2 + [Y(w;) ] 2 
} (15. 7) 

i=l 

X(w;) - a(w; )R(w;)- w;<(w;) ICw;) ~ a(w;) 05. 8) 

. . . . 
:~ la1 =~\ = ~ {2X(w;)[-.w;ICw;)]+2Y(w;)[w;R(w;)]} la1 =~:- '- 0 

aa] I ' = ± { 2X(w;)[- w7R (w;) J- 2Y(w)[wU (w;) J} I a =~ = 0 
a2 az=az i=l . 2 z . . 

(15. 10) 
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m~•~oo~~--~~~~•m~~-~-·~~~••· 
J.m!!~ VCM~H"H~i9J;5·~~~~roo~=IDJ-~;5~fSJm~*~'Vi~: 

(15. 18) 

;it:~ u :Jik~1-TH*irrA~ffi(V) ;y *" v :Jik R/W ~Ulfl<th.Jl)*"~It';ky :JikUifl~tl 

-~~; m1 kv=k,/m,k, :Jik~mi-jJ~~*ft,m :Jik VCM ~1-TH~19J::I:. :1!¥-Fif* 
J.m!!~ VCM·~~~-~ft:Jik1-~fJHtH,f1P 

G ( ) _ kvk::~ 
vi s - s2 (15. 19) 

1E!:Jik~llN:~.Ltt~~~i9Jm;5,-1-]!~,g.~II$~ VCM ~1-THm~llli:J;J 

G (s) = kvkY kds+w~ 05. 20 ) 
v s2 s2 +2~ns+w~ 

fJJffl~OO~;M:r!*"lA~IW-*~~~tl:l:f!J~ftim<.!Ji!.OO 15. 3) .~fn~~JU-1-Imllfl-~ 

~Hum~= 
4. 3837 X 1010 s + 4. 324 7 X 1015 

Gv(s) = s2 (s2 + 1. 5962 X 103 s + 9. 7631 X 107 ) 
05· 21) 

JAOO 15. 3 ~Jli!.,t£ o---104 rad/s ~~$111mii*J<zMi~ VCM ~HH~Itt111mD, 
m~w~~-~~~*-~llll*"~•amm,g.RM. 

: : : j j l l l ~~~ Jltffi . l 
40 . i·. i ··~ ................ -~· ...... 0 ··~· ••••• '! .... -~· ... i' .. ~ .. -~- ··~·. ;· ...... ·: 0 0 ••• 0. -~· ••••••••• ; 

; : : : : :-~--:-~-~ MiRffi : : 
.. ... ·:- ...... t. 0 •• ·:· 0 •• ~- •• : •• -:·. ·:·.! ....... ......... -~. 0 •• 0 0 0 •• 

• • 0 • • • • • . . . . . . . . 
: : : . : : . . _:_.:.. .... :, : . 

. . : .. ! . -~ ..... .. . ...... .. ~- ........ ·:- . ..... : .. 0. ·:· ••• ~ .•. : .. -:· . ·• . . • " .••• •••• • •• • -~ •••••••••• 

: : : : : : : : : : : : ' : : . . . . . . . . . . . 
-20 ··! · ·!· ·~················~········· ·~ ······!····+···i···!··+ ·+ ·! ······· · ............. -

0 • • •• 

• • 0 0 0 
• • • 0 • 

40~~·~·~----~--~~~~~~----~~~ 

to·' to• 

-100 

~ 

~-200 
-i! 

-300 

~$/(rad/s) 

. . .. . . .. . . .. . . .. 
• 0 • • •••• 0 . . . . . .. . . . : ··: ................ 1 ... ... ····r ..... -~ .... r ... ~-- -~ .. T - -~- -~- .. .. .. .. ..... .. . . ........ . 

• • • • ••• 0 • 

• • • • • •• 0 • 0 • 
• • • • •• 0 •• 

10' 
~$/(rad/s) 

to• 
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*~~ft~-~~•m~~~~fiBmfi~•••&#o-&*m,~~~ 
lffj £1t~~il!J!!l;fJfiiJHfl •• JL-f-$l'Jfflf~-~ PID 1ft! o )(;j"=f iti-1' VCM ~fiB 
~ !ll! 7;fJ , ~11:* &#it1tf mtl j'i)fj~ii.mH* ~lilt,## ~:ll§¥Ilf13J»! 0 M-Wi:nli!JlillJll #:ff 
~ll*~Mlimld${i[o FJf~ft~~:iiW~ ,.A.fllJll#~~i:l-3!~ PID l:!ifiJJBmM*~ 

•~ii.mH*iiJt~.miml•~~•o•nre~•••&#~d--i'••~~~.mH* 
( RPT) fiil»! o J!;f;F ~&#1ft! ~~~1i ¥11 M"lX 11l f[£ ~ ¥-:! ifiJJ ~, ffii liFJf% d ~ f.ij PF * 
.:ff ·t;tc~ JmH*ii.lt~fr£.m imJ' ~»Jlil. ••tt 0 

an~&#~~••••~~oo~ttnm~: 
(1) EI:Jr VCM ~fiBff:t£~~~¥J.!l1U"J*,¥-:!ifiiJ*DUA~~~_m;ii±2Vo 
(2) EI:J=f R/W ~ PJft §l;j~±5%1U;!EI*Jm1iit~, l~ttftlm-Wi:Pii!Jlill~M[imJ~ 

~iml&\@1!]\=f 5%o 
(3)1m"JYi:Pii!Jlill5%~Pii!JlillHtfBJ&,@f;j\=f 2msCMr PID l:!ifiJJf~) o 
(4)~~¥-:!ifiJJB~**F~$~ 4kHz,J!~ §~*~jtlffi~~il!J!!l;fJB~**F 

~$0 

.tHI&&it PID l:!ifiJJBFJf1i¥IJ~f£~, afll~ii~ll:W:.R;iHI:JmH*f.!ft, ~~ 

VCM ~fiB~iil;fJ:m~~i!Jt:fff13J»!~o f51Jltfti!-lm-E:Q:.R~Lit VCM ~fiB~ 
=~m-mao:t£~Ltt~~&#~tta~,Nm&~•iil;fJm~of51Jlt:t£&#~~* 

fllffl~OO~f0i1t VCM~fiBma: 

. [0 1] [ 0 J x-Ar Bu- x u - + - 0 0 + 44296000 (15. 22) 

(15. 23) 

h = y = C2x+D2u = [1 O]x (15. 24) 
~~~*DUA r(t)~~M{i[~ a ~lm-Wi=iii§JX, ep r(t) =a • Ht) ,Jtrp Ht)~ifimlm-Wi: 
iii§ JJc 0 Jiltl:ff 

r(t) =a • 8(t) (15. 25) 
Jt rJ:r 8C t) ~ 1ti m Jlik ?1ft iii§ JJc o fll !I~ 1 o • ~ ~ :W:, a ftHi ¥IHH 1ill ~ ~ W1 .. : 
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x=[~o ~ ~]x+[ ~ ]u+~]w 
0 0 44296000 l~ 

y = [~ ~ ~]x+ [~]w 
(15. 26) 

e = [- 1 1 0 ]x + 0 • u 

x = [:J. w =a • ()(t), y = [:J. e = h- r (15. 27) 

/F~~iiE(A,B,Cz ,Dz );,tiki1Jl2!B{J, N:fl"/F1!:~~ ,Ker(CI) =Ker(Cz) o JAm 
1 o iff B{]ftij1H9t PI ~iiff-$lll~~Jil~ < RPT) f.!fm:.tik PI lti ¥IJ B{J , ~ffliiJ 1).1 iiE IYI iff£ 
-m_fl"j.ijlt~Ji t B{]~Jitt~tl:ll&~t£$1J$,J.ill..ffl{E~~B{J VCM ~fi:HJ:,fl" 

0)X11Mt;J\B{J t, ffi~~~~l41filr~~B{J; 
(2)XlffffiiJtJJ:Mi~ftf: xo lllfffiiJ PE [1 ,oo), ~t-O at, Bll~~£ e B{J L, 7Bf& 

fl,&Je~,-Oo 

*ffl m 1 o ifi:B{J ~1m" RPT t£ib!J :H B{JM.J ~tt•~, ~ fi11-{J ¥IrF oom Jt B{J ~r& 1t 
. -mr~~:a&11!t£ib!J$: 

{
v = ARC(t)v+BRC(t)[:J 

u . CRC(t)v+ DRC(£) [:J 

BRC(€) = ~[1.62X106 -4.842Xl07 ] 
€ 

CRC(£) =- 4. 063572 X 10~ It 

DRC(€) = ~ [0. 036572-0. 280386] 
€ 

(15. 28) 

(15. 29) 

00 15.4 B{]fli*~ffl Matlab ~.{J¥JJB{Jo fli*¥t~!i!!.*tyj~j.ij"it~f&~*~lj\lJt' 

. RPT liil:!:Qi~~~¥1JfWHRo @;.lik, Ebr!t?aJJI~~if{E~f.J*,~n!QibiJ~Alll*f-F!ij!$B{J 
~ll ib!J , 1).1Jk~iifJJt~ B{J~nfnJ , /Fitf fm~.{J¥JJ{E~atfBJ ~ItT B!l~~~~ A B{Jf£ ib!J B o J! .® 

mMB{Jif{Em~~/F-~{EB!l~••~oo~wa•o~tt~~~·,~~£• 
J:.\:;05. 29)rpfi{Jt'£$1J:H~Ji{E t=O. 9 atfm~Wfl~B{Jttfmo f&..@:tE*f-F!ij!$~ 
4kHz r*'JfflXlt~f.£~~X1Jt~'Mtfto tt~t£jfE 4 ifi:B~£iiEIYIXlt~tt~~N:fl"siA 
t9f7'~B{J~~~l;j\;t0{i'L/F~~~' Jtf{¥1t~~B{Jiij"Jmf{jfijo ~ftt{t}§B{Jt'£$1JB~ 
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1.2.--------.---------, 

0.8 
-E • ~ 0.6 
11-o 

i 0.4 

I 
I 
I 
I 

--- -------~-----------1 
I 
I 
I -- --------+-----------
1 
I 
I 
I - ---------T-----------
1 
I 
I 

----------t-----------
1 
I 
I 

0.005 
1t-t1Ws 

O.QI 

1.2 .--------,....-----., 

-E 0.8 

• ~ 0.6 
11-o 

i 
0.4 

I 
I 
I 
I 

-------~------------1 
I 
I 
I 

--------,-~----------
1 
I 
I 

- ---------~------------1 
I 
I 
I 

----------~------------1 
I 
I 
I 

0.5 
lt-tiill/s 

I . 
XIO-' 

1.2.--------.---------, 

-E 0.8 

• ~ 0.6 

i 
0.4 

0.2 

I 
I 
I 
I --- _______ , __________ _ 
I 
I 
I 
I -- --------,-----------
1 
I 
I 

- ---------~-----------1 
I 
I 
I 

---------~-----------
1 
I 
I 

0.5 
It-t Iiilis 

I 
x w-' 

0.04 

0.035 

O.Q3 

0.025 

'*' 0.02 
~ 

* O.ot5 
~ 

0.01 

0.005 

0 

--0.005 

-o.oto 

I 

-----------i-----------
1 

--------- - - ~-----------1 
I 

-----------~-----------1 
I 

----------~------- ----1 . 
I 

----------~-----------
1 
I 

----------~-----------
1 

- ---------i-----------
1 

I 
I 

----4-----------1 
I 

0.005 
ll'tlirl!s 

0 .01 

(a)e=l 

$ 
~ 

* ~ 

400 

350 

300 

250 

200 

150 

10.0 

50 

0 

-50 

I 

-----------4------------
1 

-----------~------------1 
I ___________ ... ___________ _ 
I 
I ----------·------------
1 
I ----------,------------
1 

----------~--- ---------1 
I 

- ---------~--- ---------1 
I 

-100~0----,0~.5~----~ 

lt-flillJs X IO-' 
(b)e=O.OI 

X 101 

4.--------.------, 
I 

15 - ----------~---- -------
1 

3 -----------~-----------
1 

2.5 -----------i-----------
2 

--0.5 

1 
----------~---------- -

1 
I ----------,-----------
1 

----------~-----------1 
I . ---------4-----------
1 
I 

-lo~---~0~.5~---~1 

It-t Iiilis x w-' 
(c) e=Io-' 



{
xvCk+D=-0. 04xvCk)+15178. 933rCk)-453681. 43y(k) 

u(k) =-3. 4267 X 10-7 xv(k') +o. 03973,-(k) -o. 1842ly(k) 

• 2!?7 • 

00 15.5 ~Iii VCM tMi"i!a<JtmWJ-m~c~ff]Jmt£11:~;;ty,Ltt VCM t.tl.fii!!:fa<J 
~i9Jm~)~~it1ta<J RPT t£$1J:HJYrm.mtffiJF*~a<JWJ'~P!RJJ.i!Z, PJT.lijH.-tiitmt~o 
t£~1w-a<Jli!.cA:~i9JH$1J~uW'P, lffl-m?X vcM t.tt.~i"Ha<J-* §i.~t1[JYY!$ wn ~:f!:l 

&~l!za<J ,JA!.AC15. 21) o li!.cA:~i9J:H$1J~~a<J--'rmtfif~7t~t£fliJnll*~'P:Jt:JJo 
--'r~71tit71ti!Cnotch filter) ,-&.PJfmj&~Jjl/13ti~i1[~f!lo ~ Aw~a<J~*~JYrii 
ita<J RPT t£$1Ji!ilJ~J.i!Z1-ti~i1[JYY!$a<J7lt;fJo 00 15.6 ~~T RPT t£$1Ji!~M-'r 
~lffli~i1[JYY!$ VCM m~a<J W!'~P!RJJ.i!I, Jt!:f--'r~ 1. 125kHz, ,a= 75% a<Jf,~ffj\fil, 
:Jj--'r~ 2. 25kHz,,B=150%a<Jt~ffJ\f!lo ~*~gij RPT t£$1J:Hx-tft.tl.~i"Hi~i1[JYY! 
$a<J~1t:Jt:ff~I!5Iila<Jtft*tto 

1.2 ....--------.----.. 

I ---- --~--~!----~ 
I 
I 
I 

. I 

Q8 -- --------t-----------
1 

~ I 

if : -:a 0.6 - ----------:------------. : 
I 

0.4 - ---------+-----------
1 
I 
I 
I 

0.2 ----------+-----------
1 
I 

0~ : 
0 0.005 0.01 

ll'tiiills 

0.04 ....--------.-------. 
I 
I 
I • 
I 

0.03 -----------t-----------
I 
I 
I 
I 

0.02 ----------t-----------
1 
I 
I 
I ----------r-----------1 
I 
I 
I 

0 ~-;~~---i 

-~-:--i------------0.01 

1 
I 

0.005 

1l't liills 
0.01 

-&.~t£-iii.t'Pii:ff;;ty m~~i"tlti9J c runout disturbance), f!H9t~~*F--'rfai if! 
a<J-WJ-t£~H~ilT~~~~--r~fitJti9Jm~.~~lii~M~ma<J~~~I~~m 

a<Ji!JltJYr~mta<J ,JYY!$:im1it~ 55Hz a<Jftf~o ~ffl:imut£~~•~ tfi !:ftl:AJE~f~ 
%*mm~@~~-rmi9J. ep~a<J~~•ruu m~t.tt.fi:Htw m ~~fitlti9Jz~ 0 oo 15. 1 

:1! Iii tmWJ- VCM t.tl.fi:Hm~~~it1t RPT t£~:HJYrm.mt*~a<J~ tJj P!RJJ.i!I, ~;ma<J 
~fitJti9J1g .;(t) =0. 5 + 0. lcosCll07rt) +o. 05sin( 2207rt), ~;;tyffi% r(t) 1g5f.o 
~*~gij~*Fa<JtJti9J~-~a<JAa<J~li!I-~m~o~-~~~~~W:i&M~~fi 
tlti9Jx1~1w-a<J.P!RJ, l!P{i[:JI~£f~%Cposition error signal,PES)~~~o 
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1.2 .------.--......---, 

I 
I 
I 
I 
I 

1.2 .------.-----, 

. 0.8 --------r----------1 
I 
I 
I 

0.8 

I 
I 
I 
I 

--------~----------1 
I 
I 
I ~ ~ 

- ---------:-----------
1 

:.; 0.6 ~ 06 -£. - ---------:-----------
{J=150o/o: • 

0.4 

0.2 

{J=75o/o : 
I 

--------~----------1 
I 
I 
I 
I ----------,-----------
1 
I 
I 
I 

0.005 
ll'fllij/s 

0.01 

• 
0.2 

I 
I 

---------~----------1 
I 
I 
I 
I 

----------~-----------

1 
I 
I 
I 

0.005 

li'tilU/s 
0.01 

0.7.----~---r--~--~.----~---r---.----.----~--~ 
I I I ., I I I I I 

'"\ : : : ,~, : : : , ... , : : 
0.6 -\-1-----t-----1--;~-~---1-----:-----tlL__'\j ____ t ___ _ 

\ : : l ,,' : \ : l ) }, : 
0.5 ---3 .1 ----+ ., ... --~----+-.)· -~----?·-·~ +-----:-\----+---.. 

\ I I I I \ I I I I I \ I ,' 

J\ t l : \: / l l : \ l / 
----~~-~r----~-----r---~-,L--r----~-----r-3,-t~---

1 """' I I I 1,, I I I ,.,..f 
: : : : tti;IJ : : : : : 

~ 0.4 

---~-----~----~-----~----~-----~----~-----~----~----1 I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 

---~-----r----~-----r----~-----r----T-----r----T----

cld 
~ 0.3 

# 
0.2 

1 I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 

---~-----~----~-----~----~----~----+-----~----+----1 I I I I I I I I 
0.1 

0 
: : l l "~: l l l T 
I - _I___ 1--- I_ ___ I_ 

I I I 
I I I 

~.1~----------~----~~--~~~~~~~~--~--~--~ 
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 

li'fllij/s 

15.4 ~ }£ ~ * 
*1l.PJHEflritiB9iiitf1if~~ ,jffll PID t:!i!J!J~B9~*lltfi It~. -1"~ 

MJ.F~illm~lP!tlit;,jj-1'-~UL.il~£m~lP!tlit;<PES) ,J!~~.tlfiiJHif~~iiltJiJf 

~~lttB93:~~~. *iliJiJfiiltB9t:!i!J!J~Jik:ti:~t£-1'-tlf7fB9~.tl!JIK7;1J~ _t, * 
ffl TMS320 lt"¥m~:iH11!.~(digital signal processor, DSP), **F~$Jjk 4kHz. 
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~IJ#Ji*:J't~tfifJJWz;/J~!Jilf)(( laser doppler vibrometer, LDVH!Ei!i!HI R/ W ~1¥Jf1I 
it. hA fffiilH:Yffilf~~-T~IJiJ:l.:o *ffli¥1 LDV )HJ¥$~ 1rm/ V o fil.fttfttr l±l fill %-f&:tfttr 
3W DSP 9=t , ?!.{ Fo f' 1: 16,~ 1¥11£ ffJIHill% & i1i ¥1J VCM tA~-T ~ 9=t o IPJ B1 , ~ ffJ ffl-1-
~'¥fili%5Hfi{)(.Cdigital signal analyzer, DSA)7~:~~¥1J:fijj]IJ %dfti¥JW!$nlfi]Jj)z, 1:;-ill. 
~~tz:1:-m~~a••~m%~~·~•*m.am~~Mwv•l±lffimi¥J 
fil.ft:l: ,jf-PJit.l±lW!~i¥1 Bode i!l o ~1-i&i:Ji~O~ 15.8 f9Tlf; o ftff]IPJBtf~T~ 

~il~~, -~il~ RPT :fijj]IJ~, ~ -~il~ Gohc151J 1iJFJE 1¥J PID :fijj]IJ~ 0 

~ 15. 9 1¥1~~~ RPT :fijj]IJ~~i¥1 IVI"W(nlfi]Jj)z o f'Fjg tt~lL :i3:1-00 J:j=t~:ff Gohc151J 
i¥J PID :fijj)IJ~i¥1 IVI"W(nlfi]Jj)z o ¥1 i': til 15. 3 l) i¥Jfjj ;Fr~ :!l':ffi tt, ffi :£f * mJJ.-:ff RPT 
:fijj]IJ~I¥J~~in!OJ'-i\Z~;ffit1c-®, Jmi%1-ill.ffJ::k-® < ~f.J 7%) 0 5% l'fJnlfi]J.i\ZBtfBJ::k:f«~ 
1. 6ms,_lW_f!.{~JEi9:it~:>J( o 1!]15.10 ~ffilf~~l¥1 Bode OO o M9=tPJ~ifili*m 
jdf.J:fr 500 Hz 1¥Jffilf1if~, t£1t~W!$~19::ffPJ )t1J¥1¥Jii§'W~trL 

~ 15. 9i¥J~~JW_jf;j Gohc151Ji¥J PID;fijj]IJ~i¥JIVI"W(nlfi]Jj)z(~~*#J4kHz 1¥J 
*:f¥ol}j)J$) o PID :fijj]IJ~JJ.-:ffim'/iti¥J~:MJ .#~i%Jl):ff~·l;lci¥JB•trBJnlfi]Jj)zo :fijj]IJ~jg 

_ 0.13z2 - 0. 23z +0.10( _ ) O S. 30) 
u - z 2 - 1. 25z + 0. 25 r y 

?!.{ fffi :i3: :W 1¥1 1£ ffJIJ ~ ~ f' 1: ~ ~ 5o % 1¥1 1m i%1 , ftl±l :i3: :W 1¥1 ft fit~* nlfi] J.i\l Bt I'BJ 1¥1 r& 
~o jgj ~¥1J 4~5ms i¥Jnlfi]J.i\ZB11'BJ, )ji)tQ fj~i%]-=p PID :fijj]IJ~J:j=t 1¥1#~~ f5elmi%1~& 
::k o ~ 15.11 ~ PID :fijj]IJ~i¥Jffilf~~ Bode l!l o ffiPF*ml'fJ'IW~::k~-ill.~ 
500 Hz,:(:£$~W!$~:ff 7dB I¥J;J\~{EL :i3:1-ii§'W~iEVI~~l&tf<:ili:'IW~W!$1¥Jm 
~~&o 

ft ffl i:A j] PID 1£ jj]IJ ~~ 1¥1 ~~ .~ I~~ El3 ~ ;f't;J §T ~ $; 1¥1 , 1:; fl. ffl ¥1J ~~ fill-'% 
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I.S .----.~-,---.. "..----.--....... --..----.----.---.----.----. 
I/ 1\ :, : \ 
~ ~\I --: 

Ill I \l ----r ----, ,, ........ 
1 I I' . ,till\ 

I 
I 
I : : ',.,._ ............. : 

I I I ! . 
I I I 
I I I ----·: 
I I I 
I I I 

PID~$tlB 

I I I I I I I' I 
-~-----~-----~----~-----·-----~----4-----~-----~----

l I I I I I I I I 
I I I I 1 I , I I I 
I I I I I I I I I 
I ' I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 

0 ----~-----t-----i----~-----t-----i----~-----t-----~----

0 0.001 0.002 0.'003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 
· P11Ws 

<a>.WIH~ 

0.14 ----{-----~----{-----~----4-----t----4-----t-----~----
l I I I I I I I I 
I I I I I I I I I 

0.12 ----~-----~~---1-----r----~-----~----~-----+-----~----
' I ' I I I I I I I 
I I I I I 

0.1 ----1----+----1----+-...,-- --: RPT~~ill --+----
0.08 

$ 0.06 
$ 
~ 0.04 
i! 

0.02 

' I I I I 

, ____ j _____ L----l-----L----~-----~----~-----~-----L----
1 I I I I I I I I I 
t I I I I I 

---1----+----1----+---- ----· : PID~$1JB --+----
' I I I I 
I I I I I • I I I 

---~-----~----~-----~----~-----~----~-----~-----~----1 I I I I I I I 1 
I I I I I I I I I 
I I I I I I I I I --,-----r----,-----r----,-----r----,-----r-----r----
r I t1'', I I I I I I 
I ,..... . '-•.., I I I I I 

0 - --~--- -t I - I ... 't---. .. _ I I ; I 

I "-'' I I I I I I I 

- ~-{ --/~----{-----t----4-----}----i-----}-----~----
\ I ,/ : : : : : : : : 

-- ~ ---~----~-----L----~-----~----~-----L-----L----
1 I I I I I I I 

-0.02 

-0.04 
I I I I I I I I 

-0.~ 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 

1111\ij/s 

(b) ~$1Jffl~ 

00 .15. 9 ~l!M~*:RPT'" PID~$1J~I'I9f!ft~~Jjiz 

y-r, i2:1f~!IU1JfM~ffl y lU r o ~fllifflfili:!lll:~S~ M!fflffi% y-r, liil¥-f!Wfiil»!~.ff{E 

f~~IW~~n~~oPID~~HIW~·tt~~*~~~~A~llli~~IWR 
l'iJ o t'&ifff*IifEJf~#IW RPT ~~JH£1'.1~·· I!P RPT ~~JH:;fik-Jm-!W, iffl PID 
~~H~=Jm-!Wo@:;ljk~~~Jti7EJf1flJl~~--1f~IWfflAo 
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15~~~------~--,-~-,~~,-rr------~--~~-,-, 
I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I t I I I I I 

10 -ii-1i---------i----r---i--i-~-1-ii-i--------r----1---~--~-
, I I I I I I I I I I I I I I I I 

~ 5 -::-:.:---------:----:---:--:-:-:-::-:--- -----:----:---:--:-

1!!1 0 l-.1.1 -+-1 -+-1 -+~------+~----+l---+l--1!--+l-l~l--+1~1 -----+-1 -..::-:--j---t--t-
• I I II J I I I I I I II I I I 

-5 -r~-i~------- --~----t---r--r-t-t-r~-r--------+----i-- ~--+-
, I I I I I I I I I I I I I I I I 

-10 -H--t+-------+----t---~-+-t--1-~1+--7-----t-----t---t-- -
I I I I I I I I I I I I I I I I I 

l!r 
~$/(radls) 

lo' 

ornnT--==~~~~~0:~~--r-!!l I I I I I I 
I I I I I I I I I I I I 
I I I I I I I I I I I I I I 

-100 ++-t+-------+----t--+-+-t--1-~+~--------
1 I I 1 I I I I I I I I I I 
I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I 
-L~-~~---------L----L---L--L-~-J-L~-L----- ---~----J ___ i_ 

I I I I I I I I I I I I I · I I I 
I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I I 
-~~-~~---------~----~---~--~-+-~-~~-r--------+----~---+--+--300 

1 I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I· I 

~$/(rad/s) 

15~-r~-------.--~--~~-.,-rT~----~r---r--.-,-, 

10 

~ ~ • ~~+-----+-~--~~ 

-5 

-10 

-15 
l!r JO' 

~$/(rad/s) 

0 

-100 
~ 
0 

~-200 
~ 

-300 

-400 
~$/(radls) 

m 1s.n ~l!i!~:lJ1:~ffi~JJjj*lf41i!l<PID> 

-~~~reft~~M-~X~~~~*fi~&.~ftfiM·ft~~*·*~ 
M~R~m•M •. Wft~MW~~-®~RM*~*m~~~~~.M~ 
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Hanselmann lU EngelkeD46JfrfflT -1'-*'J..ffl LQG 1f~~~!ft!Jgi9J~~J!J!,*¥-f~ 

$1:1 34kHz. tEiWillft LQG ~tM~l«~*¥-F~$r .xNit[146]~1lft~llliiJli!ZJt~r 

~ff]~~JIJ!. 

2. -&I it .X 1t~;JIH~ 

~~~il!ft ~tJCi9JtiH:Ett• 1ft ¥1J~;j~~ttltr ili Y/iij, it!.f#l\1:!iErrtJti91 (runouts). 
l'iJllt!t~iE rrtJCi9J (repeatable runouts, RRO) l!i~l'iJ1t!t ~iE rrtJCi9J ( non-re
peatable runouts,NRRO)~Jll!WiH~£~.3:~*~· RRO ~Ebr.3:4ll!r:t!.:fJL~:IifE~ 
.§f~~~ .~$~:1ifE~~$~ffi~. NRRO -;ff:=.1'1r00~.3:~*1t: tf&i9J?If!m ,:f}L 

1littJCi9Jl!lr:f!~PNLia. Ebrfl~~r:t!.~iliUUL.~*lf~l!l~mLYfi31®~fl~JJU~tf& 

i9J?IPm~m~$%.:flL1littJCi9J§m.3:4ll!rtm~~~,m.m:mi9Jl!IM~tr&i9J. rt~ 

l!;'k~§f.Sfi~~£,11l1t~fti ,fii.Jnllm~ll;'k~l!l~~ll;'k~. l«l'iJ1tjltfliElrtJCi9J~ 
1PJ, NRRO M.;lf;:.mi_tljt~llifi:fJLl!i~l'iJBii!i!~~. ~ff]~~jfilif!.~ tt~{ij;~ (l'iJ ~ !Ji!. 
XNit[95]). -1'-iCM~~!ft!JgiYJ~M~~i!Pifi!J RRO l!l NRRO. 

~fitE~M!ft*BTW$tJCi9Jii:OOt£¥~W-_tm~T~R.M~~:IifEftm 

a.~~~~_t~*mA1:!~1r~reiErrl«~~tJCi9J~A~¥m!ft.t£aoo~• 
~~Wtll_t,~ffJ~:il~~~!il!ft~iErrli;'k~j:~rtJ RRO !Jl~, ~~;lf;:_t~ 55Hz 

- ~iE~, ~r.3:~rtm~:lifE~ii$. *fflA1:!~1r~re~®"l!;'kfti":JJo3!Uttru m_t, oo 
-f~J~~~m-% 1:1~, ~ fnllifim m ~ ~ w&~tftf%. WE~iE rr 1ft m m! T &I~£ftf% 
(PES). t£~jft!Ri{i9Jli!lffl!ft ,*'t.:iljl!~:i:J:W!ft R/W ~Re~$Jt.:il!ft•L'~iliU£~~~# 
1t~~-1'-:S:,I'iJ1HtM. PES If!~ ttl. $Jt.:iljl!~fii.JH!l~R&,®ire PES ~M:tf:li 
1jv(il[. :!Lit*=iliU£Ml:i:J:T l!&tJii, ~£ft!Jgi9J~~.F~::k$~~~~£, it1i!Ri{i9J~I f'F 
~~~~~.-1'-~~~••m~~~~~£a.-1'-fiffl~~•m~it~3afil 
,J,r*'t.:il~-~ 5% ,X;j 10~ 15 kTPI(kilo-tracks per inch, I!P4!J~>f=f$)L~) ~$Jt. 
:illW-*i~jd~~ 0. 1pm. 

00 15. 12 l!IOO 15. 13 %£U~*l*l«ie~m~~ifi!J~l!l PID ~ifi!J~t£iErrtJti9J 
r~jl!~~£. X;j RPT ~ifi!J~~ 3a m~1:1 0.095pm. 00 PID ~ifi!J~::k~~ 
o. 175pm. Jl..l'iJ !Ji!.t£ PES Vi!~iat!ft, RPT ~ifi!j~~~~Mr PID ~ifi!J~. 

,g,oo~z,t£$Jt.:iljl!~~.& PES Vi!~iat/fOO ,RPT ~ifi!J~Aff tt PID ~ifi!J~]! . . 

M~tt~. RPT~ifi!J~J=H~~-Ilft. lt PID~ifi!J~f~-llftit1~ DSP tfJ~WtAfi 
l!~.~tEW~-!tm•~*-*¥-F*•~&#W~~~·!ft~mm~~-1'-~•. 
:!Ln*~fll*'Jffll!M~ VCM tAfi~ ,,A-;ff]!jl1611f~~$~-~-, WEI'iJ ~m:-~a 
~-tE~~*·~~~AtfJ~~~&~~~.M.~~_t~~l'iJ~~~~~~~~ 
-~~~]!~~llliiJli!l~~l!l]!jl16~~--~. 

}IW{-fil!-!1, :!zn*~:ifX;J~!ilfiiJH!l~Rff ~@ ~~ ,l'iJ ~~~ Chen ~Jijl[ ~~ 
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• 0~.-~I~~-m~T~~-~ma~-~~~R#~~.M~~~-~ 
)CifiX[l52]~~J'111-~B7 -#if~~F~tt~i!JIJRit/J~,RPJYfi~~tmif~F~tt&Wt 
(composite nonlinear feedback,CNF)~i!JIJ1t*, E8~#1J~Riti±U!E~~i!JIJ~fey 
~~~m*~•m•~~~~-®~•m•.&a~re~a®~•••M#~~ 
~~i!JIJ~~~-~~z~. 

250 

r--

200 
,....--

150 
r--

--
100 

- ,....--

50 

0 n. In~ 
--0.1 --0.08 --0 06 --0.04 --0.02 0 0.02 0.04 0.06 0.08 0.1 

~~/Jlm 

150 -
r-r-

-
r-

100 
r-r-

r-

50 .. 
r-

0 n 
-0.2 --0.15 -0.1 -0.05 0 0.05 0.1 0.15 

~~/Jlm 



16. 1 ~ . i~ 

*:I;t 9='.1i1f~ f!J ffl aX> it 1t iibt~71Hiit XJL.ffi It! ~ Jt !l ifi!J ¥ ~. i!:;!! :(£ Chen 
~c153J a<J~iiliL.ta<J IfF. ffi It! J!.l!.~~m It! 1m :&Uti~~~ a<J -1'~* :i:U~. tE.ffi It! tt 
*1-9=' .m~f!JI~r-:~lt!mrm, ~tt*l-~~1t~B1, fiT~:RtJt~!\!.~¥JJ.ffilt!%u~a<J1Eit! 
•~.m.ffilt!•~~~.ffilt!tt*l-tEit!•fFm~~~mM~•· DM~*•a<J.ffilt! 
tt*!-fiJ{!tftffl, )3:.®-f!!m PZT(lead ziconate titanate, fi!iitmlf:i), PLZT(lantha
num modified lead zirconate titanate, i!jJ;&Jll: a<J fl1i it mlf:i), PVDF (piezoelectric 
polymeric polyvinylidene fluoride)~(.JA!.)C~[154]) • 

.ffilt!M~r~~mfm•~lt!tm~mMrm"•a<J•~·~~~•®••tE• 
Jj\a<J~I'aJfil&trliJAfll·t:1cita<Jt'tl!fF,jl!~a<J~ffl:~lllR~~~H,R~.5EUIH,~FiH,~ 

~itWfH, ~lkfTfPti~. tE*$jt~ffl9='liBF:fflX!l.ffiElm:llffilt!M~ ,J!fiff,;~ 

lfiX;j~jffj EI<Jf!JI~fll~utAit!.lt C.!A!.)C~[154]) • 
.ffilt!~•~nutEae••~~mrm~mm~TD8~ItF.a•~~~• 

••**•••••~mfll••m•E•~••~t£••~.21~e~w•~ 
25000TPICtracks per inch,l!P4iJ~-t~mto~m~~·-·*~~(R/W):(E~ 
~ttW~~.5EUI~£RfmtE1~2R~-t~~Z~.ffi~¥~a<J·~--~~1~ 

2kHz ~i~iH~tEill:iittdE"ttW 9=' ~trl ~, J!*F;fi~~-Mltt4iJtv 200Mbits a<J~tJJ~ 
it$. i!fifa<J~>Jti~Mltt§lffi~-fmijfl¥~9='Fi.ffi~lm.Q,~(VCM)~~-jUFJffm 
~¥1Ja<Jttfm<.!A!.~ 15 :lit*fA~ VCM ~fiU~~~-fmijfl¥~a<JEitMIB1PH!>. 

Hitachi 0PJB<J Tsuchiura ~[15sJ Jilt:W*~fflTX!l~fiU~~~-fjijijfl¥~. t£ 
)(~[155]9=' ,1i1f~A.M!I1f-1'.ffilt!M~~trliJAJEUIH:!(~t£-1'.Jia<J VCM til. 
fiUEI<J*··~W~JiltT--i'XlltAfiH~~-fm·¥~.-¥.W~~illfia<J*~ 
~Wft~.tJ. R/W ~fmfg$EtrlifA*)£&. )C~lfliEillMf!Jffl;J'ttti!.;Mfl,:tllllt!a<.JA!.)C 

~[92]>fllwtlt!<.JA!.)C~[156]>~RtAfiH,71H1lJiltXJL~fiHB<Jfjijijfl¥~. 

*~a<J:BI.~~5d:J.li!1W~~F~fta?llf (hysteresis) a<J.ffift!~fiU~!lifi!J lllJJJ!, ~ 
§.llj~~lll!i16. 1 ~Flfffia<JX!l.ffift!~fi:Ha<J*W!lifi!J:Hi&Ht. Low f1l GuoC154J Bf~ 

~--i'*ItMa*a<Jffilt!~fiHmar••fll~•.~~~**mfae•~• 
a<JX!ltAfiU.W·¥~Flf-*EI<J1i1f~.~A~M-i'XllffiW,~~Xllfll.D.tAfiU 
a<J~~tf)C~[154]~iUJHR~A~amr~=IDI"~ftS~fll~F~ttamr. Jt~~ 
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mX1 +lti-1 +kx1 = k(du -z) (16.1) 

;Jttf:t m,b,k ~ d ?HJIJ~tJJIPJEJJ:!Liill.J~"JiYUfl~:ff~.ffi~~Ji;u ~~;jfAfi:H~m 

.rz:~~DlhtB~A~.ffi;~:fi x1 ~tA~=r:HtBfft#.-m~~fnllfE-tm~~~mtf:t~f~J 

tBili!U ii. t£~ ~ tA fi :H i1Ht tJ9 :ff ~ fft # 1i1 IE :t£ ± lf.Lm z fa] • &Hilt tJ9 4~ ~ tt ~ 

z = adit- ,el it I z- )it I z I 06. 2) 

::lttf:ta~~r~-3~~••m~tB#R.~~*•~~•t!9tAfi:H~m.~8 
~Rf&:tlfiHjq 

m = 0. Ol595kg 
b = 1. 169Ns/m 
k = 4385N/m 
d = 8. 209 X 10-7 m/V 
a= 0. 4297 
,8 = 0. 03438 
1 =- 0. 002865 

00 16. 1 ~Jf,)@.tJI.fi~~~ 

1. ~~~2. ~ffft!.'W1J• "i!Jlji9JJfl4 . .'i')<~ 

(16. 3) 

~~~~.ffi~tAfi"H~m~L~~•m~tB~~tt~.~~@tB~~~~~ 
Low~ Guo t!9Iff:c1s41 • ~ff1:tE~--tf:t~i1Ht-1-00 16.2 ~ffitBfHiJ~i!JtJH, 
m,@ -Foo tBmt~ = 

O)X;ffffPI~$:t£ o~3oHz m:oo~tB~~tlliAffl"%,fft#tB~~m~~~~ 

'J'~ I%,J!~f;§Jq:p£.tt~~~mtf:ttBtAfi"HJW~mH;Jt~8:ff{glljP'f~f~%. 
(2)j!~j I%(J9P!P]ml1J;jfa]~tJc~M<~{(J:fi:.5iiitt!9 l%~ml1J;jfa]~ 0. 003s) ~ 
(3)~i!JtH~% u(t)~fm.Mlli.ffi~tjt..}t!9 112. SV ~.ffitB~i!Jtj. 
*1J:1i~~:"ii5t*'lfflm Changc157JBif~tet!9MitJL~fft~t'l1t1r~1f~H~~t'l 
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ti!*'Ht.A Btll!.~fiil 
displacement 

ti!*'Jit 
-~-.A 

Ti!?lirzsb ~ ~~f£ 1tm~. ?& ftHE !iBt frlJ fm~1t~ R ., JL-f--T ttfBUM fiiJ 1m, ~!I!~ 
-Ttt~A••~~A~••~~~~~tt1tm~z~~~•;w•~~w••m 
•~-~~•m*.~~&#ff*•~~~lli~~fiU&#-~~••·~•m 
~*~•wr:lli~~~.-tt~m•~•~•~~w~mflli'J'.~iiJflli11Hm:&~. 

*•~*~r:J;J~:!mr: 16. 2"ilf!JJfU.lfHJL~fft~tt1t1J~~-ii'J~~~tt••~~ 
~~tt1t•~.m-~~•M**•~*~tt~~tt1t•~z~~~~•~· 
16. 31l:iMMJ!~Jt!!~)(tt~~A~·~~W .te~ifi!JU&#fiiJfm~1t~f,jfti'J9 
~JL•-TttMmfrllm.m~m*H~~*~*fi*r·~•*~~A~ttfllim 
~--.?&fi~ffl~m~M:lli~~R-~~~M~~·tt*m~-~A~M"il. 
ti:~·ti:1t~H$~ifi!JH,b\WMlk: 7 JL•.:fttMmfiilim. 16. 4"il~W:lifi~~-
8~f!JJff Matlab ~ Simulink X;f*~*~i~OO~a~M*· :f!G{Ili!~W 7~ifi!Jm 

%~*m~~-H·~·ti:Z~~H~**·~~:li:XiiJm~~$~~-HM"il 
••z~~~f£**·~~~~:li*m~~-flli~M~1%~r:J;J.~-1l~m• 
M*m~Jm·~~~&#~>JtmBitii'J .,~,~ttrm~ Am~. 

~-1l~m~-T~<f6. 2) ~m~~~~f£EB~~~~tt1t • .iE:!m ChangD57J ~ 
mw~s~.~-~~~~~*~1I~*~tt1tmB~~*~tt~~.~fi• 
Fokker-Planck /Jfi~(iiJ .!4!,~jffk[l58]) ,fl~~(iiJ .!4!.~M[159]~[160]) ~l!.iR:tll 

~tt1t:n~.~~:n~4l-~f!J~. r&w~tt~w~ .1!1Rm~tt1t:n~~~m£~r 

iZ-~. it<1J~~W2t,~•re~~~tt*~m-~"~fft"~~tt*~*1-t~.~~-i 
~M~*~Zfiij~"•"~~~g)(r:ll'J'. it<tt*•Eb Bootonr161J2t~l'l9. *• 
~ .x>t-TJ:\06. 2)~ffi~··~~. :f!Gfll*m~• ChangC157

J ~ll.lfi:tll~f£1t1J~~-i 

i'JrooJBJ:t~~ttm~ = 
z = k1u+k2z 06. 4) 

;Jt~ k1 ~ k2 -~f!!A~~~f£-ft'*a· ~~Mlii!.~ll~7~.A~~jt-ft•= tt 
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;tsiAEl! :ri:06. 2)~tl:\ 1'!9 ~ fll:ri:06. 4)~tl:\ 1'!9 ~ EJrlifG~I'J9"~£"Bi5i~ e, l'!P 
e(kpkz) = adu- PI u lz- )tll zl- (k1u +kzz) 06. 5) 

f&Jfi{&tj\{tE[e2 ],Jt"f=tE::I!~T-kl fll kzl'l9MmJt:T-,J!f-fnH-i 
JE[e2] = JE[e2] = 0 (16. 6) 
. Jk1 Jkz 

1!1UJL~tt{t~~ k1 fll k2 ltJEl!JltlifG~. :!lo* z fll u :J!~~iil'I9ittWTttm.kl fll kz 

1'!9mmw••~·•no~zf!lu~-~•~~**~Bi9~ 

f,. (. ) _ 1 {- a:z
2 

- 2a;,a .pu.uz + ~u 2 } ( 16. 7) .... u, z - exp 2 ~ 2 ( 1 ~ ) 
. 2n:a;,a z J1-~ . a.a z - fJI« 

Jt"f=t p;...::l!a--ftl'l9u fllz zraJI'I9FJ1.:1J£,a.;llla~ Jtjjlj:J!u fllz 1'!9t~ffE£. PI~~~ 

k! fll k2 1'!9~tt{t~~:1g 

jt"f=t CJ ,Cz ,C3 fll C4 ltJ~~:1g 

k1 = ad -pel - }'cz 

k2 =-pc3- rc. 

c1 = 0. 79788456a~cos[ tan-1 (J1 ;..ria ) J 
Cz = 0. 79788456az, c4 = 0. 79788456p;...a;. 

06. 8) 

(16. 9) 

06. 10) 

06.11) 

c3 = 0. 79788456a;. { 1-~ + p;...cos[ tan-1 (J1 ;..ria ) J} (16. 12) 

f~:i:!JL;$~1-t, ft{fl ~J£~$1[ Ill :1-J o~ 100Hz(Jt!Jmi'J9 I -ft~ $ 1[ 00), ~{i:1g 
50V,f;~f{E£:1g a,; =35 1'!9iE~i!tD1JJ u ltJx;f~j::~flw.i$06. 2) r:1:.-~~~(19~fj: 
-ftm~. x>t-Tl!f-FI'J9i!tD1JJJtJ~-i az =5X 10-7 .p;... =5 x 10-3 ,Jt 

CJ = 1. 994 7 X 10-9 
' C2 = 3. 9894 X 10-7 

C3 = 27. 9260, C4 = 0. 1396 

k 1 = 3. 5382 X 10-7
, k2 =- 0. 9597 

B~-z. .;a:o6. z> E1f~I'J9~F~tt&tmtl;fJ~a91llilm~ttttm~nr~~:1-J 
£ =k1u+k2f' =3.5382x10-7u-o.9597f' 

:1-JTJfiOOB9~ffl.~~~tt-f.t~£:1-J 

06. 13) 
06. 14) 

(16. 15) 

06. 16) 

ez=z-£ (16.17) 

~ 16.3 :J!~j::~ttw.imtfllJt~tt-ftm~.~Jtt£-~A~a9iE~tul.iAf~% u ri'J9~ 

£m%1'!9*~m•~•·~*::m:m+A•ai'J9.l!m•mma9::m:m-rr~E1r*fi 
1'!9t:littJ~~it:1rrt § :!iti'J9mt~ .~'lf~tt-ftm~~t£-~m:oorJ-Jr&:Z;~J .r:1:. T~::k 
a9~tttt~£~.m::m:m~•ma9ttn•~~~~·~·•nre~§MmZ;~Jttu 



l:fl 0 
i!P 

-I 

-2 

-3 

-4 

-5 
0 

1.5 

0.5 

J 0 

-0.5 

-I 

-1.5 

XIO_. 

I r-----
1 I 
I I 

1-----t 

0.15 0.25 0.3 
ll<fJlij/s 

(a) M!ftltJUt'A.Uf%u 

I ---- ----

-1! 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
ll<ffn1/s 

(b)z (~t,l), 2 (!lt,l)flle,(~Mtl> 

16.3 

:i!-~ ~#iif~~·C.'. 1t J'61e~tlffi)f!Vi.rrH~~it'J ~U1fiiitfiil~~1t1:Jf,j 
it~ Hoo JL3J!-T-tJtNHMf!lJ~,f'&.Ef!Jffl~ 9 iif~~**t&~fiiJ~~nJ~tt. ·litE 
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ft~~•~•~tt~~~~-~~~••· ~•·•m~~•m~•~~~~~ 
~!JZ-~TNiJE 16. 11l~EJT.9U~~JJ!mtr.. }JJlt1HE~06.DEJT~~i9J~:m~~~ 

tt~~•••a~~~~~~~w~.-~~~-~~~~~~• 

v = £ -k~u = kz£ = kzv+k1kzu 

~~(16. 17)~~(16. 18){~)\~(16. 1),~~~ 

x1 +_Q_x1 +.!.x1 +.!.v = k(d-k1)u _.!_e% 
m m m m m 

(16. 18) 

(16. 19) 

(16. 20) 

oo 16.4 •*~Efi*m~~lttJB~~m~~. iEl!~OOI=f:t,t£-tiL~ x1 ~~~ 

•J\M%rZ~~~£eZfi~rTM~~%B.ftfi~~Ml!~~~~--~ 
-~~&:fl~~ftl9J:,{ERIH*~£ e Zfi~r~~%B~~.{EfliJ*F~~$1J.J\ u Z 
r~~i¥1J~'J\~Ji!lH*~£. f51}J~$1H~%~1i!IEA-112. s--112. s.~*~~ft 
fiW~M~~%B*rNi.IEE.If:fl~~#~*·~~~rm~-~-s~~.Mr* 
~~~)·~~~~}} 

• T 
X= (X1 X1 V X4 Xs) 

---------------------------------------------------i 
I 
I 
I 
I 
I r----------: : 

llil ---' 
I I • _________ J 

(16. 21) 
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(16. 22) 

w= [~] (16. 23) 

r~Ax+Bu+Ew 
.!: y = C1x+D1w . (16. 24) 

h = ~x+D2u 

;ttt:p 
0 1 0 0 0 

-k/m -b/m -k/m 0 0 

A= 0 0 kz 0 0 

1 0 0 0 0 

0 0 0 1 0 

0 1 0 0 0 

-274921. 63 -73.2915 -274921. 63 0 0 

0 0 -0.9597 0 0 (16. 25) 

1 0 0 0 0 

0 0 0 1 0 

0 0 

k(d-k1)/m o. 12841 

B= k1kz - - 3. 39561 x 10-7 (16. 26) 

0 0 

0 0 

0 0 0 0 

-k/m 0 -274921. 63 0 

E= 0 0 - 0 0 (16. 27) 

0 -1 0 -1 

0 0 0 0 

c,~ ~ 
0 0 0 

~· D,~ ~ ~] 0 0 1 

0 0 0 

(16. 28) 
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c2 = [o o o o 1], D2 = o 06. 29) 
fJJJti)C~[74]~~ftfiJUII .~fn~xt~YE.:r\06. 24)Wfffi~~tft ~ Jt.:ffr 

iii~tt.&t: 

<D-T*tft<A,B,C2 ,D2)j!iiJ~~:il!J,;ffiUi:~ ,{£-1. 6867 ~:fl--1'~~~ 
.rao JPJat:fl--1' 4 ID~-~xm~.rao 

(2)r~tft(A,E,Cl ,D1 )J!:ti:PJ~~:lVJ,;f§Ui:~ ,{E-o. 9597 ~:fl--1'~~ 
~.ra.Jt:?tJJU:fl"M-1' 1 ID~-~ 2 ID~-~xm~.rao 

mliEltHW~~ 9. 1 iiJ ~ *tft < 16. 24) ~ H,., -ADDPMS ;I! ilJ M ~ o ~ ~_t ~ 
m~PJ~~~~IDI--OOB~~~U.&iiJ~~~~IDI--OOU~~~B*M~-1'~ 
llio X>Jr~IDI"-W!tlU~~ft!JU,T-tltM*M~ft!JU<Jil!.OO 16. 4)~!m-7X~ 5 'jffl:ijl_6,fi1, 

~ft!JU< &Jil!.OO 16. 4)~~7XJ! 7( T-tftM*M~ft!JB:JJD"M-1'lJt?tU) o J1-1Jiii, :!lD 
*tET-tftM*M~~-~~Jti~~---·~·-~~~Ba~7X~4oM~Jti~ 
•~*•·m•~«-T••owr~tEmooR~~~~•••~~~-~~~0~ 
fn?t"M~*i1Hi~ft!JU~~~: 

o)*-~~ffi~:r.to6. 24)Wfffi~*t1t ~ ~wr:fl 5 -"~'~~~PJ1~¥JJ .r&m~ 
~--"~'·~~~~~~~&~~~$ 

u = F(e)x (16. 30) 
iM:UX>JimJ~~~ e l!Hi~~~lml~ ,{£ y=x ~~~&~riiJMJL-1-T-tft~Hlio 

(2)*=~~it--1'~1m"-W!tlU~~ft!JUo 'E:fl--i'~~~~~lm"-W!tl:fS!tl 

iamlt$ K2 <e). lmll'~~~iiJ ~~m1*-~~~~& ~wr~¥rJ~tt~~mtr-0 
*:$:fllffl* 9 :$:~Wfll!B;JfaJRll~~UE~~fteit<ATEA)-ti~1rr!*~~~ 

~&~$~~!m"-i)ltlU!tliao JA)jjt~_ti)tiiJ~~ffl~-T ARE<ft!li Riccati :Jrft) 
~ H=f)t~tt7tt<iiJ~~)Cfttt[26])*ifrfW:I'iiJJHi. f!IJ!Ehr*tft ~ ~~{ilL~·ftf~;ffi 
~m~~, Eh ARE 1Jr!x1!1~¥Jl~ A.Tl~~M.&xr!t£ Matlab ~1~¥1J:fl:tf:J( 
~ Hoo-CARE Mo {£~:f;F~'Ifi5lr .~Y.X>f~-i'~IJi,ATEA :Jrr!~lt ARE :Jrr! 
J!:JJD:fl~o ATEA ~-r!~~iiJfiJJij ChencssJ!!t Lin ~c74J ~~ft*tftiJt.*i1~ 

!IJo rOOWt:Ji::fJJJij ATEA 1~¥1J~~~~·~~~&~itlia~lt$: 
F(e) = [2. 1410 X 106 

- 62. 3004/£2 570. 7619- 31. 1502/e 
2. 1410 X 106 

- 62. 3004/e3 
- 31. 1502/e4

] (16. 31) 
Jt~ e :Ji::lml~~Ji, iiJffl*~mlT-tftifrf*lll. iiJ~YE~;JEJf:fl~ O<e<oo,fflJF*tft~ 
iamlt$ A+ BF(e):Ji::Wflli~~~, ~e-O B;J ,JA1:ft~ w ¥1Jflt~~ tl:l h ~fflJFffl-:li 
B§~ T ~~w(e,s)fl~ 

II T hw (e,s) II=·= II [C2 + D2F(e) ][si-A-BF(e) J-l E~oo- 0 (16. 32) 
r-~~~ii~--i'~lm"-·U~~MB*M·~_t~~&~~M$~11: 

rm. 1t.96x>t:r.to6. 24)EJTffi~*m~ m:n:-roo~~~~JF<fi~:Vtlit~)~~~~= 
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x = r; (16. 33) 

;Jti=J:t 
1 0 0 0 0 

0 0 0 1 . 0 

T= 0 0 0 0 1 (16. 34) 

0 1 0 0 0 

0 0 1' 0 0 

151!~~~~Et'J{J~~:1Ualr$1g 

c1 T = ~0 ~ ~ ~ ~] = [I3 o] 
l~o·1oo. 

(16. 35) 

Hf&,~~E~~t'J{Jfrj-=:1'-~~.!0CA06. 24)Effffit'J{J~~~ ~ t'J{J X1 ,x4 lOC xs·, l'iJ 
~~~••m~=J:ta~.E!f~#~••~*·•~re~~mt'J{J~~~*1g 

[
.Au : A12] 

11 AT= A~~- tA.~~ 

0 ' 0 0 : 1 Q 

1 0 o: 0 0 

0 1 0 i 0 0 (16. 36) 
~-2749-2i--6-i·---o·---o--r-=-7i-2915----~-ii4-9ii':-6-3 

0 

lliJ at ilHT~tl * 
F(e)T = [F1 (£) i F2 (e)] 

0 o: 0 

0 

0 

0 

0. 12841 

- 3. 39561 X 10-7 

0 0 

0 -1 
0 0 

··--·-----------------------
- 27 4921. 63 0 

0 0 

-0.9597 

(16. 37) 

(16. 38) 

= [2. 1410 X 106 
- 62. 3004/e2 

- 62. 3004/e3 
- 31. 1502/~4 i 

570. 7619- 31. 1502/e 2. 1410 X 106 J 
(16. 39) 



Aanp(e) = A22 +K2(e)A12 +B2F2(£) +K2(e)B1F2<e) 

Banp (e) =A21 + K2 (dAn - [A22 + K2 (e)AI2 ]K2 (e) 

+ [B2 + K2 (E)BJ] [F1 (e)- F2 (e)K2 (e)] 

Canp(e) = F2(e) 
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(16. 40) 

(16. 41) 

(16. 42) 

(16. 43) 

Danp(e) = F1 (£)- F2 (e)K2 (e) 06. 44) 

)!£ K2 (e):;f!~~{t~~!m-X!Q.irotl:H:JtM:m~,X;j-Jt::fr'j\~ e ~f¥ii£A22+K2 (e)AI2 

1!74Jfur~)E~, lliJat~ e-o at ,:ff 

II [si- A22- K2 (e)AI2 ]-1 [E2 + K2 (e)EI] II= - 0 06. 45) 

BS:J!ltJffl ChencssJ 9Jt Lin ~c74J ~~flf:, ~fi'J~~¥lfF00~~~1t~M-:Itftm~: 

[
73. 2915 -1/< 0 OJ 

K2(e) = 
0 0 0 

Mfiey~~~~M-X!Q.M:H~~-:H~~~~~-~~~~~1tm~ 

A [ 
73. 2915- 5/e 0 J (e)= -

~ . -1. 9381 X 10--4 + 1. 0577 X 10-s /e -1. 6867 

Canp(e) = [570. 761'9- 31. 1502/£ 2140967] 

(16. 46) 

Danp(e) = [2099135. 4 + 2853. 81/e- 93. 45/e2 -62. 3/e3 -31. 1502/e4
] 

t/JI =- 5731. 6533 -13/e2 + 439. 7492/e (16. 47) 

¢2 =- 0. 7128 + 3. 1732 X 10-s /e2- 9. 6904 X 10--4/£ (16. 48) 

R~ eE (0,=), li!A:06. 24)FJfm~~U1f 4 fll_tllif~~fb!J:Hflf~mt~ffiJf* 

ti1!74Jfur ~ )£ ~ 0 ~ ~ _t' ffi Jf m ~~ ~ tE- 1. 6867' :ff "M xt tE- 1/e ± j1/e, 

-0. 9597f!l-1/e. 1!1 16. 5 :;1'! e=1/100,e=1/400 fll e=1/3000 JL-1'-{l[at ,JAtft~ 

w ¥1J1Jt~ttltr l::i:l h ~ffiJff~:iiPJ§~m~ T ~ (e, s) ~li:::k~#{i[I!J, tt!i:W:~~ ~ e jfJ! 

*jf!!'J\at, T ~ (e, s) ~ H= t'i!~-tl!jf!!*jf!!'J\. r&.lltJL3f-=ftftfiiJ»!~fifH~¥1Jfi¥HJc. 

i!:J!*tiiER~*~tt~.~-~~W~at~~ttm.~~-~tt~lliJ~FJT:ffat 

rEil~fiHtmfi~. 
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-120 

e=l/3000 

\~\ 
\\ 
\ 
\~ 

JE~rliii 16.2 ER~ili(I{J-¥-f,*"'W9=t~JilwJ-1liii.t*~J£it~(I{J~iM~. xw. 
~.~,~ili'J~lJ!i\06. 40)EJfffi(I{J-=ftJCftU~~ili'J~ ~anp(I{J ;tff!Lit~<!A!.OO 16. 4)!t~ 

--~~~~~-~.ftfi*•MiliaA~~"~~(I{J·~~AM%~--aR 
tt~mtJ5(1{]1tfl{~*· JE~nwr*t.ER~(I{]Ri.tmt~~rm~mt@. iffl£L mr*•wr 
Rtt(I{J~ili'J~~~jj.ij"'W.fi(I{J .~&~~iltfi"jj.ij"iJ*tlJE.Jtfi!!.Ri.t~>J(.x~lA~7f 

:fmiitt. ~ilii!t~i.t~i!-B. 
iE~nnuiliiEJrtl,RttM(I{J~ili'J~:J! 4 WI" (I{], p;q~* § -TtJCNHM~ili'J~, p;q~* 

§~)(I{JfR::fr~. 't:Jl.~"j.!;q~fftrA:-~~{iL# Xl .~-~~-~m% r. ~-Hi 
YE.~,~ili'J~(I{J~~~rBJm~~ 

Jt9=t 
A.,(£) 

r 

73. 2915-5/£ 

~ -0. 0002 + 1~0577 X lo-' /e 

0 -8/£3 

- 1. 6867 2. 1155 X 10-s /£3 

0 0 

0 1 

(16. 49) 

-4/£4 ] 
1. 0577 X 10-s /£4 

0 . 

0 
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(16. 50) 

:1!11! , ¢I fll th ?H.lU Ef3 ~ 06. 4 7) fll~ 06. 48) ~ ili , ~ )'~ 
Coc(e) = [570. 7619-31. 1502/E 2140967 -62. 3004/e3 -31. 1502/e4

] 

(16. 51) 

Doc(E) = 2099135. 4-93. 4506/£2 + 2853. 8509/e (16. 52) 

~~--~~~-BA~-®$#~~fll~ffl~tta.~tt~~~&~~~ 

tif1flt. ~fn~JJI!~ifi!Jffi%" ~:e:**iafll•~ffi%~~*x*. w ~*~rift# 
X! fll·~ r ~~:tm~£. ~~a~£~j;:.u ~*ffitilJ~:J;:. f51J-JtMiB~Ift11! 
oo:m:±1t-tril.~~-z.~~1m&tE{f{liJ1f~rf .~:tm~£~il}\:{a/Ffm)\:f 1t-tm• lliJJg 

:tE¥m7f:tmmll#fiM•~f~%zmr .~fn,~PJ~rem# x1 11J-J~M!~i~:tmmll#~ 
£/F~*r 1t-tm, f5l.llt:i!f-F~1m&:m:itJJI~. riti~miltr-~mm.. IW~:tmm!l# 
~£~•1t-tm.$#~~~:m:~~PJ~m••~••1/Ef!lu~A*~iaz~~ 
*¥· ~*iEOO 16.6 !fl. ~ffltfl.~JJI!mll#~£fll~:tm~£x*.~*~•~f~% 
~~$.-~ffi% r ~~$~i\i1i .ll~Jl#~£Ji!U~}\:. !l'ilattf!fm~~i¥1Ji%J~·· E fll 
·~ffi%~$ZI'al~faiift~·jj:*¥ .:tE:i!-*¥rliHiY:~rulll#~£/Fimtt 1% ,J! 
~~fn~&~mt-Fz-.~*:tEOO 16.1 'ft. 

MOO 16. 6 'PPJ~1!.i&~ili Ef3r~ifi!HlftrA#:tE~*·IlP:tE±112. 5V z~ .~fn 
~,®!~~ e>1/3370 ~~ifi!JB. MOO 16.7 r.P:itJ-Jti,@jf~-1-&itmt-F. I!P~>t 
30HvJ!$~r~•~ttuA.~~.ilHffi~£~'®t'J\f 1% .~ff]~,@t~~ e<1/2680 
~~ifi!JB. f51Jlt~;fl!Jf~~ eE 0/3370, 1/2680), Ef3~06. 49)~~(16. 52)J!Jfffi~ 
~ifi!JBPJM!~06.Df!l~06. 2)~.ffi~tJ.l.fiB¥mtl5fmti..@J!Jf~~&~§t-F. ~ 

ffJ~~ e=1/3ooo,Ji!U~06. 49)~~ifi!JBJ-J 

f

- 14926. 7085 0 - 2. 16 X 1011 
- 3. 24 X 1014

] 

A = 0. 0315 - 1. 6867 5. 7118 X 105 8. 5677 X 108 

oc 0 0 0 0 

0 0 1 . 0 

. (16. 53) 

. r-1. 1569 X 10
8

J . r 0 J 
B = 281. 9699 G = o 

oc 1 ' oc -1 

0 0 

(16. 54) 
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Coc = [-- 92879. 9041 2140967 --1. 6821 X 1012 
-- 2. 5232 X 1015

] 

(16. 55) 

Doc =- 8. 3040 X 108 (16. 56) 

v.A r 89 {jj A~*~ ~j .ffl Matlab ~ 89 Simulink ~~ ~j. ~J .ffl Simulink ~ 89 
Runge-Kutta 5 :1r~~;JWJ#~IRJ89~:5ttttltrA:i£fi{jj1t,:liltNl7-K~ 10ms,:lil::k:tP"-K 
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17.1 ~ te 

J't It! f~ ~H (electro-optical, E-0) )I 11tf1tti:: ~{E ~ll ~ tJL, 1i:fl-tJLfll :I:HJl: ~ (19 3JZ
'El _t, Wt~*~ Eb 3JZ-'El f.Jf51 ~a9~Z9J, :1! ®~Z9J~~l:J'tlt! -ffl'~Ha9~ Jli:J ~ Oine-o£
sight,LOS)tc1:.-we3.~JVt~1t.&Hit.Fir~CilT~ Jh1)C~[162]) o M:bt*ffi~ 
••a9••~~~~o5l:•:i!®~•a9~~z-u~~mem~~•~••o
~~~dooMtt~~_t•~-~•••Ma9~•M•~o~••fll•M•~•• 
~::1-Jm:~m.Z9J•m~•~m:~ll9o tt~Z9J.~Jii:J•ttl9J:a9,l1Sirm~uo~:§~/F~ 

ll9ol1SI~:tEm~•**ha9*mr.-~~~~=•:tEmtt~~~-~•M•~ 
Uza9 o Jililit~-~-g.~a9:1ifEMi'i6•, flli9J.t1Ht, ffi1jl'Ei' f.JT'JI~a9~Z91Mm~ llT 

· 1;_(1Jt~~a9. f.Jfl;_(,!fG{fJJtflmflf!J!B~it-~--.~~~ LOS fllWt~B9:1ifEM.:fE 
~fa]_t{~H~3JZ-fr,:wtfl~i1 LOS 8~r*· {E!.~:IifEMH9Wt~A~ Jj~~a9:i11:Z9J~tt. 
:i!•••~•:fE-~•_ta~hm.~~~~~Ji11ta9h~~m:fEJj-~•a9~ 
Jli]_trc1:.:1ifEM[163J. f.Jfl;_(::1-JT i1 LOS ll9~1'al~UzllT l;_{~{t.-~~'t~~j;-iVff~M 
~em~om~oo~-~•a9~Z9J~rc1:.oo~Jj-~•a9~-g.~Z9J.:i!~a9~tt 

~LOS a9¥1ilJ!Ji!JIJ~7~~*a9~·0 f.Jfl;_(!f(;{f]fm~~it-~f1i!JIJHI1Ttc1:.iEifaa9 

ml91< I!Pit•m nrrc1:.Wf~:i11:Z9Ja9Mm) 0 
*·~~·~~-~--$~·~·-··-tiLU~-~M-AM•ili•mo 

Eb~M~-~~#:fEM-g.~Z9J,f1·:1!~-~$MA$Mili*m#/F~-lf!JIBQ 

fflf~ma9 PID f1i!JIJHWI:11Tff¥Hk:ll9o ~~z~~. I!P~--Z9J~~1:.~1ta9till£r, 
f1•Hm~§~--a98~~ffo:fEli~~~a9M~m.~~$~~~M-·m 
m:l=r7~~ .f.Jf~~a9¥1i!JIJ~~-El.ts e ~Qnui1tjfi~<Ih1::>c~c164]) ,f!~tt£~~¥1 
i!JIJ (.1\!,)(~[165]) flltlWJJ!.t£i!JIJ (.1\!,)(~[166]) 0 ?!.\ mi~ 7 )(~[165] ~ (19t£i!JIJ 
Hl;_(*·~m:i!®tt*f.Jfm~a9tt•n•tt~•~·m•:tE~~••~~•o** 
*'Jffl:l-:t$fll1G~iUiHRPT)~~*5ttm:l!~fOJR!,~itilimflf!fll~IDra9t£i!JIJB~ 

~.f,~,(l9 ffi~*mA~ 'tJc·rui~ fllMH9:!-:t$ttfl~ o :1! -• (19 I*~ Eb Siew, Chen 
fll Lee[167JjeJVtll9o **a9pg~:t(fl~~llr: 17. 2-;l ~ e EB ~£j,J8~·1t-ma9h 
~Wi~.&~Z9J~~Wo :fE 17. 3-;l,!fGffJ1Ef1i!JIJBH9~itfiiJR!M~JVt:l-:t$fll1G~rui 
~f1i!JIJ fOJR!,f!.\Jl5*'Jffl~ 10 •mm a9f.Jfi~WfJli:MfaJR~fll~W:~~lfe:it<ATEA) 
*MHk:f.Jftltl:ifiiJR!o 17. 4-;l~t:l:i 7 ,~,~~ita9{jjJafll~-~-o :J!®~--~ 
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*~~~~~mm~~~~••~••*m~~*••· •~*m~~~~ 
~$5Hil.nlt: CDW~··;@*mtio ; @~t~Bf?JIHJi; @)~ AH:.m. ,tt~~{!:j:WCW 

~ooo 11.1 §fiR . -roo~tl:l:JK~$5Hlf!:j:~~~~m . 

1. fE *-"-lt 

~ ~~B··~-f~*m~Nt:kit$5t~f!.{8)t:JHB••*:!ltT . 00 17. 2 :1-J~B 

··~lR~OO . B~ =-~~*$5tmnX:: CD~~;f!JB~:IifE~EI!:fJL; @.lJl~~cgim

bals) , 'tPJ :1-J~~mf;tt~W ~ ~ ~ Jlt, 3Ct El!:fJLrx:it JW ~ ~9;1!, :JK~ :1-1 T rx:it ~ i;JJ; 
®&M •• B;fll.1Jl~~:im:i1-~ 2: 1 ~J!-&~f{i;JJ:iiti . 

E51:1-JIXJtl1*~PJfibk~~:lifE~, -~~~~:lifE~EI!:fJL c ~~) 1JHIHf::1-J @!~{)( C~B 
.) . :im:i1iJ.!iJ~WtrA~9;!!, ~~PJ~ti!~~i«iJ!IE~~!f!B(spin axi s):lifE~COO 17.2 

~Axis 3) . ~~$:&t£1*J.ljl~~__t, PJ J:)__t r ~~!!!?.:lifE~. :iK~:IifE~$!18)tffJ\:1gffm 

#-4$!1Cpitch axis) COO 17.2 ~Axis 2) . I*J.ljl~~Xf:&7X$:&t£-~5'~.1Jl~~__t, 

mf;ttT jj-~$!1Cyaw axis f!X Axis 1)~ ~ ~jjt.~zPJ~tc::tlilli;JJ . B:~:JK ::::~ 

~~;ffiB.iEX ~ , i1·~ ;fllffm#.4!f!B::tt:~ PJ ~~ rPJ ~ C LO.S) * m;fll Axis 3 .lJlfr . _ 
I*J5'~.1Jl~~tJ55tJJ1J:iiti¥~-~ j]9;1! E!!:fJL__t . JK ® j] 9;1! El!:fJLtE illii~ (yaw) f!Xffm 

#.4C pitch) !f!B1r rP.J __tf$i;JJ~B•*m, §I~ 5tJJ~ffJ\:1-Jillii~f!XffMM El!:fJL . :im:ct:JK ® El!:fJL 
rx:i£~~ ~~9;1!, PJ ~*mffiM~'ifft'li~f~* :il!:i;JJ ¥UWL~ ~ ~ rPJ ~ C LOS) . ~ 11: 



Axis2 

Axis I 

LOS INCIDENT RAY 

Axes I, 2 & 35!f!ij 
IIH1!!i.i£~ 

00 17.2 ~'BI\fiJf-~00 

MOTOR 1 :fll MOTOR 2:JJmft!ttL,MOTOR 3:14E~ft!t1L,POT 1 :fll POT 2:ft!f.i'ltt 
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:i!J!tj~mli9tF.fflllt ,LOS !t~~{£--'j'-~(J9{ftfLt. !!Gff17HJ1J~J(.*-'fillli~~f~ 

~~~-~~~~~.~·{E*~···k~~&#~~.m*•·~~~.

~~-f!(J9~~t1C#N::ffil~f~~~*ffi~:l: iJ I ~ iJ 2 0 IE T~lw-~ftj:(J9~$JJ '~t
~~m~~t1Cii9IfF7111Eflt~$JJ{£-500~01~500~-300~02~300o illli~~f~~Jt 

~tJI.Ii9il::k~mtf!flt~$JJ{£-O. 5~0. 5Nmo 
~:i!1'-~~li9~tJt.&MmR•T~Iw-~*~~~~.:i!~Mii9M~~*~ 

~~~~Nd~~-m~S#Ii9-8*·~~~.fflffM-~*~~~B8~~~ 

~~-li9~~~tt.&MmDtt-1'-2 1 1~~-~~~-~~~~···M~ . 
.¥:i&Mmft-F~ a Mat .&M!Jili9 LOS ftf~T 2a,EJT~ 2: 1 li9~ill3R~~~,~Ii9. 

f!J.ffl Lagrange (J9jg~:!Jfll[IssJ !t~ t;A~~¥1J~t•m~~~:!Jfll: 

(17. 1) . 
Mz(0)1J2 +HzCO,O) +Gz(0,0,03) = Uz 07. 2) 

Jt9=' 8=~81 OzY ;u1 ~ uz ~~~~f~~~li9!3R~.1Jm;iJ3 ~~~~ftf~il~. 
1Jfll07.D~:!Jfll07. 2)9='~~Ji~)(~rrF: ----- 1--1--Ml =a +d + (b -d +l)cos202 +2Ce+ g) +2Ce- g)sin02 (17. 3) 
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G1 = Mz03cos8z 

Mz = c+.I+l 
4 

(17. 5) 

(17. 6) 

Hz= ~ (b-d+l)ofsin28z-! (e-g)Ofcos8z -Mfsin8zcos8z (17. 7) 

Gz =-kiJI&3cos8z 07. 8) 
Jtrf! a.,lJ,J,eJ,iJ *"k ~·111ttt*mrf!ft~*fP~a<J~J.m11t~. J!®'lit~if::tmt 
[166]*"[168] Jfl B~~~-if'JN-J,R, 't:ffJ l'mJtR fHJ:/ 

a.= o. oo4, lJ = o. ooi28, c: = o. ooo98, a= o. o2 01. 9) 
e = o. oo49, 1 = o. oo25, i = o. ooi25, z = o. oo32, k = o. oo25 

(17. 10) 
~l:.~~a<JifimW~ kg· m2

• ~l:.mfl¥J1JW!flllJ~Lt~*m~~JJt~I:~1199,:Jf 
i£-we~*"fl9i~~~zfEiJ;ff{£~-g.:rffi-. 

~••*m!fll'flhm*m*"m•~••m~••M~•*•~~-~~A# 
:Jt:ml:.. J!®W~RM*m•oDC•*:femt!'m. oo 11.3 ~*1.toa<J?t:fll. 

(1) *li:: *li:ifi]G A*" B ~ifi~ 28V :RmtiJJ'W~!'m. fE't:ff] 1$11l*~*llJ ~ 
tl!#t-24~o~+24V tit['fll ~ !'m:Rmt*lli· l.~Jll.g.*li:J:/ JJ~*m, m•t~•• 
*"t~HWt!HI!i:Htl!t='t*h. ifi5G C ~ 24V 1i:mt,ffl-T!Jgi9J~~t£iMH. 

(2)~~t£ifi!JH:i!~-~!jgi9Jifi5G<~~ MCH20-20-002CU. RM*lli 
itxt~~*m~#tiJJJ!t£ifitJ 0 ~J!tit['fi!J:/ o~5ooorpmo 

C3)*¥/,t:f&:XH::ffM~*ME:t&:XH,-~J:/-we~*m,J1-~J:/fl9i~*mo :$: 

:XHl'fJ~A:R1.t~•fiJ AD/DA ~ l:.(f] D/ A~ ili, f&.@fE~ ili ~1.tf'Jhm*m 
l:.. 't:ffJ~Jij~$;0{:;kH!llmtl'fJ .~ ili *llitit['fli~-25~+25Vo J!®~tf:ir-:1:. 
-o. s~o. 5Nm fi1['fll*i9JJJm. 

(4)~mtmfl!i:H:~*&it l:.~-if'Jl¥J&•f~%{£~1.tiU AD/DA ~l:.l¥1 AID 

~Ai/MzlitrJ't!lRMJ!®tzgfl!i:H. 't:fi'J~J&ItJT~${£ 19Hz 99f~Rimfl!i:H, PJVJ 
ill~ iM i\f6 ~ Pifl'i o 

~fi'JFJf*Jijl'fJ~m-~**"~*-~m<AD/DA)-F":ffM~~m~ARJi*"IW 

~•m•m•mo~m•A~~fl!i:sl¥JM~*"·~~a<J&•m%.w•m•m~ 
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m~rn ~ 
.,. 

~ • 
I I DCj!flt~ 

-tllf.I~I!UI 
(2ilil) 

I I ""t ~ t'l $JJ it 

oo 17.3 ~m~a 

ttiiJ!JEt!tJI.~ Et!.EL EIT:fl imlt~fii~~ -10~ + 10V ~1lmt ft!ff, A:fl12 Uz~ 

*Mit. 

4. +A.. it J.llt. 

imM AD/DA -F,t£iiJ!JfUit!E-~1-Ait•tJI.*~m!. 1!1 17.4 ~~~!JZ~~ 

~~1!1. 1-Ait·tJI.~~fl~-~ IBM PC,~~~~- 75 ~HJJ!~l!l-1- Ms

OOS 6. o ~tlkft~Utc. 

· 1-Mtw.m 
- ;-

' 

AID - t'lttla - D/A f-. ~-&~ --- tlfUUff 

- '--

m;ilmm~lltit 

17.3 fUffl RPT 1J~iiitt£it'J:H 

:4:ilte!§ !E~~-~~l~>f~-*~~t£i!VJ~W:it~~~1H$l!l%~HLHffi<RPT) 

t£i!VH~»!.~J§"f'Jffl~ 1o •~::n~*W:itt£i!VJ~. 13 ~~~W:it-1-~noo 11.5 
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mffi~••~fi~~~•••~.mma~tt=•~~~•*= 
(1) ffiJt¥~~-wu~fl1ftm~~•~ttcil!!.~'*~~tuuA m%, Jt~ tt.Jt:fl,J\(j(J 

lOC & :fl Mi iJJ ; 
(2) M~~lllftm~~ZI'aJ~*M~:iiiJIJ!VJ\; 

(3) .~,~¥~x>t~hW·tlt~fl1¥~~!/&~ltA:flft:Wtt. 

~lHk~~~:OOW:~fliiJB~F1lt ••• ~?X~fi, m ~*'Jfflfi~~1'-Jdt;lftJL, 
AID~ D/A -F~PJ~~~. 

~ 1iill 
~-&~ilfl~t!f 

I 
~ttlllt l I ·~ 

e5t~§x-t~o7.D~~o7. 2)mffi~~~m~:ill:fi~ttlt,fe'E~JOCtjft 

~~~~~•~.~ttit(I(J~~~~•m~ 
(17.11) 

(17. 12) 

. 
w,E Lz ¥~tfl(I(JJm.~¥f.{, ~JOCtlt~*~Hll!. m~ A,.B, *" E, (I(J;iE)()! 

0 1 0 0 

0 0 0 -k!J3!Nt 
A= g 

0 0 0 1 
(17. 13) 

0 k!JJ/Nz 0 0 

B ~ ll/~, ltl r~~ ~J E= 
g 0 g 0 

0 0 . 

(17. 14) 



N1 =a+IJ+e~B"+z, 

~~~~·~•••~~~•~mA 

0 = [::J 
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(17. 15) 

(17. 16) 

Ell rftfll.R x;f LOS tf<J 1J {\I 1!: ft !!llt ~.@, 3i ~ .R :;:\$ .I!t M" jC PJSi Ji tf<J ~:;:\$too A ffi 
%r(t) 'ep 

e=O-r= [
(lJ -rl] 
02 -r2 

~?(.{ e ~Aillili$H~~. :S:J§"~~~fflti~4li.lltJ·~= 

{
x =Ax +Bu +Ew 

1:: y = C1x+D1w 

e = C2x+D2u 

X= [:J= :: , u = [::J. W = [~7:)]. 
02 

A = [0 0 J' B = [ 0 J' E = [ 0 "1"] 
0 A, B11 E 11 0 

- --[I2 OJ- ~
1 

C1- -o c1 o 
~ ~ ~ ~ ~] , D1 = [ 0 J = 0 
0 1 0 0 0 D1 

0 0 0 1 0 

(17. 17) 

(17. 18) 

(17. 19) 

(17. 20) 

(17. 21) 

(17. 22) 

(17.23) 
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[
-1 0 1 0 0 OJ 

Cz = [- lz Cz]= , Dz = Dz = 0 0 -1 0 0 1 0 
(17. 24) 

JJ{!:(:E~~~iiECD-T~t!C<Ag ,Bg,Cz ,Dz):Jikl'iJ:i2!~ ,_§_:ffWJ1- 2 ~~x~~/.ii,; 

®Ker(Cz)=Ker(Cl)o m!l~ 10 -~~*·~flll'iJL~kl.!E~~W:~t!C:Jikl'iJ~~m! 
ft$fll7t~JUUUEI, lWff:(£ -til~ll:& ~t£illlH$: 

{
v = A,~(dv+ Banp(£)y 

.!anp: 
u = Canp(£)v+ Danp(£)y 

~bilffl¥1J~~~~):Eti~~t!CIJ>t ,:ff 
(l)X;j")t::frJj\~ £, f;fl~~t!C:JikAJril[~):E~; 

(17. 25) 

(2)X;j"ffJt:fJJ:Mi~flj: Xo fllff~t'ti9.J wE Lz, ~ ~0 It-t, fll £ :ffi-*~JmN*~£ e 

lt-:ff tt.&t ~ e liz -o o 
ER~JArntJliLtm:.e<t) m~:t£ff:rt~~atrBJ P3. &:trm~:~:m:lt~~miffim~m% 

r(t) o ~?&, -J.J Jlt{Jt ~ tt~Eiff-;fl::l:l ~f"tfft:Jikx~~t£fljfj~ A, ~p~ MX~&::ko i!:Jik 
~m!~~$'1W o :(£H!JOOB~ml::l:lt£fll!J~A~~~1iliii:Jik-O. s--o. 5Nm, f§Jit, :(£ 
~~bilffl'f' '~{ll$~t'Fl::l:l~~ ~tl( if 0 

ltJffl~ 10 -~~*·~fll!OCPJ~iiit~~xw.~~:H~t£fll!J:H,-tf!PJ~iitt~~ 
XW.W~:H~t£fll!Jff-*WH~:~..triiJ»! o X;f-T~~~W~ :H~t£fll!Jff, t£fll!J:H~ ~?X-J.J 6 o 
Jj-:IJOO, 1§-J.J_g$~:i:~.i!J.fV!it~~:l: .~~XW.Wa:H~t£fll!Jff~~?X:Jik 2o f§Jit 
JA~m~mf.ii.l::l:l~.-•~••~m~~•••~~t£~Bo~mmt£•B~ii 
tt:fr~roo~M~= 

(1) ~-~:Jikffl1iij\(17. 20)EJfffi~~t!C 2: ~EJT:ff:t\1-tt~t!SPJ~~~iiJ 'iiit 

u=Fx (17. 26) 
~~~f;fl~~t!CJ:t.:ffWJm~tt~~o 

. <2) :t£~=~lf'iitt~~•wa:H~t£fll!Jffo .ff:t£-1-~~~wa:H~Mm!I$ 
KR PJ~ttJ(!{~-fP"J:f:t~tt~&~$EJTJ;5itJ~f.£~o 

l!Jffl:)c;fK[88]Cg)C;:)c~[74])~IA*Xfttlf'~ m m~ atea. m.f~uJL~:i!f"t, 
~fn~~ilfFOO~tt~&~~M: 

F =- [- 2. 3732 - 1. 4264 2. 3732 1. 0271 1. 4264 0. 0000] 
1. 4264 - 2. 3732 - 1. 4264 0. 0000 2. 3732 1. 0113 

(17. 27) 

ma~*-~ffl..tOO~tt~&~Eif·~~ffi~~t!Cttft:Jik:ffi~~Am~~o-r 
*biim~ 10 •~•71~~¥JH~:tmj\o7. zs)EJTm~=~7ma:l:&~t$.Jt:lf' 



[
-174. 3280 -74. 2370 J 

Aanp = 106. 27 43 - 332. 7939 

[ 
1. 0269 0. 6172 -83. 3798 -64.5160 J 

Banp = -1. 4843 2. 4695 11. 5772 ·-194. 7265 

c = [-205.4112 0 J 
anp 0 - 202. 2678 

D = [ 2. 3732 1. 4264 - 90. 1288 - 23. 2207 J 
anp - 1. 4264 2. 3732 - 20. 0343 . - 126. 0777 
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07. 28) 

07. 29) 

07. 30) 

07. 31) 

~~m~#••~-~~R~~~•w.anww•~••~o~g~m 
Matlab Simulink *if#i••~~*'Jft~tl:fmo :filgJ.i!lfflflJ~~~ § lii~~~~Ji: 

l!fl*~o *lffl~~~~~tt1H't~<~.!Ji!.m 4 !it> .;;!H~atfaJ~ 4ms,ftfm-tJ¥~ffOO 

~--~~*'1ft: 

07. 32) 

A = [0. 4624 - 0. 1304] 
danp 0. 1866 0. 1841 °7

" 
33

) 

B = [ 0. 8476 o. 2904 -61. 7225 -34. 4820 J 
danp -0.7830 1.5179 -0.9257 -121.3119 °7

•
34

) 

C 
= [- 0. 6008 0. 0536 J 

danp -0.0755 -0.4790 °7
" 

35
) 

[ 
2. 0249 1. 3072 -64. 7719 -9. 0547 J 

D - 07. 36) 
danp - -1. 1097 1. 7584 -19. 6598 -77. 0027 

:h7~-t}f'JJ!1JO~lii8~~=* ,ftff]ffl:1f~07. 1) ~:1f~07. 2) Yfjj;~~~~tt:m~* 

fFiliAo {jj;1t~t£ Runge-Kutta 5 ~:1Jr!rlJ!fi,:fil::k~:fil,Hv*~lHiJl~~H~ 

m!Wl, ep 4mso ~lttflJJJ~ft!fJL~ll&*'J .~1'Wiff1JD7 -1'-tfg~:m~o .lltll&*'Jtf 
±0. 5Nmo {jj;1tq:t~~~~tifE~l!ltRJ.E~ 2500rpmo 

~~~7f:Mi1'1H~~ji:ij1Jt~19Jf'J < i\ll~ ,fijj[#.;J.> =(50, -5°) o t£~ ss 1>\W:m:'.i:ft 
19Jf'J<2oo, -2oo> 0 ~g~-1'JJ<.lf~19J, ep~~~tEJJ<.lf:JJ!PJJA 2o"#19Jf'J -so, rm 

f:~'J~fijj[~~-2o"/F~o ~r*~~1I~19J ,Jltatilll~m•-f*t~tr-s·. rmfijji#4m 
JtJA -2o·~f'J s·. m:gtf~@lflJ~tilJtZ.~, ~~~~19JflJ:iti3'\ttilJi <-so·, 3o"). 

~~-~llfiiJJ.i!l~lit~1'*W~JJ~~AH7Rt£00 17.6 ~00 17.7 q:to 
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30r---~----,---~r----r----~--~----~--~ 
I I I I I I 
I I I I I I 

20 ------t------+------j------t------t------
1 I I I I I 
I I I I I I 

-----~ ----- -----~-+----~-----~------+------L-----
1 I I I I I 
I I I I I I 

I I I 1 I I I 
0 ------1-------+ -----t-------1-------t-------+----,..o---1 

I I I I I I 
I I I I 

-10 -----~--- ---f------~-----~---- ~------+--- --~-----
- I I I I I I I 0 I I I I I I I 

~ -20 -----+-----+------1------+---- 1------+-- -+-----
1 I I I I I I 
I I I I I I I 

-3o -----~------t------r------~----- ~------t-- ---~-----
, I I I I I I 

~ -----J------~---- --~-----~----- ------!-- ---~-----1 I I I I I 
I I I I I I 

-50 -----~------+------~------:------, I ---~-.----
1 I I I I I 
I I I I I I 

~o~--~5----~Ior---~,5~--~2~0----2~5----~3or---~3~5--~ 

111fll]/s 
(a) O,(l()lflbi! 

~r---~----,---~-----r----~--~----,---~ 
I I 
I I 

I I I I I I 

30 -----:------:------:-----:------~ \ --:-----
1 I I I I I I 

20 _____ J ______ l ______ L _____ J ______ ~ ______ L _____ L ____ _ 
I I I I I I I 
I I I I I I I 
I I I I I ' I I 
I I I I I I I 

10 ------t-------+------t-------1----- -+------>--- ---1------
... : :. : I I: : \ : 
~ o _____ J ______ J_ _____ L-_ f--J------L-----L---":_,.,;""'1 

--1 

-10 9-----l-· ____ J ____ J ______ j_ ____ j _____ l ____ _ 
I • I I I I I 
I I I I I I 
I I I I I I 

-20 ------:- : ---t------1-------:------
1 I I I I I I 
I I I I I I I 
I I I I I I I 

-30L---~----~--~-----L----~--~----~--~ 
0 5 10 15 20 25 30 . 35 

t£1:. oo l'fJ?j!~iJt 9=J ~fri1~~ 7 *fHf'i~ m%. :1!¥-tt£ W:ft~~iiw 9=J , &3 l'fJ ~ 
~M:IERT I~.t-1>\,J\I'fJ 5·~~¥JJ*I'fJ 45·. :l!:Ji1;:1g 7 ~YE*iiim~ltl'fJt£iiJ!J =Ht~:m-t
IttM:Em~A:ff ~:flfl'fJttfm<~'lf:Ji1;:t£~ttitB<Jm~J::i£fi"~itl'fJ) o ~Mili7;/J~ 

jg7~ilt~MU!m~~-M1-·I'fJ~~~-.M~:Ji1;:jg7~&t£MUt£~··~ 

mfl~~9=JI'fJ"M~"~*· 1>\00 11. s 9=JI'fJ~J.i)IRJ~:«m.~t•m~a.~J:~tm~l'fJW: 
ftWm:ffa~~~--.WHm:ff~tES •• l>\~~W:ft~~~W:ftl'fJ~J.i)IM~ 
~jg 3. 5s. m-T3~ ()2 J!Jfsl.®l'fJ:ii* ()! :ii;IJ*~:Ji1;: 0. 15° .#~ ()! J!Jfsl.®l'fJ:ii* 
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82 :i! ;JJ jdf.J ~ o. 5\ ~~ 00 17. 7 PI .!A!.Flfff ~ .® m :fi-F a9 ~ JJ\! :tiH.tJJ ~ f:JH# tE ± 
o. 5Nm (19~~~~~. El:uttPJ .!A!.*lifFRW:tta9~$1Jff~*H~~ .A.t.W~t19. 

o.s ------1------t-----.-~- ---t-----t------r- ---L------
1 
I , I I I I I 

o.4 -----~------t------:-- ---:------t------r- ---L-----1 
I _____ j ______ l ______ L_ _ _ _L ____ ~------L-

0.3 I I I I I I ---L•----1 
I I I I I I I 

0.2 ----- ------t------~- ----:----- ------~- _!..._L-----
1 
I 1 I I I 

~ 0.1 ----- ------:------:- -:---- (-----:-

~ 0.01- 1 

---L-----1 
I . 

« I I I I I 

-R --D.I ----- ------r-----+---- -t------r- -+-----
, I I I IJ 

--{)2 ----- ------r------:----- 1------r- 1---:------
_____ ------~------~---- +------~- ~---~-----

1 I I I I 
--D.3 

--Q.4 -----+----- ------t-----+---- 1------t- --+-----
1 I I I I I 

--Q.5 -----~---- -- ------~-----+---- +------~------~-----

0 5 10 15 20 25 30 35 
il'tfBJ/s 

(a) ~$tHi.Au1 

0.5 -----~------ ------~- --~----- ~------~------~-----
1 I I I I I 

0.4 ------1------ ------~- ---:----- ~------t------}------
1 I I I I I 

0.3 ------{------ -----t- ---:----- ------t------1------
1 I I I I 

0.2 ------{------ -----1-- ---:----- ------t------:------
1 I I I I 
I I I I I 

~ · o.1 _____ T_____ \----:- --:---- ~----:-----T-----

W( 0·0V I I I T I I 

-R --Q.l ----- -----~------~-------1------~------~-- -:------
1 I I I I I 
I I I I I I 

--D.2 ---~- -----~------r------:------;------:--- --:------
, I I I I I 

--{).3 ----- ------t------ .. ------+-------t------+-- --t------
1 I I I I I 

I 1 I I I I I 
--Q.4 -----~-------t------ .. -----~-------t------+-- __ ,... ____ _ 
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uoo2 = a2r1 +[3?.r2 (17. 38) 

Jt9=t """'~ uoo2~?HJtl~~:b0¥1J u, ~ u2 _t~fll. JtJJij(r, ,r2)~1Jij~Jlitfll-*~1' 
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~~ 
a1 =-0. 001125, [JJ. =-0. 000125, a2 =-0. 0049875, f1 =-0. 00059375 

(17. 39) 
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