Avdodpaorn Kataotdoewy - Iloagatnentég

1. ITpoxatapxTixd

1.1 A-avadoiwtor urdywpor: Botw V = R(M) A-avalhoiwtog undyweog tou R™ émov M € R™F xou
6mou Rank(M) = k. 'Eotw 6t M € R ("F) ¢to1 dote o mivaxac [M M] un-didlov. Egpbcov R(M)
A-avoholwTtog,

A[M N]=[AM AN |=[M M][X Y]

0 Z
6mou X € RF*F. Enopévoc:

[}Z/]:[M M}_lA]\;[::T_lAM, émov T=[ M M|

onhodn:

XY
—1 _

rar=[ X 7]
Yuvodilovtac: Av V elvar A-avahhoiwtog undyweog, tote: (o) O mivoxoag A oe véeg ouvtateypéveg

TOU OVTIGTOLYOVUY O UeTaoyNuatioud opotdtntoc eivon block dvew-torymvixde, xa (B) O V otic véeg

CUVTETAYUEVES EVOL TNG LOPPHC:
Z k| _ I
oo ==(l5])

1.2 E&iodoeg Sylvester: Tvoxoellowon e popprc: AX + XB = C 6mov A € R™", B € R™7,
C € R™" xou X € R™ 7. Tléte 1 eZiowon éxer povadixh Ao (we tpoc X) yid xdde C; I Svoouye
andvtnom yeetalbpacTe 10 eNOUEVO Oebpnuo (pacuatixic amedviong)

Ocevpnuo: Eotww A € R™™ xu g avdaipeto norvidvupo. Téte o(g(A)) = q(o(A)) 6mou o(A) o
(pdouo Tou Tivoxa A.

AnédeEn: Egbdoov xdtw and xdde adhoyh Bdonc P: P~ lq(A)P = q(P~1AP), uvnodérouue ywelc
BAGBN yevixdtnog 6Tt o mivoxog A elvon oe poppr| Jordan. Xtnv nepintwon outh o mivoxog g(A) ebvou
block-tprywvixde e darydvia otoyeia g(A) émou A € o(A). Egboov ta diorywvior ototyeia tou g(A)
ebvan oL WoTéS g(A) Tou mivaxa g(A) €youue to emtduunté anotéheopo. apatneolue 6Tl oL ahyeBpixéc
TOMATAGTNTES TWV WIOTHOV Topaévouy avolholwtes: p = ¢(A) epgovileton oty Swydowvio tou g(A)
e 6oec Popéc 0 A pe ¢(A) = p epgpaviletor oty Slaydvio Tou mivoxo A. O

Ocedpnuo: H eZiowon Sylvester AX+XB = C (6nou A € R"™*" B e R™", C € R"" xa X € R"*7")
€xel povadi Aon X (v xdde C') av xou pévo av o(A) No(—B) = 0.

A7m6deln: Opiloupe tov (Ypouuxd) tedecth| Sylvester S(X) : R™" — R™" S(X) = AX + XB.
Ané 1o Oeddpnua Rank-Nullity éyouvue Rank(S) + Null(X) = dim(R™*") = nr. Enoyévwe, 1 eglonaon
S(X) = C éyer povadxh Noon X (v xdde C') av xou uévo av o teheatic S eivan un-tdidlwv, 1oodivopo
Ker(S) = {0y} (onéte 0 S elvan 1 — 1 xan ent). Ou deloupe 61 0 teheothic S elvon un-tddlwv av xou
uovo av A xou —B Bev €youv xowvy| WBloT:

‘Eotw 611 o1 mivaxeg A xou —B dev €youv xown wiotiuy. ‘Eotw X Aon tng opoyevoic elicworng
AX + XB = 0. Téte AX = X(—B) xu enoywywd npoxintel 61t AKX = X (—B)* yid xdde k € N.
Ernopévoe p(A)X = Xp(—B) vy xdde nohudvupo p. Emiéyoviac g p 10 yopaxTneio Tixd TOAUMVULO
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Tou Tivaxar A €youpe and to Oetdpnuo Cauley-Hamilton 6t p(A) = 0 = Xp(—B) = 0. And 1o Oehpnuo
paopatixic anexovione o(p(—B)) = p(o(—B)) xaw epdoov ot tivaxes A xou —B dev €xouv xovi 18loTun,
0 ¢ p(o(—B)) xau dpo p(—B) etvon unrdLdlwy xou dpo X = 0.

Avtiotpoga, é0tw Ot oL A xou —B €youv xown ot A. Tdte undpyouv v # 0 xaw w # 0, TéTola WoTe:
Av=Xv, w'B=-\w", v#0, w#0
Tote, av X = vw*, X # 0 xou
S(X)=AX + XB = Avw* +vw*B = Avw™ + v(= w*) =0

xan 0 Tehecthg S ebvan Wlwv. Av A € R, tote v € R” xan w* = w? € R", onéte X = vw* € R?*7.
Av X € C\R, t6te S(Re(vw*)) = S(Im(vw*)) = 0 xa évac Touhdytotov and touc Tivaxes Re(vw™) xou
Im(vw*) etvan un-undevixdc.

Yuunepaivoupe 6Tt 0 S etvan WB1dlwv ov xau wévo av ot mivoxeg A xou —B €youv (touldytoTov uio)
xow?| wotn. Ioodivaua n e&iowon Sylvester AX + XB = C' éyer povadxny Aoon av xou uovo ov
MNi(A) +A(B) #0yaaxdde i =1,2,...,n,j=1,2,...,7. O

IMopathienon: 'Evac tpénoc enthuone tne e&lowone Sylvester eivon péow yvouévewv Kronecker [Horn
and Johnson, Topics in matrix analysis, CUP]. H eZiowon AX + XB = C ypdgetar 16000vopo oTnyv

pope:
Pdvec(X) =vec(C), =1, ® A+ BT @ I, € R"™*™ vec(C) € R™, vec(X) € R™

omou ® ouufollet to ywopevo Kronecker 800 mvdxwy, ® eivon to ddpotopa Kronecker twv mvixwy A
xau B, xou
T
VCC(X): [ X11 X21 Xrl Xln Xgn Xrn ]

Mrogpotue va dei&oupe 6t av X € o(A), p € o(B) xaw x € C*, y € C" 1o 131001avioUaTa TOV TVEXOY
A xou B, avtlotoya, 1ot A 4 1 elvon dtotiuy) Tou mivoxa @ pe avtiotolyo W6oddvuoua y ® x € C™.
Av o(A) = {A1, A2, ..., A} xaw o(B) = {p1,p2, .. pir}, o€ 0(P) = {Ni+pj i =1,2,...n,j =
1,2,...,7}. Enopévoc, av A + pj # 0 v xdde Cebyog (4,75) € {1,2,...,n} x {1,2,...,r} (1ood0vaua
o(A)No(=B) =), téte o nivaxac ® € R givon un-didlewv xon X = vee (@ vec(C)) 1 povedixd
Noon tne e&lowong Sylvester. O

Iopathenon: Eotw clotnuoa &’ = Az 6mou

A [ Al App

, App € RMXM | Ayy € ROVMIX(=m) 5(4,1) C C_, o(Az) C Cy
0 Ay

Egéoov o(A11) No(Az) = 0, n egiowon Sylvester: X Agy — A1 X + Ajg = 0 éyer povadixiy Ao,
OgiCoupe yetaoynuatioud

r=Q o=z =Az, A:=Q 'AQ, Q:_[I’” - ]@Q—l_[lnl X ]

0 In—nl 0 In—nl
Enopévoc:
A I, X Al A Iy =X | _ | An XAp—-ApnX+Ap | _ | Ao 0
0 In_p, 0 Ay 0 In—n, 0 Ag 0 Ax

Av (\, ) Letyoc Wiothc - WBlodlavioportoc tou mivaxa A, tote Q 1AQx = Axz = A(Qx) = A(Qx) xau
(A, Qz) Cedyog wotuhc - wiodaviopatog tou mivoxa A. Eotww A_(A), Xy (A) xa X (A) o evotadic,
aoTadng xo xevTeIxde WLoyweog, avtiototya, Tou nivaxa A. Tote, epbdcov

Iny %ol 0
0 Infnl
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etvan Bdoeic Tou X (A) xou Xy (A) ® X.(A), aviiotowya, cuunepaivouye 6Tt

K kA R R e A e
0 Inen, 0 0 0 Inp, || Inon, I,

ebvan Bdoeig Tou X_(A) xaw X4 (A) & X (A4), avtictorya.

2. Avddpaot Katactdoswv: YuotApata plag etco6dov (m =1)

To mpofBinua authc TNg evotnTag ebvar 1 BlUUOPPKCT) CUVAETNOTNG ELGOB0U UECGK UETOBANTOV XATACTACTG
OoTe Vo HETOPGAOVUE Tor BUVOUIXS YopaxTnElo Tixd Tou cucTAuatog (euotdieta, ToydTNnTa AmdXELONG,
andofeon Tohavtnoewy, xhn). Eotw cbotnua piog eloédou:

Yi(Ab) : 2’ = Az + bu, x(0) = 29, A € R™", be R

O¢toupe u = fTz 6mou f € R"™ 70 Bldvuopa avddBpaonC XATUGTEoEWY TOU TRTeL VoL ETLAEZOULE.
Trodétouye 6Tt 10 clotnua X;(A, ) eivar Thipwe eréy&io, dniadt:

detD #0, Te=[b Ab A% ... A" ]eR™™
‘Eoto ¢(A) 10 yapoxtnelotind nohudvupo tou mivoxo A:

p(\) = det(Al,, — A) = \" + a1 A"+ ...+ a1 ) +ag
Optloupe enione ta Stoviopoto: {gn, Gn-1, - - -, q1, qo} avadpouxd we e&hc:

qn = b
gn—1 = AQn + an—lb = Ab+ an—lb
Gn—2 = Agn—1 + an_2b= A% + an—1Ab+ ap_2b

q1 = Aga + a1b = A1y + an,lAn_2b + ...+ ab

Afppor (o) Agr + apb = 0. (B) O mivaxac:

Q=0 @ - @1 @ | €R™”
elvar un 8wy av xou pévo av to clotnua X;(A, b) eivor mhipne eréy&io.
A7m6deln: (o) ‘Eyoupe:

Aql + agb = A(An_lb + an—lAn_2 + ...+ alb) + agb
= (Anb + an,lA”_l + ...+ CL1A + aoln)b
— G4 =0

(B) Ot oyéoeic mou opilouv ta {g;} Yedpovia oe popph mvaxoeiiowone Q = I'cH,, 6mou:

al cer Qp—2 Qp—1 1

: . Ap—1 1 0

(a1 @ o ur ogn =0 Ab o AP AR |,
Ap—1 1

|1 . 0 0]




xou 6mouv o H, etvon mivaxoc Hankel. ‘Eyouye: det Q = detI'. - det H, = (—1)”+1 detT'c # 0 av xou pévo
av X;(A, b) elvon mhipoc eréyEio. O

Ocwpnua: To ouomyoc Yi(A,b) ebvar Thfpwe erEyEuio ov xon UOVO oV UTGPYEL UETAOYNUOTIONOC
wwoduvoloc, Xi(A,b) ~ (A, b) péow tivaxa Q € R™™™, det Q # 0, tétotoc GoTe:

0o 1 0 0 C 0]
i 0o 0 1 i 0
A=Q'AQ = o | b=@Te=
0 0 1 0
| —@ —a1 —az2 -+ —0p-1 | [ 1]

Snueiwon: O mivaxac A elvon oe popp# companion xon o ovotnua Xi(A,b) o xavovuh Hoppn
ehey&uotnrag.

Anédeldn: (=) Eotw X;(A,b) mhiipoc eréyo. Tote det(I'e) # 0. Opiloupe mivaxa Q 6nws 610
meonyoLuevo Afuua. Oo emaknicbooupe Tic oyéoel: Qb = b xaw AQ = QA. 'Eyoupe:

0
0
m=b=Qb=|q @ ... @1 @ ]| |=0b
0
- 1 -
‘Eyouye enione:
Agn = qn-1 — an-1b = qn1 — an_1qn
Agn-1 = Gn—2 — an—2b=qn—2 — an_2qn
Agz = q1 — a1b = q1 — a1gn
Ye autée npootétouue v oyéon (Afuua, uépoc a): Agr = —apb = —apgn. O oyéoeic ypdpoviar o€
Hoppt mvoxoegiowong we:
[0 1 0 0 ]
0 0 1 :
Al @ v @1 @ ]l=a & o G @ || o
0 0 1
| —@ —a1 —a2 - —O0p-1 |

Smhoadh AQ = QA= A=Q 1AQ.

(<): Eotww 6t undpyet peraoxnpauopoq wwoduvapiog Q étol Bote X (A,b) ~ %, (A,b), 6mou X;(A,b)
o€ xavovh popgh eheyEdtnrac. O mivaxac eheyEdtnac tou Bi(A, b) eivou:

Te=[b Ab ... A2 A1) |
OTov - ) ) -
0 0 0
b= |0, Ab=| O | =]
0 0 1
0 1 *
_1_ —Aan—2 L *




%A.T, OnAad

000 1
~ ‘ * ~
O, =1 . = det(T.) = (-1)"T £0
0 1 =*
i 1 * =x ]

Enopévec Ei(fl, l;) TAfewe eMéyEo = X;(A, b) mhpwe eréyEuo, apol ot wiétnTes eheyEiudtntag etvor
AVOANOIWTES OO PETACY NUATICUOVS LOOBUVOULAC. O

To cUo TN ENEYYETOL UE AVEBPAOT XAUTAGTAoEWY U = f1 2 TOU UeTOTEéNEL TO GUOTIUA avoXTol BedyYou’
(open loop) oe cbotnua “xhetotol Bedyyou’ (closed-loop). H avtiotowyn duvouxt e&iowon ebvou:

¥ =Ax+bu= Az +bfTx = Az 6mov A, :=A+0bfT

(o A, ebvan o avtiototyog mivaxag A xheiotol Pedyyou). O oyedlaouds avdbpaons XaTao TIoEwY opopd
v emhoyt tou davdopatoc f € R™ dote o nivoxag A, = A + bfT va €yel emdupntég wotntee. Ot
WBOTNTEC AUTEC CLUVATWE BLATUTOVOVTAL WS TEOS To Qdoua Tou mivaxa A, xou TepthauBdvouy:

(o) Aocupntwtxd guotddelr Tou cuothuatoc ¥ = Acz, dnhadh o A, vo elvou mivaxoag Hurwitz
(0(Ae) € C_ nwoodivapa Re(A) < 0 yia xdde A € o(A)).

(B) Toyeio andxpion oe ofpata eloddou (rise-time xou settling-time specifications) tne popphc |A| > w?
xu Re(A) < —a, A € 0(A), vy xatddnhec napopéteoug wy > 0 xou a > 0.

(v) Andofeon tahaviwoenv: |[Re(A)|/|A] > (o, A € o(Ac), 6mou (o o eldyotoc embduuntoc
oLVTEAEC TG amdoPeong.

To endpevo Oewdpnuo eyyvdtar 6Tt av T0 chotnue 3;(A,b) elvon mAfpwe eéyEylo toTe pmopolue (Uéow
¢ emAoyric Tou Staviopatog f) vo xadoplcouye To YoeaxTNELO TiXG TOAMVUUO ¢q(A) € R[A], (¢q) = n,
Tou Ttivaxar A, avdoipeta (loodivoua, urtopolue va TonodeThHoouUE Ti toTiué Tou Tivaxa A, ot audaipeTo
onueior ToL Pryadixol emnEdou - UTO Tov TepLoploUod BELonar OTL Yo xdie emiuunTy YLy odxr] WOTWH 0 + 1w
€youpe xou Ty oLLLYH TNS 0 — w xat e TNV (Ol OAYEBEIXY TOAATAOTHTAL).

Ochpenua: To clotnua 3;(A,b), A € R™"™, b € R”, civon mhrjpwg eAéyEiuo av xar Lévo av yio xde
Lovx6 TohuGvupo ¢g(N) € R[], Oda(A) = n, (Bnhadh xdde tohudvupo ¢g(N) = A" + dp g AV 1 4.+
diA+do, di € Rywwi=1,2,...,n), undpyet f € R" tét010 OOTE TO YAUPUXTNELGTIUO TOAUGVULUO TOU
nivaxa A+ bfT va ebvon (50 pe dg(N).

AnédeEn: (=): Eotw (A, b) miipwc ehéyEo xot ¢g(A) = A" +dp 1 A" L+ ...+ di A +do, di €R
yiei=1,2,...,n. Ou deifoupe 61t undpyet f € R™ tét010 Hote det(A, — A — bfT) = ¢g(N). And To
nponyoluevo Oebenua undpeyet @ € R™ ™ det(Q) # 0, wétoloc bote: (A, b) ~ 3i(A,b), A = QTAQ,
b=Q b xa %i(A,b) oe xavovxh popeh eheyEudnac, Snhadi:

0 1 0 0 [0
i 0o 0 1 |0
A = .. . 0 5 b =
0 0 1
| —@ —a1p —az2 -+ —0p-1 | [ 1]

‘Eotw z € R™ 10 didvuopa xatdotoons 6to apyixé cbotnpe ouvietoypévoy (&' = Az + bu) xa éoto
z=Q 'z (dote 2/ = Az + bu). Eyoupe:

u=fTo=f"QQ e = f'Qz=f"z émou f1:=f"Q
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Emopévec

F=Ar4bfT=(A+bfN)z=(Q'AQ+Q 'bfTQ) 2 =Q ' (A+bfT)Qz=Q '4.Qz := A.2

6mou A, (A.) o mivoxag xheiotol Bedyyou oTic apyée (véec) ouvtetayuévee. Iupotnpolue 6t oL

nivaxeg A xon Ae GUVOEOVTOL UE PETACYNUATIOUO OUOLOTATOC Yol ETOUEVWS €YOLY TO (Blo (pdoua (xaL To

{010 yopaxTnEloTiXG ToAUGYLUO). Emléyouye:

fTZ[fo fi fn—1]:aT—dT1=[a0 ay an-1 | —[do du dp—1 |
Tore:
0 1 0 0 0]
o 0 0 1 : 0 i i )
A+bfT: 0 + : [f() 1 fa—2 fa1 ]
0 1 0
| —a0 —a1 —a —Qp_1 L 1]
Emopévoc:
i 0 0 0 i
o 0 1 :
/1+‘bfj‘:: .. 0
0 1
—ag+ fo —ar+ fi —ap-2+ fa—2 —an-1+ fn-1 |
[0 1 0 i
0 0 :
- : . 0
0 . 0 1
L _dO _dl _dn—2 _dn—l |

Egboov o tekeutalog mivoxag elvon o Yoppr) companion xal TO YoEaXTNELOTIXG TOAUGVULUO Tivaxo Elvor
AVOANOLWTO AATC ATO UETACY NUATICUOVUS OUOLOTN TS,

det(M,, — A.) = det(A\, — A —bfT) =det(\, — A —bfT) = A"+ dp A"+ ... +dy = da(N)

6mou T = FTQ1. Ané mponyoluevo Afupa éyoupe bt Q' = (D H,) " émou,

T.=[b Ab

xon emopévee f1 = (aT —d?)(T.H,)™ L.

AP?) A”flb] xou H, =

ai Cee Gp9
an—1
Ap—2
QAp—1 1
i 1

Anp—1 1
1 0
0

0 0|

(«): AvtioTtpoga, 0T OTL TO YoEUXTNEIOTING TOAGVUPO Tou Tivaxa A, = A+bfT unopet va xodopioTel
audoipeta péow e emhoyfc Tou fL. Trodétoupe (Y& aviipouon) 6t 10 clotnua X;(A,b) dev eiva
Thhpwe eréyEo. Téte undpyel peTaoynuoTIopdc Woduvaplac, & = R™1x, det(R) # 0, tétoloc GoTe 6T



véeg oUVTETOYUEVEC To aloTnua elvar o xovovixr) Loy ekey&otntag Kalman, onlody| meprypdpeton

and Ty e&lowon:
N An A . by
I — ~
I_[ 0 A22}x+[0 "
6mou Ay e R p € RM py = Rank(T'.(A,b)) < n xou Ei(fln,f)l) Afewe eréyo. Optloupe
fT' = fTR. Stic véec ouvtetaypévec,

1

u=fTa= [0 | 8] = iTa i
orov 1 € R™ xou fl € R™ ., Tore:

N Ay A . by ST AT 14 12111+31f1T A12+61f2T A
:C—|: 0 A22:|x+|:0 [fl f2 ]‘T_ 0 A22 x

Egbcov 1o yapaxtnploTixd ToALGOVUUO Tivaxa Vot ovoANOIWTO amd PETACYNUATICUOVS OUOLOTNTAS:
det(AL, — A —bfT) = det(M, — A — bfT) = 1 (A\)ha(N)

6ToL

Pr(N) = det(M,, — Ajp — by fT) xan he(N) = det(Ap—pn, — Asz)

Eg6o0ov 10 ototrua (A1, by) ebvan ivipwe ehéyEuio to mohudvuuo 1 (A) xadopiletor audaipeta (oo
obvoho {¢ € R[A] : 0¢ = n1}). Avtideta, 10 P2(N) elvon xdmoo ouyxexpwévo ToluGVLULO Barduol
0y = n —ny (e pilec tic Wotée tou mtivaxa A mou eivon un-eréyZulec and tov nivaxa B), cuunépaopo
mou avtiBaivel oty urddeon. O

Hopothenon: Anéd v anddelln npoxintet dueca 6t av o cbotnua X;(A, b) eivar thipwe eléyEuo, tT6te
T0 TEOBANUA el povadxr Abom. Av to cUotnua dev elvar TAxewe eEAEYEIWo ToTE TO TEOBANUA ExEl Ao
uovo av g == det( M, _n, — Aga) | ¢a(N) (Bhad to 1y eivan Blonpétng ToU ¢g). To TOAUGVULO 1y Sev
e€opTdToL AMd TIC CUVTETAYHEVES TOU YWEOU XATACTAoNS ot oL pileg Tou elvon ot W6oTwéS Tou mivaxa A
mou dev ebvon eléy&uec amd Ty eloodo (pe Tic avtioTolyes ahyeBpixéc TohhamAdTTES). LNV nepinTtrmon
Tou Y2 | ¢g N Noon eivan povoduer (Tdvtor yior cuo AT piog eleddov).

IMTopdderypo: Eotw X;(A,b) e

1 00 1
1 00 0

To yopoxtneio Txd Tohuwvupo tou mivaxo A elvan
dN) = AN —1)2 =23 —2X2 + )

xou enopéves o A dev elvon Hurwitz. Zntelton va Bpedel (av undpyet) avdBeaon xotao Tdoewy MG Te T0
YOEAXTNELO TIXO TOAUGVUHO XhetaTo) Bedyyou vo etvar

paN) = A +1P° =X +3X2+3 1 +1

O mivoxag ehey&ydtntog ebvou:

111
Le=[b Ab A% Jc=]0 0 1
011



‘Eyoupe det(I'c) = —1 # 0 xou emopévag 3;(A, b) nhfpwe eréylo. Apa n Intoluevn 9éom tov BOTOY
elvon egutn. Eyouye:

ap az 1 1 -2 1
a'=[a a ax]=[01 —2]=H,=]|a 1 0|=|-2 1 0
1 00 1 0 0
pideis
0 -1 1 011
I'H,=| 1 0 0|=TH,)'=|011
-1 1 0 111
Enionc:
Ga(\) =N +3N +3 +1=d" =[1 3 3]
pideis ~
ff=a"-d"=[0 1 -2]-[1 3 3]=[-1 -2 —5]
pideis
. 011
ff=fTH) " '=[-1 -2 -5]|011|=[-5 -8 —7]
111
Y0otnua xhelo ol Peodyyou:
1 00 1 -4 -8 -7
o =Ax=(A+bfNz, Ac=|0 1 1 |+|0|[-5 -8 -7]=] 0 1 1
100 0 1 0 0
pideis
A+4 8 7
paN) =det | 0 A=1 —1 | =X4+32+30+1=\+1)3
—1 0 A
(owotd!)

3. Avddpaor Katactdoswv: JuothApata ToOANOY e10d6dwy (m > 1)

‘Eotw X;(A, B) thfpwe ehéylyo, @’ = Az + Bu, ©(0) = 29 € R", A € R™", B € R™*"™ m > 1. Iluc
YEVIXEDOVTOL ToL ATOTEAECUOTA OE AUTAY TNV TERITTWOT);

Ocedpnuo: 'Eotww ¥;(A, B) mifpwe edéyZwo. Téte undpyouv Fy € R™*™ xou v € R™ tétolo WoTe 10
obotnua 3;(A + BFy, Bv) vo eivon mAfpwe eAéyEuo.

Anédeln: 'Eotw X;(A,B) mhipog ehéylwo. Toéte B # 0 xa undpyet v € R™ tétolo dote
Bv # 0. ©u deifoupe 6t undpyel axohouvdia {eq, e, ..., e,} C R™ mou opileton enorywyxd yid xdmoto
{u,ug,y ..., up} CR™ we:

e1 = Bv, ej41 = Aej + Buj, j=1,2,...,n—1

7 an 7 7 n. ’ 7 / ’ 7 7
xou 6t {e; 1 ebvau Bdon tou R™: "Eotw 61 1 oxohoudia dev pnopel var ohoxhnpwdel. Tote, yia xdmoto
k > 0 vndpyouv dvbopata {e1, ez, ...ex} (Tou avtiotoryoly ot dwaviopoto {ur,us, ... u;}) T onolo
elvon ypopuixd avedptnta xou yia kdde u € R™ 1o Sdvuopa Ae, + Bu € < eq,e,...,ep >:= Ej.
Eniéyovrac

u=0=>Aey, € By = Buec EgVueR" = Aej :=ej;1 —Buj e EgVj=12,...k

Apa Ae; € Ep ywouxdde j =1,2,... k.



Egécov Bu € Ey yw xdde u € R™ xou Aej € Ey v xdde j = 1,2,...,k, o undywpog Ey eivon A-
avahhoimtog xou teptéyet To R(B), xau dpa, ano nponyolpevo anotéheopa, X, C Ey, 6mou X, 0 eAéyEoc
undyweog tou Xi(A, B). Adyw (mhfpouc) eheyEudtnrag tou X;(A, B):

R" = X, C Ey C R" = Ey = R"
Onhadh k = n xou {eq, ez,...,en} Bdon tou R™ (xou 0 ohyoptipoc ohoxAne@veTo).
OplCouue ypouuwod yetaoynuatioud R™ — R™ : Fpej = uj, j = 1,2,...,n, OnA.
= [ Uy Uz ... Up ] [ e1 ey ... ey ]71
Tote:
ej+1 = Aej + Buj = (A+ BFRy)ej = ... = (A+ BFRy)’ey = (A+ BFRy)’Bv, j=0,1,...,n—1
O nivaxog ehey&potnrac tov (A + BFy, Bv) elvow:
T, = [ Bv ‘ (A+ BFj)Bv ‘ ‘ (A+ BFy)" 'Bv ] = [ e1 es ... ep ]

xou emouévwe Rank(I'c) = n epdoov {e;}7; Bdon tou R". Yuvenwe 1o cbotnua X;(A + BFy, Bv) eivou
TANpwe EAEYELHO. O

Ocdpnua: 'Eotww X;(A4, B) nhpwg ehéy&uyo 6mou A € R™™ xa B € R™™. "Eotw ¢4(A\) =
N dy A" 24+ diA+dy, d; €ER, i =1,2,...,n, audaipeto Toludvupo. Téte undpyer F' € R™X"
€TOL OOTE TO YOPAXTNPELOTIXG TOAVWYLUO Tou Ttivaxa A + BE' v eivan (0o ye ¢g(N).

Anédeln: Egocov 1o clotnua X;(A, B) elvar mhipng ehéyluto, tote and 1o mponyoluevo Oehpnuo
undpyouv Fy € R™* ™ xou v € R™ étor wote ¥;,(A + BFy, Bv) va eivor thipoe eréy&po. Emopévec,
urdpyet f € R™ té1010 OOGTE T0 YopoxTNELG TG TohUGVUPO Tou Tivaxa (A + BFy) + (Bv) f1 vo propet
vo emiheyel audoipeta. Opiloviac F = Fy + vfT ouunepaivouue 6Tl 10 YopaxTnploTind TOAUGVULO TOU
mivoxar A 4+ BF umopel vo emiheyel audolpeta mou amodexviel To Oehpnua. O

Optopog: To cvotnua X;(A,B), A € R™", B € R™™, elva otadepornotfioo (stabilisable) ov
undpyel F' € R™*™ tétoog wote o nivaxag A + BF vo eivor Hurwitz (Snhadh o(A + BF) C C_).

Ochpenua: To clotua E;(A4, B), A € R™*", B € R™™™, eivon otodeponotioto av xat uévo av:
Rank ([ sI, — A B ])=n yid xdde s € C4 :={s € C:Re(s) >0}
(1ood0vaua: Yo xde A € o(A)NCy).

AnddeEn: Botw Ti(A,B) ~ %i(A,
onhadY:

6mou Ay € ReXne By € ReXm yq Ei(flll, Bl) TAewg eAéyio. Egpocov:
A+ BF =QAQ '+ QBF = QAQ '+ QBFQQ™' = QA+ BF)Q™!

omou oploape F' = FQ xa n onewédvion F — F eivon enl o 1 tpoc 1, 10 ovotnua X;(A, B) eivou
otadepomoiolo av xou pévo av to clotnua X;(A, B) eivar otadeponotfoo. Eotw

F=[F F], FeR™m, [heRmMnd



Tore: . . . ) o ) o
PR A A B PN A+ BiFy Ap+ Bk
A+ BF = N | = N
- [ 0 A } " [ 0 LA ] 0 Ago
ol - A o A
0(A+ BF) =0(A+ BF) =0(A11 + B1F1) Uo(A)

Egdcov 21(/111, 31) elvon TAfpw EAEYELUO Ung’(pxet Fy tét010 Gote 0'(12111 + B1F1) C C_ xau emopévme
Yi(A, B) otadepornotfiowo av xou uévo av o(Agg) C C_. Enopévae, ¥;(A, B) otoadeponotfiowo ov xou
HOvVOo av:

B

Rank <[ s, — Ay — Ay )
0

0 Slnfnc — A22

]) =n v xdde s € Oy

& Rank([ sl,—A| B ]):n Yo x&de s € Cy

-1
& Rank(Q[sIn—le][QO IO ])zn v xéde s € Cp
& Rank([ sl, — QAQ~! ‘ QB ]) =n yxdde s € Cy

2N Rank([sIn—A‘B]):n v xdde s € Cp

H 10000vaun cuvirixn mpoxintel and T nopatipnon OTL 1 0Eour Tvdxwy unopel va ydoel rank uévo oe
oty Tou mivaxor A. O

4. TMapatnentéc

‘Ectww 10 obotnua: X(A,B,C,D) : 2/ = Az + Bu, z(0) = z9 € R", y = Cx + Du, A € R"*",
B € R™™ C € RP*™ xou D € RP*™. "Evag nopatnenthic xotaoxeudlet pla extiunon Z(t), t > 0, tne
xatdotoone x(t) tou cvoThuaToc X, Ue Yeron TN ewwddou xou tng €€680ou Tou X oTo (nENEPaUoUEVO)
Sudotnua [0, 1], dnhadh tic petphoec: {(u(t), y(t)) : t € [0,t1]}. O mapatnentic ebvar duvopixd choTrua
Tou op{letar and Tic eELIGNOOELS:

Sobs 1 & = A% 4+ Bu— L(y — §)), 2(0) =2 € R", § = C& + Du

L € R™P givar o mivaxog evioyuong Tou Topatnenty| Tou Teénel Vo EMAEYEL OOTE To o@dhua exTUnong
e(t) = z(t) — &(t) — 0 xadodc t — 400 v x&e e := €(0) € R™ (Trodétouue ét 29 = (0) ebvon
SyvewoTo Bidvuopotog apyxhc xatdotoong xat Z(0) = T yvdoTto didvuoua opyixic extiunong, xou dpo
€p dyvewoTo apyix6 didvuoua xatdotaone Tou opdhuatos extipnone). Emnhéov, moléc popéc uéow tne
emhoy g Tou mivoxa L emYuUoUuE Vol SLoOR@POOOUUE %ol GAASL DUVIUIXE YOEUXTNELC TIXE TOU ToEATNENTY),
OTWS Ty TNV ToOTNTA GUYXALONG, TOL YUPOXTNENC TIXd TOAGYVTWONS, X.A.T.)

Hopaywyilovtag To o@dhyo extiunong:
¢ =2 -3 = Az + Bu—[A% + Bu— L(Cz + Du— C% — Du)] = (A+ LC)(x — &) = (A + LO)e

xou Gpat
e(t) = exp[(A + LC)tleo, eo = €(0) = zo — &g

Emouévoc,
e(t) > 0 yiaxdde e e R" < o(A+LC)CC_
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Xo

X'=Ax+Bu
u x(0)=xg y
y=Cx+Du

A A A
X'=Ax+Bu-L(y-y) A

f/:Cl)\(+Du

X0

X'=Ax+Bu
u x(0)=xg
y=Cx+Du

X' 9(
—>B+2§—>1/S c

Optopos: To olotnua Yo(A, C) Myeton aviyvelotuo (detectable) av 1o duxd cvotnua X;(AT, CT)
elvon oTordeponolciyuo.

Oedpnuo: (o) Trdpyer nivaxac L € R™™P oote 0 A+ LC vo eivon nivoxag Hurwitz ov xou uévo av to
obotnua Xo(A, C) elvon aviyvebowo (detectable). (B)Tndpyet nivaxac L € R™ P oote o nivaxag A+ LC
v éyel aUdolpeTo YopOXTNELO TG TOAUGDVUHO av Xat t6vo av To olotnuo X,(A, C) eivor tapatneriowo.

Ané6deln: (o) To anotéheopa TEOXVUNTEL GUECH OO TOV OPLOUG OVLYVEUCHIOTNTOC XAl THY XOVOVIXT
woppy) Kalman. (B) To anotéleoya mpoximter amd v mopathenot 6Tt €vog TIVAXAS Xot O avao TOPoS
ToU €Y0UV TO (B0 YUEAXTNELOTIXG TOAUDYUUO X0l G0 TO YoEaXTNEOTIXO ToAuwvuuo tou A + LC' unopel
vo emheyet audoipeta péow Tou L av xon gévo av 1o yopuxtnelotind mohuevupo tou AT + CT LT propet
v emheyel avdaipeta péow tou LT, 1, w0odlvopa av 1o ovotnua Bi(AT, CT) eivoar miipwc eréy&iuo
(lood0vapa av to oot 3e(A, C) elvon TAHewS TapaTNEACLUO). O

5. Avddpaom €£600L xa apyr Slaywelocrov

ESe e€etdlouue €heyyo péow avddpaons €£600u mMOU TEOXVUTTEL A TOV GUVOLICUO TUPATNENTY X
avadpaone xotac Tdoewy (1 omolo epapudleton otV exTiunomn & mou xotaoxeudlel o TopaTnENTAC XL Oyt

11



07O TpaYoTiXG BLdvuopa xatdotaong z(t) o onoio e8¢ unodétouye 6Tt dev elvar tpooPdoiuo/ueteRotuo).
O ouvdlaopog 1woduvouet ye duvouixd avtioTaduo ) e€660u. O Buvouxés e€lomatls lvo:

2'(t) = Az(t) + Bu(t), z(0) =z € R", y(t) =Cx(t) + Du(t) (Slotnua urd éleyyo, Plant)
z(t) = Az(t) + Bu(t) — L(y(t) — y(t)) (Iopatnentic, Observer-Estimator)
u(t) =r(t) + Fz(t) (Avddpaon xatactdoewy, State-feedback)

omou 1(t) e€wtepind ofua. Ot e€lowoels ypdgpovta:

2’ = Ar + BF#% + Br
# = A% + Bu— L[Cz + Du— C# — Dul = —LCxz + (A + BF + LCO)i + Br
y=Cx+ D(Fi+r)=Cx+ DFi+ Dr

Xo

+ u X'=Ax+Bu
x(0)=xg
y=Cx+Du

U

x>

;‘(.
— B - X 1/s
+

IoodUvayo:

z A BF x B x
[ﬁ:f]_[—w A+BF+LC} {@}*{B}“ y=1¢C DF][@]JFDT
Optlovtog ¢ YeTaBANTES XoTAoTUONG TNV XATAGTAGT, TOU CUGTAUNTOS TPog EAEYY0 () xou To o@dhuo

e extiunone (e = & — &) o eELIOWOELS YPAPOVTOL 1OC:
' = Ax+ BF(z —e) + Br = (A+ BF)x — BFe+ Br
¢ =Ax+ BFi+ Br—[—LCx+ (A+ BF + LC)e+ Br| = (A+ LC)(z =¢) = (A+ LC)e
y =Cx+ DF(x —¢e)+ Dr = (C+ DF)x — DFe + Dr

[i:]:[A+OBF [ffc“i]*[ﬁ]“ y=[C+DF —DF][Z]H)T
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Hopotnpotpe 6t 0(Ae) = (A + BF) U o(A+ LC) xou enopévee ta dVo mpoPifuoto (oyediaong
AVABEAUOTC XATAUO TEOEWY Xat TapatnenTy|) ivar aveZdoTnToa LETHEY TOUC ot ETOUEVKCS 1) GLUYONXT| oYEd{aoT
avTiotdiulong unopel vo emtevydel oe 800 Btaxprtd Bripata. Auty elvat 1 AeyOuevT oy 1) TOU Sl wELoUoU
(otnv vieteppvio i e éxdoon). Iopatnpolue enione ot ou Wotwée o(A + LC) mou avtiotolyody
oTtov mapotnenth dev eivon eéylutes and v ewtepnt| elcodo r(t), dnhodn:

e'(t) = (A+ LC)e(t) = e(t) = exp[(A + LC)t]e(0)
Yy mpdln emhéyoude TIC WOOTWES QUTEC 3 — b QOpéc o YPyopes amd TG LOLOTWES avadpoong
Tou avtiototyolv otov mivoxa A + BE. Av 1o (apvntind) mearydotixd YEPOS TV IBOTGY ETAEYEL
unepPBohixd peydho (xot’ amdiutn Tyr) ebvon Suvatév va €youde TEOBinua euctddeiog Adyw mdovodv

TOEOUETELXWY GPUAIATEDY TOU LOVTEAOU X0 GAADY BUVOHIXDY YORUXTNEIC TIXDY UPNADY GUYVOTHTWY TOU
€y 0LV eVOEYOUEVLS ayvoniet.

IMopedderypo: 'Eotw cvotnua Simhold ohoxhnpoth: y’ = u:

zp | [0 1 1 0 B 1
RIS R S Y
[Togoatnenthc:

FINER IR

Avddpaon xotac Tdoewy:

ly |

u=fle=[ fi f2][9§1 = fit1 + fod

L2

OplCouye petafBAntéc opdiatog extiunong: e1 = x1 — L1 X ez = T3 — T2. Eyouye:

ey =2 -2 =x0 =30+ l1(x1 — T1) = e2 + l1e1

eh =ah — &5 =u—u+la(xy — T2) = lae;

T =19

Th = fif1 + fode = fi(z1 —e1) + fo(z2 — e2) = fim1 + faze — fre1 — foeo

onhady
x 0 1| 0 0 x1
play | | fr fol—fi —fo x|
v et | |0 0N 1 el = 4w
el 0 01| Iy 0 €2

To yopoxTneio TG TOAVGVUKO elval:
P(A) = det(My — Ae) = (A = fod = f1) (A2 — oA — 1)
xot ot 4 1oTég emhéyovton audalpeTa UEOW TV Tapauétewy f1, f2, l1 %o la €epbdoov T0 GU'CTNUA Elvor

TAOROE EAEYEWO %ol TUEATNEHOLO.

6. To npéfAnua pLYUonG oruatog €660V

Extoc and 1o mpofAnua otadepomoinone SUVAUIXWY CUCTNUATWY UTHEYOLY 0V0 ETUTAEOV XEVTELXA
meoPBAfuata otny Oswpioe EAéyyou: To mpdinuo amdpeidne e€wtepixdv datapayoy (disturbance
rejection) xou to mpoPBAnuo mapaxoholinone ohuatog avopopds (tracking of reference signals). Kou
T 5U0 MEoPAAuaTa UTopoLy Vo ueAeTloly o xovd TAKLGLO.
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‘Ectw clotnuo mou neplypdpetat and Tic eELI0WOELS:

2’ (t) = Az(t) + Bu(t) + Pw(t)
e(t) = Cz(t) + Qu(t)

omou z € R™ givar to Sidvuopo xatdotaone Tou cuoThuatoc und éheyyo (plant), u € R™ 1 ouvdptnon
elo6d0u (ofua eréyyou) xow w € R” 1o eZwyevég ofua elodd0ouL ol avtis Totyel 6T cuVeTNoT Slatopay e
(mol emiupolue va aroppioupe) 1/xa oTnv cuvdptnon avapopds (tou emdugolue Vo oxolouvdicouue
ue wxpod o@dhua). H ouvdptnon e(t) € RP eivar  cuvdptnon opdiuatoc g poduone. Emdupolye vo
TeTOYoLPE UNdeVXd opdhua plduone aouurtwtikd, SnhadY| lim e(t) = 0 xadde t — oco. T napdderypa,
yioo TpoPBAfuata andepudne cuvdptnomng dlatapayic w = d UTopolUE Vo UToYEcouuE OTL 1) SLoTopoy N
emdpd TawtoYpova TNV €lcodo xou Ty €€060 Tou cuoTAUATOS (LEow TwY Tvdxwy P xou @ avtictotya),
EVK OE TEOBANUA TapaxohoUINoNG GHUNTOS aVAUPORAC W = Ypep UTOPOUUE Vo emAélouue P = 0 xou
Q = —1. Yy meplntwon auth, aouunTeTiXY cOYXALoT TNG CLVAETNONSG oPdAUaTOoS 6To 0 CUVETdYETOL
6t y(t) — yref(t) — 0, 6mou y(t) = Cx(t) n é€odog oL cuoThuatog. Mewtd npofifuota Sltundvovto
EMAEYOVTUC, YO TUPAOELY U, HOVTEND TNE HOPPNS:

d(t)

2'(t) = Az(t) + Bu(t)+ [ P 0 | [ Yref(t

_ _ d(t)
) } e(t) =Cz(t)+ [ Q —I] [ prer (8 ]
Y1y ouvéyela avaAboude To TROBANUN evdulone otV Yevixy Tepintwon, ywelc va egeldixebouus oTa
eMPEEOUS TREOBATUTAL.

To ohpo eréyyouv u(t) mapdyeton and avuotaduots avidpuons mou yenowonolel v TAnpogopior Tou
ToU TOEEYEL To oloTnua. Ataxpivouue 800 Tepintdoec: (o) Tnv nepintwon thfpouc TAnpogopiac dtou
o avtiotoduo g €xel mpdoBaon otic petaBAntéc z(t) xou w(t) xou 1 cuvdptnon eréyyou opileton wC:
u(t) = Kz + Lw, émouv K xou L mivaxec mou npénet va emhéZovpe. (B) Avddpaon opdhyatoc: Ye auth
™V (6 peakloTix) TepinTwon, uévo 1 cuvdptnon opdidatoc e(t) eivou diadéolun otov avtio oo T,
Tou oplleTal WS¢ TO BUVOULXO CUCTNUL

(1) = F§(t) + Ge(t)
u(t) = HE()
UE eowTepXd Bidvuoua xatdotaone & € RY. Ko otic 800 mepintwoelg unodétouye Ot T0 e€mYevég

ofpa w(t) mapdyeton and to avtdvopo cvotnua w'(t) = Sw(t), t > 0, pe avdoipetn apyxh xatdoToon
w(0) € R". Ta 800 mpoPiiuata ptiuone opilovio we e

IpéPAnpa pUduions ue mAnipn mnpogopia: T'é Socuévoue mivaxec: {A, B,C,P,Q, S} va Peedoiv (av
undpyouv) ivaxes K xou L tétotol HoTe:

(Exr): 0(A+ BK) CC_.
(Prr): T xde (xo, wo), n Moon (z(t), w(t)), t > 0, Tou cucThAuaTOC:
2'(t) = (A+ BK)z(t) + (P + BL)w(t), w'(t) = Sw(t)
ue apyxf xatdotaon (x(0), w(0)) = (zg, wo) wavonotel: limy_,o (Cx(t) + Quw(t)) = 0.

IpéPAnpa pUduong ue avddpaon opdApatos: T'é doopévoue nivoxes: {A, B,C, P, Q, S} va Beedolv (av
undpyouv) mivaxeg F, G xoau H tétolol Wote:

(Exc): O mivaxog

Acl:[(;c F

ewvou Hurwitz.
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(Poe): Td xdde (g, &o, wo), n Aon (x(t),&(t), w(t)), t > 0, Tou cucTAUATOC:
2'(t) = Ax(t) + BHE + Pw, £'(t) = GOz(t) + FE(t) + GQu(t), w'(t) = Sw(t)

e apyw xatdotaon (z(0),£(0), w(0)) = (zo, o, wo) xxavorowei: limy—oo(Cx(t) + Qu(t)) = 0.

Tré0eon T1: o(S) C Cy, dnhadh dhec ol WBroTuée Tou mivoxa S €xouv un apvnTind Teayuotixd péeoc.

H unddeon yivetan yoplc BAIEN yevixdtnrag. Av Sev woylel, o mivaxag S €yel un tetpévo cuotadt
avaAholwTto utdyweo S— xow av w(0) € S tote w(t) € S vy xdde ¢ > 0 xou dpa w(t) — 0 xaddc
t — 00. Av 10 cUotnua xhetoTo0 Bedyyou Elvol ACUUTTOTIXG EVCTAHES OTWE amotTElTOL, TOTE 1) GUVAETNON
o@dhparog Ya telver aovuntotxd oo 0 yia xéde z(0) (xou £(0)) xou 1 anaitnon acvuntwtixic pOduong
IXOVOTIOLELTOL U TOUATA AOY W ACUUTTWTIXAC VO TAVELNS.

Appo: ‘Eoto ot ioylel nunddeon T1. 'Eotw emniéov dti undpyet cuvdptnor avidpaons u = Kx+Lw
étow wote va oyVel i ouviixn (Ezz). Téte n ouvidiun (Prr) woyler eniong av xou pévo ov undpyet
mivoxag II mou etvon Ao twv e€lodoewy:

IS = (A + BEK)IL + (P + BL) (1)
0=CT+Q (2)

AnédeEn: Egbcov () C Cyq xow (A + BK) C C_ woybet 61 o(S) No(A+ BF) = 0 xou 1 ekiowon
Sylvester (1) -eyet povadxh Aoon II. Opilouue tnv ahhory| peTaBANTdv:

MR R

i’ = (A+ BK)(& +Ilw) + (P + BL)w — I1Sw = (A + BK)i

Tore:

o
e=Cr+Quw=C(T+w)+Quw =Cz+ (CII + Q)w

OLoxAne®vovTaC £YOUUE OTIC VEEC GUVTETAYHEVEC:
i(t) = BRI E0), w(t) = eStw(0)
X0l EMOUEVOC:
e(t) = CeUTBEIE(0) 4+ (CTL + Q)e™w(0)

xou epooov A+BK eivon nivaxac Hurwitz n ouvdfiun (Prr), dnhadn limy—, o e(t) = 0 yid xdde (£(0), w(0)),
o VEL oV XL LOVO aLv:

lim (CTI + Q)e%t = 0

t—o0
o0 1oduvapet e Ty oyéon CIL+ Q = 0 agol o(S) C Ci. Enopévec 1 ouvdixn (Prr) toyler av xou
HOvVo av 1 povadxh Aoon tne (1) wavorotel T e&iowon (2). O

Iapatnpnon: To nopoamdvey amotéleopa €xel v e€nc yewpetewxn epunveioe: To clotnua xAeloTto
Bedyyou meptypdpeTon ano TG EELOOOELS:

T A+BK P+ BL
x,cl:Acl:L'cla xcl:|:w:|7 Acl:[ 0 S :|

bmou Ay € ROFIXMHT) ¢yer n Botpée oto C_ (0(A + BK)) xon 7 botpéc oto Cp ((S)). Ou
avtiotolyot WBoyweol (Seite Ipoxatopxtind) eivou:

o ([5) e (1)
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(V- ebvar 0 euotadfc wioyweos xou Vie = Vi & Ve, 6mou Vi xou Ve 0 actodic xon xevipnds bty weog
Tou mivoxa Ay, avtiotowyo, xaw A + BK = Agly_, S = Agly,.). H eZlowon (1) enouévig héel ot
umdipyet Ag-avahholwTog UTOYWEOS TNG LoPPHC

Vi = {(w,w) € R™ ;o = Tlw}

%0l OTL 0 TEPLOPLOUOE TOL BUVAUIXO) CUCTHUATOS XA TOL Pedyyou ctov Vi divetar and To e€w-c0oTnua
w' = Sw. H e&iowon (1) Mer ot 1 ouvdptnon opdhpatoc e = Cz + Qu undevileton oe xdde onueio
wou Vi: Egboov (29, wp) € Vi éyouue 6t 1 tpoxid (z(t), w(t)) € V4 yid xdde t > 0, xou dev unopel va
ouyxAivel 6to 0 ool xapia oty Tou S Bev €yel apyNTXd TeaypaTxd Uécos. Enopévme, 1 cuvirnm
Vi C Ker(CII+Q) eivan avoryxaior yioe Ty acuuntotxy| pbdulon tne ouvdptnong ogdhpatog e(t). Epdoov
%dde TeoyLd TOL UG TAUNTOS TEOGEYYILEL TOV UTOYWEO Vi %adag t — 00 1 cuvixr elvan eTTAEOY (VY.

I to enduevo Oedpnua yeealouacTte TNV Topoxdtw urddeor. H unddeon auty ebvar avaryxaior yid vo
wavoroteiton 1 ouvIhxn (Exz) yio xdmotov tivaxa K € R™*™,

Ynéteon T2: To cbotnua X;(A, B) elvar otadeponoioyo.

Ocwpenua: ‘Eotw 6t n Trddeon T1 xa T2 eivon oe woyd. Tote 10 mpdfBinua pdduiong ye mAnen
Thnpogopia umopet var Audel av xou uévo av undeyouv mivaxeg IT xau I' mou ixavonoov tig e€lowoeic:

IS = Al + BT + P (3)
0=CI+Q (4)

Anodedn: H avayxadtnto npoxintet amd to nponyoluevo Arfuua: Toti av utdpyet Ao oto npdBinuoe
eVdutong, téte epopudloviag to mponyoluevo Afuua ol e€lotoel (1) xou (2) ixavoroodvian Yo x4moLoy
mivoxa I1. Oétovtac: ' = KT + L, ow e€iodoeic (1) xou (2) avdyovtor otic e€lodoeic (3) xou (4).

Avtiotpoga, Moyw tne T2 undpyer K € R™*™ tétolog ate o nivaxag A+ BK va eivon Hurwitz. ‘Eotw

IT xou I' mivaxeg mou ixavornotolv tic e€lotoets (3) xou (4). Opiloupe:
u=Tw+ K(z — ITw)

Oa deilouye 6T N TopAndvw cuvdETNoT eAéYyou Aovel To TEdBANua pduonc. H ocuvdptnon €yel tnv
anoutovuevn wopph u = Ko + Lw pye L =T' — KII. Eniong n Wwotnta euotddeioc (Exx) woyder and v
emAoy1 tou mivoxa K. A 1o mpoyoluevo Afupo mpoxinter 6t 1 widtnta (Pry) enlong woyber: Epdoov
ot uno¥éoeic tou Afupartoc ixavorowoiviar, 1 ouvdfixn (Exx) woyder av ot tivaxee K xou L ixavomolotv
¢ e€lodoeic (3) xou (4) yio xdmotov mivaxor II. Ouwe, and v emhoyh tou L ot ellodoeg (3) xou
(4) tavtilovton pe Tic eglotoec (1) o (2) mou xavormootvta €€’ unodéoewe. Enopévec, n ouvdptnon
eAEyyou u oL opl'coue eTAVEL TO TEOBANUA pUUUoNE HE TAYjen TAnpOogOpia. g

Iapatipnon: Av n T2 avuxataotadel oand Ty woyvpdtepn vnddeon 6t 1o cvotnua X;(A, B) eivar mAipwng

ehéylo, TOTE €youde TATEN EAcUlEplol GTNY ETLAOYT| TOU YoEAXTNELOTIXOLU ToALKYOUoL Tov A + BK.

Iapatipnon: H e&iowon (3) unodnidvel 6t o undyweoc Vi eivar (A, B)-avodholwTtog undywpeos Tou

CUC TAUATOG:
z | o= B 2 A P
o] =alu o] A= 5]
Smhodh 6Tl 0 undyweoc Vi yivetow A avedholwtog pe ™y xatdnhn emhoyr avdBpdong XaTao TEoEwY

u = T'w. H eZiowon (4) untodniodvel, dnuc éyouue RON toapatneioet, 6t avtdc o (A, B) avalholwtog
UTOY P0G avixel aTov Tnedva Tou Tivoxa C1I + Q).
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L1y ouvéyela e€etdloupe to TeoPBAnua pliuong Ye avddpeaon o@dhuatoc.

Afppa: ‘Eotw 6t oylel n unddeon T1. 'Eotw duvauixde aviio oo ThC:

/7 7 /7 7 / 14 s 7 /
tétooc Wote 1 ouvinixn (Eqc) avornoweitar. Téte, n ouvdfiun (Py) ixavornoteitar eniong ov xou pévo av
umdpyouv mivaxeg II xou ¥ mou ixavormooly T elomoeic:

1S = All + BHY + P (5)
»S = FY (6)
0=CI+Q (7)

Arno6dedn: Oplovye Ty axdhouln egiowon Sylvester

I A BH IT P
)elee WLl ®
Ané v unddeon T1 xow tv ouvihxn (Eqc) n e&lowon éxer povadixr Aon I, . Emnhéov, ot othheg
TOU TVl

II
M=|X2
I,

elvon Bdon Tou avarhoiwTou WLoYwEoU Vi Tou mivaxa

A BH P
Ag=| GC F GQ
o o0 S

mou oyetileton pe Tic WoTpéc Tou mivoxa Ay oto Cp. Tty cuvéyela opllovue Ty ohharyh peTaAnTav:

T=x—llw, £€=£(—%w

Y1ig véeg ouvtetayuéveg 1o oo TNUO XAELoTOU Bpdyyou TeptypdpeTal and Ti¢ EELOMOELS:

[?}:{GAC B;{Hfg] w =Sw xu e=[ C 0}[?}4—(01’[4—@)10

Ano mopduota avdhuon pe tponyoluevo Afppa ouprepoivoupe 6L n ouviTixn (Poc), dnhadh lim—, o e(t) =
0 v xdde (2(0),£(0), w(0)) woduvapel pe tnv cuvidfxn

lim (CTI + Q)eSt = 0
t—o00

mou toylet av xat povo av CII 4+ Q) = 0. Enopévee, 1 ouvidiun (Py) xavomoleiton av xou puévo av
povaduer Aoon II, 3 e eZiowone (8) wavonotel v e&iowon (7). Avtixadiotdvtog Ty teleutaia oTny
e&lowon Sylvester (8) emaknielel xou ti¢ e€lowoelg (5) xou (6). O

Iapatrpnon: H cuviinn (6) éxet tnv napoxdtw yeouetpny epunveio. ‘Eotw 6Tt ol r othlec Tou mivoxa
Y elvon ypouixd aveldptnte, tou ouvendyeton 6t v = dim(€) > r. H eZiowon (6) unodniodver 6t o
undyweoc W = R(X) ewvan F-avahhointog xou 6t F|W = 5. Me dhhot MoyLor 0 avTio Tadto ThS mou ADVeL
T0 TROBANUL pUVUIONG TEPLEYEL EOWTEPXE TO EEw-cUoTNUa S ToL Topdyel TNy ewYev cuvdptnon w(t)
mou VYehouue va amoppidouye 1 vor oxohoutdiooupe ue undevixd acuumtwtind o@dua (Apyn Ecwtepxol
Movtélou - Internal Model Principle).
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o v enliuon tou meoPiiuatog eOIUIoNG UE avadEaoT) GPIAUATOE Yo YEELUGTOVUE TNV TOQOXATE
unodeon:

Ynoleon T3: To clotnua X,(A, C) eivan aviyvedoo.

It vo amhomotooupe Ty amddelln tou Baoixol) Ocwpruatog Yo Loy VeoTol\ooLUE apyixd Ty Trdldeon
auth (otnv Trddeon T3).

Ynoteon T3: To cbotnua X,(A¢, C°) elvan aviyvelolpo, 6mou:

Ae—[gl g} xouCe:[C Q]

Me yerion xprtnpiov aviyveuowodtntac (t.y. xpitiplo Hautus) npoxinter dueca 6 T3 = T3:

Ao X, (A%, C°) aviyveboo cuverdyeton 6Tt Xy(A, C) aviyvebouo.

A7méddeln: Oo anodelouye Vv 0odlvaun mpdtaon 6t X,(A, C) pn-aviyveldowwo cuvendyeton OTL
Yo(A°, C) un aviyvedowo. Ipdypatt, av 1o obotnua Xo(A, C) dev ebvan aviyvedoo TOTE Yia xdmoto
A€ o(A)NCy éyouye

A— A, P

Rank([A_)J"}><n:>Rank 0 S — M\, <n-+r
C
c Q
xon ETopEvVeS Lo( A, C°) Sev elvar aviyvelowo. O

H enlivon tou npofAfuatog phduiong e avddpaon opdipatoc Bacileton otny Apyy) tou doywetopod: H
oY) QUTH LIS ETUTEETEL VO G TAIEPOTIOLACOUUE GUC TNUAL:

2 = Az + Bu, y=Cx

omou X;(A, B) otadepomoioyto xou (A, C) aviyvedolo puéow napatnenty| axohovddvTag Tor Topaxdte
Bruaro:

(o) Lradeponotolpe o oo TN Pe avddpaon xataotdoewy u = Kz étol wote o mivaxac A + BK va
elvor Hurwitz.

(B) xataoxevdlouvpe mopatnenth: £ = (A — GC)E + Gy + Bu étol wote o nivaxac A — GC' va eivou
Hurwitz.

(v) Avuxadiotodvrag o z e to § oto Prua (o) opilouue duvaux aviddpouon e€6d0u:
¢ =(A-GC+BK)+ Gy, u=K¢
ToLU GTAEPOTOLEL TO GUG TN
Yy nepintwon tou mapdvtog npofAfuatoc urtodétovue ty Uopln tou Lebyoue mvdxwy (ILTY) mou
emAbouy tig e€lowoels (3) xa (4) xou opiloupe Ty cuvdetnom elwddou
u=Kz+ (I'— Kll)w, c(A+ BK) CC_

Tou emthleL To TEOBANUa pUVUIoNG pe TAYeN TAnpogopio. H Trddeon T2 eyyudton tnv Umopén Tou mivoxa
K pe v mopoandve woiotnTo.
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LNV CUVEYELN, XATUOXEUGLOUUE TORUTNENTY, UE €000 TNV CUVAETNOY GPIAUNTOS €, TOU EXTIUE TNV
petaBAnTy (z, w) (pe undevixd acuvuntntxd ogdhua). O mopatnenthc opileton ano Tic eZlOOOELC:

(sl e el a][a )

omou emhéZope 1o Levyoc (Go, Gh) €tol HoTe 0 Tivaxac:

A P Go
b s] @ ]re e
vo ebvon Hurwitz. H Tnddeon T3 eyyudton tny Onopgn tou Ledyoug pe autry v wiotnto. Tapatneodue
ot —& — 0 xouw w — & — 0 xadde t — 0.

Téhoc, avtixahoToOUE 0TOV 0ploud TS CUVAETNONS EAEYYOL U ToV pOAo Tou (z, w) pe autdy tou (&, 1)
YétovTac

u= K¢+ (I' - KI[&

Tou avTioTolyel oe duvod avTIoUHULO T PE eEIOWOELS:

|:§6:|_|:A—G()C+BK P—GQQ+B(F—KH) :| |:€O:|+|:G0:|e
&1 -G1C S—G1Q &1 G1

u=[ K F—KH}[?I)] (10)

To enopevo anotéheoya delyvel 6TL 0 Tapamdve avTio TadUio TG emAVEL To TEOBANUa pOVULIONE YE avadpaoT
GPIANUATOC:

(9)

Ocwpnua: Eotw 6t o vnodéoeic T1, T2 xa T3 ebvar oe woyd. Todte 10 mpofinua phduong ue
aVABEACT, GPAAIATOS ETLAVETAL arv Xou u6vo av undpyouv mivaxec IT xau I' mou ixavonololy T e€lomoelg

(3) xou (4).

Anodedn: ‘Onwe xou 0Ty TepInTwor Tou TEoBAUaToC pUUULONG UE TATET TANROQORIa, 1) VoY XoOTNTA
e ouviixng meoxinTel dueca ano mpornyoluevo Afuua. Oo Seifoupe OTL 1 cuvinxn elvon xan Lo
emhnledoviac 6t 1) eZiowon (9) wavoroel Tic ouvifines (Eoo) xou (Poc). Iopatnpolue apyxd 6t o
avTio oo trg mou oploaye yopaxtnelleton and Toug mivoxeg F, G xou H, 6mou

F:[A—GQC-FBK P—GOQ+B(P—KH):| G:|:G0

_G.C S0 Gl] o H=[ K T —KII |

X0l ETOUEVKC

A BH A BK B(F—KH)
|:GC F :|: GoC A-GyC+ BK P—GQQ-FB(F—KH)
G1C -G1C S —Gi1Q

Egopuoélovtac yetaoynuatioud ooduvapiog:

I 00
T=|-1 120
0 0 I
€y ouUE OTL
A+ BK BK B(I' — KTII)
A BH
{GC F]N 0 A—-GoC P —GoQ

0 —G1C S—-GiQ
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O teheutatog mivaxag bvon block-0loryhviog xou ex” xataioxeL|C oL ILOTIES TwV BLo Blaywviwy blocks etvor
oto C_. Enopévie n ouviiun (Eqc) avoroteiton.

H anédeiln 6t n ouvdiun (Py) eniong wavornoteiton ypnowonotel mponyoduevo Aduua.  Apxel vo
enohnVevoouye 6Tt o Levyog mvixwy (11, X) e

- [1]

II
1

em\lel T e€omoec: (5), (6), (7). Eyoupe:

IIS=All+B| K T —KII | [ ]+P:AH+BF+P

xou emopévec 1 eZiowon (5) wavoroteiton yiott €€ unoYéoenwe ot IT xau I' ixavorootv v eZiowon (3).
I tnv e&lowon (6) €youye:

11 g = A—-GoC+ BK P—-GoQ+ B(I' — KII) 11
I - -G1C S —G1Q I

Tou e Yeron e e&lowone (4) avdyeto oTic:

IS = All - Go(CI+ Q)+ B+ P = All+ BI' + P
S=-Gi(CII+Q)+S=S5

xou emopévae enione ixavornoteitar. Téhoc 1 eZiowon (7) tautileton pe v (4). O

I'. Xowadg, 8-4-2025
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