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B nmaHHO# cTaThe MOCTPOCH ANTOPUTM MPUOIMKCHHOTO PEIICHHS JTHHEWHON CTAIMOHAPHOH CHHIYISIPHO-BO3-
MYILIEHHOH JUCKPETHOH 3aJaul ONTHMAJIBHOTO yIpaBieHns. Tak KaKk ABMDKSHHS PACCMOTPEHHOI CHCTEMBI SIBIISTFOTCS
PA3HOTEMITOBBIMH, TO ISl IOCTPOCHHS PELICHHIT HCXOHOM 3a/1aui HeOOXOMMMO BBIOPATh YIPABISIOLLYIO (PYHKIIHIO,
B KOTOPO#1 OACHUCTEMBI, ONICHIBAIOIIIE MEIICHHBIE M OBICTPBIC ABIKCHUSI, PELIAIMCH Obl HE3aBHCUMO JPYT OT JpyTa.
B pabore Taxoii moxxon OCyIIECTBISETCS ¢ MOMOIIBIO 3aMEHBI IEPEMEHHBIX B HCXOIHOM cucreMe. OfHAKO B 3TOM
Clly4ae BBITEKAeT HEOOXOAMMOCTh HAXOKCHUS PEIICHHH MaTPUYHBIX ypaBHeHHil Pukkaru u JIsmyHOBa, KOTOpBIE
B paboTe ONMPEENAIOTCS ¢ HOMOLIBIO CTCIECHHBIX PAJOB IyTEM IPHPABHUBAHHSA KOA((HUIMEHTOB MPH OIXHMHAKOBBIX
CTENeHsIX Majoro napamerpa. [lomydeHHas cucTeMa IIOITHOCTBIO 3aMEHSIET HCXOIHYIO CUCTEMY, BBIIOIHSET YCIOBUS
YIIPABIIEMOCTH M 3aBUCHUT OT PeIlCHUi ypaBHEeHNH Pukkaty 1 JIAyHOBa, KOTOPBIE MOSBIIIMCE B IIPOLIECCE pa3aeie-
HUS JaHHOU cucteMsl. [10cTpOeHuUs ONTUMAIbHOTO YIPaBICHUS IIPOM3BOAATCS B MEUICHHOM M OBICTPO# ojicucTeMax
HE3aBHCUMO JIPyT OT JIPYTa, C y4eTOM COOMIONEHH s yCIIOBHS, YKa3aHHOTO B paboTe, TO €CTh HCXOIHOE ONTHMAIIEHOE
YIIPaBJICHHE BBIPAXKACTCS Yepe3 0OPATHYI0 MAaTPHIy M BOSHHMKAECT TPeOOBAHUE €€ CYIIECTBOBAHMS [IPU IIOCTPOCHUH
AITOPUTMA PELICHHH 3a1aui. DTOT (HaKT TaKxKe MOATBEPKIACTCS PACCMOTPEHHBIM B pabote mpumepoM. Ilpennoxen-
HBIH aJITOPUTM PEeLICHUH JIMHEHHON CHHTYIIPHO-BO3MYIIEHHOM THCKPETHOH 3a1a41 ONTUMAIBHOTO YIPABICHUS MO-
xeT 3DHEKTUBHO MPUMEHSTHCS IIPU MCCIICI0BAHHH 3a/1ad ONTUMAIIBHOTO YIPABICHHS C JUCKPETHBIMU U LH(POBBIMH
CHCTEMaMH YIPaBIICHHUsA, TAKHE CBOWCTBA, KaK YNPABIAEMOCTb, HAOMIOIAEMOCTh U CTAOMIM3HPYEMOCTh CHUCTEMBI,
a TaKKe TIPY IOCTPOSHHUY IPUOIMKEHHOTO PEIeHH)s alreOpandeckiX MaTpHYHBIX ypaBHeHHH Pukkaru u JlsmyHoBa.

KiioyeBble ¢/10Ba: ynpap/isieMOCTh CHCTEMbI, PA3HOTEMIIOBbIE IBUKEHHs CHCTeMbI, IH(POBLIE CHCTEMbI YIPaBJIeHHs,
¢ ypapHeHus Puxkkaru n JIsinmyHoBa, 00CTBeHHBIE 3HAYEHUS] MATPHILI, MATPHIIBI IPOCTOIi CTPYKTYPBI

ALGORITHM AND NUMERICAL SOLUTION OF A LINEAR SINGULARLY
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In this article, an algorithm for the approximate solution of a linear stationary singularly perturbed discrete
optimal control problem is constructed. Since the motions of the considered system are of different tempos, in order
to construct solutions to the original problem, it is necessary to choose a control function in which the subsystems
describing slow and fast motions were solved independently of each other. In this paper, this approach is carried
out by changing variables in the original system. However, in this case it is necessary to find solutions to the
matrix equations of Riccati and Lyapunov, which are determined in the work using power series by equating the
coefficients at the same powers of a small parameter. The resulting system completely replaces the original system,
the controllability conditions are satisfied, and it depends on the solutions of the Riccati and Lyapunov equations
that appeared in the process of separating this system. The construction of the optimal control is carried out in
the slow and fast subsystems independently of each other, taking into account the observance of the conditions
specified in the work, that is, the initial optimal control is expressed through the inverse matrix and the requirement
arises for its existence when constructing an algorithm for solving the problem. This fact is also confirmed by the
example considered in the work. The proposed algorithm for solving a linear singularly perturbed discrete optimal
control problem can be effectively used in the study of optimal control problems with discrete and digital control
systems, such properties as controllability, observability and stabilizability of the system, as well as in constructing
an approximate solution of the Riccati and Lyapunov algebraic matrix equations.

Keywords: controllability of the system, multi-tempo motions of the system, Riccati and Lyapunov equations, digital
control systems, matrix eigenvalues, matrices of simple structure

JuckpeTHble JHHAMHUYECKHE MOJAEITH
00pasyroTcs npu MOAEIUPOBAHUHU TUCKPET-
HBIX INpoleccoB [l] unu npu AUCKpeTH3a-
IIMA HEMPEPBIBHBIX Mopesied [2], a Takxke
IIPY MOJIEJIMPOBAHUN MHOTHUX TEXHUUYECKUX,
SKOHOMMYECKHUX 3a/a4 U 3aj7[a4 aBTOMaTu4e-
CKOTO YIIPaBJIEHHUS, B KOTOPBIX HCIIOJbB3Y-
IOTCA JTUCKPETHBIE MOJENIH ONTHUMAaJIbHOTO
ynpasienus [3—5].

Takast HEOOXOIUMOCTH BBITEKAET U3 BCEOO-
et udpoBuzanuu odmecTa. IT0 03HAYACT,
YTO UU(POBBIE YCTPONUCTBA, HHPOPMALIHIO TO-
Jy4aroT WIN NepelaoT B IUCKPETHBIE MOMEH-
ThI BpEMEHHU. B CBS31 CO CII0KHOCTBIO ITOCTPO-
€HUS aHAJUTUYECKUX PEIICHUH IUCKPETHBIX
3aJa4 ONTHUMAJIBHOTO YIIpaBJIEHUs, IIMPOKO
UCIOJIB3YETCS ACUMITOTHUECKMH METOX IO-
CTPOCHMSI pelIeHUI Takux 3a7a4 [6, 7].

INTERNATIONAL JOURNAL OF APPLIED
AND FUNDAMENTAL RESEARCH Ne4, 2022



B OU3NKO-MATEMATUMYECKHWE HAVKN W 31

Iens nanHO# pabOTHI COCTOUT B IOCTPOE-
HHUM aCUMIITOTUYECKOTO aJITOPUTMA PEIICHUMN
JUHEWHOW CHUHTYISAPHO-BO3MYILUEHHOU JuC-
KpPETHOH 3aJa9il ONTHUMAIBHOTO YIIPaBICHH
¢ ManbIM maroM. CHHTYISIPHO-BO3MYIIIEHHBIE
cucreMbl U depeHInaNbHBIX ypaBHEHUH
B HacCTosIlee BpeMs AaKTUBHO pa3BUBAIOT-
Cs U MPUMEHSAIOTCS Ul PELIEHUs IIUPOKOTO
KpyTa 3aJlad B Pa3lIMYHBIX OTPACIAX HAYKH
[8—10]. Takue cucTtembl MOSBISIOTCSA €CTe-
CTBEHHBIM 00pa3oM B Tpolecce MOJEIHPO-
BaHUS U MCCIIeIOBaHMs 00BEKTOB Pa3IuIHOM
MPUPOJBI, CIIOCOOHBIX OJHOBPEMEHHO CO-
BepIIaTh OBICTPHIC M MEIJICHHBIC JIBUKCHUS
[8—10]. B cBsi3u ¢ 3TUM aKTyaJbHOU ABISIETCSA
3a/1a4a pas3ieNeHus] MEIUICHHBIX M OBICTPBIX
JIBUXEHUN cuctembl. IlocTpoeHuio omnTu-
MaJIbHBIX PEIIEHHM B 3a7a4ax C Pa3HOTEM-
MOBBIMHM JAMHAMHUYECKUMHU CHCTEMaMHU C pas-
JIelIEeHHEM JIBU)KEHUH MOCBSAIIEHO MHOKECTBO
paboT, a UMEHHO B CHHTYJISPHO-BO3MYIICH-
HbIX cuctemax [8—11] U B OUCKpETHBIX 3a-
Jlaqax ONTHMAalbHOTO yrpaBieHus [12—14].
[annas pabota gBisgeTcs NpOJ0KEHHUEM HC-
CJIeIOBaHUHN AMCKPETHON 3aJa4M ONTHUMAajb-
HOTO YIIPaBJICHUA.

1. Aneopumm pewenuii 3a0aqu

B »TOM paszmene BBOIMM pa3HOCTHOE CHH-
TYJISAPHO-BO3MYIIIEHHOE ypaBHEHHE C —II0CTO-
STHHBIMA MarpuriamMu. CHadana Gopmymnupyer-
CA YCJIOBHC, HCO6XO]II/IMOC JJIA BBIITOJITHCHUS
HCCIIEyEMOUN CUCTEMBI.

1.1. ITocmanosxa 3a0auu

OOBeEKT YHOpaBJICHUS OIIMCBIBACTCA pas-
HOCTHBIM YpPaBHCHUCM

y(t+T):Ay(t)+Bu(t), (1)
rIe

y(1)=(x(1)z(r)) x(r) R, z(t)eR"-

BCKTOPLI [ICPEMCHHBIX COCTOSIHUA,

Al A2 Bl
A = 1 1 5 B = 1 ’
(W)= 1, 1, [ Blu)= 1,
Hooou H

A —(nxn), A,—(nxm), A,—(mxn),
A4—(mxm), Bl—(nxr),Bz—(mxr)—

MIOCTOSIHHBIE MaTpHLbl, U (t) €R — mBek-

t=kT,k=0,1,---,M -1,

M =—,T— waneii mar, 0 < 7<1, u— ma-

TOp YHpaBJICHUS,

ne1it mapametp, 0 < x4 <1, mrpux ob6o3HauaeT
TPaHCIIOHHPOBaHHUE.

Cucremy (1) nepenuiiem B BUze

x(t+T) = Alx(t)+ Azz(t)+Blu(t), @)
,uz(t+T) = A3x(t)+A4z(t)+Bzu(t).

st cucremsr (1) 3aanpl HAYaTBHBIC U KO-
HEYHBIE COCTOSHUS:

$(0)=3, =(x(0)2(0)) =(x,2,) .9
y(MT)zy(l)zyM: I 1

=(x()z(1)) =(x2,) . @

[Ipennonoxum BeITONHEHUS A7 cucTeMsl (1).
VYenoBue 1. CoOCTBEHHBIE 3Hau€HUs Ma-
TPHILBI A, YIOBJIETBOPSIOT HEPABEHCTBY

‘Reﬂj‘£7<1,j=1,_m,

i€ ¥ — HEKOTOpas IOCTOsIHHASL.
[Ipu BeImonuneHnun ycnosus (1), paccmo-
TPUM 3a7a9y MHHUMHU3AIHMU (QyHKIOHATIA

J = Z_:u'(iT)u(iT) (5)

TP OrpaHudeHusX (2)—(4).
Kax moxkazano B [10, 13, 14], ucnoms3ys
3aMEHBI

x(t,u):fc(t,,u)—uNZ(t,y), (6)

z(t, 1) = Z(t, 1)+ Hx(t, 1), (7

U3 CUCTEMHI (2) mosydaem

F(t+T)=AX(t)+Bu(t), (8

pE(t+T)=Az(t)+Bu(t). 9
e

A=A4+AH A =A,—puHA, (10)

B =B, +NB,, B, =B, — uHB,.

Marpuubt H 1 N UMEIOT pa3MEpHOCTU M X
n U N X m COOTBETCTBEHHO U YJOBJIETBOPSIOT
CIENYIOUIUM MaTPUYHBIM ypaBHEHUSIM Prkka-
Tu u Jlsanynosa [8, 10, 14]:

uHA + uHAH = A+ A,H, (1)

UAN —NA, — 4, =0. (12)

VYpaBuenus (11), (12) umeror pemeHus
B BUJEC PABHOMEPHO CXOISIIUXCS CTEIIEHHBIX
psnos [8, 10, 14]:

H(pu)=YHu' N(u)=>Nu". (13)
k=0

i=0

MEXYHAPOJHBIN KYPHAJI TTIPUKJIA THBIX
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Marpuuwt H(u) u N () (i,k = 0,1,..

.) OTIPENEISIIOTCS. IyTeM MpUpaBHUBAHUS KOIPPUIIK-

€HTOB IIPU OJIMHAKOBBIX CTENEHsX u B ypaBHeHusX (11), (12). B pesynsrare umeem [8, 10, 14]:

Hy=-A,'4, H=A4,(HA+HAH,),

i-1
H, =4, {H,._,A, +Y H AH,

Jj=0

N, :_A2A4_1a N,

J=0

I'panmanbie ycnoBus cuctemsl (8) u (9)
OMPENEIISIOTC COOTHOIICHUSMHU

x(0)=%,, 2(0) =2,
R(M)=%,, 2(M)=2,,

(16)
(17

e

X, (:u):xo +UNZy, 2y = 2y = Hyx,, (18)

Xy (:u) =Xy +UNyZy,
~ ~% M ~
Zy=zy—Hy,x,, z,=1u" -z, (19)

B pesynbrare nonydunu cucTeMmy, COCTos-
Iyt u3 aByX ypaBHeHui (8) u (9), KoTopbie
pelIaoTcs He3aBUCHMO JIPYT OT JIpyTa.

1.2. Bvi600 ¢hopmynet 3a0auu

Teneps paccmorpum 3axaqy (5), (8)—(10),
(16)—(19). dns cucremsr (8), (9) mpeamono-
’KUM BBIIIOJIHCHHE CIICAYIOIUX yCIIOBHIi:

Venosue 2. Marpuust 4, u A, sBisorcst
MaTpHIIaMH TIPOCTON CTPYKTYPBI M HE MMEIOT
HYJICBBIX COOCTBEHHBIX 3HAYCHUA A | § = 1, n) ,

7, (k =1,m) COOTBETCTBEHHO.
YCJIOBH 3. Jlmag cCOOCTBEHHBIX 3HAYEHUH

A g]s = l,n), ykgk :Lm MaTpHUIbL A1 u A4

BBIITOJIHAKOTCA CIICAYIONIUE OTPAaHUYCHUAA

|Sq2<l.

ITo BTOpOMYy YCIOBHIO Marpuusl A, u

A HC HMCHOT HYJCBBIX COOCTBEHHBIX 3Ha-
IICHI/II/I TOF,Z[B. COOCTBEHHBIC 3HAUCHHS Ma-

- ~-1
TPHIIBI A1 , A, COOTBETCTBEHHO paBHBI

-1 -1 1 -1 -1 -1
ﬂq ,ﬁz 5 '7/15 i » Y2 Vk s a cooTBET-
CTBYIOIIHE X COOCTBEHHBIE BEKTOPBI COBIIA-

JaroT € COOCTBEHHBIMU BEKTOpaMHu

j’laﬂza"':ﬁs " 7/1’}/29'“’71{'

=(A1N0 +4,H,N, +N0H0A2)A;la"',

k-1 k-1
N, = [AlNk_l + 4, [ZHJ.NS_] ] +[ZNJ.HS_] J A2:|A41, k=12,
Jj=0

(14)

_IJ,Z’=1,2,-- v=i,i—1,i-2,

(15)

s=ii—1i=2,

Pemenns cuctemsr (8), (9) ¢ HagambHBEIMHU
ycnoBusimu (16), (18) mpencraBum B BUzE

k-1
Z(kT)= A %, +> A" Bu(iT), (20)
i=0
k-1
pEAE 4 Y AT B (iT). (21)
i=0

C yuerom koHeuHBIX ycnoBuid (17), (19)
u3 (20) u (21) numeem

M-l
> 4" Bu(iT)=a,,,

i=0

Z(kT)=

Ay =Xy (ﬂ) - ALMxo (22)
M -1 .
ZAj” Bu(iT)=a,,,
i=0
a,, =%, — Az, (23)

Ha ocHoBannu Teopuu mpobiemMbl MOMEH-
TOB [8, 15] cooTtHOmIEeHus (22) u (23) BeIpaxa-
I0T HEOOXOAMMBIE M JOCTAaTOYHBIC YCIIOBUS,
KOTOPbIE JOJDKHBI YAOBJIETBOPATH (DYHKLHS
u(kT%,k =0,1,---,M —1, dTOOBI CHCTEMEI
(8), (9) mepeBONUIUCH W3 33ITAaHHOTO HadaJh-
Horo cocrosiHug (16) B 3aJaHHOE KOHEYHOE
cocrosiaue (17) [8, 15]. Kpome Toro, GpyHKIHS
u(kT) nmomKHA AOCTaBISITH MHUHUMYM (PyHK-
nroHany (5). OmHako IBIKEHUS CHUCTEMBI (8)
u (9) ABNAIOTCS PAa3HOTEMITOBBIMU. B cBs3n
C 3THUM COBMECTHOE pelIeHHe YpaBHEHUH (22)
u (23) "e sBnsgercs Bo3MOXHBIM [8, 15]. Tak
KakK JIJIsl TOTO, YTOOBI OBICTPYIO ToAcucTeMy (9)
NEePEeBOANTH U3 33JaHHOTO0 Ha4aJIbHOTO COCTO-
saust (16) B kxoHewHOe coctostHme (17), HE0O-
xonuMo Haitu ynakmio u(k7), ynoBieTBops-
IOIYI0 ypaBHEHUIO (23), a Takxke HalicHHAs
¢ynkuus u(k7T) BopaxkaeTcsl yepe3 0OpaTHYIO
MaTpHlly U BO3HUKAaeT TpeOoBaHME €€ Cyle-
creoBanus npu 4 —> 0 [8, 15].
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[TosTOMY JUIs TIOAPOCTPAHCTBA IEPEMEHHBIX COCTOSHUSL X M Z HEOOXOMMMO BBIOpATH OI-
TUMaJIbHOE YIpaBJIeHHE, B KOTOPOM KaxJoe ypaBHeHue (22) u (23) perraeTcst He3aBUCHMO IPYyT
OT JIpyra OTHOCHUTEIBHO HEM3BECTHBIX IaPAMETPOB.

Hcxons u3 atux TpeboBaHuil ONTUMANIBHOE YIIpaBiIeHUe OyaeM UCKaTh B BUAE

u(iT)=

[oncrasnss (24) B (22) u (23), momyyaem
ypaBHEHHUS

W-C=a,, (25)
w,-C,=a,,, (26)
rae
ZAM “BB(4) .
=S BE(A) " @
i=0

Matpuupl W, u W, HOI0KUTEIBHO OTpe/ie-
nennsle [8, 10], cnemoBarenbHO, ONITUMAJIBHBIC
VOPaBICHUS U COOTBETCTBYIOIIHE ONTHMAIIb-
HBIE TpacKTOpHH 1 cucteMsl (8) u (9) ompe-
TEJSIoTCS B (hopmax

u (kTa ‘)EO’)?M ) = gl‘ (‘il‘ )M_k_l ) I/I/I_IOCIM ’ (28)

u(kT.2,.2,)=B,(4) " W, 'a,. 29)

H(kr)= A5, + YA BE (D) e, GO)
i=0
F(KT)=pu™ A2, +
‘ k*1~k, N
+u Y A7 BB, (4,)
i=0

1.3. Aneopumm pewenuii 3a0aqu

W ey, (31)

Hcxons w3 momydeHHBIX (GOpMyNI ai-
roput™M pemennii 3amadn (1)—(5) cocTtouT
B CJICIYIOIIEM:

1) BBOIUTCS MACCHB UCXOIHBIX TAHHBIX CH-

cremsI(1):MaTpuist 4, Q =14),B, (] =1 2)
HaydaJbHBIE U KOHEUHBIC YCIOBHS x s Xy Zgs Z
Mepro KBaHTOBaHUS 7, KOJMYECTBO IIATOB

[ — MaJIbI{ 11ar;

2) mpoBepsieTcs BBIMOJIHEHUS yCIoBUi 1.
Ecnu ycnoBue 1 BbImosnHsAETCS Mepexod OCy-
LIECTBIISICTCS K IMYHKTY 3, WHA4Ye K MyHKTY 1;

3) mo dhopmymnam (13)—(15) onpenensrorcst
marpuubl H u N,

4) mpoBepsIOTCS MOICTAHOBKOM Marpur H
u N B ypaBHenus (11) u (12) cooTBETCTBEHHO.

B(4)" ¢, om xe[5.5,]c R,

24

B(4)" " Cpom zelz,2,]c R,

Ecnu matpuust A u N y1oBIETBOPSIOT ypaBHE-
Hus (11) u (12), To mepexox OCyIIeCTBIAETCS
K IIYHKTY 5, ©Ha4Ye K IyHKTY 3;

5) mo_dopmynam (10) ompenensitorcst Ma-
tpuusl: A,A4,,B,n B,;

6) MpOBEpSCTCs BBIIONHCHMS  yCIIOBUH
3 1 MaTpUIbI A1 " A4. Ecnu ycnosue 3 BbI-
TIOJTHSICTCSI, TIePEXO0]] OCYIIECTBISETCS K MyH-
KTy 7, MHa4Ye K MyHKTY 3;

7) o (bopMynaM (18), (19) Onpe/IeNAITC
HagaIbHbIC X,, Z, ¥l KOHEYHBIC YCIOBHUS X,,,
Zys ZM ;

8) mo Q)opMynaM (22) u (23) onpenenstoT-
Cs MaTPHUIIBL: (X,

9) no (bopMynaM (§7) onpez[ensnoTc;I Ma-
Tpunsl: W, W,, w, wyl

10) mo (bopMynaM (28) " (29) OTIPEIICIISIOT-
Csl ONTUMAJIbHbBIC YIPABICHUS u(kT ,xo,xM)
n u{kT,fO,z; :

1) mo dopmynam (30) u (31) ompene-
JISFOTCST  ONTUMAIIbHBIE TPAEKTOPUH )?(kT )
7 Z(kT )

2. Yucnennoe mooenuposanue

B stom pazmene paccmorpuM 3amaqy (1)—
(5) nns KOHKpETHBIX 3HAYEHWH MapaMeTpoB
cuctemsl (1), rae Matpusl 4 U B UMEIOT BUA:

Al AZ Bl
A= ,B=| "',
A, A, B,

052 02 -01 03 -0.01

04 06 -03 0.2 0.2
4=-015 -01 0 -025 02

012 -01 0 025 0.2

02 06 04 0 0.1

1 000 00
01 0000
4,=(0 0 0 1 0 0],
000010
000 O0O01
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0 0
-0.1346 -0.1106
-0.6900 0.1017

0.1990 -0.2930
0 0
0 0

0.1760
0
0
’ 0
~0.3660
0.6020

—-0.8526

0

0

0
—-0.5286
—-0.8540

-0.2560
0
0
0
—-0.1680

—-0.1884

0
-0.2400
0.6900
—0.1990
0
0

—0.0610
0
0
0
-0.3660
6.1000

—0.1880

0

0

0
0.2360
—-0.1880

0
0.0200
0.3040
—0.8760
—0.1167

0

—0.1130 -0.0770
0 0
0 0
0.2000 0
-0.7000 -0.0050
—0.1130 -0.3880

B, :(0;0;0;0;0)',

B, = (—7.280; 0;0;0;-0.478; —7.280)' ; Mauiblif mapametp — u = 0.0003;

HauaNbHBIE M KOHEUHbIe yenous — x, = (LLLL1) ,z, =(LLLL11).
Jlasnee 1o anropuTMy perieHuii 3agaun (. 1.3) IPOM3BOAATCS YUCIEHHBIE PACUETHI:

1. Berancnenne coOCTBEHHBIX 3HAYCHUI MAaTPHUITHI A , TOKa3bIBAET, YTO YCIIOBUE 1 BEIMOTHSIETCA:

(eig(A4,)=(0.1149+0.4959i; 0.1149 - 0.4959i; —0.7882+0.1497i;
~0.7882—0.1497i; —0.6322;0.0147) .

2. Ins onpenenenus matpuiibl H u N Haxoqum

0
1.0331
1.2453

0
0
—16.8460

-3.5039
17.8381
117.2385
7.9530
31.3476
—346.3798

6.

4 45
4,

ITo popmynam (14) mocnenosarensHo Beraucnsem: H, H, ... H, . B pesynsrare us (13)

mpu ¢ = 0.0003 umeem

-0.3120
7.1932
47.2079
3.1654
12.5884

-0.0019
0.2674
2.3076
0.0303
0.1339

-3.7560

H(p)

ITpoBepka nokazana, yro marpuua H(u) ¢ Tounocteio O(u’) ynosnerBopsieT ypaBaenuto (11):

MHA + pHAH — A, + A, H = (1.0e—05)*

—139.4209

0.2305

9972
.9590

2.7663
12.3456
—135.8725 -53.3712

—-0.40
2.18

14.3377

0.6420

3.8769
—42.4257 -21.6607

—0.0003
0.0056
0.0425

0.0030
0.0128

—0.1082

0
2.7485
17.9623

0
5.0000

99
74

—0.0005
-0.0277
-0.0957
-0.0003
—-0.0045
0.4745

0.0009
1.1165
3.9019
0.0263
0.1212

0
0.6530
4.9813
0
0
-12.6795

0
-0.0115
—-0.0508
-0.0015
—-0.0076
0.2022

—0.0014
0.4071
1.5599
0.0270 |
0.1197

-7.6303

0
-0.2134

-0.3113

0
0
0.9292

0
—-0.0050
-0.0207
-0.0005
—-0.0026

0.0875

—-0.0002
0.0026
0.0245
0.0020

0.0084
—0.0527
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Hanee ananornuno, no ¢popmynam (15) nocnenosarensuo soraucisem: N, N, ... N, u B pe-

synbrare u3 (13) umeem

-0.0046  3.3369 -0.2961 -0.0259 -0.0078 0.0003
-1.0657 -18.1917 -7.1304 -2.7560 -0.6322 0.2350
N(,u) =| -0.0081 -7.9147 -2.7499 0.0222 0.0146  0.0070
-0.0480 -31.5910 -12.4337 —-4.9636 0.0465 0.0331
18.4498 391.6852 153.5438 59.2784 13.7576 -1.5644
O(ﬂ%[OHCTaBHHH N(u) B (12), yOexxmaemcst, 9To OHA YAOBIETBOPsieT ypaBHEHHIO (12) ¢ TOYHOCTHIO
0 0 0 0 0 0
0 0.0009  0.0003  0.0001 0 0
UAN-NA,—4,=| 0 0.0003  0.0001 0 0 0
0.0001 0.0014 0.0006  0.0002 0 0
—0.0007 -0.0161 —0.0065 —0.0022 -0.0005 0.0001

Hrak, momydaem paszieeHHbIC TIEPEMEHHBIX COCTOSTHUS CUCTEMEI (8) u (9), Tie

3

=

0.5181
0.6674
-0.1197
0.2539
-3.5560

0.0000
-0.2401
0.6893
—-0.1990
—-0.0000
0.0011

-0.1120  -0.5099  0.3009 -0.0114
6.5932 1.8874 1.3165 0.6071
3.2654 0.6420  -0.2237  0.2270 |,
12.4884 3.8769 0.7212 1.0197
—-138.8209 —42.0257 -21.6607 -7.5303
-0.0609 -0.1880 0.0001 -0.1130 -0.0770
—0.0022 0 0.0193 -0.0003 —0.0001
-0.0142 0 0.2997 -0.0012 -0.0005
—-0.0009 0 —0.8762  0.2000 —0.0000 |’
-0.3698 0.2360 -0.1179 -0.7000 -0.0050
-6.0582 -0.1880 0.0127 -0.1065 -0.3857

B, = B, + NB, =(0.0350;6.3503;0.0017;0.0865;~129.5017) ,

B, = B, - uHB, = (~7.2800; 0;0;0,-0.4780; —7.2800) .

['pannunslie ycnoBus cuctemsl (8) u (9) uMeroT Bug

Z, =(1.7235;-9.3121;-62.7905;-2.5775;-14.4193;199.6575) ",

Z; = (1.0177e-35; -5.4987¢e-35; -3.7077e-34; -1.5220e-35; -8.5145e-35; 1.1790e-33)’.
X, =(1;1;1;1;1) ,
2, =(0,0,0,0;0,0), Z,, =" -z, =(0;0;0;0;0;0) , %, =(0;0;0;0;0) .

MEXYHAPOJHBIN KYPHAJI TTIPUKJIA THBIX
1 ®VHIAMEHTAJIbHBIX UCCJIEJJOBAHUM Ned, 2022
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CoracHO IyHKTY 6 IpoBepKa ycioBuil (3) MOKa3bIBAET, YTO OHA BBHIITOIHAETCS:

eig ;11 = (0.8773 +6.68041;0.8773 — 6.68041;0.4430;
—0.6268+0.07621;-0.6268 — 0.0762i)'

eig ;14 = (0.1 153+0.49581;0.1153-0.49581;—-0.7880+ 0.1498i1;
—0.7880—0.1498i;-0.6321; 0.0135)' )
CornacHo myHKTY 8 1o dopmynam (22) u (23) onpenenstoress MaTpulpbl: &y, U Oy, -
a,,, = (1.0e+09) *(-0.0111; -0.2371; -0.0694; -0.3620; 6.1360),
a,,, = (-0.0990; -0.0394; -0.0633; 0.4662; -0.1671; -0.5998).

Cormacuo nyHkTy 9 110 popmynam (27) onpenensitores Marpuust: W, W, , Wl’1, Wz’1 :

-0.0079
-0.0501
—-0.0089 |,
—-0.0651
2.3613

0.0002
0.0015
0.0003
0.0020
—-0.0651

0 00002 0
0.0002  0.0011  0.0002
w,=(1.0e+21){ 0 00002 0
0.00018  0.0015  0.0003
~0.0079 —0.0501 —0.0089

52.9989
0.0015

—-0.0043
0.0012
3.4802
53.0009

3.4799
0.0002
—-0.0006
0.0002
0.2285
3.4802

—-0.0009
—-0.0026
0.0075
-0.0020
—-0.0006
—-0.0043

0.0002
0.0007
-0.0020
0.0005
0.0002
0.0012

0.0003
0.0009
-0.0026
0.0007
0.0002
0.0015

52.9985
0.0003
-0.0009
0.0002
3.4799
52.9989

0.0071 —0.0003
0.0016 0

-0.0167 0.0003
-0.0025 -0.0012
0.0027 -0.0002 -0.0008 0.0001 |,
-0.0001 0.0007 -0.0002 0
—-0.0001 0 0 0

—0.0432
—-0.0022
0.0123
—-0.0038
—-0.0003

Wy =(1.0e+18)x

—-0.0006
—0.0385
—0.0159
—-0.0099
—0.0018
0.0007

—-0.0383
—2.3527
-0.9715
—-0.6080
-0.1079
0.0454

-0.0158
-0.9721
-0.4014
-0.2511
—-0.0446
0.0188

-0.0099
—-0.6103
-0.2519
-0.1572
—0.0281
0.0117

—-0.0018
—0.1076
—0.0445
-0.0279
—0.0049
0.0021

Pesynbrars! uncieHHbIX pacyeToB 3axaun (1)—(5) npuBenens! Ha puc. 1-4.

0.0007
0.0456
0.0188
0.0117
0.0021
—-0.0009
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Puc. 3. Pesynomam pacuema )?(kT ) no gopmyne (30)
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Puc. 4. Pesyriomam pacuema E(kT ) no gopmyne (31)

3aKkjoueHne

ITony4eHHBIN ANTOPUTM PELIEHUN JTUHEH-
HOM CHHTYISPHO-BO3MYIIEHHON IHUCKPETHOMN
33J1a4d ONTHUMAJIBHOTO YIIPABIEHUS C MaJIbIM
[IaroM Ha OCHOBE DAa3lElCHHA NMEPEMEHHBIX
coctostHus cucteMsl [ 13, 14] mo3BomnseT cymie-
CTBEHHO MOHU3UTD MOPAIOK UCCIIEAYEeMOH CH-
ctemsbl. [lomyueHHas Ipy 3TOM SKBUBaJIEHTHAs
cucremMa 00JIalaeT BCEMH CBOWCTBAMHU yIpaB-
JSIEMOCTH M CTaOWIM3HPYEMOCTH HCXOIHOM
CHUCTEMBI, IPUYEM OHH CBSI3aHBI TOJIBKO yIIPaB-
JISFOTIeH (pyHKIHEH.

[peanoxeHHbIi cTOCOO MOKET dPPEKTHB-
HO TPUMEHSATHCS MPHU HCCIENOBaHUM TEOPUU
ONITUMAJIbHBIX HH(POBBIX CUCTEM YIPABICHUS
U IIPU IOCTPOECHUH NPUOINKEHHOTO PEIICHUS
anreOpandecKuX MaTPUIHBIX YpaBHEHUH Puk-
Kartu u JlanyHoBa.
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