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An electromagnetic suspension is a rotor located in the field of gravity and the magnetic attraction
force acting on the side of the electromagnet. When the two forces are equal, the rotor is stationary.
The operation principle of an electromagnetic suspension is based on the phenomenon of magnetic
levitation, which is applied in active magnetic bearings. Thanks to this, it becomes possible to overcome
gravity without contact and to provide the rotor hanging in active magnetic bearings. The obvious
advantage of such systems is, first of all, the absence of mechanical contact and, as a consequence, the
absence of friction. This advantage allows significantly increase the service life and efficiency compared
to traditional mechanical counterparts.

The magnetic forces acting on the electromagnet are controlled by a control system that ensures a
stable equilibrium position of the rotor. It is necessary to note that an electromagnetic suspension is
inherently unstable system and it is describes nonlinear differential equations which present additional
difficulties for the control low realizing. The standard scheme of the electromagnetic suspension assumes
the presence of a sensor of the position of the suspended body as the main element for forming feedback
in the control loop. Also there is another scheme that involves measuring only the current in the circuit
of the electromagnet without measuring the position of the body and its speed. The advantages of such
a scheme are the compactness and reliability of the design, as well as the lower cost compared to the
traditional scheme.

The control of the rotor in an electromagnetic suspension is an important and actual task
associated with the wide practical application of electromagnetic bearings. The practical application
of electromagnetic bearings covers a wide range of different areas of industry and technology, as well
as some areas of medicine. For the construction of regulators, the most widely used approach is based
on the use of linearized models. Despite its simplicity and convenience, the obvious disadvantage
of linearized models is their limited applicability. Linearized models correctly describe the dynamics
of an object only in the neighborhood of the equilibrium position, with small initial deviations. In
fact, the initial perturbations of an object can go far beyond the applicability of linearized models.
As a result, the regulators calculated on the basis of linearized systems are only operable for small
initial perturbations. One of the ways to take into account the nonlinearities of the object and build
corresponding controllers can be the use of fuzzy logic and fuzzy systems based on it.

This paper presents the results of solving the problem of constructing fuzzy output regulators for
an electromagnetic suspension system based on the use of Takagi-Sugeno fuzzy models. Two control
problems are considered: the construction of stabilizing regulators and the construction of optimal
regulators according to a given quadratic quality criterion.

To solve these problems, the original nonlinear mathematical model was transformed to a special
form, and then replaced with an equivalent fuzzy model consisting of a set of linear subsystems.
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To construct a fuzzy mathematical model of the system, triangular distribution functions were used.
Ultimately, the fuzzy model was represented as a weighted sum of all linear subsystems. To synthesize
the control laws, we used the apparatus of linear matrix inequalities, extended to the case of fuzzy
systems. In this case, for each linear subsystem is consistent with its own system of linear matrix
inequalities.

As a result of numerical calculations, fuzzy controllers of both types were obtained, which were then
alternately substituted into the original nonlinear object closed by the fuzzy controller. To check the
operability of the regulators, mathematical modeling of the rotor dynamics was performed. Transient
processes in a closed system are presented as simulation results.

The results of numerical calculations and mathematical modeling showed that using the Takagi-
Sugeno fuzzy models, it is possible to construct both a stabilizing regulator and an optimal regulator
according to a given quadratic quality criterion for controlling the rotor in an electromagnetic
suspension. The found regulators provided stabilization of the rotor in a fairly wide range of initial
perturbations, up to the maximum possible values. Based on the results obtained, it can be concluded
that the presented approach, based on the use of fuzzy Takagi-Sugeno models, allows to stabilize the
rotor in an electromagnetic suspension system in a wide range of initial perturbations.

Key words: electromagnetic suspension, magnetic levitation, rotor, stabilization, fuzzy Takagi-
Sugeno models, linear matrix inequalities.
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B crarbe npejicraBieHbl pe3ysIbTaThl PEIEHUs 33/1a9U CTAOUJIN3AIlUNN POTOPA B CUCTEME 3JIEKTPO-
MarHUTHOTO [TOJBECA HA OCHOBE MpuMeHeHus HeueTkux mojeseit Takagi-Sugeno. Paccmorpensr jipe
3a/1a4¥ yIIPaBJIeHU: TIOCTPOEHUE CTADUIU3UPYIONINX PErYJIsSTOPOB U MOCTPOEHUE ONITUMAJIBHBIX pe-
IyJIZTOPOB 1O 33JaHHOMY KBaJAPATUYHOMY KPUTECPUIO Ka4CCTBA.

JIts1 perrernst MOCTABIEHHBIX 33189 NCXOAHAS HEJNHEHHAsT MaTeMaTHIeCKast MOIe/Ib MPeodpPa30oBhI-
BaJIaCh K OMNpeIeJeHHOMY BUMY, & 3aTeM 3aMEHAJACh IKBUBAJICHTHON HEUYETKON MOAEJIBIO, COCTOMA-
el U3 COBOKYMHOCTH JIMHEHHBIX ToacucTeM. /g moCTpoeHsa HEIeTKOM MaTeMaTHIeCKON MOIe/n
UCIIO/TH30BAINCH (DYHKITUU paclpeesieHusi TPEYroJbHOTO BHUAA. Pe3ysbTupytorias HedeTKas Mo-
IeJib TIPEeJICTAB/ISIACh KAK B3BEIEHHAS CYMMa BCEX JIMHEHHBIX mogacucreM. J[ig cuHTe3a 3aKOHOB
YIpaBJIeHUd NPUMEHAICS alllaparT JUHEHHBIX MaTPUYHLIX HEpPaBEHCTB, PaclIMpPEHHbIA Ha ciydai
HEYETKUX CHCTeM. B 3TOM ciydae KaxKiaoil JIMHEHHONW MO[CUCTEeMEe COOTBETCTBOBAIA CBOA CHCTEMA
JIMHEHHBIX MaTPUYHBIX HEPaBEHCTB.

B pesyabrare npoBenenus 9UCICHHBIX PACIETOB OBLIN MOJYYEHBI HEYETKHUE PEryadTOPhI 000UX Tu-
II0B, KOTOPbIE 3aTE€M MO0YEPEIHO IOJICTABJISI/INCE B MCXOJHBIN HEJTUHEHHbIT OObEeKT, 3aMKHYThHII
HeYeTKUM Perysaropom. st npoBepku paboToCioCOOHOCTH PEry/IsTOPOB BBIIOJIHSIOCH MATEMATH-
9eCcKOe MOIeIMPOBAHNE JUHAMUKY POTOPa. B KauecTBe pe3yabTaToOB MOACTHPOBAHUS TTPEICTABICHEI
IepexogHble IPOIeCCHl B 3aMKHYTOR cucTeMme.

PesysbTaThl YMC/IEHHBIX PACIETOB W ITPOBEIEHHOTO MATEMATHYECKOTO MOJEIUPOBAHUS TOKA3AIN,
YTO ¢ MOMOIIBI0 HeueTKuxX Mmojesneit Takagi-Sugeno MoKHO TOCTPOUTH KaK CTAOUIU3UPYIOMINIL pe-
TYJIATOP, TAK U ONTUMAJIBHBIN PEryjJIdTop MO0 33aHHOMY KBaJAPAaTHYHOMY KPUTEPUIO KA4eCTBA 1A
VIIPABJIEHUS POTOPOM B 3JIEKTPOMArHUTHOM mojiBece. HaliieHHble peryasTopbl obecrieqnBau CTa-
OWIM3ANUIO POTOPA B AOCTATOYHO IMTUPOKOM AMANA30HE HAYATBHBIX BO3MYIIEHWH, BIJIOTH A0 MaK-
CUMAJIbHO BO3MOXKHBIX 3HaueHu. OCHOBBIBAsICh HA IMOJIYUEHHBIX PE3YJbTaTaX, MOXKHO 3aKJIHOUUTh,
UTO MPEJICTABIEHHBIN O/IX0/, OCHOBAHHBIN Ha MCIOAb30BaHnn Hederkux Mmojeseit Takagi-Sugeno,
ITO3BOJIET B IIIMPOKOM JIMAIIA30HE HAYAIbHBIX BOBMYIIEHUH CTAOMIN3UPOBATEH POTOP B CUCTEME JIEK-
TPOMAI'HUTHOI'O HOABECA.

KimroueBbie cjioBa: 37eKTPOMATHUTHBIN TTONBEC, MATHUTHAS JIEBUTAIUS, HEJTUHEHHBIT 00BEKT,
potop, crabuanzanus, HedeTkne Mojean Takagi-Sugeno, JuHelHbIe MaTPUYIHBIE HEPABEHCTBA.

BBenenne. [Ipuanun aeficTBUS 371eKTPOMarHUTHOTO TO/IBECa OCHOBAH Ha SIBJIEHUHA MAaTrHUT-
HO¥t JeBuTanuu. Biaarogapst 3roMmy 3MdeKTy cTaHOBUTCS BO3MOKHBIM O€CKOHTAKTHO TPEOI0JIe-
BATh I'PABUTAIMIO U 00ECIIeYMBAThH BBHIBEIINBAHUE T€JIa, B AKTUBHBIX MAarHUTHBIX HOIITUITHIKAX.
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O‘IGBI/I,ZLHBIM IPpEUMYIIECTBOM TAaKHUX CUCTEM ABJIACTCA, IIpeKAae BCEro, OTCyTCTBUe MeXaHn4de-
CKOT'O KOHTAaKTa U KaK CJeJICTBHE — OTCYTCTBHE TPEHUS. JTO IPEUMYIIECTBO O3BOJISIET CyIIe-
CTBEHHO YBEJHUYUTH CpoK 3dKciryaTarnuu u KIIJ mo cpaBHeHUIO ¢ TpaJIMITMOHHBIMU MeXaHWde-
CKUMH aHAJOTAMHU.

VirpaBjieHue poTOPOM B 3JIEKTPOMArHUTHOM IIO/IBECE SABJIAETCS BaXKHOM M aKTyaJbHOW 3a/1a-
qeﬁ, CBA3aHHOHN ¢ MIUPOKUM IIPAKTUYECKUM IIPpUMEHEHUEM 3JICKTPOMAlrHUTHBIX IOAIIUITHUKOB.
HpaKTI/ILIeCKOG NMpUMEHEHUE JIEKTPOMATHUTHBIX IMOAIMUITHUKOB OXBATbHIBACT L[eﬂbHu/I CIIEKTDP Ca-
MBIX Pa3HBIX 0OJIacTell MPOMBINIJIEHHOCTH W TeXHUKHU, a TaKyKe HEKOTOPBIX O0JacTell MeauIiy-
Hbl [1-4]. Yopapienue peanusyercs, Kak MPABHJIO, [YTeM H3MEHEHUs BEJUIMHBI MATHUTHOTO
HOJISl, CO3/IaBAEMOI'0 JIEKTPOMArHUTOM. /Jljig moCcTpoeHns perysisiTopoB HamboJiblllee Pacipo-
CTpaHeHue MOJIyYUJa MMOAXO0J, OCHOBAHHBLII HA NPUMEHEHUU JUHEAPU30BAHHLIX MOJeJIel [579].
[Tpu 3Tom cucrema JuddepeHInaIbLHBIX yPABHEHNH, OMUCHIBAIONINX 3JIEKTPOMATHUTHBINA MO/
Bec, IpeJicTaBasgeT coboil HeqmHeHbIH 00beKT. HecMoTps Ha TPOCTOTY U y106CTBO, OUeBUIHBIM
HEeJIOCTATKOM JIMHeapU30BAHHBIX MOJIesIell SBJIsieTCsl UX OrpaHWYeHHas TPUMEeHUMOCTh. JInHea-
pU30BaHHbIE MOJIEJIM PAOOTAIOT TOJBKO B OKPECTHOCTH II0JIOZKEHUS PABHOBECUS, 1IPU HEDOJIb-
IIMUX HavYaJIbHBIX OTKJIOHCHUAX. B ,ZLefICTBI/ITe.HbHOCTI/I, Ha4daJIbHbI€ BO3MYIICHUA O6T>€KTa MOT'YyT
BBIXOJUTH JaJIeKO 3a IIpeae/ibl MPUMEHUMOCTU JIMHCAPU30BaHHBIX MO,ZLGJIGI'?'I. BCJIG,ILCTBI/IG 9TO-
ro TaKkWe MOJeJW He MOTYT B MOJHOW Mepe ONUCHIBATH JHHAMHUKY WCCJIeTyeMOro o0ObeKTa, a
BBIUHCJIEHHBIE PEryJIsTOPbI PAdOTOCTIOCOOHBI TOJBKO MPU HEOOIBITUX HAYAJIBHBIX BO3MYIIIEHU-
ax. OIHUM U3 cocoOOB yueTa HeIUHEHHOCTeH U TOCTPOEHUST HEJTMHEHHBIX PEryIsiTOPOB MOXKET
6bITb HCIIOJIb30BAHNE HEYETKON JIOTHKHA M HEYETKUX CHCTEM Ha €€ OCHOBE.

B CTaThbe IPEeJACTAaBJICHBI PE3YJbTAThl PECITCHUA 3ada9U YIIDAaBJIECHUA POTOPOM B 3JICKTPOMaAI-
HUTHOM TI0J[BeCe HA OCHOBE MPUMeHeHHs HelPephIBHBIX HedeTkux Mojesteit Takagi-Sugeno [10].
PacemarpuBanuch 3a7jaqn yupapjieHHs 110 U3MePSIeMOMY BBIXOJY B IPeNOJIOKEeHUU, YTO W3-
MepseMoil mepeMeHHOI dABJsgeTcs BePTUKATbHOE cMellleHne poTopa. B paMkax JaHHON 3a1a4un
HPUMEHSIJTUCH JIBA T0JIX0/IA: TOCTPOCHUE CTAOUJIM3UPYIONIETO PEryjidTopa U IOCTPOCHUE OINTH-
MaJIbHOT'O PEryjigTopa ¢ 3a/laHHbIM KBaIPATHYHBIM KPUTepHeM KadecTBa. /[7ig cuHTe3a 3aKOHOB
YIIpaBJIeHUs HCIIOJb30BAJICS anapar JHHeHHbBIX MATPUIHBIX HepaBeHCTB [11].

CraThd BKJIOYaeT B cebsl BBeJIeHWe, YeThIpe pa3jielia, 3aKJII0UeHne U CITHCOK JTUTEPATYPHI.
B mepBoM pa3zjesne mpejicTaBjieH BBIBOJ, HEUETKON MaTeMaTHdecKoil Mojenu. Bropoit pasmen
npejcTaBisger coboit OCTAaHOBKY 3a/1a4 yIpaBJeHnd. B TpeTbeM pasjiesie IpeICTaBIeHbl CHCTe-
Mbl JIMHEAHBIX MAaTPUYHBIX HEPABEHCTB, a TAKXKe NPOLELYypa 14 UX YUCACHHON peasm3aliuu.
YerpepToiit pa3aen comepKuT pe3yibTaThl MaTEMATHIECKOTO MOIEJIHPOBAHN.

1. Heuerkaa mozeapb 00bekTa. POTOp B 3716 KTPOMArHUTHOM TOJIBECE HAXOMUTCH B TMOJIE
JefCTBUS ABYX CUJI: CUJIBI TSXKECTH W CHJIBI MATHUTHOTO MpUTszKeHus. CoriacHo BTOpoOMY 3a-
KOHY I{bIOTOHa.7 IIPpX PABCHCTBE 9TUX CUJI TEJIO 6yg1eT HaXOAUTHCA B HEIIOABU2KHOM COCTOAHUH.
JluraMuka poropa B MojiBece OMUCHIBAETCSI CJeYIOIeli cucreMoil ypaBaenuii |5

1;1 = T,
. 1 (1 +l’3)2
To= |—5— 1}, 1
T3=———"x9—a(l—21)23+ (1 —21) 1,
=T el ) as (- )
e x = (x1, T, ZL’3>T € R™ — BeKTOp COCTOSAHUS CUCTEeMBI; u € R™ — ynpaienwne; a —

nocTosiHHas BeanduHa (a = 7,5).
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Bespasmeprasi mepeMeHHast X1 COOTBETCTBYET BEPTHKAIBHOMY MEPEMEIEHHI0 POTOPa, T'o
COOTBETCTBYET CKOPOCTH II€peMeIleHHns, a I3 OINUCHIBaeT TOK B IElH 3JeKTpoMarauTa. Jlis
BBIBOJIA HeueTKoil Mozenu Takagi-Sugeno neobxoammo mpusecTu 00beKT (1) K craeayromnemy

BHTY
&= F(o)x+ B(o)u, x(0) = o, (2)

rae F(o) € R™=*"; B(o) € R™*™; g =o(z) € R™.
Dnementamu matpur, F(o) u B(o) mo/KHB OBITH HempepbIBHBIE HeJHHEeiHbIe (DYHKIHNT
oi(x). Jng npeobpasoBanus oobekta (1) K Buay (2) BBeeM HOBYIO (ha30BYIO EePEMEHHY O

_1+£L’3
—1—1’1

(3)

Ty

[Tponuddepeniuposas Boipazkenue (3), MOJIyIUM CJeyIOIIee JUHEHHOe YpABHEHHEe

Xy = % = —axrs + u. (4)
T

Taxum obpazom, nocje mpeodpazoBaHns CUCTEMA YPABHEHU, ONMUCHIBAIONNX JJIEKTPOMAar-
HUTHBIA MOJABEC, TPUMET CJICAYIONTNN BH,

ffl = o,

) 1

1’2:5[1’42—1],

T4 = —axrs+ u, (5)

re ¥ = (x1, T2, T3, x4)T € R™" — cocrosiHUe CUCTeMbI; 1 € R™ — ynpasJjeHue.
Iepexon ot (1) k (5) oznauaer orobpazkenue puja R —s R, Tenepb IIpUBe/IeM CHCTEMY
(5) kK marpuasomy Buay (2). Marpunst F'(o) u B(0) 3anumyTest Kak

0 1 0 0 0
o 0 0 o | o
F<0> - 09 o3 o4 05 ) B (U) - 06 ) (6)
0 0 —a 0 1
rje o; = %(x4 — i), Oy = axs; 03 = —T4; 04 = a(x; — 1); 05 = —x9; 06 = 1 — 7.

Bagaanm oamuokecTBO ) = {a;, < x; < a;,,1 = 1,n,*}, B KOTOpOM GyIeM paccMaTpUBATh
HemHeiHbl# 06bekT (5). [l Toro yTobbl 06eCIeYnTh HEMPEPBIBHOCTL (DYHKIUH 07, CIENaeM
CJIEIYIOINLYI0 3aMEHY BO BTOPOM ypaBHEHHHU cucTeMbl (5):

Ty = % (2.2 — 1] = %(m —D(xy+1)= %m*(m* +2). (7)

OrnycruB 3Be3/109Ky B HOBOI II€PEMEHHO{T X4, CUCTeMa YPaBHEHUN IPUMET CJIe/IYIONUI B/
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T = T2,

.I:Q = 51’4(1‘4 + 2),

Tg=—(r4+1D)ze—a(l—z) a3+ (1 —21)u,
T4 = —ax3 + u, (8)

Jnst Kaxkmoit GYHKIUU 0; ONPEIe UM COOTBETCTBYIONUE (DYHKIIUU ITPUHAIICKHOCTH BHIA

~

min,max
+o0; F o,
Mi1=2 - max min
o, — 0y

L1 =1n, (9)

O6sracTh 3HaYeHHN Kaxka0# (DYHKIMU TPWHAIIEKHOCTH 00pa3yeT CBOe HOPMHUPOBAHHOE
HevgeTkoe MHOXKecTBO. Chopmupyem 6asy HedeTKUX MPaBWJI JJIsT HCCTIeAyeMoro oobekTa (8)

R':IF 0115 My and ...and o, is M, 1 (10)
rie RY — mederkoe mpasuio (i = 1,r), r = 2" — KOJMYECTBO IPABU;

Torya, HeYeTKAast MOJIeIb HEeJIMHEHHON cHeTeMbl (8) IpeIcTaBIseTcss Kak B3BellleHHAs CyMMa
BCeX JIMHEHHBIX MOJACUCTEM

r

=1

vae hi (o) = [[72, Mijl,Q(aj) — npousBejenne QYHKIUA IPUHAIICKHOCTH.

[Monyuennas HempepbiBHAs HedeTKast Mojeab (11) mpencrabisier HequHeHHBIH 00bekT (8)
Ha paccMaTpPUBAeMOM IOJMHOKeCTBe §.

[Tpezkie 4eM IepexoJuTh K MOCTAHOBKE 3a/1a4M, CIeJIaeM OIHO yipolneHne. [I0CKoJbKy Hau-
GoJIbIIee KOJMYECTBO HeJIMHEHHBIX (DYHKIIUI COCPEOTOUCHO B TPETheM YPABHEHUH CUCTEMBI (8),
TO JIMHEAPU3AIMs STOIO YPABHEHUS II0O3BOJIUT CYIIECTBEHHO COKPATUTH KOJUYECTBO PABUIL U,
TeM CaMbIM, YIIPOCTUTH BECh JIajibHEHnil TeopeTnyeckuii anaaus. llocie muneapusamuu 3Toro
ypaBHEHWsI B OKPECTHOCTH MOJIOKEHNsT PABHOBECHS crcTeMa (8) mpruMeT BUJ

T = T2,

. 1
To = 51’4(1‘4 + 2),

T3 = —Xo — aT3 + U,
$'4 = —ars + u. (12)
EnuncrBennas nenuHeiinasg (pyHKIUS 0 3alMIIETCS KaK

oy = %m +2). (13)

OxoHuaTebHas HEYETKAd MOJIE/b HEJIMNHEHHON CUCTEeMBI (12) 3alUIIETCH B CJIEIYIONEM BUJIE
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& =Y MAz+B, (14)

=1

2. ITocranoBka 3amauu. PaccmorpuM JBe 3a/ia4u yIrpaBaeHUs 110 U3MEPIEeMOMY BbIXOLY:
epBagd 3a/1a4a — IIOCTPOEHUEe CTAOMIM3UPYIONIEI0 HEYEeTKOIO PeryisaTopa, BTopas — HeYeTKOro
peryJsiTopa ¢ KBaJpaTHIHBIM KpHTEepHeM KadecTBa. B KadecTBe m3MepsieMoil mepeMeHHol Oy-
JIeM CUUTATDh BePTUKAJIBHOE ITepeMelnenne poropa Xy. CooTBeTCTBYIONee MATPUIHOE YPaBHEHHE
U3MePSEMOTO BbIXOA

y = Chu, (15)

y € R™ — u3mepsemsrit Boixom; Cy = ( 10 00 )
3akoH ynpaB/ieHus JHHEHHON CHCTEMOl 0 N3MEePSeMOMY BBIXOAY B (pOpMe JTHHEHHOTO -
HAMUYECKOTO PEery/IsaTopa uMeer cJaenyomuii sus [11]

i (t) = A 2, (t) + By
u(t) = Cla,(t) + D'y, (16)

rae x, € R™  — cocTodHIe PeryadaTopa.

B ciaydae nederkoil cHCTEMbl HCXOJHBIH OOBEKT IMPEACTABISICTCS B BUJIE COBOKYITHOCTH
JIMHEHHBIX MOJCHCTEM, KayKIasl 3 KOTOPBIX XapaKTepU3yeTCs CBOMMHU MATPUIAMU. SAIHUIIEM
HEYETKYIO MOJIeJIb YIIPaB/jieHus B (DOpMe HEYETKOrO AMHAMHYIECKOTO Pery/siTopa JiJjisi CUCTEMbI
(14)

=1 r =1 r

uzoniMiC m,ﬁ—iMd) V. (17)

=1 r =1 T
+(t) = Ca(t) + Dul®). (18)

B kadecTBe KBaIpaTHYHOrO KpUTEpHs Oy/eM PAaCCMATPUBATH CJACAYIONNA (HOYHKITHOHAJ

||zy|2:/ooo ixi(t)2+u(t)2 dt. (19)

Bajada 3aKI09IA€TCs B BBIYUCIEHUH TAKOTO HEYETKOrO perysstopa uga (17), KOTOpHIi
Oy/ieT yIOBJIETBOPATH CJIEIYIONINM HepAaBEHCTBAM

2O < APlaol?, Voo #0. (20)
[Tpusenem ypasuenne (18) K caemytoremy By
z(t) = (C+ DD,'Co) x + DC,'z, = Cla.. (21)

Tora 3aMKHYTast HeYETKasl CUCTEMa, IPUMET CJIey ol BuT
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r

. )

Le = E MzAc Le,
=1

z = Z M;Clx,, (22)
i=1

T
rie .= (T z,) .
MarpuIibl 3aMKHYTHIX TIOJICHCTEM OLPEIESI0TCs CIeYIOMUM 00pa3oM

i ( Ai+BD:C, BC:
C:=[(C+DD,'Cy) DC,']. (24)

Taxum 06pazom, TpebyeTcsa BEHIYUCIUTD JIBa HEYETKUX PEry/IsToOpa 0 U3MEPAeMOMY BBIXOY:
PEryasiToOp CTAGHIM3UPYIOMIET0 THIIA U Y-ONTUMAIBHBIH Peryasarop mo kpureputo (20).

3. Meroauka BeIYHCJIEHUNA. /1)1 CHHTE3a 3aKOHOB YIPABICHUS HCIOIL30BAJCS AlMapaT
JMHERHBIX MATPHYHBIX HepaBeHCTB |11], ananTupoBaHHbIN /15 CIydas HEYeTKHX CHCTEM.

Buvucaenue cmabuasudupyroujezo Hewemroz2o peayssmopa. Jas Toro arobbl obecrnednTh
YCTORYUBOCTD 3aMKHYTOil cucreMsl (22) ¢ marpunamu (23), HeoOXOMUMO U JTOCTATOYHO HANTH
TaKyIo OOIIYIO MaTPUILy KBaJapaTHuHoit GyHKmma X=X7T >0, KoTopad yI0BIeTBOPACT CIeIyI0-
UM HePaBEeHCTBAM

(AN X + XA <0, i=Tr. (25)

Bregem marpuily mapamMeTpoB peryasaTopoB O; u mpeacTaBuM MATPHUIIBI 3aMKHYTHIX TTO/ICH-
CTEM B CJICAYIOIEM BHAIE

Al = Ay’ + By©,Cy, (26)

i Az Onz*xnz* o Onz*xnz* B _ Onz*an* [nz .

te AO N ( Onm*xnx* Onm*xnm* )j BO N ( ]nm Onm*xn“ )7 CO N ( C'2 Onyxnm* ’
A B

IToacrasum (26) B (25) u 3amuinem MOJYICHHBIE HEPABEHCTBA B BHJIE
(Ad")" X + XAy’ + CTO,"BT X + X By©,Cy < 0. (27)
anee mpusesieM HepaBeHcTBa (27) K cucTeMe JIMHEHHBIX MATPUIHBIX HepaBeHcTB [11| Buia
U+ PTe Q+Q"e,Pp <0, i=T1r. (28)

B [11] mokazano, 4T0 BBIIOIHEHHE HEPABEHCTB (28) Jyisi PEryIsiTOPOB MOJHOTO MOPSIKA
SKBUBAJICHTHO BBIIOJHEHUIO CJISAYIONNX JTHHCHHBIX MATPUYHBIX HEPABEHCTB

Wg(AiTXH + XHAZ‘)WC < 0, X11 = Xﬂ > O,

(29)
W (Vi Al + AYi)Wer <0, Vi =Y >0,

rae We n Wyr obpasytor 6asucs aaep marpun, C u BT coorsercrsenno; X, u Y], — Bepxune
JIeBbIe OJIOKH JIBYX B3aHMMOOOpATHBIX MaTpuil X u Y.

st Toro 9robbl BBIIOIHAIOCH yeaoBue XY = [, HEOOXOAMMO U JIOCTATOYHO, UYTOOBI BBI-
HOTHSLTIOCH HEPAaBEHCTBO
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Xy T
(I Yn)>0' (30)

Takum 00pa3oMm, 0OBEKT CTAOMIM3UPYEM TOLJA U TOJBKO TOLJA, KOTJA CYMIECTBYIOT BE
TOJIOKUTENILHO OIPeIe/IeHHbIe CHMMETPHIECKIE MATPHIBI X117 U Y1y, YJAOBJIETBOPSIOIINE JIU-
HefiHBIM MaTpUIHbIM HepaBeHcTBaM (29) u (30). Ecin marpunpt Xq; 1 Yy HalifeHsl, 70 o6mmas
MaTpuna Kpaaparuanoii popmbel X MoxKer ObITH BoccTaHOBAEHA 110 dopmyde [11].

X1 Xy -t
X = _ _ 31
(Xn—yn LD €T ZThn (31)

[Tocne Toro, kak marpuia X HaiijgeHa, MATPHUIIH TAPAMETPOB PETYIATOPOB O; BBIUUC/ISIIOTCS
13 HepaBeHCTB (28) M 3aTeM MOJICTABIAIOTCA B HEUCTKHA JUHAMIICCKHil perysasaTop (17).

Buinucaenue Hewemxozo y-onmumanvnozo pezyiamopa. Kak GblJI0 OTMEHHO BBIIIE, 337292
7-ONTUMAIBLHOTO HEYETKOTO YIPABIEHUS COCTOUT B BBHIYHCJICHUH TAKOIO HEYETKOIO PEryJIsiTO-
pa, KOTOpbIil obecriednBaer BbinoNHeHHe ycaoBus (20) st Bcex auHefHbIX moacucreM. s
BBITIOJTHEHU A 9TOT'O YCJI0OBUA HOPMBI TEPEAAaTOIHBIX MaTpHUl 3aMKHYTOI'O O6'beKTa JOJIZKHBI Y10~
BJIETBOPSITH YCJIOBHSIM

HHJHQ < v|xo| Vg # 0 (32)

rne H' = [C + DD.Cy, DC|(sI — Aci)_lxg.

OcHOBHast u/1e51 BBIMHCICHUS PETYJIATOPOB TAKOTO TUIIA 3AKJII0MAETCST B IPHBEICHIN MATPHUIL
3AMKHYTBIX TioficncTeM A.' K JTHHeHHBIM MaTpuaHBIM HepasencTBaM Bua (28). ITocieytomme
JefiCTBHS AHATOTMYHbL IpeAbLayIneMy ciaydao. CHadala BRIYUCISIOTCH MaTpunsl W, a 3aTeM
13 (28) HAXOAATCS HCKOMBIE MATPHUIBI peryistTopoB. [TockosbKky MaTpuipt ¥; comepkar obILyio
HEU3BECTHYIO MOJOKHUTEIHHO ONPEETeHHYI0 CHMMETPHYECKYIO OI0UHYI0 MATPHILY, TO HEOOXO-
JIMMO CHAYAJIA BBIYMCJIUTL 9Ty Marpuny. [lockosnbky panrm marpun, P u ) MeHbine paHra
matpur, Wi, TO 1715 CHCTeMBl HepaBeHCTB (28) HEOOXOAMMO U OCTATOYHO, 9TOO! BHIIOTHAIACH
CJIeJIYIOINe MATPHIHbIe HEPABEHCTBA

Wplw,Wp <0, WolU,Wg < 0, (33)

raie Wp u Wy — aapa marpun P u () coorBecTBeHHO, T.e. PWp =01 QWq = 0.
BrIToTHUB psiji MATPUIHBIX TTPE0OpPa30BaHUil, YINTHIBAsT OJOYHYIO CTPYKTYPY MATPHII,
HepaBeHCTBa (33) MOXKHO MPUBECTH K CJIEIYIONMNM HEPABEHCTBAM

(WCz O>T(AiTX11+X11A¢ cr )(WCQ O><O

0 I C —~I 0 I (34)
T Vi AT + Ay, Y of
N ( OV, -y N <0,

rie ctosonpl MaTpul We, m N obpasyror 6asuckl aaep marpur Cy 1 (BT DT) coorBercrBento.

Jlast cymecTBOBaHUS Y-ONTUMAJIBHBIX PEryJISTOPOB IMOJHOIO TOPSIKA HEOOXOIUMO U J10-
CTATOTHO, YTOOBI CYIECTBOBAIN JBE IOJOKUTEJIHLHO ONPeaeIeHHbIEe CAMMETPUIECKHE MATPUIIHI
X171 w Y1, yrosiaerBopsonine HepaBeHCTBaM (34), a TakyKe HepaBeHCTBAM
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rae it = 1,7.
Eciu marpunpt X7 1 Y1 HalijIeHbl, TO MaTpuIa Y MozKeT ObITh BOCCTAHOBJIEHA 110 (hOPMYJIe

Y11 Yii— X!
Y = _ _ . 37
Vi — Xu' Vi — Xp! (37)

Ecaun marpurna X Haiifena, MaTpUIhl MapaMeTPOB PEryaaTOPOB O; BBIUUCSIOTCS W3 HEpa-
BeHCTB (28) W 3aTeM MOACTABISIIOTCS B HEYTKUI AuHamMudecKuil peryasrop (17).

JIuneiinple MaTpuYHble HEPABEHCTBA M CHCTEMBl HEPABEHCTB OIIPEIe/IIIOT HeJuHeHHbIe, HO
BBIYKJIbie orpanudenus [11]. TlosTomy, jias 4uc/ieHHO peaqu3anyun MOTYT HUCTIOJIb30BATHCS
METO/Ibl BBIIYKJIOH ONTUME3AINUK. PaspemuMocTb cucTreMbl HepaBeHCTB (29) ¢BOAMTCS K MU-
HUMUA3AINN TapamMerpa t, i KOTOPOro CIpaBeinBo JUHEITHOe MAaTPUIHOE HEPABEHCTBO BHUIA
F (z) — tI < 0. Cucrema uepapencts (34-36) mpejcrapiser coboii 3aady paspenmuMOCTH JIH-
HefiHO# (PYHKIUHU ¢ OrpAaHUYCHUAME, 3 JAHHBIMI CUCTEMON JIMTHEHHBIX MATPUUHBIX HEPABEHCTB.
111 aucIeHHON peasim3aliil CUCTeM JUHERHBIX MATPUIHBIX HEPABEHCTB IPUMEHSIJICS aJITOPUTM
BHyTpenneidi Touku (interior-point method), peasmsoBanubiii B hopme CraHIapTHBIX KOMAH
maxera nporpaMm MATLAB [12].

I'paduku mepexoIHBIX TPONECCOB B CHCTEME C HEIETKUM Y-OITUMATBHBIM PETY/ISITOPOM TIO-
Ka3aHbl Ha puc. 2.

4. Pe3yabTaThl. BoruncieHHbIe perygaropbl HO0UEPEIHO MOACTABIAINCH B HCXOAHBINH HEJIH-
HeitHbI# 00beKT (1), 3aMKHYTBIH HedeTkIM peryastopoM (17). I'paduku mepexoaHbIX IpoIeccoB
B CHCTEME C PeryisiTOpoOM CTAaOWIM3UPYIONIEro TUIA [PEeJCTaBIeHbl HA puc. 1.

Ucxons w3 cpaBHUTEIHLHOTO aHaan3a puc. 1 u 2, MOXKHO C/J€IaTh BBIBOL O TOM, UTO Y-
ONITUMAJILHBIN Peryasarop obecrnednBaeT CTAOUIAZAIUIO C JIYUIIUM Ka9eCTBOM MEePEeXO/IHBIX MPO-
IECCOB, YeM CTAOUJIM3UPYIONINil HedeTKHi peryasarop. Pe3ylbTarsl MaTeMaTHIeCKOIO MOJIE/TH-
POBaHUS TOKA3aJIH, YTO BBIUUC/JICHHBIE HEUETKNE PEryIaTOPhl 000UX TUIIOB MO3BOJSIOT CTAOH-
JIN3UPOBATH POTOP B IMUPOKOM HANMA30HE HAYAJIHHBIX BO3MYIIEHWH, BILIOTH JI0 MAKCHMAJIHHO
BO3MOKHbBIX 3HAYCHUN.

3akJsroueHue. B crarbe npe/icTaB/IeHbl pe3yJIbTaThl PEIIeHUA 33/ 1a491 YIIPABICHASA POTOPOM
B 9JICKTPOMATrHUTHOM IIOJ[BECE II0 HU3MEPAEeMOMY BBIXOIY. BbIBe/leHbl HedeTKasd MOJIe/b 00beK-
Ta, SKBUBAJEHTHAsI MCXOAHON HEJIMHEHHON MOIeId, a TaKxKe HedeTKass MOJe/Ib YIPaBJICHUSI.
Boimoinessr qucsiennbie pacyeTbl HEYETKUX pPeryasaTopos. [Iposeneno maremarudeckoe Moze-
JINPOBAHWE TIEPEXOIHBIX MPOIECCOB.

ITo pesyabTraTaM mpoOBeIeHHON PAOOTH MOYKHO 3aKJIIOYNThH, YTO, U3MEPSIS TOJTBKO TepeMe-
IEeHue POTOPA, MOXKHO BBIYUC/IUTD KAK CTAOUIU3UPYIOMKHA PEeryasaTop, TaK U Y-ONTUMAIbHBIH
PEryJIsTOp ¢ KBaJpAaTUUYHBIM KpuTepreM KadecTBa. HaliieHHbIe HedeTKHE PEryasaTopbl obecie-
YUBAJIU CTAOMJIMBAIMIO POTOPA PHU JIOOBIX HAYAJIHHBIX BO3MYIIEHUIX, BILIOTH [0 MAKCHMAJIHHO
BO3MOYKHBIX 3HadeHuil. Takum 06pa3oM, MpeaCcTaB/IeHHbIe HEIeTKIE MOJIEIH, B OTJUYIHE OT JIH-
HEApU30BAHHBIX MOJIeJIel, TIO3BOJISIOT B 0O0Jiee MMUPOKOM JIMANa30He HAYAJIHHBIX BO3MYIIEHUI
CTaOUIM3UPOBATH POTOP B JEKTPOMATHUTHOM IIO/IBECE.

ABtop 6utaromapur mpodeccopa Kadenpsl audpepeHIHaIbHBIX YpaBHEHUH, MaTeMaTrde-
CKOTro M 4ncJeHHoro anaamsa /. B. Bamanauna 3a KoHCYJIbTaIMIO ¥ UHTEPEC K padOTe.
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