DOl 10.17587/issn.1684-6427 ISSN 2619-1253 (Online) ISSN 1684-6427 (Print)
TEOPETUYECKUN N MPUKNAOHOW HAYYHO-TEXHUYECKUN XXYPHAN

STOMATVSALINS,
BIPABIEHVE




L et
o~ LA ]A.r

Pucynku k cratee B. J. Kapnosa, M. A. Pog6o, II. C. CopoxoymoBa

e «CUTHAJIbHASA KOMMYHUKALIUA JJA YIIPABJEHUSA
r‘ . IMMOBEJEHUEM KOJIJIABOPATUBHOT'O POBOTA»
. lNoBeneH4yeckue
Fé I'Io-rpe6|-|ocw| CeHCOpr LWnto3bI =
F npouenypbl
B e ' g |
. \ |
: ] J'Iroﬁor!blr_cnao WHTepec WHTepec i UccnepoBaHue |
< 3 4 Curiosity Objinterest ‘ ‘ Objinterest ‘ Investigate |
| m . a .- |
\ =Y \ | \ |
| 5 Fynsanuve
‘ ‘ ' @, Walk |
‘ L ‘ ‘ EEE 8 ‘ |
\ | ‘ = |
| \ |
CamocoxpaHeHMe [o)
Self-preservation OrE)acuoch | rBa:: ; :rTb _. Y6eraHue |
anger ‘ Escape |
‘ | T . S .. = |
______ L_______ [ e PR
————— > O6paTHa;{ IMOIMOHAIBHAS CBS3b
Puc. 1. ®dparmeHT SMOIHOHAIBHO-TIOTPEGHOCTHOH CXeMbI
Fig 1. An element of emotion-need scheme
AreHT A AreHT B
4 /,,,,,wnoTpeGHOCTM . -
HenctBusa
Wnwo3 A \ . Lnio3
[ Camocoxpate- P 4 79 \ Camocoxpa;;aé- =/ ="z
L | /
| e . 1\‘*@1*\ Y6eratb | T—>DOnac: 1> Y6erato
eHcépbl CeHcopbl /
P /0nacuocﬂ)

Puc. 2. Konrarnostoe HOBEJICHHE, PCAJM3YEMOE B 3MOI_[I/IOHaJ]bHO-HOTp66HOCT HOH cHcTeMe YiupasJjicHusA
A OCYHIECTBIBIEMOC Henocpencmeﬂﬂoﬁ aKTHBaIKEH IIJII030BbIX JIEMEHTOB

Fig 2. Contagious behavior in emotion-need scheme based on direct activation of gates

Puc. S. Ilpumepbl pacrio3HaBaeMBbIX 1103 YeJIOBEKa

Fig 5. Some types of recognized human poses




TEOPETUYECKUI N MPUKNAOHOWM HAYYHO-TEXHUYECKU YKYPHAT

EXATPOHUKA,
IT@MAT%SALM%
NMPABJIEHUE

ISSN 1684-6427 (Print)

M3paetcs ¢ 2000 roga

ISSN 2619-1253 (Online) DOI 10.17587/issn.1684-6427

I'naBnbiii pepakTop:
®OUJIMMOHOB H. B., aA.T.H.

3aMecTHTEH IIABHOTO PeIaKTopa:
BOJIBILIAKOB A. A., 1.T.H.
TMOAYPAEB I0. B., 1.1.H.
IOLLLEHKO A. C., a.T.H.

OTBETCTBEHHBIN CEKpeTaphb:
BE3MEHOBA M. 0.

Penakunnonnsiii coer:

AHUIAKOB T. I1., un.-xopp. PAH
BOJIOTHUK H. H., wr.-kopp. PAH
BACUJIBEB C. H., akax. PAH
XEJITOB C. 0., akan. PAH
KAJIAEB U. A., akan. PAH
KY3HELOB H. A., akan. PAH
KYPKAHCKUH A. B., akan. PAH
IMELMEXOHOB B. I, akan. PAH
PE3YMUKOB A. ®., un.-kopp. PAH
CEBPSKOB I I., un.-kopp. PAH
CHUTIOB A. C., akan. PAH
COU®EP B. A., akax. PAH
COJIOMEHUEB 0. M., un.-xopp. PAH
®ENOPOB WU. b., akan. PAH
YEHLOB A. I, un.-xopp. PAH
YEPHOYCBHKO ®. JI., akan. PAH
LHIEPBATIOK A. ®., un.-kopp. PAH
IOCVYIIOB P. M., un.-kopp. PAH

Penkoaaerns:

DORANTES D. J., PhD, Typuus
GROUMPOS P. P, PhD, I'penus
ISIDORI A., PhD, Utanus
KATALINIC B., PhD, ABctpus
LIN CH.-Y., PhD, TaiiBaHb
MASON O. J., PhD, Upnanaus
ORTEGA R. S., PhD, ®pannus
SKIBNIEWSKI M. J., PhD, CLLIA
STRZELECKI R. M., PhD, Mosaswa
SUBUDHI B. D., PhD, Unnus
AJIUEB T. A., n.1.H., A3epbaitxkaH
TAPALIEHKO ®. I',, a.1.H., YKpauHa
BOBLOB A. A., 1.1.H.

BYKOB B. H., 1.1.H.

EPMOJIOB M. J1., a.1.H.

XKYKOB U. A, n.T.H.

MNJIbSACOB B. I., a.1.H.
KOPOCTEJIEB B. @, n.1.H.
JIEBENEBI. H., n.T.H.

JIOXWH B. M., 1.1.H.
MATOMEJOB M. X., n.¢.-M.H.
I[IYTOB B. B., a.T.H.

MUKW XOIIOB B. X., n.1.H.
PATIOIIOPT 3. 4., a.T.H.
CEPTEEB C. @, n.nc.H.
DUIAPETOB B. @, n.1.H.
®PAJIKOB A. JI., A.T.H.

®DYPCOB B. A, n.1.H.

Penaknus:
BE3MEHOBA M. 1O.

JIMpeKTop u3AaTenbcTBa:
AHTOHOB B. H.

CONEPXAHUE

CUCTEMHbIA AHANA3, YNPABJIEHUE U OBPABOTKA UHO®OPMALIUU

KpacHouweueHko B. U. CuHTE3 AMHAMUYECKNX PErYNATOPOB NO BLIXOAY C MCMNONb30BaHNEM
PYHKLUMI ModanbHoW knactepmsauum B D-oBnacTax . ... .. 227

Kynukos B. B., Kyubi H. H., OcunoBa E. A. lNapameTpudeckas ontumnsauus NN peryns-
Topa C OrpaHNnYeHneM Ha OCHOBE MeToAa COMpPsKeHHbIX rpaavneHToB MNonaka—IMonaka—
PUBbEPa . .. 240

ABTOMATU3ALUA U YNPABJNIEHUE
TEXHOJIOT'MYECKUMU NMPOLIECCAMU

Aliev T. A., Guluev G. A., Rzayev A. H., Rzayeva N. E., Pashayev F. H., Gadimov R. M.
Correlational Extremal System for Controlling the Beginning of Faults in Oil Field Equipment
by Analyzing their Wattmeter and DynamometerCharts . . .. ....... .. ... ... ........ 249

POBOTbIl, MEXATPOHUKA U POBOTOTEXHUYECKUE CUCTEMbI

Kapnog B. 3., PoB6o M. A., CopokoymoB I1. C. CurHanbHas KOMMyHuKauus Ans ynpaene-
HWUSI NOBEAEHMEM KONNMAabopaTUBHOIO POBOTA . . ..ottt 260

OVHAMUKA, BATITIUCTUKA, YINIPABNEHUE ABUXEHWEM
JIETATEJIbHbIX ATMIMAPATOB

BycypuH B. U., Kyapsasues I. C., CumoHoB M. Jl. Cuctema ynpaBneHusi ABuraTenbHOn
YCTaHOBKOM caMorieTa npu B3feTe C MOHMKEHHOM TATOM . .. oo v it vt e s 269

Kypnaa 6xooum e Ilepeuensv peyenzupyemvix HAy4HbIX U30auuil, 6 KOMOPLIX 00ANCHbI
Obimo  ony6aAuK06aHb! OCHOBHblE pe3yabmamosl Ouccepmauyuii Ha COUCKAHUE Y4eHOl
cmenenu Kanoudama u 00OKmMopa HayK; dcypHaa exarouen 6 cucmemy Poccuiickoeo
undexca nayunozo yumupoeanus, a maxyce 6 MHBJ[ Scopus u RSCI (na naamgopme
Web of Science).

HNudopmanusa o xypHajie nocrynsa no cetu Internet mo agpecy:
http://mech.novtex.ru, e-mail: mech@novtex.ru

© M3npareasctBo "Hosble TexHogornn", "MexaTpoHHKa, aBTOMATH3ANNSA, ynpasjienne”, 2023



THEORETICAL AND APPLIED SCIENTIFIC AND TECHNICAL JOURNAL

MECHATRONICS,

Vol. 24

2023

AUTOMATION, CONTROL . ;
MIEKRATRONIKA, AMTOMATZATSNA, UPRALEN]=

Published since 2000

ISSN 1684-6427 (Print)  ISSN 2619-1253 (Online)

DOI 10.17587/issn.1684-6427

Editor-in-Chief
FILIMONOV N. B.

Deputy Editors-in-Chief:
BOLSHAKOV A. A.
PODURAEV Yu. V.
YUSCHENKO A. S.

Responsible Secretary:
BEZMENOVA M. Yu.

Editorial Board:
ANSHAKOV G. P.
BOLOTNIK N. N.
CHENTSOV A. G.
CHERNOUSKO F. L.
FEDOROV I. B.
KALYAEV I. A.
KURZHANSKI A. B.
KUZNETSOV N. A.
PESHEKHONOV V. G.
REZCHIKOV A. F.
SCHERBATYUK A. F.
SEBRYAKOV G. G.
SIGOV A. S.

SOJFER V. A.
SOLOMENTSEV Yu. M.
VASSILYEV S. N.
YUSUPOV R. M.
ZHELTOV S. Yu.

Editorial Council:

ALIEV T. A., Azerbaijan
DORANTES D. J., PhD, Turkey
GARASCHENKO F. G., Ukraine
GROUMPOS P. P, PhD, Greece
ISIDORI A., PhD, Italy
KATALINIC B., PhD, Austria
LIN CH.-Y., PhD, Taiwan
MASON O. J., PhD, Ireland
ORTEGA R. S., PhD, France
SKIBNIEWSKI M. J., PhD, USA
STRZELECKI R. M., PhD, Poland
SUBUDHI B. D., PhD, India
BOBTSOV A. A.

BUKOV V. N.

ERMOLOV 1. L.

FILARETOV V. F.

FRADKOV V. L.

FURSOV V. A.

ILYASOV B. G.

KOROSTELEV V. F.

LEBEDEV G. N.

LOKHIN V.M.

MAGOMEDOV M. Kh.

PUTOV V. V.

PSHIKHOPOV V. Kh.
RAPOPORT E. Ya.

SERGEEV S. F.

ZHUKOV 1. A.

Editorial Staff:
BEZMENOVA M. Yu.

Director of the Publishing House:
ANTONOV B. 1.

The mission of the Journal is to cover the current state, trends and prospectives deve-
lopment of mechatronics, that is the priority field in the technosphere as it combines
mechanics, electronics, automatics and informatics in order to improve manufacturing pro-
cesses and to develop new generations of equipment. Covers topical issues of development,
creation, implementation and operation of mechatronic systems and technologies in the
production sector, power economy and in transport.

CONTENTS

SYSTEM ANALYSIS, CONTROL AND INFORMATION PROCESSING

Krasnoschechenko V. I. Synthesis of Dynamic Output Feedback Controller Using Functions
of Matrix Root-Clustering in D-Regions .. ... . . . it 227

Kulikov V. V., Kutsyi N. N., Osipova E. A. Parametric Optimization of the PID Controller with
Restriction Based on the Method of Conjugate Polak—Polyak—Ribier Gradients ....... 240

AUTOMATION AND CONTROL TECHNOLOGICAL PROCESSES

Aliev T. A,, Guluev G. A., Rzayev A. H., Rzayeva N. E., Pashayev F. H., Gadimov R. M. Cor-
relational Extremal System for Controlling the Beginning of Faults in Oil Field Equipment by
Analyzing their Wattmeter and Dynamometer Charts ........... ... ... ... ... .. ... 249

ROBOT, MECHATRONICS AND ROBOTIC SYSTEMS

Karpov V. E., Rovbo M. A., Sorokoumov P. S. Signal Communication for Collaborative Robot
Behavior Control . .. ... ... 260

DYNAMICS, BALLISTICS AND CONTROL OF AIRCRAFT

Busurin V. I., Kudryavtsev P. S., Simonov M. L. Control System of the Aircraft’s Propulsion
Device at Take-off with the Derated Thrust .. ........ .. .. ... ... ... .. . .. . ... 269

Information about the journal is available online at:
http://mech.novtex.ru, e-mail: mech@novtex.ru

© Uznarenscro "Hosbie Texnosornn", "MexaTpoHHKa, aBTOMaTH3aNus, ynpasienne", 2023



CUCTEMHbIA AHANUS,

YMNPABNEHUE U OBPABOTKA MH®OPMALIUA

YK 62.50, 517.93, 512.7 DOI: 10.17587/mau.24.227-239

B. U. KpacHolle4eHKo, KaHA. TeXH. HaykK, aou,., v.krasnoschechenko@yandex.ru,
Kanyxckuin dunuan MocKkoBCKOro rocygapCTBEHHOIO TeXHMYeCKoro yHneepcuteta um. H. 3. baymana

CUHTEe3 AMHaAMUYECKUX PErynsiTopoB NO BbIXOAY C UCMOSIb30BaHUEM
¢yHKUMN MoganbHOM Knactepusauumn B D-obnactax

Paccmampueaemcs ancopumm cunme3a OUHAMUYECKUX Pe2YASIMOPO8 HO 6biX00y (MOOAAbHBIX Pecyasimopos), eoe Moobl
3AMKHYMOU cucmeMbl YUPaeAeHUs 00AJNCHbL PACNOAa2ambcs 6 3adanHoi obaracmu (D-ob6aacmu) KoOMNAEKCHOU NAOCKOCHU.
OcHoBHOe Hanpaeaenue UcCAe008aHUS — CUHME3UPO8AMb OUHAMUYeCKUE PeYAimOpbl MUHUMAAbHO20 NOPAJKA, K02da noaHas
M00anbHAS YNPABAAEMOCMb O 8bIX00Y omcymcmeyem. Jleaaemcs KpamKkuil 3KCKypc 80 eHeuinolo aseebpy Ipaccmanna c ye-
Abl0 Onpedesums eHeulHee npouseederHue 6eKmopos, Ha OCHOBAHUU Ye20 NOSCHAEMCS onepayus OUuaibmepHUpoO8aHH020 NPo-
uzeedenuss mampuy. Hcnoavszoeanue 6uaibmepHupo8anHHo20 npou3gedenus Mampuy, no3604UN0 6eCmu YHKUUU MOOANbHOU
Kaacmepu3ayuu KOMNAEKCHbIX MO0, pACHOAA2AeMblX 8 0mAeabHbiX mpancopmupyemsix D-obaacmsax. Jas 06biuH020 npous-
6e0eHUs. Mampuy, 6800mcs GYHKUUU MOOAAbHOU KAACMePU3AUUY BeUjeCMEEHHbIX MO0, DACHOAA2AEMbIX 8 OMOCAbHIX MPAHC-
gopmupyemoix D-obracmsax. Dynxyuu mooarvHol Kiacmepusauyuu npeobpasyiom (mMpanchopmupyom), coomeemcmeeHHo,
KOMNAEKCHble UAU 8elyecmEerHble MOYKU OAHHOU 02PAHUYEHHOU Uil HeoeparuueHHol D-obaacmu KOMNAeKCHOU NAOCKOCMU
6 neeyio noayniockocms. B cmamve paccmompenvi ochoensie D-o6racmu, Haubosee wupoko uchoab3yemvie HA NPAKMUKe
(Quck, KOHyc, cmeneHb YCmMou4u8ocmu), npedcmasieHsvl Ux Mampuyrvie QYHKUUU U DYHKUUU MOOAAbHOU Kaacmepuzayuu
6ew,eCmeeHHbIX U KOMNACKCHbIX M00. Paspaboman anecopumm napamempuueckoi onmumusayuu OUHAMUHECKUX MOOAAbHBLX
peeyaamopog no D-ob6nacmsam. Paccmompenst npakmuueckue npumeps: cunmesa. Jis obsexkma uemeepmozo nopsadka (0eyx-
maccoeas caabo 0eMnpuposaHHas cucmema ¢ 08ymMs UHmMe2pamopamu U napamempu4ecKol HeonpeoeieHHOCMbI) CUHmesu-
POBAH OUHAMUMECKUT PecyAsimop 6Mmopo20 NopaoKa, obechevusarnwuil pooacmuoe Kavecmaeo.

Karwueevie caosa: buarvmeprnuposantoe npousgederue mampuy, OUHAMUYECKUL MOOAAbHBLI pecyaimop no 6bixX00Y, hYyHK-

uuu MOO0ANbHOU Kaacmepusayuu, D-06/lacmu, napamempu4ecKkasa onmumusayus

BBenenne

3ajmaya CHMHTe3a MOAAJbHBIX PEryJsITOPOB OT-
HOCHUTCS K KJIAaCCMYECKOMY TUITYy 3aJad TEOpUU U
MPakKTUKKX aBTOMATUYECKOTO YMpaBJeHUS U J0-
CTaTOYHO Xopoulo pa3padortaHa [1]. Ha HauaabsHOM
aTarne B OCHOBHOM CHMHTE3UPOBAIUCH CTaTUYECKHUE
MoOAaJbHbIE PETYISATOpPHI MOJHOTO IMOpPsIAKa, B TOM
yucie ¢ IpuMeHeHueM HaOmonaTesneit [2]. B Takux
3aJa4aX OCHOBHBIM (DAaKTOPOM i BO3MOXHOCTH
pelleHu s ABJIsIach oaHast (MoaaabHas1) yIpaBsi-
€MOCTh M HaOJII0JaeMOCTh (JIJISI CUHTE3a 1O BBIXO-
ay). IIpn 3ToM paccMaTpuBaJIUCh 3a7a4M MOYeHHOU
MOAAJbHON YHpPaBISIEeMOCTU IO BEKTOPY COCTOSI-
HUS, T. €. KOHEYHOM LIeJIbl0 ObLIO pa3MelleHue 0~
JIIOCOB 3aMKHYTOM CHUCTE€Mbl B 3aJaHHBIX TOYKaX
KOMIIJIEKCHOM MJIOCKOCTHU. 3ajaya CMHTe3a (Tovyeu-
HBIX) MOAAJBHBIX PETYISITOPOB HEMOCPEACTBEHHO
10 BBIXOAY TPEOYeT BHIMOJHEHU S JOMOJTHUTEIbHBIX
YCJIOBMIA. A UMEHHO, JIJIs1 00beKTa yIpaBICHUS

x(t) = Ax(?) + Bu(¢);

1
¥() = Cx(1), M

rmexe R\, Ae R"" Be R ue R",y e R,
C € R B pabore Buutemca n Xeccenunka [3]
MpeACTaBIeH MOMAJbHBIA CUMHTE3 YHUBEPCAJIBHOIO
MOPSIAKA MO BBIXOAY. 31eCh IOl YHUBEPCAIbLHOCTHIO
(genericity) TOHMMaeTCs BO3MOXHOCTh pa3MelleHU s
MOJIIOCOB B 3aJIaHHBIX TOYKAaX IJIg BCEX MAaTpull A,
B, C, u mouTu 1151 BceX BbIOpaHHBIX MOJI CYLLECTBY-
eT JuHamu4eckuil peeyaamop ¢-ro IOpsaKa, KOTO-
pbIii 00ECIIEYNT JaHHOE pa3MellieHue:

X (1) = Ax, () + By (0);

u(?) = C,x, (1) + Dy (1),
rne X, € R4, Ay e R B, e R, ue Ry e R,
C, € R™9, D, € R™?. Tloka3bIBaeTCsl, YTO HEOO-

X00UMbIM YCJIOBUEM OJId CYLICCTBOBAHUSA TaKOIro
peryjadaTopa ABJIACTCA BbIIIOJJHEHNE HEPpABCHCTBA

©)

Tam ke OTMEYEHO, YTO IJIsI CTAaTMYECKOr0 MO-
nanpHOrO peryinsitopa u = Ky HeobOxomumoe ycio-
BUE OIpEEIsieTCss HepaBEeHCTBOM mp > n. B craTbe
[4] paccMOTpeH OmMH M3 BO3MOXKHBIX COBPEMEHHBIX

)

gm+p-1)+mp>n,(ue R" yeR?).
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TOIXOMOB K MPOEKTUPOBAHUIO CTAaTUUYECKUX MOJAJTb-
HBIX PETYJISITOPOB IO BBIXOAY C UCTIOJIb30BaHKEM JI0-
BEpUTEIIHLHBIX 00MacTei (trust regions), rae HEITOCPEI-
CTBEHHO ONTUMM3UPYETCS KBaJapaTUyHas lieaeBast
(byHKIIMST OTHOCUTENIBHO XKeJlJaeMbIX MO, C COOJTIONe-
HUEM HepaBeHCTBa mp > n. VI3 mocneaqHero HepaBeH-
cTBa M HepaBeHcTBa (3) cieayeT, 4TO pa3MEpPHOCTH
KakK CTaTM4eCcKOoro, Tak U TMHAMWYeCKOro TOYEYHOTO
MOIAJIBHOTO PETyJIsSITOpa A0JXKHA ObITh BHICOKOM.

Ho HyXHa i1 Takas MojiHasi To4edyHasi MOnaJib-
Hast TpaHchopMmanusa? Ecau oTraskuBartbcs OT
MPaKTUYECKUX TpeOOBaHUM, TO OOHO W3 BaXKHEW-
IIMX — 3TO TpeboBaHME MUHUMAILHOTO TOpsaKa
peryasitopa M €ro podacTHOCTU TMPU BBITTOJHEHUU
HeoOxomuMoro KadectBa. M Torma Ha mepBbiil TLIaH
BBIXOIUT MONAJBHBI CHHTE3 IO TaK Ha3blBAEMbIM
D-0061acTsIM — HEKOTOPBIM 00JIACTSIM Ha KOMILJIEKC-
HOW TIJIOCKOCTHM, OMUCHIBAEMBIM ajireOpandecKuMu
HepaBEeHCTBaMU, TIe AOJXHbI pa3MellaTrbcs MOIbI
3aMKHYTOM CUCTEeMbl YIpaBjieHUsl. Takue uccieno-
BaHUsl BemyTcs ¢ cepenrHe 80-X romoB MPOILLIOTo
BeKa Kak JJIs CTaTMYECKHUX MOMAJIbHBIX PErysiTO-
poB [5], Tak m mnasg auHaMudeckux [6—S8]. B cra-
The Xanmaga v bepHinTeiiHa [8] mpenaraeTcss miIs
kaxnoil D-obnactu cpopMupoBaTh aHAIMTUYECKOE
OTOOpaXXeHUe, KOTOpOoe mpancghopmupyem NaHHYIO
00J1aCTb B JIEBYIO OTKPBHITYIO KOMIIJIEKCHYIO TIOJY-
miockocTb. CTpyKTypa JaHHOTO OTOOpaXkeHUsI Mpy-
HuMaeT ¢GopMy MOIMGUIIMPOBAHHOTO YPaBHEHUS
JIsmmyHOBaA, M3 KOTOPOTO OIpenesioTcs Koadduim-
EHTBI CTaTM4ecKoro perynsitopa. Hemb3si He oTMme-
TUTh B CBSI3U C TpaHChOpMupyeMbiMu D-obnactsamu
kJlaccuueckue padotel Ixxypu u I'ytmana [9, 10].

Takoii xe moaxoa MpUMEHEeHUs TpaHchHOpMU-
pyeMmbix D-o0nacteit mjisg CuHTe3a MOJAJTbHBIX
JIUHAMWYECKUX PETyJSITOPOB HU3KOIO MOpsaKa
npeaiaraeTcsl B HacTosiel padoTe, HO ¢ UCTOJIb-
30BaHMEM (PYHKIMI MOZAJIBbHON KJacTepU3allnu,
OMabTEepHUPOBAHHOTO MPOW3BENCHUS MaTPUI] U
napaMeTpUIeCKOl ONTUMU3AINU.

1. BuajabTepHUpPOBaAHHOE NMPOU3BEAECHHE MATPHUIL

buansTepHUpOBaHHOE IIPOU3BEACHUE MAaTPUIL
SIBJISIETCS BAXXKHOM OIllepaliMed B COBPEMEHHOM
JIMHEMHON TeOopuu YMpaBJIEHUS, KOTOpas IIU-
POKO HCHOJB3YETCS M IMPOBEPKU pPOOACTHOM
ycTOMYMBOCTU [11], KOHTpOJSI pacnojoKeHUs
COOCTBEHHBIX 3HAYCHUI MaTpuIll (MOO) B ompene-
JIEHHBIX 00JaCTSIX KOMILJIEKCHOI Iiaockoctu [12],
CUHTE3a peryasatoposn [13].

KpaTrko nM310XXUM HEKOTOPBIE BaKHBIE OCOOEH-
HoCTU 3TOi onepaunu. CaMa onepauuu 6a3upyeT-

Csl HAa BHEIIHEM (aJbTepHUPOBaHHOM [14]) mipom3-
BeneHuM ['paccMaHHa, CyTh KOTOPOTO IO MPSIMOMY
Ha3HAYEHMIO 3aKJI0YaeTCsl B ONMpeae/ieHUU JUHEN-
HOI 3aBUCHMMOCTU WJIM HE3aBUCHUMOCTU BEKTOPOB
(B oO1IeM ciydae IOJMBEKTOpPOB). BHelrHee mpo-
U3BENEHNE A IJIST IBYX BEKTOPOB a, b € R" maer
_n(n-1)
a 2 *
OCHOBHBIE CBOMCTBAa BHEIIHETO IIPOM3BEICHUS
BeKTOpoB: Va,b,c € R",a € R

a) aHTUCUMMETPUUYHOCTh a A b = -b A a;

0) ounuHeiitHocTh aA(b+ac)=aAb+oanc

B) accounaTuBHOCTL (a Ab)ac=aA(bac)e R",
o e R

M3 cBoiicTBa a) HMMeeM BaxXHO€ CBOMCTBO
BHEIIHETO IMPOU3BEICHUSI:

r) ara=0,

KoTopoe pnano I'paccMaHHY OCHOBaHUE [JIsI
BBeJIEHHNS TepMUHa "BHelIHee".

HarngnoHo OWBEKTOp MOXHO TIpEeNCTaBUTh
B IIpOCTpaHCTBe a, b ¢ R3. Cam OMBEKTOp — 3TO
rmapaJuiejiorpaMM, HaTSHYTBIA Ha JAHHBIE BEKTO-
polL. Ilpoekuuu (B oOlieM ciydyae IPpOU3BOJHLHOTO
3HaKa) 3TOro napajjejiorpaMmma Ha 0a3uCcHBIE OU-
BEKTODHI €; A €,, €] A €3, €3 A €3 SIBJISIIOTCSI OpU-
SHTUPOBAHHBIMM ILIOIIAAHBIMUA IIPOCKLUUSAMU U
MPEACTaBASIOT cO00M ABYMEpHBIE aHAJOTU IIPO-
eKIIMIi 0OOBIYHOTO BEKTOpa Ha Oa3UCHbBIE OOHOMED-
Hele ocu. IlompoOHee C TOJMBEKTOPAMU MOXKHO
03HAaKOMUThCS B MOHorpaduu [14].

Tenepb paccMOTPUM caMy OIepalliIo Ha IIpruMe-
pe IBYX BEKTOpOB a, b ¢ R. IIycts B KOOpauHaT-
HoU dopme a = (a; a, a3)", b= (b, b, bs)". Yepes
0a3uCHBbIE BEKTODHI €;, i j 1, ..., 3, 5TH Xe BEeKTOPbI

OuBeKTOp, 00beKTBUIa a A b € R™a, n,

3
NpeACTaBJeHbl Kak a = ) a;e;, b= be;. Torna
i=1 i=1

b
aAb:det[a1 lJelAeer
a, b
a b a, b @
eret[l ljelAe3+det(2 2je2/\e3.
a; b a; b

®opmyny (4) MOXXKHO MOJTYIUTH HETIOCPEACTBEHHO
W3 CBOMCTB BHELIIHEro mpou3BeaeHus a) — r). Umeem

3 3
i=l1 i=1

=abe, ne,+abye; nes+abe, e+

+a,bse, A ey +azhe; Ae +ashe; ne, =

=ab,e; ne,+abse; nes+abie, Ay —

—a)be, ne, —asb,e, ne;—azbe; ne; =
=(a\b, —a,b))e; ne, +

+(a\b; — ash))e; A e; +(a)b; —aszhy))e, ~ej.
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Onpenenurenn B popmyine (4) — 3TO OPUCHTU-
pOBaHHBIC MPOEKIIUM TIONAA OMBEKTOpa a A b
Ha 06a3ucHbIe OMBEeKTOPBI. HeTpynHO yBUAETH, YTO
ISl BEKTOpPOB a,b € R” uMmeem cuenymoiiue 0a-
3UCHBIC OMBEKTOPHI:

el /\e2,e1 /\e3,...,e1 AN en,

©)

e2 /\e3,...,02 N en,...,en_l AN en,

nn-1) (n .
BCEro n,, = —5 = ( 2} MPOEKILIMii — pa3mep-
HOCTh MPOCTPAHCTBA OMBEKTOPOB. OTMETUM, YTO B
dopmyne 5) e;ne, i=1,..,n—1,j=2, ., nmi<j

Hanee  paccMOTpUM  OMaJBTEpHUPOBAHHOE
(mBOITHOE aIBTEPHUPOBAHHOE) IIPOU3BENCHUE KBa-
JIpaTHBIX MaTpull (TaKkoe Ha3BaHHWE STOMY IIPOU3-
BeaeHuto gaa Credanoc [15]). IIpu nepeBoae KHU-
v Jdxypu [16] . 3. LIpINKUH NpeajoXul Hasbl-
BaTb €0 IEPEKPECTHBIM MPOU3BEACHUEM, OJHAKO
nepekpecTHbIM (cross product [18]) mpousBeaeHUEM
TakK>Ke Ha3bIBalOT BHEIIHEE IPOM3BEACHUE BEKTO-
poB, onHa 13 GOPM KOTOPOro B MPOCTPaHCTBE R>
(mo koopauHaTaM) SIBASIETCS OOBIYHBIM BEKTOP-
HBIM IIpoU3BeacHUEM (111 HEOMBEKTOPHOIO IIPE/I-
craBjeHUs). Tak KaK TEPMUH HE YCTOSIJICSI, Mbl UC-
nonb3yeM mpsiMoit mepeBon (bialternate product).
OO0o3HaueHue NAHHOTO Mpou3BeleHUsT — O (Hau-
0oJiee IIMPOKO UCIONIb3YEMbIiI CUMBOI).

ITokaxkeM, Kak ¢opMaJbHO OIpeAeasieTcs Ou-
aJILTepHUPOBAaHHOE MPOMU3BEACHUE IBYX MaTPHII
Ha OIHOM 0a3MCHOM OMBEKTOpE, a 3aTeM IPUBEAEM
o011y opMysly JaHHOro Mpou3BeaeHus. meem
(mpu packpblTUX QOPMYJIBI UCIIOIL3YeM CBOMCTBA
a) — I) BHEIIHEro Mpou3BeIeHUSI BEKTOPOB):

(AOB)e, ne, = %(Ae, ~Be, —Ae, nBe,) =

=%(a,/\bs—asx\b,)=

1 n n n (6)
= 5[2 a;.e; A Z_: be; - 2 a;s€; A g bj,ejj =
i=1 Jj=1 i=1 Jj=1
1 2 n-1
= 52‘2 z (a;bjs —aib;, +a;b, —a;bg)e; ne;.
j>i i=1
KoaddpuuumeHTs JaHHOrO MPOM3BEICHUS C

JBOMHBIMU MHAECKCAMU OOBIYHO OIPEIEISIOTCS A0-
CTATOYHO CJIOXKHBIM 00pa3oM (cM., Harpumep, [16]).
Huxe MBI IpeajioXXM KOMIAKTHBINA aJrOpUTM, I10
KOTOPOMY MOXHO HEIOCPEACTBEHHO CchOpPMUPO-
BaTh Matpuily C = A © B (pa3MepHOCTh MaTpHUIIbI

C,,, xny,» Mba = n(n—1)/2).

[MporpammHubiii koo (B MATLAB) ¢dbopmupoBa-
HUS OMaJIbTEPHUPOBAHHOTO MPOU3BEACHWST MaTPUII
(matpuusl A, B 3agansl, onpenensiem C = A © B):

for p = 1:n-1;
for g = p + l:in;
for r = 1l:n-1;
for s = r + 1:n;
i = (p-L)*n + g-1/2*p*(p + 1);
j = (r-1)*n + s-1/2*r*(r + 1);
c(j, 1) = 1/2*(a(xr,p)*b(s,q)-a(s,p)*b(r,q) +
b(r,p)*a(s,q)-b(s,p)*a(r,q));
end
end
end
end

HekoTopbsle cBoiicTBa OMaIbTEPHUPOBAHHOTO
MPOU3BEICHMUS] MaTPUIL:

I°’AOB=B0OA;

2’0 AOBB=0aBAOB;a,BeR;

3AOoB+C)=A0B+AOC,

4 ABoCD=(AoC)(BoD).

B ocHOBe majbHENIIIETO UCTIOJIBL30BAHUS OMAITh-
TEPHUPOBAHHOTO TIPOU3BEICHUS JICXKUT CIEAYIO-
mast reopema CredaHoca.

Teopema 1 [15]. Iyctb MaTpuna A € R™" ume-
€T COOCTBEHHBIE 3HaUeHUs1 (Moabl) {A, i =1, ..., n}.
Torga cobcTBeHHBIE 3HAYEHUST MATPUUHON DYyHK-

umu (BCero ny, = n(n=1) 3HAYEHUiA)
OAA) =Y, A’0A%c, cR  (])
p.q
ONPENENAIOTCS KaK
) 1
037.)) =5 T pg (L35 + D), ®

i=1...,n=-1,j=2..,nmj>I [ |

IMoxkaxkeM KOHKpPETHOE MOATBEPXKIACHUE TEOpe-
Mbl CTedaHoca Ha IIpuMepe.

Ilpumep 1. Haiinem coOCTBEHHbIC 3HAYEHU S IS
TaK Ha3bIBaeMOil OMaJIbTepHUPOBAHHOI CYMMBI (e
COOCTBEHHBIE 3HAUECHUSI — CyMMa JIBYX pPa3Au4HblX
MOJ MaTPULIbl A; UCIIOIb3YeTCs AJIsl TpaHCHOpMU-
pyeMoit D-o6acTi "cTeneHb yCTOMYMBOCTH')

O(A;I)=2A01,=A0I,+1,0A =
—A'oA" + A0 AL
B cootBercTBUM ¢ opmynoit (8) maTpuuHas

dynkuusg (9) umeer cienyrouie coOCTBEHHbIE
3HAYEHMUSI:

©)

O(hpsh ;) =aAg + A =, + 4,

i=1...,n-1,j=2,...,m j > 1.

(10)
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OrMeTnM, 4TO ToATBepxxaeHUe Gopmynbl (10)
MOXHO ITOJIYUUTh HEIOCPEACTBEHHBIM MCIOIb30-
BaHWEM BHEIIHEro MHPOM3BEASHMS Ha COOCTBEH-
HBIX BEKTOPAX V,, V; MaTpuiisl A. iMeHHoO,

=AV, AV; - AV, AV, =
(11
=AViAV; =LV, AV; =
=M+ AV AV =05k )V AV

B nmanbHeiieM as MOJydYeHUST MaTPUYHBIX
¢dyHxkumii Buga (7) B LEAIX WX MPAKTUYECKOTO
HMCMOJb30BaHUS MBI OyleM peliaTh 0OpaTHYIO 3a-
Jady: 1Mo 3agaHHoi GyHKIuH (8) onpenensiTh Ma-
Tpu4HYy10 pyHKuMIO (7).

2. OyHKIUH MOJAJbHON KJIACTEePU3AUA
Tpancopmupyembix D-obaacrei

Onpedeaenue 1. HazoBeM D-ob61acmuio 00macThb
Ha KOMIIJIEKCHOU TIJIOCKOCTHU, TA¢ pacroyaraloTcs
KOPHHM XapaKTEePUCTUYECKOTO IMOJIMHOMA HEKOTO-
poil MaTpUYHON (PYHKIINH.

Onpedeaenue 2. HazoBeM HekoTopyio D-00-
JlacTh Ha KOMTIJIEKCHOM TJIOCKOCTU mpaucgopmu-
pyemoi, ecnu ee QYHKIUU KJIacTepU3alUU KOM-
MJIEKCHBIX ¢5(A,+) U BEIIECTBEHHBIX ¢ (A, *)
Mon (ompenelieHusI JaHbBl HUKE) HEKOTOPOH Ma-
TPULILI A UMEIOT BCE€ KOPHU B JICBOM MOJYIIJIOCKO-
ctu C, Re(\(dp(A, *)) <0,i=1, ..., ny,, KOM-
naekcHoi miaockoctu C (puc. 1).

JlaHHOe ompenejeHre OCHOBAHO Ha ompesese-
HUM TpaHcopMupyemoii D-o61acTi, KOTOpoe BBEI
C. I'vtman B cBoeit crarbe [18]. PazmenpHOe BBene-
HUe B JAaHHOW paboTe (PyHKIMI KjIacTepu3alluu
BEILIECTBEHHBIX M KOMILIEKCHBIX MO TIO3BOJIMIIO
KOPPEKTHO OMKCATh KAXAYIO M3 00lacTeil I Io-
CJIETYIOLIETO CUHTe3a MOAAIBLHOIO PErysiTopa.

Onpedeaenue 3. HazoeM pynkuyueti knacmepu-
3ayuu  KOMHAEKCHbIX MO00 TpaHchopMUupyeMoi

Tpancdopmupyeman D-o0nacte

Re() |

Puc. 1 Tpauchopmupyemas D-ob6aacts (onpeneienune)
Fig. 1 Transformable D-region (definition)

D-obsacTu HEKOTOpOl MaTpulibl A XapaKTepu-
CTUUYECKUH TOJUHOM C HOAOHCUMENbHBIMU KOIP-
¢buumeHTaMu MaTpuyHOit GyHKUUM @p(A;+) U
0003HAUYMM aHHYI0 QYHKIHUIO ¢4 (A,e).

Matpuunas ¢byHkuus ®p(A;+) OuanbTepHU-
POBAHHOTO IPOM3BENECHUS OIMpenessieTcss B 0a3n-
ce OuBeKTOpoB, U D-o00macTh Ha KOMIIJEKCHOM
TJIOCKOCTH, TJIe pacrioaraloTcsi MOIbl MaTPUIIHI A
M KOTOpYIO XapaKTepu3yeT HnaHHas QyHKIINS,
YUYUTHIBAET TOJHKO KOMITJIEKCHBIC MOIBI.

Onpeodeaenue 4. HazoBeMm ¢ynkuyueii kaacmepu-
3ayuu  eeulecmeeHHbslx Mod TpaHCchoOpMUpyeMoit
D-obysacTu HEKOTOpOl MaTpulibl A XapakTepu-
CTUUYECKUU TOJUHOM C HOAOHCUMENbHBIMU KOIP-
duumentaMu MmatpuyHoOit GyHKUMM @p(Aj) U
0003HaUYMM aHHYI0 QYHKIHNIO ¢')(A,e).

B MaTpuuHOit GyHKIMU @) (A;+) MCTIOIB3YET-
cs1 OOBIYHOE YMHOXEHUE MaTpHIL.

Onpedeaenue 5. HazoBeMm ¢ynkyueii kaacmepu-
3ayuu mod Tpanchopmupyemon D-o0mactu HEKO-
TOPOI MaTPUIIBI A XapaKTepUCTUUECKHE TMOJTMHO-
MBI MATPUIHBIX QYHKIUI @ (A;e), @) (Ase) C no-
A0xcumenvHbimy KoapduuneHtaMm u 0603HaYUM
Hannyio GYHKLHIO §p(A) = 0% (As) N §p(As).

Hwuke MBI paccMOTpUM KOHKPETHBIE MaTpUy-
Hble (PYHKIINY, XapaKTepHU3YIOILINe OIpeaeIeHHbIC
D-o61actu, KoTopble HaubOJIEE YacTO UCIIOJIb3Y-
I0TCSl Ha TIpaKTUKe.

O D-o6aacmpo 6 éude Konyca

BeIsicHUM, TIpM KaKWX YCIOBUSIX KOHYC OymeT
TpaHchopmupyemoii D-o6nacteio (puc. 2).

0603HaUUM XA = o + jB, A = o — jB Tapy KOM-
TJIEKCHO-COTIPSIKEHHBIX KopHeil. Torna nMeeM

e B_x—x
2 2j

Bce TOYKM KOHyCa Ha KOMIUIEKCHOUM TMJIOCKO-
CTH B /€60l TIONYIUIOCKOCTUA C BEPIIWHOW B Ha-

(12)

(03

 j1m()

——————— *B

Qe----9
J

Puc. 2. D-006JacTh: KOHYC C BEPIIHHO B HAayaje KOOPAMHAT H
yriom 0

Fig. 2. D-region: a cone with a vertex at the origin and an angle 0
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qaJie KOOpaAnHaT 1 yriioMm 0 onpeaciIdaoTCAaA CJICay-
IOIIMM HEPAaBECHCTBOM:
atgd < —|p|. (13)
Orcioma
asin® < —|B|cos®. (14)

Hng ymobcTBa 0003HAUMM & = co0sO, sinf =

= \/l —cos’f = \/1 - &2. Torma HepaBenctBo (14)

IIpUMET BUJ
ayl-&% < —Jpl&.

BosBenem 06e yactu HepaBeHcTBa (15) B KBa-
aApaTtr, COOTBETCTBCHHO HN3MCEHUB 3HAK HCPABCH-
CTBa, M MOJYy4YUM

15)

a?(1-g%)-p%’ >0
U
—a?(1-¢g2) +p2e2 <0. (16)
3ameyanue. OTMETUM, UTO TOCJEC BO3BEACHUS
B KBazpar BelpaxeHust (15) HepaBeHCcTBO (16) do-
baeasiem mouku Koxwyca (Ha puc. 2) U B npaeoli mo-
ayniaockoctu. Ho ara onepaius nmo3BoisieT nomay-
4yuTh D-00acTh 451 KOHYCA.

IloactaBum cootHouieHusi (12) B HepaBeH-
ctBo (16), mocie ymOpoIIEeHWs M COIJIaCOBAaHMS
dopmyn CredanHoca [15] OmambTepHUPOBAHHOTO
MPOU3BEICHU S MaTPUILL (711/1 WX COOCTBEHHBIX 3HA-
wenwii (8), Harpumep, LA’ > A% O 1, nonyunm

—%(%7&%0 +%X2k0 +
| | 17)
+ 5(1 —2e2) ! +§(1 - 2;2)?#).

B sToM ciyyae pyHKIMS MOHAJIbHOM KjacTe-
puzauuu ¢5(A,&,s) KOMIJIEKCHBIX COOCTBEHHBIX
3HAUCHUIA MaTpULBl A B KOHYCE IpEICTaBIISICTCS
CJIENYIONIMM 00pa3oM:

a) dopMmanbHbIM mepexon oT dopmyasl (17)
K MarpuyHOMYy IpeacTaBieHuio D-obiactu (Ko-
HYC) gaeT

@, (AL =~(A?01+(1-2)A0A), (18)

re CMMBOJI O, HAalIOMMHAaeM, 0003Ha4YaeT OIepalunio
OMaNBTePHUPOBAHHOIO  IPOM3BEACHMS  MAaTpPMII,
I, — eauH1yYHas MaTpula pa3MEPHOCTHU 1 X n;

0) caMa (yHKIMS MOJAJILHON KJacTepu3aluu
KOMILJIEKCHBIX MOJ IIPEACTaBIISICTCSI B BUIE

¢gone(A> &, S) = det(SIq + (A2 (O] In +

: me (19)
+(1-26)A0A)) = Zopis , 0 >0,
=l
n(n-1)
e n,, = —5 pa3MEepHOCTh MPOCTPAHCTBA

OuanbTepHUPOBAHHOIO mpousBeaeHus. Cpasy OT-
METUM, YTO AaHHas (yHKLUS OMUCHLIBAECT HE BCIO
TpaHchopmMupyeMyto D-o061acTh, Tak KakK OTO-
OpakaeT TOJBbKO KOMIIJIEKCHO COMPSIXKEHHBIE CO0-
CTBEHHBIE 3HAYCHM I MaTPpUIIbl A, IPUHAAIeXAIEe
KOHYCY ¢ yrioM 0 (BKJIoyasi U MpaBylo IOJYILIO-
ckocTh) B C . [l BelIECTBEHHBIX MOJ HaHHasI
byHK1IMA onpenesieT TOJbKO HEOOXOAMMBIE YCIIO-
Bus. Ilpu stom TpaHchopMmupyemocts D-obnactu
clpaBeAavBa AJs yrioB KoHyca 0 < 0 < T paauaH.
ITokaxem sTo. Umeem 4

QCFOI’IC’(A’ &)V, A\ VJ =
=—(A’01+(1-26)A QAW AV, =

:—%(A2vi/\vJ~—A2V/ AV;) = (20)

—%(1 ~28%)(Av; AAV; - AV; AAV)) =

1

e A;, A; — COOCTBEHHBIE 3HAYECHUS] MATPUIIB A;
V;, V; — TIpaBble COOCTBEHHbIE BEKTOPBI MaTpu-
1

bl A; —5((Ki + xj)z - 4§2x,.xj) — cOOCTBEHHbIE
sHaueHust Mmartpuibl —(A2 O I+ (1-282)A O A).
Hanee paccMOTPUM BapMaHThI KOMIIJIEKCHBIX MOJ
MaTpu4Hoil dyHKIuu @ ,.(A,§).

Bapuaum A. PaccMaTpMBamTCS KOMIIJIEKCHO
COMPpsSIXKEHHBbIE COOCTBEHHBIE 3HAYeHUsS (MOIbI),

) = 2 2

T. € A;=o; +jB;, h; =A;. 3Omech & =cos” 0, u
BEIICCTBEHHBIC YaCTH COOCTBEHHBLIX 3HAUYCHMU
MaTpuyHOU PyHKIUU (20) UMEIOT BUJL,

Re(py) = p; = -2(a] —cos® 6(a] +B7)) <0,
1)

0<6<%;%<cos26:§2<1.

Bapuanm b. PaccmaTpuBaloTCcsl pasHble KOM-
IIJIEKCHBIE COOCTBEHHBIE 3HAYEHUA A; = a; + jB;,
Aj=a;+jB;. Popmyra (21) maer criepyrouue
BEILIECTBEHHbIE YACTU COOCTBEHHBIX 3HAYCHU A Ma-

TpuuyHOi dpyHkuuu (20) o181 yriia KoHyca 0 = w/4:

Re(u;) = —((a] —B}) +(aF —p3)) <0.

Ecnu ycraHoBuTh yron 6 = w/4, TO COOTHO-
meHue (22) cnopaBedJIMBO IS BCEX KOMILIEKC-
HBIX MOJ MaTpMIIbl A, paclojiOXXeHHbIX B TaHHOM

(22)
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KoHyce. bojee Toro, MoxXHO IOKa3aTbh, YTO OJIS
yrioB 0 < 0 < n/4 TpaHCHOPMHUPYEMOCTh JaHHOK
D-o0nactn Takxe BeIoyiHsAeTcsI. UMeeMm

Re(u;) = Re (—%(x? +2%+2(1- 2@2)x,-xj)j -

= (o + o B} —Bj +2(1-26%) x
X(OL,O./ _BlBj))<O’ 121,...,’1_1,
j=2,...,l’l,]>l,7\,, =OL,+]B,,7LI :(X,j +‘]B./'

(23)

Hauxynmuii cnyyai

af(-1)+a5(1-1?)

2|0Ll~ocj|

Re(p;) = - ¢r-g%|<0,

B

f, = 51

k=0 ji=1...,n-1, j=2,...,m
ot

. 1

J> it =max(t); ¢* = 7

N3 nepaeHcTB (21)—(23) cnemyer, 4TO BHY-
TPEHHOCTh KOHYyca (0e3 BeIIeCTBEHHOM OCH) SIB-
nsieTcss TpaHcopmupyeMoin D-ob6aacteio. s
BEIIECTBEHHBIX MO 3TH HEpPaBEHCTBA JAIOT TOJIb-
KO HEOOXOOMMBIE YCJIOBUSI MPUHAIJIEXKHOCTU MO
K gJaHHoi D-ob6aacTtu.

¢ D-obaacmv 6 cayuae 3adanHol cmeneHu
ycmoiivugocmu

HepaBeHCTBO Ha KOMITJIEKCHOM MJIOCKOCTHU AJS
maHHoi D-ob6nactu (puc. 3) umeeT BULA

1 _.2 .2
—< 1.
3 E° <l <

®opMaJibHO, KaK U [1J1 KOHYca, MoJy4aeM

.+ . .+ .
o;: = u <o = u —

] ]
2
2%, . 2,0 2,20 0,0
- -

2 2 2 2
B sTOM cityyae pyHKUMSA MOATBHOM KJ1aCTepU-
3alun 05, (A, S) KOMIUIEKCHBIX MOA MaTpUIIbl A

a <0,
(24)
<0.

»
\

Puc. 3. D-06aacTb: 3a1aHHas CTeNeHb YCTOWYMBOCTH, o < (
Fig. 3. D-region: stability margin, a < 0

B paccMarpuBaeMoil OO0JacTW MpPencTaBISIETCS
CJIeNYIOIIUM 00pa30oM:

a) ¢opManbHBIl mepexon oT Gopmyabl (24)
K MaTpUYHOMY TMpeAcTaBieHulo D-obmactu (3a-
JMaHHAs CTEMeHb YCTOMUYMBOCTHU) AaeT

q)sctab(A’ (l) = 2(A © In - OLIn © In); (25)

0) caMa (PYHKIMST MOJAJTLHOM KJIacTepu3alluu
KOMIIJICKCHBIX MOJ M MX BeleCTBEHHBIC YacTU
MpeACTaBISIIOTCS B BuIe (TpaHCopMupyeMas
D-o06nacTh 0e3 BelleCTBEHHBIX MO.)

O5rap (A, 01, 8) = det(sI, -

Npg .
-2A0l,-al,0L,)) =3 ps', p; >0,

i=0

=Re(r; +4; - 20) = 2o, — ) < 0
i=l..,n-1j=2..nj>i

(26)

Jisa BellleCTBEHHBIX Moj HepaBeHcTBa (26)
Ja10T TOJIBKO HEOOXOMMMBIE YCIOBUS TIPUHAIJIEXK-
HOCTH MOJ K JaHHOU D-ob6nacTu.

Hanee (0e3 BbIBOAA, IIOCKOJBKY OH aHAJOTMYEeH
BBILLIE PACCMOTPEHHBIM), MpeacTaBuM D-o00JacThb
B BUJE OMCKa paauyca R ¢ LIeHTpOM B HadaJie KO-
OpIMHAT.

¢ D-o06aacmo ¢ éude ducka

B sToMm ciiyuae

a) MaTpuUuHoe TpeacTaBieHue D-o0061acTu (IUCK)
HMeeT BUI

o5 (A, R)=2A0A-R1,0L,); (27)

0) cama (PyHKUMST MOJAJBHON KJIACTepU3allnu
KOMIIJIEKCHBIX MOA M ee MOAbI (TpaHcHopMUpy-
emass D-obnacth 6€3 BELIECTBEHHBIX MOJ) Mpea-
CTaBJISIOTCS B BUZE

d)fiisc(A: R, S) = det(SIq -
n a .
~2AA0A- R, 01,))= Y ps', p; >0,

i=0
i=1..,n-1jj=2,...,mj>I,

Loxazamenavcmeo nepasencmea (28). Hnsa nro-

60171 napbl KOMITJICKCHO COIIPAXCHHBIX MO NMCCM
Re(p;) = Re(n; - R?) = 29)
=Re(1; - R*) = (,)* - R?) <0,

T. €. [A] < R. Torma njist IpOM3BOJbHBIX KOMILIEKC-
HBIX KOPHEl CIIpaBeAIMBO HEPABEHCTBO
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Re(u;) = |7bi||7Vj|COS((Pi +0;) - R* <0,
i=1...,n=-1,j=2..,mj>I.

I[Ipn cuHTE3e MOJANBHBIX PEryJsiTOPOB IO
TpaHchopMupyeMbiM D-obnactsam TpebyeTcsl Tak-
XK€ BBECTU (DYHKUUU KAACMEPU3AUUU BelieCmeeH-
HbIX MOHA. 31eCh MBI pPacCMOTPUM JBE HaubOoliee
BaxkHbIE (PYHKIIMU.

® [IpuHAIJICKHOCTh BeuecmeeHHbIX MO0 MaTpU-
1IbI A JIeBOI TOJYTIJIOCKOCTH KOMILJIEKCHOM IJIOCKO-
CTU C 3aJaHHOM CTENEHbIO0 YCTONYMBOCTH o < () (Ma-
TpuuHas QyHKIMSA D, (A;0) = A — al) onpenensi-
€TCsl MOJIOXKUTENbHBIMU KO3 GULIMEHTAMU pyHKUUU
Kaacmepuzayuu @eujecmeeHHblXx Mod U ee OTpulia-
TEJIIBHBIMM BEILIECTBEHHBIMM MomaMH [16], T. e.

¢§tab(A7 a,s) =det(sI, -A+al,) = i a,-si, a; >0,
i=0

i=

Re(}\,l): al' —a =< 0, a QO,BI =0,i€[1,...,l’l].

(30)

® [IpuHaNIEXHOCTD 6eujecmeerbiX MO MaTPy-
LBl A BHYTPEHHOCTH JUCKa pagnyca R (MaTpuyHas
dynxuns ®7;.(A;R) = A? — RI, npu R = 1 BaxHa
IUTS yCTOMYMBOCTY TUCKPETHBIX CUCTEM) ONpeNess-
eTcs TMOJIOXUTENBbHBIMU KO3(MOULMEHTAMU QYHK-
UUU KAacmepu3ayuu 6euecmeernblx Moo U ee OTpy-
LATEIbHBIMUA BELIECTBEHHBIMM MOJAMH, T. €.

8 (AR 5) = det(sL, - A2+ RL,) = 3 a;s', a; > 0,
i=0

(3D
Re(h;) =a? - R*=<0,B; =0,i€[l,...,n].

Teopema 2 [10]. IlonoxurenbHOCTb KO3 PuU-
LUEHTOB (PYHKIMUKU MOIAJIBbHON KJIAaCcTepU3alUuU
¢(Aa') :(I)i)(Aa')md)rD(Aa')a Di >0, 7= 0317"'5nba;
a; > 0,i=0,1,...,n, rapaHTUPYyET HAXOXKIEHUE COO-
CTBEHHBIX 3HAUYCHUIA HEKOTOPOM MAaTpPUUBl A
BHYTPU COOTBETCTBYIOLICH TpaHCGhOPMUPYEMOI
D-o6nactu.

Hanpumep, tpaHchopmupyemast D-o6aacTs,
npeacTaBieHHAasT Ha puC. 4, UMEET CJIEIYIOLIYIO
MOJIHY10 (GYHKIIMIO MOAAJIBHON KJIACTepU3aALIN;

OFnacTs pacnonomenHs Mo hYHELHH MOAAILHOH
knactepuiain D-oGnactn

jim () Tpancdopmupyveman D-obaacts

Jinf)

o R{)

=

Puc. 4. IIpumep Tpanchopmupyemoii D-odaacTn
Fig. 4. Example of a transformable D-region

d)D (As a, Ra &n S) = (I)Eone(As &a S) M
M ¢§tab (Aa a, S) M ¢§tab (A’ a, S) M
N 0gisc (A, R, 8) M bl (AL R, S).

OTMETUM, YTO €CAM IIPOUCXOAUT H3MEHEHUeE
rnmapaMeTpOB MaTPUILIbI A, TO AJI151 KOHTPOJIS IBUXKE -
HUS Mo eHympu D-001acTu (XOTS TyAa ele Hallo
MOonacTh, €CJIM peub UAET O CUHTE3¢ IMapaMeTpOB,
HallpUMEpP PEryjasTopa) MOXHO MCIIOJIb30BaTh
MOAXOMd, MPeAJIoKeHHBIN B padoTtax [12, 13], — Tak
Ha3biBaeMoe (OyKBaJIbHO) 3alllMTHOE OTOOpazke-
Hue (guardian map). Ilo cBoeMy (yHKILMOHAb-
HOMY Ha3HAYeHUI0 3TO (PYHKLUS KOHTPOJS MOJ
B D-o0sactu (HO He TpaHC(HOPMUPYEMOIA).

B cooTrBeTrcTBUM ¢ Teopemoii 2 paccCMOTPUM
aJITOPUTM TapaMETPUYECKONW ONTUMU3ALMU JIJISI
CHHTEe3a JMHAMUYECKOIO pEryjsitopa ¢ TpaHC-
dopmupyembiMu D-o6nactamu.

3. AJIrOpuT™M ONTHMHU3ANMUH

B ocHoOBe IMOCTAaHOBKM 3amadyd ONTUMM3AINN
nmapamMeTpoB (YHKIMN MOMAJbHOU KJlacTepusa-
MUY COOTBETCTBYIOIINX D-0061acTeit texur ¢op-
MHPOBaHWE OTPaHUUYCHHI, 0OeCIIeunBaAIOIINX IO
TeopeMe 2 MOJOXUTEILHOCTh KO3(P(GUIINEHTOB
JaHHBIX GYHKIIWMI, U BEIOOp 1IeJIeBOM (PYyHKIIUM.

Dopmuposanue oepanuyenuii. Ucrionbzyem mnomi-
XOJI, TIpeIJIOKeHHBI B padoTte [19]:

—1?b,(k) +w; <0,i=1,..., N, (32)
rme N — ob1iee ynucio Ko3¢h@UIIMEHTOB (hyHKIIAA
MoJaIbHOM KJactepusauuu D-ob6nactu; k e R
BEKTOP MCKOMBIX napameTpos; b;(K) — i-it koadpdu-
IIMEHT (PYHKIMKA MOMAJIbHOM KJIaCTEpU3AlIUU;
w; > 0 — Bec i-ro orpaHMYeHMs (4alle BCEro Mc-
MoJIb3yeM w; = 1).

Buibop yenesoii pynkyuu. 31eCh paCCMOTPUM I Ba
BapHaHTa pPEeLIeHU 3aJa4yd MOIAJbHOrO yIpaBJie-
HUS MO TpaHChOpMUpPyeMbIM D-o0acTsaMm:

a) KBaJgpaTuyHas IeieBas (pyHKIMUSI C yKasa-
HHUEM XeJaeMbIX Moa B D-o0mactu

N N

Ty = Zwyi(bi) =b;)” + X wyt} > min, (33)

1= 1=

roe wy; > 0, w; > 0,i=1, .., N— Beca; b,-* — I-i
KO3 PUIIMEHT TTOJIMHOMOB XeJlaeMbIX Mon. Kak
MOKa3aHoO B cTarbe [4], MUHUMMU3aUUsd B [, pas-
HOCTU MeXOy Ko3(hUIMEHTaAMHU KeJIaeMOro I10-
JIMHOMAa U KO3 (GUINEHTAMU ITapaMeTPUIeCKOIo
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MOJIMHOMA MeHee YyBCTBUTEJIbHA, Y4eEM MUHHMMU-
3anus Mexay ux mogamu. Ho Takoii momxonm ag-
(bexTHBEH, €CIM BHIIIOJIHEHO Heo6xodumoe YyCIlIo-
BHUE TOJIHOM MOJAJIBLHOI YIpaBJIsIEeMOCTU IO BBHI-
xony [3]. HamomumMm: 1) st craTHYeCKHX
peryastopoB mp > n (g = 0); 2) i TuHaMU4Ie-
CKUX PEryJsiTOpOB

gm+p-1)+mp>n,(ue R" yeR?), (34)

rne ¢ — TNOPSIIOK AMHAMUYECKOIO PeryjsrTopa.
MogenupoBaHue II0Ka3ajo, YTO ONTHUMU3AIMS
¢ uesneBoi pyHKUMeER J; Xopouo paboTaeT TOJbKO
IUUISI IPOCTHIX 3aJa4 HEBBICOKOI pa3MepHOCTH C He-
OonbLIMM 4YucioM IapaMeTpoB. Ilpu yBennyeHuun
pPa3MEpPHOCTU CXOOUMOCTh JOCTUTAeTCsSI B OYEHb
OrpaHMYEHHBIX ciydasix. [loMumo 3TOro Oosblas
npobiemMa — 3TO BBIOOP BecOB (KO3 (UIIMEHTHI
pa3nIuyaloTCcs Ha IOPSAKH) OJIsl IEepBOH CyMMBI
B dopmyne (33), KOTOpble HANPSIMYIO BJIMSIIOT Ha
cxoguMocTh. B mpuBeneHHOM B pasaene 4 mpume-
pe 2 maercs rpadguyeckoe IOSICHEHNE MpOOIeMBbl
WCTIOJIb30BaHUS KpUTepus J, sl CUHTE3a IMHA-
MHUYECKOTO MOHAJILHOTO PEryjiasiTopa ¢-TO IOpsi-
Ka, CBSI3aHHOM C OTCYTCTBUEM ITOJHOW MOIAJILHOW
YIPaBASIEMOCTU (HE BIMOJHEHO ycioBue (34));

0) mpocTast KBagparuuHasi QyHKIMS (B OCHOB-
HOM C €JUHUYHBIMU BeCaMU w;; = 1) ¢ MUHUMM3a-
LIMEN B3BELLIEHHBIX [TApAMETPOB PEryasaTopa k;, i =
=1, ..., m ¥ MapaMeTPOB OrPaHUYEHUi 1, i = 1, ..., N,

S 2 Yo -
Jy =D wuki + Xt —> mkm. (335)

i=1 i=1

Lenesas pyukmums (35) mo3Bonuiaa pelruTh 10-
CTaTOYHO CJIOKHBIC 3aJa4y CUHTE3a MOJAJTbHBIX
PEeryJisiTOpOB HU3KOr0 MOpSaKa Mo TpaHCHOpMU-
pyeMbiM D-o6nactsm.

4. Ilpumepnbl CHHTE3a PEryJasATOPOB

Ilpumep 2. PaccmoTpuM npuMep U3 ctatbu [13]
cuntesa IIU perymsaropa W(s) = K, + Kj/s nnsa
CIeAYIOLIEro 00beKTa YIPaBICHUSI:

s+5

2

W (s) = .
(5 ST+s+9

(36)

B pabote [13] uTepallmiOHHBIM aJTOPUTMOM Ha
OCHOBe (DYHKIIMM KOHTPOJIS MOA M OHMaJIbTCPHU-
pPOBaHHOTO MPOMU3BEIACHUS MaTPUI ObIJT CHHTE3U-
poBaH IIM perynasarop nas D-obaacTtu: auck pa-
aunyca R; = 10, creneHb yCTOMYMBOCTH o = —2,

KOHYC c yriioM 0 = 45°. Tak Kak 37ech 1TMuHaMHuye-
CKUI PETyIsITOp MMEET MEepBBII MopsaaoK (g = 1),
a 00BEKT MMEET BTOPOU MOpSAoK (n = 2, m = 1,
p=Duqgm-+p—1) + mp=n (m — 4UCIO BXO-
JIOB, p — YWMCJIO BBIXOAOB O0BEKTa YMpaBJIeHUSI),
TO TIPOM3BOJILHOTO PACIIOJOXKEHUSI MOJ 3aMKHY-
TOI CUCTEMbI JOOUTHCS HEBO3MOXHO [7]. [ToaToMy
B IaHHOM CJy4ae 3ajJaBajlaCh B HEKOTOPOM CMbIC-
Jie BBIHYX/I€HHAasl TpaHM1Ia B BUJE paauyca A1cCKa,
TaK KakK IIpH 3aJaHHBIX CTEIIEHN YCTOMYMBOCTHU U
yrJie KOHYyca oYY Th MEHbIIYI0 00J1acTh He yaa-
ercst. Pesynbrarel pabotsr anropurma: K, = 15,34;
K; = 42,71, Mmonbl 3aMKHYTOI cucteMsbl A; = —2,19;
M3 = —7,07 £ j6,88.

PaccmoTpum teneps cuHTe3 IIM perynstopa
JUIST TaHHOTO OO0BbeKTa YNpaBjeHWSI HAa OCHOBE
MPeIJIOKEHHOTO aJITOPUTMa C MCIOJIb30BAaHUEM
(yHKUIMM MOmanbHOW KjacTepu3aluM, OTPaHU-
yeHu#, GHOPMUPYIOUIMX O00JacCTh JOMYCTUMBIX
pelleHUiI M ONTUMM3AINKU KBaJgpaTUUHOMN Iie-
neBort ¢pyHkumm Buaa (35). Tpanchopmupyemas
D-o6nacTte mpencTaBieHa TpeOyeMoit (Belle-
CTBEHHOM) CTEINeHbI0 YCTOMYMBOCTU M KOHYCOM
(KOMTLJIEKCHBIX MO):

dp(A,a, RE,S) = Sne (A E,8) M by (A a,s) =
= 05,0 (A,0.707,5) N ¢% .5 (A, =2,5).

Hanmomuuwm, 3aech § = cos® = cos45” = 0,707.
Marpuiia 3aMKHYTOI CUCTEMBI

0 1 0
A=| 0 0 1 ,
-5K; -9-K,-5K, -1-K,
BecoBble KO3((GULIMEHTH MCKOMBIX MapaMeTpOB
peryisrtopa: wg, = 0,0005; Wk, = 0,001. Orpa-

HUYECHUS:
a) KOHyC (KJIacTepu3alus KOMITJIEKCHBIX MOJ):

~1{ Po.cone (K) +1 <0,
~13 Py cone (K) +1 <0,
_t32p2,cone (K) +1< O;

(37

0) cTeneHb YCTOMUYMBOCTHU (KJacTepu3alus Be-
IIECTBEHHBIX MO):

5

_tzao,stab (K) +1<0
~13a) 5105 (K) +1 <0, (38)

1385 414 (K) +1 <0.
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IleneBas hbyHKIMS:

6
J:mKin(wKiKiz+prK§+Zti2j. (39)
i=1

Peurenue 3amauyM ONTUMM3ALUU B IIaKeTe
CHUMBOJIBHBIX BBIUHMCIIeHUT Maple 18 MeTomom
BHYTPEHHEN TOYKHW HAET CIEAYIOIUMA pE3yJbTar:
K; = 43,06, K, = 15,53. Monbl 3aMKHYTO} cucte-
MbL: A = —2,19; 4, 3 = —7,16 * j6,86.

Kommenmapuii. JlanHble pe3yabTaThbl OBLIU
MOJIyYEHBI B pe3yJbTaTe MOIIAarOBOr0 IBUXKEHUS
¢ u3MeHeHueM mapametrpa o:. 0,5 — —2, mapame-
Tphl KOHYca He u3MeHSIIMCh. Ha mepBoM a3Tarie
OINTUMU3AIIMY HavaJbHBIE YCJIOBUSI BHIOMPAJIUCH
0 yMOJIYaHUIO, a Jajiee HayaJbHbIC YCIOBUS i-TO
aTafna — 3TO ONTUMaJIbHbIe Mapamerpbl (i — 1)-ro
srama. B xaxaoMm sTame OoNTUMM3ALUM IIPOBOMM-
gock mMakcumym 1000 utepanuit. KoHedHBIM He
yAyd4lllaeMbIM pelIeHUEM SIBJISICTCS BBIXOI BCEX
orpanuuenui (37), (38) Ha rpaHuIy.

PaccmorpuM ele oguH moaxon — rpaduye-
CKO€ TMpecTaBlieHUE IIONBITKM pPELUIUTh 3amady
MOJAJILHOTO CUHTE3a IJIs1 3aJaHHOr0 (TOYHOTO)
pacrojioxkeHus: MoJ. 2KejraeMble MOIbI 3aMKHYTOM
CHCTEMBI: kT =-11; k;,3 =-8+ j§. ®opmupyem
MOJMHOMBI IJ1s1 (DYHKILMHI KjIacTepu3allud KOM-
MJEKCHBIX MOJ KOHYyCa, a TaK:Ke MOJMHOMBI IJIs
(GyHKIMI KjaacTepu3allMd BEIIECTBEHHBIX MOJI
creneHn ycroiumBocTU. I[lpmpaBHUBaeM Ko3(d-
(pULMEHTH MPU OOMHAKOBBIX CTEIEHSIX IMapame-
TPU30BAHHOI'O IIOJIMHOMA U KEJIaeMOTO MOJIMHO-
Mma. [lonyuyaem:

a) GyHKIMS KJIacTepu3alluy KOMIIJIEKCHBIX
MoJ KoHyca (0 = 45°), £ = 0,707

PrconeK) = Pycone : =8,002K , + K -
- 2K, -17,005 =113,24;
Preone®) = Pl ~13.76K} ~172,28 +
+3,13K, —0,25K; +0,125K K ; -
~7,26K? -525K, K, - KK, -
- 37,28K, -133,12K, - 30,53K K, -
~272,50K , = 74561,29;
Po.cone(K) = pg,cone : —Kng +8K,K; +
+92,56 - 4K, +0,25K; +90,56K , +
+19,01K, +13,76K, +1,26K = 4536,75.

(40)

0) ¢GyHKUHMS KJIacTepu3alluy BelIeCTBEHHBIX
MOJI CTEIIEHU YCTONYMBOCTH o = —1,1

ay stab (K) = a;,stab 1=2,3+ Kp =13,8;
ay 105 (K) = a;’smb tK; +2,8K,+10,43 = 55,61; (41)
aO,stab(K) = ag,stab : 3’ 9Ki - 47 29Kp - 105 02=0.

OTMETUM, YTO B IIOCJIECAHEM YPAaBHEHUN CUCTE-
MBI (41) mpaBbIil HYJIb — 3TO Pe3yJbTaT COBIIAJe-
HUSI XKeJIaeMOr0 BEIlleCTBEHHOIO IT0JIl0ca kf =-11
U CTEeINeHU ycTonyuBocTu o = —1,1 (rpaHuua o0-
nactu). Ha puc. 5 (rme B MHIeKcax JiereHabl Mo-
JIMHOMOB [IJII KOMITAKTHOCTHM MCIIOJIb30BaHbl CO-
KpalleHUs: cone —> ¢, stab — s) TIOCTPOCHBI KpHU-
Bble (IMHUU ypoBHeii) BbipaxeHuil (40), (41), us
KOTOPBIX CJEIYeT, YTO TOYHOIO pELICHUS HeT,
a evibpannas (B yacTHoCTH) Touka K; = 18,6; K, = 16,2
ompeaeaseT caeayolue MOAbl 3aMKHYTOI CHUCTE-
MbL: & = —1,008; 4,3 = —8,096 £ j5,171. Tenepn
MpeacTaBuM rpaduuecKy TOYHOE pelleHue, MOIy-

gttt a
= ey KRy,
B - By K, /_
w0l — -o,:cuar-o?" ,' |
[ a h|m=:l, I _‘ /A -
————a, K,
B | -2, (K ,‘
o _(! Ki=18.6,Kp=16.2 ,0

Puc. 5. I'padpuueckoe mpencrasjieHne ypaBHeHWil MOUCKa mapa-
metpoB IIN peryasaropa B D-o0aacTu mo 3amaBaeMbiM Moaam
M= LI =-8%8

Fig. 5. Graphical representation of the equations for finding the
parameters of the PI controller in the D-domain according to the
specified eigenvalues A = —1,1; A ; = —8 = j8

: — ===, {Kip,, :
| - p, (KD, |
| 351 | mp (K, |
[ B a, [Kea,, |
I B0 | mamna, 0ma], R I
| ! R I
" —— K P |
25 =43 = -
| 5 “'--..o Ki=43 06, Kp=15 53 ’ |
' -
| . R |
g2 ~——
| .. e |
[ e ? |
. e .
| == P |
| - “-""--. |
| 10 - "" - |
- - "
| T, |
| 5 LV |
| Pod |
1 o et T = |
| |
| |

Puc. 6. I'paduyeckoe npeacraBjieHne TOYHOTO PEIICHUS ypaBHe-
Huii (40), (41) ansa Mo Ay = Af = —2,19; 4, 3 =23 3= —7,6 £ j6,86
u napametpos I1U perynstopa K, = 15,53; K; = 43,06

Fig. 6. Graphical representation of the exact solution of equations
(40), (41) for eigenvalues A, = Af = —2,19; 1, 3 =4} 3= —7,6 £ j6,86
and the parameters of the PI controller K, = 15,53; K; = 43,06
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yeHHOe mociie ontumudanuu (37)—(39) nis moxm
M o=A]=-219 ky3=Ly3=-7,6%,6,86 n na-
pametpoB I1U perynaropa K, = 15,53; K; = 43,06
(puc. 6). Pesynbrar: Bce orpaHMUYeHUSs MepeceKa-
I0TCS B OHOM TOUKE.

Ilpumep 3. B xauecTBe 0o0jiee CIOXHOTO ITPU-
Mepa pacCMOTPUM CHHTE3 poOACTHOIO peryisTopa
6mopoeco Topsiika ci1abo neMmn@upoBaHHON ABYX-
MAacCOBOM CHUCTEMBl CIYTHUK—UHCTPYMEHTAJIb-
HbIl 650K (puc. 7), tae J;, J, — MOMEHTbl UHEPLUUU
Macc CIyTHHUKa M MHCTPYyMeHTaJbHOro 0ji0Ka, cCo-
OTBETCTBEHHO, CBSI3aHHBIX TMOKOW CBSI3bIO C He-
ONPEAETEHHBIMU MapaMeTpaMu: k € [k in, Kmax] —
KECTKOCTb MPYXUHBL; f € [fiin fmax] — KOIDDU-
LIMEeHT BSI3KOTO TPEHUSI; T — BpalllalolMil MOMEHT,
MPUJIOXKEHHBIN K TIepBOil Macce. DTa 3a7a4ya CUH-
Te3a C MCIOJb30BaHUEM JMHEUHBIX MaTPUUYHBIX
HepaBeHCTB Obl1a paCCMOTPEHA aBTOPOM B CTaThe
[20]. Huxe OymeT Immoka3aHO, YTO CHUHTE3 peETy-
JISITOpa C MCIOJb30BaHUEM TpaHC(HOPMUPYEMBIX
D-ob6nacteit 1 (GyHKIMIT MOJAJbHOM KJIACTEPH-
3al[M¥ MO3BOJIUT AJSI PETyasiTOpa MUHUMAJIbHOTO
(BTOpOro) mopsiika IMOJYyYMTh XOpOIIMWE ToKasa-
TeJIM KayecTBa BO BCEM JuMara3oHe HeompeaeaeH-
HOCTM NapaMeTpoB 0ObEeKTa yIpaBiieHUs (U Jaxe
B OoJiee MIMPOKOM Auara3oHe, Kak MmoKasajao Mo-
JeJMPOBaHME), YETO HE yAaJOCh JOOUTHCS C JU-
HEHHBIMM MaTPUYHBIMU HepaBeHCcTBaMMu. OTMme-
THUM, YTO 3[EeCh paccMaTpMBaeTCsl TaK Ha3biBae-
Masl HecorjlacoBaHHasl (B 3apy0OexKHOI TuTepaTrype
"noncollocated") ycraHoBKa mpuBOAa U AATYMKA:
MPUBOA — HA CIYTHMKE, a JaTYNK — HA UHCTPY-
MEHTaJIbHOM 0JIOKE, YTO 3aMETHO YCJIOXHSIEeT 3a-
Jady CMHTE3a, TaK KakK MHCTPYMEHTaJbHbIN 00K
CO CITYTHUKOM COEJMHEH HEXECTKOU CBSI3bIO.

dukcUpoBaHHBIE W WHTEPBAJbHO HEOIIpe-
JIeJIeHHble TMapaMeTpbl OOBEKTa yIpaBJICHUS:
k e [0,09..0,4], f € [0,0038...0,042], J, = 1 kr-m?,

Puc. 7. CxemaTuyeckoe u300pakeHue 00beKTa ynpaBjieHUus
Fig. 7. Schematic representation of the plant

J,=0,1 KT*M2. YIIpaB/ieH’eM SBJISeTCS MOMEHT T,
CO3JaBa€MBbIi TTPUBOAOM.

TpeOyeTcsi CHHTE3UPOBATh PETYISITOP BTOPOTO
nopsifika, odecrneymBapIMii cieayouue nokasa-
TeJU KauyecTBa ISl 1H00bIX TTApAMETPOB O0BEKTA
yIIpaBJCHUS:

1) Bpems nepexogHoro mnpoiiecca He 6onee 20 c;

2) mepeperyiupoBaHue He 6oiee 15 %.

Pewenue. O0beKT ynpaBiaeHUsI:

Xx(?) = Ax(?) + Bu(?);
y(¢) = Cx(1).

[lepeMeHHBIE COCTOSIHUS:  X; = 0, X, = 0,
X3 =0y, X, =0, (0OBEKT YETBEPTOTO MOPAAKA, 71

4), ymnpaBiaeHue u = 1. Marpuubl 00beKTa
yIpaBjeHUs (42) UMEIOT CAeAYIOIIUIA BUI;

42)

0 1 0 0
kS k1
N
0 0 0 1
Kk r _k _f
Lo o4 1,
0 1 0 0 (1)
kK —f k f =
:B: 1
0 0 0 1 0
10k 10f —10k —10f .

H3mepsieTcsa TOJABKO Yrojl HOBOPOTA WMHCTPY-
MEHTaJbHOTO OJyioka 6,, T. €. Marpuua BbIXOAa
C = (001 0). Crpykrypa CUHTE3UPYEMOIO pEry-
JIITOpa BTOporo mopsiaka (g = 2):

1(5(52 +Kis+K,)
5? + K35+ K,

W, (s) = , 3)

roe K;, i = 1, ..., 5 — uckomble nmapamerpsl. Takum
o0pa3oM, OOLIMII TTOPSAAOK CUCTEMbI YIIpaBAEHUS
ngy = n + g = 6, a 9TO 3HAYUT, YTO IJIsI OUATb-
TePHUPOBAHHOI'O IIPOU3BEACHUS MATPUIL MOPSIA0K
Oynet paBeH ny, — ny(ny — 1)/2 = 15. B cuny 6osb-
IIOr0 4YHcja MapaMmMeTpoB U TOPSAAKA CHUCTEMBI
MPU CUHTE3€ PEryasTopa UCIOJIb30BaJaCh TOJbKO
ogHa TpaHcopmupyemass D-ob6aacte — 00JacThb
C 3aJaHHOI CTENeHbIO0 YCTOMYMBOCTU KOMIIJIEKC-
HBIX U BEIIECTBEHHBIX MO

¢D(Aa a, S) = ¢§tab (A, a, S) N ¢;tab (A’ a, S) . (44)
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Taoanma 1
Table 1

ITapameTpsl THHAMHYECKOrO peryasaTopa ajs aAsyx D-obaacreii

Dynamic controller parameters for two D-regions

Bapuant [TapamMeTphbl peryasitopa
peryJnsi- D-o6aacth
Topa K, K, K; | K, K
1 —0,51 | —0,062 | 7,02 | 5,09 | —2,12
¢§mb (As a, S) @
md)gtab(A, a, S)
2 —0,49 | —0,051 | 10,21 | 7,93 | —3,26 ¢, (A, ., 5)
stab that]
: [Tpeddpuremp Pezyasmop  O6vexm ynpasnenus :
Hol P . Ay
I f — WP(S) > W, (9) =
| I
| |
| |
| |
| |

Puc. 8. CtpykTypHas cxema CHCTEMbI ypaBJeHUs
Fig. 8. Block diagram of the control system

B Ttpanchopmupyemoit D-o6aactu (44) Bcero
oyger 15 + 6 = 21 orpanuyenue Buga (37), (38).
B kauectBe 1eneBoit (PYHKIIMM MCIOJIH30BaIach
dyskuus J,. Belopanusie Beca: w; =2, i =1, ..., 4;
w,=11i=35,.,2l,w,;,=1,i=1, .., 5. Ontumu-
3auus Benach noatanHo o: 0,3 — —0,1. B ob6oux
clydasix, Kak U B IpuMepe 2, HadalbHbIe YCIOBUS
BBIOMpPAIMCh MO YMOJIYAHUIO, a Jajiee HadyaJIbHbIC
YCIIOBUS i-TO 3Talla ONpeAesiINCh ONTUMAaIbHBI-
MU mapameTpamu (i — 1)-ro stanma. Ha xaxkmom
aTare MaKCMMaJbHOE YHCJIO UTEpallid COCTABUIIO
1500. beinu mojydeHBl MapaMeTpbl PeryasTopa,
obecrneuymBalolnue podacTHOEe KayecTBO IJIs1 Bcel
0o0JlacTH HeoNpeIeJIeHHOCTHU MapaMeTpOB 00beKTa

ynpasieHus. B Taba. 1 mpeactaBiaeHBI pe3yabTaThl
ONTHUMU3ALY TTApaMETPOB PETYISATOPA IS MOJ-
Hoit D-obnactu (44) (peryasitop 1) u D-obnactu,
MpPeACTaBICHHONW TOJBbKO (yHKIMEH KaacTepu-
3allMM IJIsI KOMIUIEKCHBIX Mon (16 orpaHmueHuMit
(37), peryngarop 2).

[TonyuyeHHble mepenaTouyHble (PYHKLIMHU pery-
JISITOPOB:

~2,116s% +1,084s +0,1306

W S) = )
n( s> +7,017s+5,091
2
W) - —3,2625s +1,5985+0,1652.
s°+10,21s +7,93
Z[aHHI)IC pel"y.]'[HTOpr ABIAdIOTCA HEMUHU-

MaJIbHO (pa30BHIMU (HEMWHUMAJIBHO (ha30BEIC
peTyISITOPHl BTOPOTO-YETBEPTOIO MOPSAKA II0-
JIY9eHBl TaKXe W JTMHECHHBIMU MATPUYHBIMHU He-
paBenctBamu [20]). Jnst pobacTHOro KadecTBa
Ha BXOJ€ 3aJalollero CUrHaja yCTaHOBJEH Tpe.-

1
Trs+1
¢ nocrostHHo# Bpemenu Ty = 10 ¢), uTo obecnen-
BAacT IPAKTUYECKU OAMHAKOBBLIC IEPEXOMHBIC Xa-
PaKTEepUCTUKM 3aMKHYTOM CHCTEME YIIpaBIICHMS
(puc. 8) BoO BceM nmaIlia3oHe M3MEHEHUs Iapame-
TPOB 00BEKTA yIpaBJICHUSI.

Ha puc. 9, 10 u3o0OpaxeHbl BpeMeHHbIE U 4Ya-
CTOTHBIE XapaKTEPUCTUKU 3aMKHYTOIl CHUCTEMBI
I peryasitopa 2 (s peryiasitopa 1 oHu 0amu3-
K1 K 3TuM). Ha KaxaoM pHUCYHKEe OTOOpakKeHBI
rpad®uKu BBIXOAOB 0, 6, 1Jis mapaMeTpoB 00bEeKTa
yIIpaBJIeHMs, IIPEeICTaBICHHLIX B Ta0J. 2.

buneTp (amepuopnyeckoe 3BeHO W, (s) =

Puc. 9. ITapameTpsl u3 Tada. 2:

a — TIepexXOHbIe XapaKTePUCTUKN; 0 — YNpaBIeHUE [UIs TIepefaTouHbIX GyHKUud W4 (), W, 4 (5)

Fig. 9. The parameters of Table 2:

a — step responses; 6 —control for transfer functions W,_o (s),W,_q, (5)
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1
w pap/c

-200)

8(0).

Puc. 10. Jlorapudmuyeckne 4acTOTHbIE XaPAKTEPUCTHKH mepe-
IaTOYHbIX (yHKIMI WHel(s), WHez(s) ¢ mapaMeTpamu T1adJa. 2
Fig. 10. Bode diagrams of transfer functions WHe,(S), WH(,z(s)
with the parameters of Table 2

Tabnuma 2
Table 2

BriGpanHbie TOYKH MOJUTONA HEONPEAEJeHHOCTH
IJ1sl IPOBEPKH POOACTHOrO KavecTBa

Selected points of the uncertainty polytope
Jor testing robust performance

[TapameTp Touka B moJuTONe HEOMPEAEJIEeHHOCTHU
k kmin kmin kmax kmax (kmin + kmax)/2
f fmin fmax fmin fmax (fmin + fmax)/2
3akiioueHue

B naHHOIi cTaThe pacCMOTpPEH aJITOPUTM I1apa-
METPUUYECKOTO CHHTE3a MOHAJIBHOIO PEryysropa
0 BBIXOAY C MCIOJb30BAaHMEM OMaJIBTePHUPO-
BAaHHOI'O MPOU3BEACHMUS MaTpUll M PYHKIUIN MO-
MaJbHOM KJIACTEPU3ALIMU MO TPAaHCHOPMUPYEMBIM
D-061acTdM Ha KOMIUIEKCHOM TJIOCKOCTU. braib-
TEPHUPOBAHHOE IIPOU3BENCHUE MAaTPUIl Ta€T BO3-
MOXHOCTb C(OPMUPOBaTh MaTpU4YHbIe DYHKIINUU
U PYHKIIMKU MOJAJIbHON KJIacTepu3aluu AJ1s1 KOM-
MJIEKCHBIX MOJ COOTBeTCTBYyloueii D-obmacTtu,
a OOBIYHOE IIPOM3BEICHMHE MATPUI] I103BOJISET
chopMupoBaTh MaTpU4YHbIe PYHKIUU U (YyHK-
OUHA MOITAJbHOM KJIaCTepU3allMM BelleCTBEHHBIX
MoOI. DT (PYHKIHMM TapaHTUPYIOT HaXOXIeHUE
MOJI HEKOTOpPOM MaTpHMIIBI B COOTBETCTBYIOUICH
D-o0061acTy npu BBIMOJHEHUM COOTBETCTBYIOIIMX
ycioBuii (teopema 2). IlpeasioxXeHHBII# Ha OCHO-
B€ TeopeMbl 2 aJrOpUTM IIapaMETPUYECKON OIl-
TUMU3ALUU, IPUYEM C OTpaHUUYEHHBIM HAaOOpOM

(GyHKUMI MOOaJbHOM KJacTepu3aluu, MO3BOJIMII
CUHTE3UPOBATH MOJAAJIbHBI TUHAMUYECKUIA PETY-
JIATOP MO BBIXOAY MUHUMAJILHOTO MOpAaKa C pO-
0aCTHBIM KauyeCTBOM JIJIs BBICOKO KOJIe0aTeIbHOTO
00BbeKTa yrpaBiaeHUS.
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Abstract

This article considers an algorithm for the synthesis of dynamic output controller, where the eigenvalues of a closed
control system should be located in a given region (D-region) of the complex plane. The main direction of the research is to
synthesize dynamic controllers of minimal order when there is no complete controllability at the output. For this purpose, a
brief excursion into the external Grassmann algebra is made with the purpose of determining the external product of vectors,
on the basis of which the operation of the bialternate product of matrices is explained. The use of the bialternate product
of matrices made it possible to introduce the functions of matrix root-clustering of complex eigenvalues located in separate
transformable D-regions. For the usual product of matrices, the functions of matrix root-clustering of real eigenvalues
located in separate transformable D-domains are introduced. The functions of matrix root-clustering are transforming,
respectively, complex or real points of a given bounded or unbounded D-region of the complex plane into a left half-plane.
The article considers the main D-domains most widely used in practice (disk, cone, stability margin), presents their matrix
root-clustering and functions of matrix root-clustering of real and complex modes. An algorithm for parametric optimization
of dynamic output feedback controller over D-domains has been developed. Practical examples of synthesis are considered.
For a fourth-order object (a two-mass weakly damped system with two integrators and parametric uncertainty), a second-
order dynamic controller providing robust quality has been synthesized.

Keywords: Bialternate product, dynamic output feedback controller, functions of matrix root-clustering, D-regions,

parametric optimization
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MapameTpuyeckasa ontumusauusa MU perynaropa c orpaHnyeHunem
Ha OCHOBe MeToAa conpsikeHHbIX rpaaueHToB lNonaka—Ilonska—Punbbepa

B asmomamuueckux cucmemax peeyauposarus (ACP) npomviuisennsix npoyeccog paziu4Ho2o muna ¢ 3anazoviéanuem
npu 0epaHuveHuu Ha 3HaYeHue nepepeyaupoeanus wupoko npumensemes I1HJ peeyaamop c pearvnoim ouggepenyupyrouum
3eenom (danee IIHJ] peeynsamop). Kak uzsecmuo, npusHaKom Haiuuus 60Abulo20 3ana30vl86aHus y 00seKma peeyiupoeanus
aeasemes omuowenue 1,/ T,, > 1, ede 1y, 1,, — épemsa 3ana3zo0vi6anus u MaKCcuMaibHas NOCMOAHHAA 8peMenu 00seKkma pe-
eyauposanus. Ilpu nasuuuu ¢ ACP 6oavwioco 3anazdviéanus u oepanuyerus Ha 8bIX0OHYH KOOPOUHAmMy napamempuueckuil
cunmes ITHJ] pecyaamopa Xopouio u36ecmuuiMu 4aCMOMHLIMU MeMoO0amMu CMAHO8UMCA 3amMPYOHUMENbHbIM, YMo 00yCcA08-
aueaem uHmepec K pazpabomie HucieHHviX 0eCHOUCKOBBIX AA20PUMMO8 NAPAMEMPUUECKOU OnMUMU3ayuu, 0OCHOBAHHbIX HA
UCNOAb308AHUU QYHKUUU HYECMEUMEAbHOCMU 045 onpedeseHus epaduenma Kpumepus OnmuMaibHOCMU.

B 0annoti pabome npedaoscen areopumm YUCAeHHOU ONMUMUZAUUU, BLIYUCAAIOUUL UCX005 U3 MUHUMYMA UHME2PANbHO20
KeadpamuuHoeo Kpumepus 3navenus nacmpausaemvix napamempos I[IHJ] peeyasmopa ¢ ykazaunvix ACP. Umobw obecne-
YUmMe Omcymcmeue nepepecyiupoeanus y pe3yibmupyrouje2o nepexo0Ho2o npoyecca, npedrazaemcs Ha smane ONMUMU3ayuy
6600umsv 6 ACP oepanuuenue Ha pezyaupyroujee 6030elicmeue, KOmopoe, 8 C80H ouepeds, yuumoleaemcs nymem 0o06asieHus
wmpagHol PYyHKYUU 6 UHMe2paANbHbLI Kpumepuil.

Ilpeonaeaemviti areopumm ocHoean Ha memode conpsiceHHbiX epaduenmos I[loraxa—Iloaska—Pubvepa ¢ eco uzeecmuvimu
npeumyuecmeamu. Cocmasaaouue epaduenma Kpumepus oONMUMU3AUUU BLIMUCAAIOMCA C HOMOWBIO MAKUX DYHKYUU Yy8cmeu-
meabHOCMU, KOMOPble N03680ASI0M NOAYHUMb 6CE KOMNOHEHMbL IM020 8eKMopa 6e3 NPOOHbIX NOUCKO08bIX 86APUAYUL HACMPAUBACMbIX
napamempos. /J[ns @viMucieHus wiaea onMumMu3auyuyu agmopamu peaiu3o8an cOOMeemcmeyowull aicopumm, 6 0CH08e KOmopo2o
Aexcum epadueHmuas npoyedypa ¢ npumMeHeHueM QYHKUUU yyecmeumenbHocmu 6bixo0Hou koopounamsl ACP k 3navenuro waea.

Cxodumocms npednaaeaemoeo aacopumma npoGepeHa ¢ NOMOUBbI0 BbIYUCAUMENbHOU NPOUedypbl HA OCHO8e 30HbI NPUMSIICe-
HUSI peKOPOHbIX 3HAYEHUL KpUumepus OnmuMu3ayuu, Komopas onpedeasiemcs noaojcumenvHo onpedeaennoi mampuyeti lIecce
UHME2PANbHO20 K8AOPAMUYHO20 KpUmepus, NOCMPOEHHO20 HA PA3ZHOCMU YCPeOHEHHO20 U NPOBePAeMO20 NepexooHbIX NPOUeCCos.

Karoueenvie caosa: I[1HJ] pecyramop, 3anazdvieanue, napamempuueckas 4yecmeumensbHOCmb, CONPAICEHHble epaduenmsl,

wmpaprnas pynkyus

BBenenne

Ha nmaHHBIIT MOMEHT YK€ MOXKHO YTBEPXKAaTh, YTO
JIJIsl aBTOMAaTUYeCKOI CUCTEMBI PeryJIupoBaHUSI O0b-
eKTa C 3ama3IblBaHWEM W OTrpaHMYEHUEM Ha repe-
peryavMpoBaHue 3adada MapaMeTpUIeCKOro CUHTE3a
I perynsropa crtajia ogHONM U3 (pyHIAMEHTAb-
HBIX. AHaJIN3 JUTEPATyPHBIX MCTOYHUKOB ITOKA3bI-
BaeT, YTO ONUCAHWE TUHAMMYECKUX CUCTEM C IIO-
MOILBIO TPOCTPAHCTBA COCTOSSHUM M MpUMEHEHUe
COBPEMEHHBIX MaTeMaTUUYECKUX ITOAXOHOB IJIsl KOH-
crpyupoBanus [1U]J1 perynsitopa [1—4] He cHU3UIN
B HACTOSIIEM BpEMEHU MHTepeca K CMHTE3y TaKOro
peryisitopa B CUCTeMax, IIpeACTaBICHHBIX B YaCTOT-
HOIT 001aCTH WJIU TIPOCTPAHCTBE cUTHaoB [5—10].

B GonpmIMHCTBE MPOM3BOACTBEHHBIX IpPOLIEC-
COB IIPUCYTCTBYIOT 3ama3iblBaHMsI, KOTOpPbIE He-
00XOIMMO YYUTHIBATh IIPU pa3pabOTKe aBTOMAaTU-
YeCKMX CUCTEM, TaK KakK 3ala3ablBaHUE BIMSIECT Ha
nokasaTesiM KayecTBa Takux cucteM [11—13].

Hanuune Gosbiioro 3ama3abIBaHUS Y O0BEKTA
peryJaupoBaHusl, UCIOJb30BAHUE PEaJbHOTO Au(-
(bepeHIIUPYIOIIETO 3BEHAa, OrPaHMYECHME Ha 3Ha-
yeHue IepeperyaiupoBaHus — BCEe 3TU (HaKTOPHI

3aTPYIHSIOT MpUMEHEHUEe aHaIUTUYECKUX METO-
OB AJis1 Tmapamerpudeckoro cuHte3a I[TM pery-
JISITOpa, 4TO, B KOHEUHOM HTOre, IIPUBOIUT K MC-
IMOJIb30BAHUIO YMCJIEHHBIX METOIOB ONTUMU3ALINMN.
OnHUM M3 BapUaHTOB peaiu3allii UTepallMOHHBIX
QJITOPUTMOB ONTUMU3ALUN JIMHEWHBIX peryis-
TOPOB C OrpaHMYEHUEM Ha IepeperyanupoBaHUe
SIBJISICTCS. TIPUMEHEHNE KPUTEPUEB ONTUMMU3ALUU
co mrtpadHoit ¢yuknueit [14, 15]. OcobeHHOCTH
IpemIaraeMoro mnoaxona: wmrpadHas QYHKIUS He
COICPXUT HAacTpanMBaeMbIX ITapaMeTpOB; Ha 3Talle
ONTUMM3ALINM 3aAeHCTBOBAaH OJOK OrpaHUYCHUS
PETYJINPYIOILIETO BO3ACUCTBUS, KOTOPBIM TapaHTH-
pyeT OTCYTCTBHE IEPEPETYIUPOBAHUS Y UTOTOBBIX
MEePEXOIHBIX IPOILIECCOB; B IPOCTPAHCTBE CHUIHA-
JIOB p€aJii30BaH METO/ COIMPSKEHHBIX TPAAUEHTOB
ITonaka—ITonsika—PubObepa OeCnOMCKOBBIM CIO-
CcOOOM C IIPUMEHEHHEM KOMIIAKTOB MapaMeTpH-
YeCKOM YYBCTBUTEIBHOCTH, KOTOpPbIE IIO3BOJISIIOT
COKpaTUThb OOBEM BBIYMCICHUU, HEOOXOMMMBINI
JUIST MOJEJIMPOBAHUSA CUCTeMbl. D(PPEKTUBHOCTH
MIPUMEHEeHMs JaHHOTO ITOAXOda HAIIPsIMYIO CBsI3a-
Ha C TOYHOCTBIO UACHTUPUKALUMU KOIPPUILINEHTA
yCUJIEHUSI 00BbeKTa peryIupoBaHUsL.
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ITocTanoBka 3amauu

CTpyKTypHasi cxeMa paccMaTpMBaeMoOl aBTO-
MaTUYECKOI CUCTEMBI PETyJIMPOBAHUS CO CKAJISIP-
HBIMM KOOpIMHATaMM IpeacTaBjeHa Ha puc. 1.

IIpoueccsl B mpencraBieHHON Ha puc. 1 aB-
TOMaTUYECKOM CHUCTEME PEeryJiupOBaHMS MOXHO
OIMCaTh CIECIYIOLIMM 00pa3oM:

e(t,q) = M1) - x(1);
u(t,q) = G.(p,qe(t,q);
x(1) =G ,(pu(t,q),

rae q = (4, 4», g3) — BEKTOp HACTpaMBaeMbIX Napa-
MeTpOB; X(f) — BBIXOAHOM CUTHAJ aBTOMAaTUUYECKOM
CHUCTEMBI; £(f, q) — olIMOKa cucTeMBbl; A(f) = const —
3aarolliee BO3ACHCTBUE; U(f, ) — PeryJMpylolee Bo3-
4, P4
p Typ+1)
[T perynsitopa; T, — mapametp peabHoro nudde-
peHLmpyoiero 3seHa; G,(p) — omeparop OObeKTa,
p — oneparop aupdepeHIPOBaHMS TI0 BPEMEHU.
[Ipu annpoxcuMaly ITMHAMUYECKUX XapaKTe-
PUCTUK OOBEKTOB IPOMBIIIJIEHHON aBTOMAaTUKU
4acToO IPUMEHSIOT COCIMHEHUS WHEPLUMOHHBIX
3BEHbEB MEPBOTO MOPSAKA U 3B€HA 3ama3ablBaHUs
C OCTOSTHHBIMM mapaMeTpamu [16—19]:

G,(p) - ot
(Toblp + 1)'-'(Tobnp + 1)
rae k,, _ craTuyeckuii KoaduuuneHt yeuneHus; 1,
wwes 1}p, — TTIOCTOSIHHBIE BPEMEHU; T, — BPEMSI 3aIlas-
IBIBAHUS; 1 — TIOPSAIOK 00beKTa. ClieayeT 3aMeTUTh,
YTO BBIOOP TAKOIO oreparopa oObeKTa MPUAAET UC-
CeIOBaHUSIM HEOOXONUMYIO IJISI IPaKTUKM IIpO-
MBIIIJIEHHOIO PEryJIdpOBaHUsI YHUBEPCAIbLHOCTD,
MOCKOJIbKY OH OIMCHIBAET MPOLECCHI B TOCTATOYHO
LIMPOKOM KJIACCE MPOMBIIIJICHHBIX 00 BEKTOB.
3aBUCMMOCTD 3HaYeHUsl napamerpa T, OT Bpe-
MeHU nuddepeHuMpoBanus 1y peryasTopa npu-
HiATa B Buae [16]

)

neiictue; G.(p,q) = q; + — omeparop

—TobP

)

T
szﬁd,5<N<10, 3)

roe N — k03 PUIUEHT CBSI3U MEXIY IOCTOSIHHEI-

mu Bpemenu 1, u nuddepenunposanust 1, = LN

q

Puc. 1. CTpyKTypHas cxeMa aBTOMATHYECKOW CHCTEMbl Peryiu-
poBaHus

Fig. 1. Block diagram of an automatic control system

[IpencraBUM ONTUMU3MPYEMbBIA WHTETrpaib-
HbIi KPUTEpU C MCIMOJb30BaHUEM IUTpadHOMU
bynkuum y(f) g ydyera orpaHMYEHUS Ha TMepe-
perynupoBaHue [14]:

I = (e, + y)dt, @
0

(u(ta q) _M]9 npu Ll(t, q) > Ma
ob ob
4.1
A() “.1)
0, mpu u(t,q) < —=.
kob

IrpadnHas pyHkumga y(f) yBeaIMUMBaeT 3Ha-
YEHHWE WHTETrPaJbHOIO KBaAPAaTUIHOTO KPUTEPUS
MPU BBIXOJE PETYIUPYIOLIETO BO3AEUCTBUS U(t, q)

() =

3a —~ Ha 3HauyeHue BbIOpoOcCA.

b
I[é)ﬂee B HACToOsIel paboTe Ha 3Tare ONnTUMM3a-
LU IJ1s1 peain3aunu Kpurepus (4) B cuctemy (1) BBO-
JUTCSI OTpaHUUYCHYE Ha PeryJIMpylollee BO3NCHCTBUE:
e(t,q) = M1) — x(7);
u(t,q) = G.(p, e, q);

M,npn u(t,q)>%; s
Ll/(t) _ ob o}i)(t) ( )

u(t,q), npu u(t,q) < —=;

kob
X(t) = Gp(p)ul(t7 q)a
rae ut, ) — peryJupypollee BO3AEiCTBHE C Orpa-
HUYCHUEM.
st kputepus (4) xapaKTepHEI CIenyIOlIre 3a-
BUCHMOCTH:
() #0, e(7,q) = 0; (6)
e(r,q) = 0, y(r) = 0. (7)
®dopmanniyeM MMOCTABICHHYIO 3a7a4y IapaMe-
TPUYECKOM ONTUMU3ALINUA:

min /(q*), q* < Q « R, [ y(dr =0.  (8)
0

Peanuzanusa kpurtepuss (4) TpeOyeT BBIIOJI-
HEHUS CJCAYIOLIUX YCIOBUI: OOBEKT PEryIupo-
BaHUsI 00JaJaeT caMOBbIPABHMBAHUEM, PEryJsi-
TOP COAEPXUT MHTErpPajJbHYI KOMIIOHEHTY. DTHU
YCJIOBUSI TIO3BOJISIIOT BBINIOJHUTH HEPaBEHCTBO

At .
u(t,q) < ——=, Tpu KOTOPOM TIE€PEXOAHBIN TMPO-

ob
1ecc o0bekTa (2) He MMEeT NepeperyaupoBaHus.

AJTOPUTM YMCJIEHHOH ONTUMHU3ANMHA

Kak Ob110 OoTMeueHO BbIlLIE, KpuTepuil (4) co-
IepXuT wTpadgHyo dyHKuuio y(f) (4.1), Kotopyo
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MOKHO MHTEPIPETUPOBATh KaK CKaYKU PEryIMPYIO-
1LIETO BO3/IEHCTBUSI HaJ OrpaHUWYEHUEM, YTO AejiaeT
ONTUMU3UPYEMBIN KpuTepuil (4) KBaapaTUUHbIM He
I71st Bcelt obnactu . B pabore [20] moka3ana opu-
€HTUPOBAHHOCTb TEOPUM YYBCTBUTEIBLHOCTH Ha Tia-
paMeTpUYEeCKUI CUHTE3 2JIEMEHTOB aBTOMaTUUECKUX
CUCTEM TPAJAUEHTHBIM METOIOM JJIsI CUTYallUM CO
"ckaukamMu" B CUTHaJIax. DTO OMpeaesiniIo B HACTOSI-
el paboTe BbIOOP TPaJMEHTHOIO METOAA ONTUMMU-
3auuu. Kak M3BeCTHO, MPUMEHEHNE COMPSIKEHHBIX
TPaIMEeHTOB MO3BOJIIET 3HAUUTEIbHO YCKOPUTh CXO-
JMMOCTb aJTOpUTMa ONTUMMU3ALUUM TPU COOTBET-
CTBYIOIlIEM BbIOOpE 111ara ajaroputma # [21, 22].

B xome mpenBapuTeabHOTO UCCIEIOBAHUS ObLIT
cleynaH BbIOOpP B noab3y aaroputma Ilomaka—Ilo-
nska—Pubbepa [21, 22], Tak kak anroput™m Pret-
yepa—PuB3a mokazan HeydoBJETBOPUTEIbHBIE
pe3yJibTaThl ONTUMU3ALUM Kputepus (4). BT1o
MOXHO OOBSICHUTH TeM (cM. paboty [22]), 4To 1mar
rpaguMeHTHOU Tpolenypsl A/] NOJXeH CTpeMuTcs
K0 £ A npu [/ —» oo: A[l] B anroputme Ilonaka—
IMonsska—Pubbepa orpaHmdeH o0JACThIO (PUKCHU-
POBAaHHOTO KOHYCA BOKPYT HauyaJbHOTO 3HAUYCHUS
rpagueHTa KpUTepusl ONTUMU3ALMU, B OTIMUYUU
ot anroputma ®reruepa—PuB3a. DTo Henmaer pe-
anuzauuio aaroputma Ilonaka—Ilonska—Pubbe-
pa 4yuciieHHO 0ojee ycToiunBoi [22].

Jnsa peanuszaliuy TpaaUEHTHOM TPOLEAYPhl Me-
tona Ilomaka—Ilonsika—Pubbepa HeOOXOMUMO BBI-
YUCJIEHWE COCTABJISIONINX TpagvieHTa BBIOPAHHOTO
KPUTEPUST ONITUMU3ALUM, KOTOPbIE B HACTOSILIICH pa-
00Te BBIYUCISIIOTCS C TIOMOLIBIO (DYHKIIUIA YyBCTBHU-
TEJLHOCTH, YTO TI03BOJIIET M30€XaTh IOUCKOBOM
BapvallMi HacTpanBaeMbix TnapameTpoB. [IpuBenem
YpaBHEHUSI YYBCTBUTEJIBHOCTU JJISI HEMPEPbIBHOM
cuctembl (5) npy BeinoaHeHUU Kputepus (4) [18]:

£, =G,(p D (j-123).

9
54, ©)

OTMeTuM, 4TO 3a/eICTBOBAaHHBIIN aJITOPUTM U3
pabotsl [14] B ypaBHEHUU 4yBCTBUTENBHOCTH (9)
HE MCIOJIb3yeT OrpaHMYEHME Ha peryjupyloliiee
BO3IECHCTBUE U[f, q), YTO TO3BOJISIET IIPUMEHUTH
KOMITAKTHI YYBCTBUTEIBHOCTHU B 1IEIAX YMEHBIIIE-
HUST 00beMa BBIYMCJICHUN TIPU MOAEIMPOBAHUU
ABTOMATUUYECKON CUCTEMBI peryupoBaHus (5).

[IpencraBuM BbIpakeHUs UL pacdyera &;(f)
(j = 1,2,3) c npuMeHeHHEeM KOMITaKTOB 4yBCTBM-
TelbHOCTH [18, 25, 26]:

&1(1) = G,(p)(-G.(p,q)E, (1) + &(1,q)),

_1 _ pgi(0)
&, (1) = » (1), &3(1) = —(Tfp )

(10)
(11)

Hanee KOMITAKTHI 9yBCTBUTEIHBHOCTH WCIIOJb-
3yIOTCS B aJITOPUTME, OCHOBaHHOM Ha meTtoze Ilo-
naka—Ilonsska—Pubbepa, rae B Impolecce ONTHU-
MHU3alM BEKTOp ( HAacTpanWBaeMBIX ITapaMETPOB
M3MEHSIETCSI B COOTBETCTBUHU C BRIpaxXeHUeM [22]

12)

rme A* — Iar crycka IpagueHTHOIrO aJIrOPUT-
Ma, cXeMa BBIYMCJICHUS A* mpeacTaBjicHa aaliee;
s[0] — HayanbHOE HaTIpaBJIEHUE IBUXKEHU S, OITpe-
mensieMoe 1o aHturpanueHty -V.[(e (¢,4[0])).
Crnenytoliye HOBbIEe HaIpaBieHus S[/], conpsikeH-
HbIE MpeAbIAyIIEMY, BBIYUCIAIOTCA KaK CyMMa
aHTUTpAJMEHTa B TeKyllei Touke —V, I(e(?, q/])) u
MMPOMU3BEACHN S HAIIPABJICHUS B IIpeablAyIlIei TOU-
ke s[/ — 1] u mapametpa B[/ — 1]:

ql/ + 1] =ql/1+A"[/sl7], (1 = 0,1,2,...),

h*[l] =argminy, I(e (¢,q[/]) + As[/]); (13)
sl/]=-Vl(e (t,ql/1)) +Bl/ - s/ - 1];  (14)

Bl 11 =
Vol (e(t,qUD) (VI (e(1,ql/1)) = V (L (e(2,q1] - 1]))) 15)

Vol (e(,qll = 1)V L (e(7,ql! - 11))
[=12,...,

rne Vol ((4,ql/1)) (Vo (e(1,ql/]) = Vo £ (e(7, 417 - 11)))
CKaJIsIpHOE IPOU3BeAcHUE IBYX BeKTOpoB. OTMe-
™M, 4to anroputm Ilomaka—Ilonsska—Pu6bepa
aBTOMATHMYECKHU OCYIIECTBJISIET PeCcTapThl B CIIy-
yagx "3allMKJIWBaHUS" B OTIWYUU OT aJITOPUTMa
®dretyepa—PuB3a. O603HaYeHHBIN pecTapT pea-
JIn3yeTcs B BeIpaxkeHuU (15) mpu paBeHCTBE aHTU-
rpaJUCHTOB KPUTEPUS ONTUMU3ALUU B IBYX CO-
cemTHUX utepauugx aaroputma (12).

IIpencTtaBuM BbIpaXkeHUE OJS OIpede/eHUS
rpaguerta V,/(e(f,q)), CBA3aHHOIO C BBIYUCIIE-
HUEM BeKTopa (PYHKLMI 4yBCTBUTEABHOCTH (9):

o —T[ 2601, Q)2 (r)+aay;’)]dr (i =1,2,3);
ou(r.q) M), 6
I (16)
94; 0, npm u(t,q) < 7;((0
ob

®opmyia (12) mokas3bIBaeT, YTO B IpeaiaracMoM
aJIrOpUTME I8 Ha3HAYCHMS 1ara ONTUMU3ALUU
n¥[ll ( = 0,1,2,...) HeoOxonumo B Toukax q[/] ({ =
= 0,1,2,...) OCYLLIECTBASITh OMHOMEPHYIO MUHUMM3a-
uio GyHKuMoHaa (4) B cuTyalluy, KOrga BEKTOPbI
q U S oIpenesieHbl Ha lliare ajropurma /, a 4 — Ba-
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pbUpyeMasi TepeMeHHasi, 3HaueHUue KOTOpOi He-
00XooMMO omnpeaeanTb. HJisi 3Toro, B 4aCTHOCTH,
MOKHO BOCITOJIb30BaThCsI METOIOM pejlakcaunu [21]:

HE] o1 (q(hlk - 11))
oh
k=12...,
rae hlk] — 3HaYeHUe MCKOMOroO IapaMeTpa /1 Ha
k-M 1mare paboTHI aJITOPUTMA METOIa pejaKcalliu;
nlk — 1] — (k — 1)-i1 mar uameHeHus A, KOTOPBIi
MOXET MU3MEHSIThCS MO TOM MJIM WHOW CTpaTeruu;
sign() — ¢yuknus 3Haka. OcTaHOBMMCSI Ha O-
HOI M3 MPOCTEUINUX CTpaTEeTHii BbIOOpA IJIWHBI

mara nlk] (kK = 1,2,...):

k] = nik =11, I1k] < Ik - 1];
L {O,Sn[k—l], I[k] > ITk -1].

[Ipu 5TOM B X0I€ TIpEeABAPUTEILHOIO YUCICHHO-
ro 3KCIIEPMMEHTA OIpeaecHbl HaualbHble JaHHbIC
JUISL CAEAYIOIIMX BeIUu4YuH: n[0] = 10_6, h[0] = 0.

ITo ananoruu c (16) onpenensieTcs BoIpaxkeHUe

ol(q(h)) .
oh

= hlk —1] -

nlk —1]sign

"(A7)

(18)

JIJ11 YACTHOM IIPOU3BOIHOM

ol(q(h) _5( ay)) .

ol _ g[ 260,002, + 24 jdr,

ou(t,q) MP)
7 , TIpm u(t,q) > ——= K,

M)

kob

19
) (19)
oh 0, mpu u(t,q) <

ox(t)

rae &,(7) = — (YHKLUS YYBCTBUTEIBHOCTU
aHajorn4Ho (9). &,(f) npencrasiseT cOO0M BbIXO-

HYI0 KOOpAUHATy Mojaeau o0bekTa (2) ¢ BXOTHOM

. ou(t,q) .
KOOpI[I/IHaTOI/I —8]1 .
g ”;’h“) G.(p,q+ hs)e, (1) +

tls 42 P (7, q) 0
p TypeD))

st hopMHUpOBaHUS YCIIOBUS OCTAHOBA aJITOPUTMA
(17) ucnonwayeTcs nomxon n3 padboTk [25], ompoboBaH-
HbII B MpaKTUKE MapaMeTPUUYECKOro CUHTE3a PeryJis-
TOPOB PA3JIMYHON MPUPOIEI IIPU UCIIOIL30BAHUU TEO-
PUM 4yBCTBUTEJIEHOCTY aBTOMATUYECKUX CUCTEM:
1, AIlk]x Allk -1] < 0;

@0

S, k] = Sl[k_1]+{0’A][k]xA1[k -1]>0.

3neck k = 1,2,... m Allk] = I[k] — Ik — 1] —
pPa3HOCTh MEXAY 3HAUYEHUSIMU KPUTEPUS OITH-
MaJIbHOCTH Ha k-ii u (k — 1)-if uTepaumsax aaro-
put™ma (17).

AJTOPUTM OMHOMEPHOW ONTHMMU3ALMM TIO Ha-
XOXJIEHUIO ONTUMAJIBHOTO 3HaYeHus wara #*|/] cuu-
TaeTCs 3aBEPILIEHHBIM MPU BBITIOJTHEHUHN YCIIOBUSI:

(S1lk1 = np) v (S, [kl = nyp,), (23)
Tae ny, Ny, — 3aJl@HHbIC TOJIOXUTENbHBIC 3Ha-
YEeHMSI, XapaKTepPU3YIOLIUe YUCIO COOTBETCTBYIO-

mnx CMEH 3HaKa npnpameHMﬁ KPpUTEpUA OIITU-

MaJIBHOCTU M 3HaKa 4YaCTHOM l'IpOI/I3BOZ[HOI7I a

s aaropuTMa HaxXOXICHMS 3HAYEHMN Ha-
cTpaMBaeMbIX IapaMeTpoB peryistopa (12) xkpu-
TepUil OCTaHOBA 3aJaeTCSI aHAJJOTUYHBIM YCIOBUIO
(23) obpazom.

B pesynbrare pabotsl anroputMa (12) monydyeH
BEKTOpP HacTpamBaeMbIX ITapaMeTpoOB * W gajee
BBITIOJIHSIETCSI aJITOPUTM BBIYMCJICHUS IapaMerpa
peanbHoro nuddepeHuupyiouiero 3sena 7Ty [TA]L
perynsitopa. B pabore [16] mpeacTaBiieH aaroputm
Haxox1eHust Ty rhe Ha KaxJIOW UTEPAlUU Bbi-
YUCISIOTCS  IMapaMeTphl  MIeaJTM3MPOBAHHOTO
TN/ perynstopa npu yBeJIMYEHUU UWHEPLIMOHHO-
cTU O0OBEKTa PEryJMpoBaHHUS 3a CUYET Iapamerpa
T; ¢ manpHEWIINM TIEPECYeTOM B TMTAPaMETPBI pe-
anpHoro IIMJ perynsitopa, moka Ko3dpuimeHT
N He npuMeT 3amaHHOe 3HaYeHMeE. 111 cxooumo-
CTM MOAHHOIO ajJropuTMa NpH HEOOXOOMMOCTHU
KOppeKTUpyeTcsi 3HaueHue napamerpa 7 Mcxons
M3 3TOr0 ajJropuTMa MOXKHO BBIACIUTH IBa IOA-
X0Jla B OIpeAeIeHUN HaCTpanBaeMBbIX ITapaMeTPOB
I[N ]I perynsTopa ¢ peaadbHbIM IudhepeHIIPYIO-
IIEM 3BEHOM: B NEPBOM ITOAXOIE BBIUMCIISIOTCS
rmapamMeTphbl HAeaJM3UPOBAHHOIO pEryasaTopa u
Jajblie BbIYUCISAECTCS mapameTrp 7, peasbHOro
auddepeHnupyloiiero 3peHa [16, 26]; Bo BTopoMm
noaxojie 3amaercs napamerp Ty, ¥ BBIYUCISAIOTCS
mapameTpnl peryiasropa [17, 27, 28]. C yuyerom
cneuuuky Kputepus (4) B 1aHHOI pabdoTte cop-
MHPOBaH aJTOPUTM Ha OCHOBE IIEPBOIO IMOAXOIA,
B KOTOPOM MTEPALlMOHHO IIPOMCXOMAUT YyBEIMUe-
HUE 3HAUYCHNs MapamMeTpa T} ¢ mepecueToM mapa-
MeTpa q3 ¢ 3aJaHHBIM K03 PuIreHTOM N, moka
B cucteMe (1) OTCYTCTBYET IepeperyInpoBaHue:

while (c = 0) do

L L -1y <0 T/l =T, -1+ AT}
So k1= Sy k-1)+1 %4 © (22) . . (24)
ol i ol 0. ol Kl ol —1> @ =T,y N
g Mgt~ [=1,2,..
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rme ¢ — Ko3(OUIMEeHT mepeperyJInpoBaHus Tie-
pexXomHOTo Tpolecca x(f) B aBTOMAaTUYECKON CH-
creme (1); / — Homep 1mara anroput™a (24); AT, —
BEJIMYKMHA, HA KOTOPYIO U3MeHseTcs napametp 7,
ee mpeajaraeTcsl BBIOMpaTh OTHOCUTEIBLHO 3HAYe-

HUS Tf[O]:ih—m], HarpuMmep, B IIPOLIEHTHOM
7, [0IN
OTHOIIIEHUH.

KomnbioTepnasi anpodanmsi aJiropuTMa ONTHMH3AIAH

ITockonbKy cHOPMHPOBAHHBIA B HACTOSIIEH
pabote anropuT™m (12) npegHa3HayeH AJ151 UCTOJb-
30BaHUS B IIPOMBILIJIEHHBIX CUCTEMAaX, HEOOXOI -
MO IPOBECTU HCCJIENOBaHMUE €ro paboTOCIOCO0-
HOCTHM, 3aKJjmpualolieecs B IIPOBEPKE IOCTOBEP-
HOCTHM BBIYMCJICHHBIX 3HAUEHUI HACTpamBaeMBbIX
napaMmeTpoB q* ¢ TOYKU 3pEHUST HAXOXIEHU S IKC-
TpeMyMa Kputepus (4). ANTOPUTM BBIUYMCICHUS
napaMmeTpa peaiabHOro anddepeHInPYIOLIEro
3BeHa Ty (24) He MMEET CMbIC/A TIPOBEPSITH OTHO-
CUTEJIbHO MUHUMM3AUMU Kputepus (4), Tak Kak
yBeJIMYEeHUE MMapaMeTpa peajbHOro nuddepeHuu-
pytoiero 3BeHa Ty €CTECTBEHHO MPUBOAUT K M3-
MEHEHHUIO MHTErpajbHOTO KBaAPaTUYHOIO KPUTE-
pus B OOJIBIIYIO CTOPOHY [16].

Hanuuue B kputepuu (4) wrpadHoit GyHKUIUU
() (4.1) npensATCTBYeT MOJYYEHUIO IKCTpeMyMa
kputepus [ [4], yuuTeiBas, 4TO IPH MCIOIB30-
BaHnuu IIW]JI perynsitopa mepexogHbIA Mpouecc
JUJTST TAKOT'O 3HAYEHMSI MOXET MMETh 3aTyXalollyio
KosebaTenbHyI0 opmy [16], a B HacTog1LIEel pabo-
T€ paccMaTpUBAIOTCA aBTOMATUYECKHME CHCTEMBbI
C OTCYTCTBHUEM MepeperynpoBaHusl.

OnpenenyvM BbIYMCIWUTENBHYIO IIPOLIEAYpPY IS
MPOBEPKU CXOOUMOCTHU aiaroputma (12) npu HaIu4uu
OrpaHUYEHMS Ha peryaupylollee Bo3aeicTaue (5).

PaccMoTpuM 3Ty BRIYMCIUTENBHYIO IPOLIEAYPY
noapobHee.

CxomumocTh cGhOPMUPOBAHHOIO ajJaropuT™ma
(12) mpoBepsieTCsl C MOMOLLBIO BbIYMCIUTEIbHOMI
MpoueaAypbl Ha OCHOBE 30HBI IMPUTSXKEHUS pe-
KOPIHBIX 3HAYCHUI KPUTEPUSI ONTUMU3AIIUU.

IIpu 3anycke anroputMa (12) mpu pa3aMIHBIX
HavyaJbHBIX 3HAUYEHUSIX BEKTOpa HacTpanBaeMBIX
napamMeTpoB qgco) = (‘11(12) ,qg,)(),qg)) (k=12,...) co-
OTBETCTBYIOIIIME WTOTrOBbIE 3HAYEHUS B TOYKE
qz :(qfk,q;k,q;k), BBIYMCJICHHBIE aJTrOPUTMOM
ATIO (12), moJXXHBI YAOBJIETBOPSATH CJAEAYIOLIUM
YCJIOBUSIM:

I(qy) < I1(@), k=1,2,..., (25)

A, >0, i=123, (26)

rae A; — YyIJoBble MHUHOpBl Marpuubl [lecce
H(l,(q;)) (xputepuii CunpBecTpa) MHTErPaJbHO-
ro KBaJpaTUYHOro Kputepus [,, cieayolero Buaa:

1, = ojo(s(t, q*) - &(t, q*))2d1, (27)
0

* *
— + ...+
raoe q* = %; n — YHCJO 3aIlyCKOB aJiro-

putMma (12).

PexkopnHbIMU 3HAUEHUSIMUA KPUTEPUST ONTUMMU-
3auuu [ OOBSIBISIOTCS Te MUHUMAIbHBIC 3HAUEHMUSI,
KOTOpbIE HaliZIeHbl B KaXKJI0M k-M 3aIlycKe aJIrOpUT-
Ma, a 30Ha MPUTSKEHUST 3TUX PEKOPAHBIX 3HAYCHU I
onpeaesseTCs MOJIOXKUTETBHO ONpeaeIeHHOM MaTpy-
ueit I'ecce kpurepusd 1,,. CornacHo BelpaxeHuto (27)
KpuTepuii /,, XapakTepu3yeT pa3HOCTb YCPEIHEHHOIO
(Mo aHcamOJII0 peaju3alivii) mepexoqHoro mpouecca
1 MPOBEPSIEMOro MEPEXOIHOro Ipoliecca, T. €. yCiIo-
Bre (26) Ga3upyeTcsd Ha MaTpULE BUIA

otr, o1, o,

o%q, 09109, 04,04;
HUpay =| Lo S Ol | g

09,09,  0°q, 042043

otr, o1, oI,

| 0q50q1 09309, %qs

L _ 3T (5,00 1) (012 (0
og;oq; o 7! meoRy > (29

i,j =123

rae  g,(f) =, q*) —e(t,q4%); &) MaTpuLa

(byHKLIMIT 4YyBCTBUTEJIBHOCTH BTOPOrO IOPSIAKA.
[IprMeHUM KOMITAKThl YyBCTBUTEILHOCTH JJISI CO-
KpalleHUs1 00beMa BbIUMCIIEHUIT MaTpUIbl (yHK-
LM 4yBCTBUTEIBHOCTH BTOPOTO MOPSIKA &;(7):

I 107 P& (7) ]
1(2) » Tp+l
| g &£ (D) €,(%)
S50 = P p? Tip+1
PEL(D) &) pXELO)
_Tfp+1 Tip+1 (Tfp+1)2_ (30)
(i,j=12,3),
o%ult,
a“<r>=G,]<p)%lq),
o%u(t,q)

= — -2 .
080250
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Pe3yJIbTaTbI HCCIECA0BAHUA

Hnsa anpobauuuy padboTsl ajaroputma (12) mpu
eAMHUYHOM 3ajamlueM BozaeicTBum A(f) = 1(7)
B3STHI CJICAYIOLIME 3HAYCHUS MapaMeTpPOB orepa-
TOopa o0beKkTa (2), KOTOphle NPUHSITH B Ka4eCcTBe
0a30BbIX C BBIIIOJHEHUEM YCJIOBUS OOJBIIOIO 3a-
Nas3abIBaHUA T,/ T, = 1

n= 2, Tobl = 10, Tob2 = 50, kob = l, TOb = 50 (31)

Ilepen Hayanmom 3arrycka aaropurma (12) HeoOxo-
JUMO yKa3aTh CTapTOBOE 3HaYeHMe BeKTopa . B Ha-
CTOSIIIIEH pabOTe MIJIST ONPENeICHUST CTAPTOBBIX TOYEK
anroputMma (12) ucroab3oBajiock rmocrpoenue [T
peryisiTopa Ha OCHOBE PEryjsiTopa ¢ BHYTpEHHeEH
mozenbto nipu Ty = 0, Tak Kak JaHHBIA Mapamerp
paccuuThiBaeTca no aaroputmy (24). CormacHo pa-
oote [11] nist oObekTa ¢ mapameTpamu (31) crapToBoe
3HAUCHME BEKTOpPA ( UMEET CIACAYIOIIMIA BUI;

T, +T 1
q[0] = —28——002 " ¢ [0] = —ri——,
! kob(zx + Tob) 2 kob(zx + ‘cob) (32)
g510] = Topi + Topa [ Ton1Tona j
kop 2y + o) \ (Topy + Tpp)

rae y — TapamMeTrp, NMPUMHUMAIOIIUK 3HaYeHUsI
B AuamnazoHe oT 0 10 +o, ¢ TMTOMOIIbIO KOTOPOTO
MOXXHO TOJYYUTh MHOXECTBO CTapTOBBIX 3HAYe-
HUN aaropuTMa ontumusanuu (12).

Puc. 2, 6 nemoHCcTpupyeT TOT (akT, yTo chop-
MUPOBaHHBIK anroput™m (12) ans aBTOMaTH4Ye-
ckoir cuctembl (1) obecrieuuBaeT BbIUMCIEHUE
qz (k =1,2,3) nng cTapTOBBIX MEPEXOAHBIX MPO-
LIECCOB IPHU Pa3IUYHBIX qg)) (k=1,2,3) u T,= 0.

Hnst aBromaTtuyeckoi cucteMbl (1) 1 oObekTa
(2), (32) cormacHO maHHBIM U3 Tabm. 1, 2, comep-
KAIMM Pe3yJIbTaThl YMCJIEHHOTO 3KCIIEPUMEHTA,
MOJIy4yeHbl BEKTOPbl HACTpaMBaeMbIX MapaMeTpPOB
qz (k =1,2,3), mpyu KOTOPBIX BBITIOJHSIIOTCS YC-
noBus (25), (26), 4TO SBISETCS B HACTOSIIEH pa-
0oTe TMOATBEPXACHUEM PabOTOCMOCOOHOCTH ajl-
roputma (12).

B anroputme (24) 3amaerca N = 5, 4TO MO3BOIS-
€T MOJNYyYUTh MakcMMasibHoe 3HaueHue Ty Tabi. 3
MpeACTaBSIET Pe3yabTaThl pabOThl aJIrOPUTMA BbI-
YHCJIEHUS ITapaMeTpa peasibHoro nuddepeHInpyo-
1LIero 3BeHa T;k (24) nyst BEKTOpPOB q; (k=1,273),
MOJYYEHHBIX TIOCJIe BBITIOJIHEHUST ajroputMa (12).

Hanuble Tabyu. 3 u puc. 3 MOATBEPXAAIOT YT-
BepxXJIeHUe paboThl [16], yTo yBenwdyeHHWe Iapa-

Puc. 2. I'padmkn nepexoqnpix npoueccosB B aBToMaTuieckoii cucreme (1):
a — TIPY CTapTOBBIX HACTpanMBaeMbIX MapaMeTpax, ONMpeaeIeHHbBIX BeIpaxkeHUsIMU (32); 6 — Mpyu HaliIECHHBIX HACTpauBaeMbIX ITapaMeTpax
aJITOPUTMOM Ha OCHOBE METOJa CONpsIxkKeHHBIX rpanueHToB [lomaka—Ilonska—PuGbsepa (12)

Fig. 2. Graphs of transients in an automatic system (1):

a — with the initial configurable parameters defined by expressions (32); 6 — when the tunable parameters are found by an algorithm based

on the method of conjugate Polak—Polyak-Ribier gradients (12)

Tab6nuna 1
Table 1

Pe3yabraTbl paboTHI aJIrOPHTMA ONTHMHU3ANAN HA OCHOBE MeToAa conpsikeHHbIX rpaauenToB Ilosaka—Ilonska—Puobepa (12)

Results of the optimization algorithm based on the method of conjugate gradients of Polak— Polyak— Ribier (12)

k 1 4" q5" a5" @ % % T 10 I

1 150 0,17143 0,00286 1,42857 0,65964 0,00730 1,42967 200,9 92,2

2 175 0,15000 0,00250 1,25000 0,61974 0,00746 1,25105 0 221,7 93,2

3 200 013333 | 0,00222 | 111111 | 0.68766 | 000720 | 1,11235 241,1 91,6
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Tabnuna 2
Table 2

Marpuna I'ecce H nas kpurepus (29)

Hesse matrix H for criterion (29)

VI10BblE MUHOPBI MATPUIIbI
k H(,(q%) H(,,(q")
A A Ay
1 88,7; 31,8; —0,00668 88,7 | 127729424,8 | 1390151,7
31,4; 1439495,8; —176,9
—0,00668; —177,0; 0,13059
2 94,7; —218,0; 0,1028 94,7 | 131825832,5 | 14312913,0
—218,4; 1392010,7; —185,8
0,1028; —186,7; 0,13355
3 86,0; 169,8; —0,07625 | 86,0 | 126978388,0 | 14211408,5
169,4; 1476391,8; —175,7
—0,07625; —174,9; 0,13277
Tab6nuna 3
Table 3

Pe3yJII>TaT]zl paﬁOTbI AJITOPUTMA BBIYUCJICHUA MapaMeTpa
peaasuoro nuddepenuupyomero 3sena 77 (24)

Results of the algorithm for calculating the parameter
of the real differentiating link T;* (24)

Anroput™M | AJITrOpuTM
Kloag | ¢ | e [V ey

rFo T | Ty
1 10,65964 | 0,00730 | 26,71542 92,2 95,7 | 8,1
2 10,6197410,00746 | 26,33895 | 5 | 93,2 0 96,8 | 8,5
3 10,68766 | 0,00720 | 28,19394 91,6 95,2 | 82

MeTpa peasibHOro nuddepeHuupyiomiero 3seHa 7y
BeleT K YBEJIMYEHUIO UHTETrpaJbHOTO KBaapaTuy-
HOTO KPUTEPUSI.

Kak oTMeueHo paHee, Mpy HAJAWMYWU OTrpaHUye-
HUSI B KpuTepuu (4), TPOAMKTOBAHHOIO TpPaKTHU-
KO aBTOMaTM3allMy Ha MPOM3BOACTBE, HEOOXOM M-

MO€ 1 JOCTaTOYHOE YCJIOBHME 3KCTpeMyMa JaHHOTO
KpUTEPUsI HE BBITIOJHIETCS, U MOSBISICTCS HEOMI-
HO3HaAyHas 3aj1ada B MPOBEpPKe PabOTOCIIOCOOHO-
ctu anropuTtMa ontuMmzanuu (12). DtoT ¢akT 3a-
CTaBJIsIET oOpalaThes K yeaoBusaMm (25), (26), koto-
pble MO3BOJISIOT MOATBEPAUTL PAOOTOCHOCOOHOCTD
ajaropuTMa napamerpuyeckoi ontumusauvu [T
peryasitopa Mo MHTerpaJbHOMY Kputepuio (4) co
mtpadHoil ¢pyHkuuei (4.1) 1 BeIOpaHHBIX CTap-
TOBBIX 3HAYEHU 1 BEKTOPOB qgco) (k=1,2,3).

3akaoyenue

B Hacrtoguieii pabote ¢ moMollbio chopMUPO-
BaHHOTI'O aJIrOpUTMa Ha OCHOBE METOMA COMPSKEH-
HbIX rpagueHToB Ilomaka—Ilonska—Pubbepa (12)
U anroputMa BelyuciaeHusi T (24) peilueHa 3ana-
ya mapamerpuueckoro cuHrtesza ITM] perynsitopa
¢ pealibHbIM ITUddEPeHIIUPYIOIIUM 3BEHOM B YC-
JIOBUSIX OTPaHMYECHMSI Ha TMepeperyanpoBaHue sl
00beKTa ¢ OOJIBIIMM 3aIa3ablBAaHUEM TTPY UCIIOIb-
30BAHUM MHTETPAJTBHOIO KBaApaTUUYHOTIO KpUTE-
pus kadecTBa. [lpenmyllecTBO paccMaTprBaeMoro
WHTETpaJIibHOTO KPUTepUs co 1TpadHOi QyHKIIU-
el (4.1), B cpaBHEHUM C UHTErpajbHbIM KPUTEPU-
€M, BKJIIOYAIOLIUM MPOM3BOAHbBIC Pa3MYHOIO I0-
psaka e(f, q), COCTOUT B TOM, YTO He TpeOyeTcs
pa30buBaTh KPUTEPUIl Ha COCTaBHBIE YacTU U OT-
JeJIbHO TI0 HUM BBIMIOJHSTH ONTUMU3anuio. s
MPOBEPKU pabOTOCIIOCOOHOCTU CHOPMUPOBAHHOTO
anroput™ma AIIO (12) npuBiekaeTcsd OOWH M3 Ba-
PUAHTOB peaiu3allii BbIYUCIUTEIBHON POLICAYPHI,
KOTOpasi CTPOUTCS Ha OCHOBE 30HBI MPUTSIXKEHUS
PEKOPAHBIX 3HAYEHU A KPUTEPUS ONTUMU3ALUH (4).
I'paHUIIBI 5TOI 30HBI ONPEACIISIOTCS MOJOXKUTEIb-
- HO ompeaeleHHON Marpuueit I'ecce Kpu-

tepus (27).

ITpu mapametpuyeckoM cuHTede TTH]]
perynsTopa ¢ peajlbHbIM duddepeHIupy-
IOIIMM 3BEHOM MOXHO BBIACIUTH CJEIy-
IOIIIME 3TAIbl; BHIYMCICHUE 3HAYCHUI Ha-

BBIUMCJIEHUE 3HAYCHUN HaCcTpanmBaeMbIX
rnapamMeTpoB q* npu Tr= 0. YkasaHHbIe 9Ta-
bl MOTYT PEaJIM30BBIBATHCS B PA3IMYHBIX
Mo TpUHLIMMOAM ACUCTBUS aJTOpPUTMaX,

Puc. 3. I'paduku nepexoaHbiX NPouEeccoB B aBToMaTHYecKoil cucteme (1) mociae
BBINOJIHEHUS ajroputma (24) BHIYHCJIEHHS MapamMeTpoB peajbHoro nugdepen-

uupytomero ssena T7 (k= 1,2,3)

Fig. 3. Graphs of transients in the automatic system (1) after executing the al-
gorithm (24) for calculating the parameters of the real differentiating link 7'

(k=1,2,3)

M BaXXHYIO pOJb B (DOPMUPOBAHUU AJITO-
pUTMa BBIUMCIICHUS TapaMeTpa peabHO-
ro auddepeHIUpPYIONIET0 3BeHa WUTrpaeT
BBIOOP KPUTEpUST ONTHUMU3ALIMU, TaK KakK
WCITOJIb30BaHUE TAaKOTrO 3BeHa aIpuopu
yXyAIIaeT KadecTBO pabOThI peEryssiTopa
B 3aJaHHOI aBTOMAaTUUYECKON CHCTEME.

|
|
I
I
I
|
|
|
|
i
| CTpauBaeMbIX MMapaMeTpoB q* npu 7} = 0;
i
|
|
|
|
|
|
|
|
|
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In automatic control systems (ASR), industrial processes of various types with a delay with a limit on the amount of over-
regulation, a PID controller with a real differentiating link (hereinafter referred to as the PID controller) is widely used. As
is known, a sign of the presence of a large delay in the object of regulation is the ratio t,,/T,, > 1, where t,, is the value of
the delay time and T, is maximum time constant of the object of control. In the presence of a large delay and limitation in
the ASR, the parametric synthesis of the PID controller by well-known frequency methods becomes difficult, which leads to
interest in the development of numerical searchless algorithms for parametric optimization based on the use of sensitivity func-
tions to determine the gradient of the optimality criterion. In this paper, an APO algorithm is formed that calculates, based on
the minimum of the integral quadratic criterion, the values of the adjustable parameters of the PID controller in the specified
ASR. In order to ensure that there is no re-regulation of the resulting transient process, the authors of this article propose to
introduce a restriction on the regulatory effect into the automatic system at the optimization stage, which, in turn, is taken
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into account by adding a penalty function to the integral criterion. The proposed algorithm is based on the method of conju-
gate Polak— Polyak- Ribier gradients with its known advantages. The components of the gradient vector of the optimization
criterion are calculated using such sensitivity functions that allow you to obtain all the components of this vector without trial
search variations of the configurable parameters. To calculate the value of the optimization step, the authors implemented an
appropriate algorithm based on a gradient procedure using the sensitivity function of the output coordinate of the ASR to the
step value. The convergence of the generated APO algorithm was verified using a numerical procedure based on the zone of
attraction of record values of the optimization criterion, which is determined by a positive-definite Hesse matrix of the integral
quadratic criterion based on the difference between the averaged and the tested transients.

Keywords: PID controller, delay, parametric sensitivity, conjugate gradients, penalty function
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Correlational Extremal System for Controlling the Beginning of Faults in Oil
Field Equipment by Analyzing their Wattmeter and Dynamometer Charts

Abstract

The creation of technology for the analysis of wattmeter charts to control the main equipment of oil fields has always been of
both theoretical and great practical interest. Numerous experiments have shown that the wattmeter chart of their electric motor is a
highly noisy signal, and a significant part of the diagnostic information is contained in the estimates of the noise variance and the
cross-correlation function between the noise and the useful signal. The lack of technologies for their analysis made it difficult and still
makes it difficult to use the wattmeter chart to control the indicated equipment. The paper proposes a technology for controlling the
onset of malfunctions and early diagnostics of the technical condition of sucker rod pumping units (SRPU), electric submersible pumps
(ESPs), modular cluster pump stations (MCPS) of oil fields. It is shown that during operation, the wattmeter chart of the electric
motors of these objects reflects information about the beginning of the latent period of change in their technical condition, which can
be used as informative attributes in their diagnosis. A technology is proposed for determining the estimate of the cross-correlation
Sfunction Ry, (1) between the useful signal X(iAt) and the noise €(iAt) of the wattmeter chart and the technology for generating a set of
reference wattmeter charts, in which the obtained informative attributes coincide with the informative attributes of the wattmeter charts
of typical malfunctions. It is proposed to solve the problem of identifying faults in the equipment under consideration by the informa-
tive attributes of current and reference wattmeter charts of electric motors using correlation extremal systems. It is shown that using
the proposed technology it is also possible to control the onset of similar malfunctions of SRPU by analyzing the dynamometer chart.
The results of experiments showing the effectiveness and expediency of creating these control systems based on CES are presented.
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KoppensiumoHHasa akcTpemanbHasi CACTeMa KOHTPONSA Havyana
HeucnpaBHOCTEN 060pyaoBaHNA He(PTAHbIX MPOMbICIIOB NyTeM aHanu3a
X BaTTMETPOrpaMmMmbl U AMHaAMOrpaMMbl

Co3zdanue mexHos02uu aHaIu3a eammmempoecpammbl ons KOHMpOAs OCHOBHO20 050py0060Huﬂ He¢m/‘lelx npomblcaoe 6ceeda
npeacmafmﬂ/t Kak meopemu'tecxuﬁ, mak u 604bui0l npalcmuuec;cm? unmepec. Mnoeouucaennuvie IKCnepumermosl nokassleai,
umo eammmempozpamma 3ﬂe1cmp003ueameﬂﬂ npeacmasfmem co00U CUNbHO 3dulyM/l€HHblI,Z CueHan, U 3HavumenbHas 4acmo
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duaeHocmuveckoi UHGoOpMayuy cooeplcumcs 6 OUeHKax Oucnepcuu nomexu U 83aUMHO KOPPeASYUOHHOU QYHKYUUU Medlcoy
nOMeXO0U U noAe3HbIM cueHarom. Omcymemeue mexHoA02Ul UX AHAAU3A 3AMPYOHAL0 U 3aMPYOHAem UCNOAb308aHUe 8aMMmMe-
mpoepammol 041 KOHMPOASL YKAZAHHO20 000PY00GAHUS.

B cmamve npedaaeaemcs mexHoao2us KOHMPOAS HAYAAA HEUCNPAGHOCMel U PAHHel 0UA2HOCMUKY MeXHUYeCK020 CO-
CMOAHUS WMAH208bIX 2AYOUHHO-HacoCHbIX yemanoeok (IIITHY), yecmanosox saexmpoyenmpobencuuix Hacocos (YIIIH),
O6n04HbIX Kycmosvix Hacochblx cmanyui (BPKHC) negpmsanoix npomosicros. Ilokaszauno, umo 6 npouecce 3kcnayamayuu
Ha eéammmempozpamme 3ieKkmpoodguecameneti 3mux 006eKmo8 ompaxcaemcs UHGoOpmMayus o Hauaie cKpvimozo nepuo-
0a U3MeHeHUs UX MeXHUUecK020 COCMOAHUSA, KOMOPYIO MOJNCHO UCHOAb306AMb KAK UH@OPMAMUEHble NPUSHAKU NPU UX
Oduaenocmuke. Ilpedaaeaemcs mexnonoeus onpedenenusn OUEeHKU 63aAUMHO KOppeAAyuorHou gynkyuu Ry, (n) mexncdy no-
Ae3HbiM cuenarom X(iAt) u nomexoi e(iAt) gammmempoepammol U MexHoA02U HOPMUPOBAHUS MHOICECMBEA IMANOHHBLX
6AMMMempoOpamMM, y KOMOPbIX HOAYYEHHble UHGOPMAMUBHbIe NPUSHAKU COBNADAIOM C UHMOPMAMUBHBIMU NPUSHAKA-
MU eammmempopamm xXapaKmepHolx HeucnpagrHocmell. [lpedaaeaemcs no un@opmamueuviM HPUZHAKAM MEKYUWUX U
IMANOHHBIX 8AMMMEMPOPAMM dAeKMPOOsuzameneli ¢ NOMOUWBI KOPPEASUUOHHBIX IKCMPEMAAbHBIX CUCMeEM Deulumb 3a-
dauy udenmugukayuu Heucnpasnocmel paccmampueaemozo obopydosanus. Ilokazano, umo, ucnoav3ya npeodioNCeHHy 0
MEeXHOA02UK) MAKICe 803MONCHO OCYUeCMEUMb KOHMPOLb HAYAAA AHAA02UYHbLX HeucnpagHocmel HIITHY nymem anaiusa
dunamoepammol. Ilpusedensr pe3yasbmamosl IKCnePUMEHMO8, HOKA3bIBAUWUX IPDekmUBHOCMb U UeaecO000pa3sHoCmy co3-
danus smux cucmem KoHmpoas Ha ochoge KHC.

Karoueevte caoea: snekmpodsuzamens, 6aMmMmempo2pamma, OUHAMOZPAMMA, KOHMPOAb, 006eKm, UOeHMUDUKAUUS, KOp-
PeASUUOHHASA IKCMPEMAAbHAS CUCIEeMA, OYEHKA, NoMeXa, aeapus, MeXHUYecKoe CoCmosaHue, HeUCnPaeHoOCMb, UHGOPMAMUE-

Hblll NPUBHAK

Introduction

It is known that the process of extracting oil and
gas from oil fields covers four stages [1—6]. At the
first stage oil production is carried out by the free-
flow production method. Then the gas lift method
of production is used, followed by mechanized mi-
ning. Finally, the longest period of the oil production
process in the late stage of field development begins.
Naturally, over time, the late stage of operation be-
gins for all oil fields. The need for their further de-
velopment is due to the fact that, according to many
leading oil specialists, in some fields the amount
of remaining oil reserves turns out to be greater
than the oil extracted by all methods. However, over
time, ensuring the profitability of their operation
becomes more difficult and requires minimization
of all costs necessary for their operation. At the
same time, the profitability of their operation is ac-
companied by numerous problems [1—6]. Among
these problems, the most important is the need to
minimize the cost of an energy-intensive process
associated with the production of a gas-liquid mix-
ture from a well using sucker rod pumping units
(SRPU) and electric centrifugal pump units (ESP).
The next problem is also related to an energy-in-
tensive process in modular cluster pump stations
(MCPS), which, using multi-stage injection pumps,
pump water into the reservoir through injection
wells. To reduce the costs of both these processes, it
is first of all necessary to ensure the fault-free ope-
ration of these energy-intensive processes [4, 6—S8].

Problem statement

Let us consider the well-known [1-4] typical flow
chart of the oil production process in the late stage
of oil field development (Fig. 1).

The gas-liquid mixture 1 from the well 2 with
the help of production pumps 3 of sucker rod wells
(SRPU) and electric submersible pumps (ESP) rises
to the surface and is directed through flow lines 4
in a closed system under the pressure of the produc-
tion pumps into automatic pad metering station 5 to
determine the amount of yield for each well. After
the metering, the well yield is transported through
gathering mains 6 to the separator 7. Primary gas
separation 8 takes place in the separator. Partially

Fig. 1. Typical flow chart for oil production process in the late
stage of field development
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degassed fluid 9 from the separator enters the free
water knock out unit 10 for the discharge of pro-
duced water from the formation fluid.

Formation water separated in the apparatus of the
free water knock out unit FWKO 10 through water
conducts 11 through sand traps 12 and oil traps 13
enters modular cluster pump stations (MCPS) 14,
where with the help of multistage injection pumps
through injection wells 15 are injected into the for-
mation 16. Under the pressure of water in the pro-
duction horizons, the gas-liquid mixture is displaced
from the reservoir into the production well, and so
the closed cyclic process of oil production continues
in the late stage of field development by mechanized
methods. Thus, the late stage of oil field development
mainly includes two energy-intensive processes that
require large expenses for the operation of the main
equipment: these are modular cluster pump stations
(MCPS) for pumping water into the reservoir to
maintain reservoir pressure and equipment for arti-
ficial lift of oil (SRPU and ESP) from wells [1—4].

A study of the mechanism of operation of the
SRPU, ESP and MCPS shows that information
about the technical condition of these objects is re-
flected in the power consumed by the electric mo-
tor, namely, currents and voltages. For instance, a
change in the load of the SRPU pump is reflected
on the dynamometer chart, i.e., in the readings
of the load cell U,(#), and also on the wattmeter
chart of the electric motor Uy(r), with which the
SRPU operates. The same takes place in ESP and
MCPS. Therefore, it is possible to control the tech-
nical condition of SRPU, ESP and MCPS [1—7]
indirectly, since their malfunctions are reflected in
the parameters of the power consumption of electric
motors, namely, currents and voltages. The main
advantage of the wattmeter chart is that it allows
one to exclude primary converters of mechanical
quantities into electrical ones in control and diag-
nostic systems, which are unreliable elements in the
dynamometer chart-based diagnostic system. Such
an option for solving the problem under consider-
ation is important, since the technology for analyz-
ing wattmeter charts of electric motors, in addition
to the above equipment, can also be used in systems
for controlling the onset of the latent form of emer-
gencies at compressor stations, pumping stations,
drilling rigs, etc.

Therefore, in the proposed study, the objective is to
create new technologies and tools for early diagnosis
of the technical condition of this equipment by using
both dynamometer and wattmeter charts of their elec-
tric motors as diagnostic information carriers.

Analysis of the state of the art in existing systems
for controlling the technical condition
of SRPU, ESP and MCPS

Ensuring fault-free operation of energy-intensive
equipment in oil fields is an important problem. In
this regard, we will first consider the shortcomings
of the existing technologies for controlling the tech-
nical condition of this equipment.

At present, to control the technical condition of
the operation of sucker rod pumping units (SRPU),
the method of analyzing the dynamometer chart ob-
tained from the load cell is used [I—7]. One of the
main disadvantages of this method is that in this
case, to form a dynamometer chart, it is necessary to
use an expensive load cell, which often changes its
metrological characteristics in difficult climatic field
conditions. Because of this, constant control and
adjustment of the operation of the sensor by highly
qualified service personnel is required. In addition,
there is no possibility to carry out automatic identi-
fication of dynamometer charts in real time. For this
reason, in most real-life cases, the identification of
a dynamometer chart is carried out by an oil tech-
nologist interpreting it in a semi-automated mode.
In this case, the result of diagnostics depends on the
qualifications of the technologist and the diagnostic
process, i.e., identification of the technical condition
of wells takes quite a long time. At the same time,
even a highly qualified specialist sometimes finds it
difficult to accurately determine the technical condi-
tion of a submersible pump visually from dynamom-
eter charts, especially for deep wells. As a result, due
to the difficulties of control and timely elimination
of equipment malfunctions, the profitability of oil
production at SRPU decreases significantly [1—7].

The ESP parameter control system consists of a
submersible telemetry system and a ground control
and diagnostics system. Such systems are necessary
in almost all cases of ESP use. However, from the
point of view of modern diagnostics, vibration pa-
rameters are one of the main criteria for assessing
the quality and reliability of ESP. Unfortunately,
the measurement of the vibration level during the
operation of ESP is complicated by its operating
conditions, since there is no access to it [1—4].

In this regard, unfortunately, at present there is
no single concept for diagnosing ESPs, but separate
methods exist and are successfully applied. Essen-
tially, they are carried out on the basis of an analysis
of the readings of control and measuring instruments
during regular checks and on the basis of test results
during scheduled and unscheduled repairs of the ESP.
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An analysis of reservoir pressure maintenance
technologies shows [1-4] that both single-stage and
multi-stage MCPS are most widely used as pumps
for pumping water into reservoirs. As part of these
pumping units, as a rule, a three-phase asynchro-
nous motor with a squirrel-cage rotor is used.

Taking into account the design features and the
principle of operation of these pumps, the following
diagnostic methods are used:

e vibration diagnostic methods based on the
analysis of vibration parameters of these objects;

e acoustic diagnostic methods based on the analysis
of the parameters of sound waves generated by
these objects and their components;

» clectrodiagnostic control of the pump motor.

All these diagnostic methods make it possible
to identify individual faults when they have a pro-
nounced form, which often turns out to be belated
and their repair leads to high economic costs [6—10].

Technology for measuring the wattmeter chart
of electric motors of SRPU, ESP and MCPS

In such equipment as SRPU, ESP and MCPS,
during the operation, the initiation and development
of a defect until it takes on a pronounced form have
significant distinctive features. They are related to the
specific features of the deposit, their functions and
technical conditions, modes of their operation, etc.
For these and many other reasons, in this equipment,
the process of the initiation of a defect before it takes
on a pronounced form proceeds differently. In some
objects, this occurs quickly [9, 13]. For others, this
process takes many times longer. Despite all this dif-
ference, the common thing here is that during this pe-
riod the information reflected in the wattmeter chart
from the emergence of a defect is constantly chan-
ging and the existing control devices cannot respond
to these changes. As a result, serious accidents occur
at these facilities. The conducted studies have shown
that the initial phase of the emergence of defects is
accompanied by low-power noise in the wattmeter
chart. They carry information about the initial period
of change in the state of the object, which ultimately
leads to an accident. At the same time, between the
initial period of the change and the moment of the acci-
dent, as a rule, enough time passes for taking measures
to prevent the accident. But in existing monitoring
and control systems, noise, which is the only source
of information, is lost as a result of signal filtering.
As a result, the condition of the equipment cannot be
timely and adequately identified [5—7].

Below, for a 3-wire circuit of SRPU, ESP and
MCPS, through which the electric motor is pow-
ered, a power measurement circuit is proposed
(Fig. 2), which differs by measuring the voltages
and currents of all phases relative to artificial zero.

As a result, unlike the traditional circuit in which
the parameters iy, ip, U e, Upc, Were measured, in
the proposed circuit the parameters iy, ip, ic, Uy,
Uug, uc are measured.

Experimental studies [3, 4] have shown that the
occurrence of faults in controlled equipment, i.e., in
SRPU, ESP and in MCPS it is reflected in the form
of noise &(?) both on iy, ip, icand on uy, up, uc. Con-
sequently, both of them contain an informative attri-
bute about the beginning of the onset of a malfunc-
tion. However, given the measurement and analysis of
signals in the form of voltage, it is more convenient to
further consider the option of analyzing variables in
time u (%), up(?), uc(?). To facilitate further presentation
and generalizing these quantities, we call them watt-
meters of electric motors and denote them by u(f) — in
continuous form and by u(iAf) — in discrete form.

Note that these parameters also carry additional
information for diagnosing the state of the equip-
ment. So, for instance, the difference in the sum
of the instantaneous values of the phase currents
means an insulation defect, that is, a current lea-
kage to the motor housing. Measurement according
to the proposed scheme allows one to separately de-
termine the instantaneous values of the power con-
sumption of each stator coil, determine their aver-
age values for a certain period and compare them
with each other and the corresponding previous va-
lues to draw a conclusion about changes in the coils
(turn-to-turn short circuits).
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Fig. 2. Schematic diagram of the measurement of the electric mo-
tor power consumption parameters
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As mentioned above, wattmeter charts of electric
motors are highly noisy parameters. Experimental
studies have shown that at the beginning of malfunc-
tions during the operation of SRPU, ESP and MCPS,
tangible noise ¢(iA7) occurs in the wattmeter chart of
their electric motors. Let us assume that during the oil
production of the operation of the electric motor, we
get a noisy discretized wattmeter chart g(iA?) = U(iAY),
which consists of the useful vibration signal X(iAf) and
the total vibration signal noise €(iAf), i.e.,

U(t) = g(iAt) = X (iAf) + e(iAT).

In this case, it can be assumed that low-frequen-
cy components X X(iA?) arise from the influence of
the pump operation. At the same time, from the in-
fluence of other factors related to the technical con-
dition of the object, high-frequency components are
mainly formed, i.e., the noise £(iAf). Therefore, we
can assume that in the total noisy wattmeter chart
U(¥), the useful signal consisting of low-frequency
components X(iAf), the noise &(iAf) and the coef-
ficient of the relationship between X(iA7) and (iAf)
reflect information about the technical condition of
the pump. Therefore, by analyzing the useful signal
X(iA?) and the noise e(iAf) of the wattmeter chart
and the relationship Ry, (i) between them, it is pos-
sible to control the process of oil well operation.

The analysis carried out and the results of exper-
imental studies show that the onset of faults is re-
flected in the wattmeter chart U(iAf) of electric mo-
tors driving SRPU, ESP and MCPS. They operate
in the field and from external factors (strong tem-
perature and humidity changes, winds, etc.), noise
e(?) occurs and in the process of their operation,
noise &,(f) is also generated from the occurrence of
various malfunctions, which has a correlation with
the useful signal X(7) of the dynamometer chart U(?)
[10]. Therefore, the noise ¢,(f) accompanying the
useful force signal X(¢¥) of the dynamometer chart
U(¥), is formed under the influence of two factors:

e(t) = g (f) + g5(1), (1)

where &,(#) is formed from the influence of environ-
mental changes (temperature changes, humidity, etc.);

(1) is formed during the operation of the object
from the occurrence of various defects in the me-
chanical units of the pump (wear, bending, crack,
fatigue, etc.).

The speed (sampling interval) of the analog-to-
digital conversion when measuring the wattmeter
chart must be selected so as not to lose diagnostic in-
formation about the onset of faults in the controlled
equipment [6—10].

Difficulties in the control of the onset of faults
by the estimates of the correlation characteristics
of electric motor wattmeter charts

As was indicated above, it is typical for the objects
under consideration during operation to go into a la-
tent period of the initiation of various defects [10—15].
Usually all of them are reflected in the signals, i.e., on
wattmeter charts in the form of noise, which, when a
fault occurs, correlate with useful signals X(iA?). There-
fore, the total noise is formed from the noise ¢, (iA?),
which arises from the influence of external factors and
from the noise &,(iA?), which occurs as a result of the
initiation of various faults. In this case, the variance of
the wattmeter chart has the form:

D, ~ R, (0) ~ S g2(iar) ~ - 3 X2(iar) +
£ N 5 N 5

oL %X(im)g(im) L ﬁsz(im) ~ Q)
N iS5 N o
~ Ryy(0) + 2Ry, (0) + R.;(0),

where the total noise g(iAf) has a correlation with
the useful signal X(iA7), and its variance D, is
determined from the expression:

D, =2Ry.(0)+ R..(0),

where Ry (u) is the cross-correlation function be-
tween the useful signal and the noise £(iAf).

It is also known [10—15] that the formula for
determining the estimate of R,(u) can be repre-
sented as:

Ry (W) = % %g(iAt)g((i + WAL) ~
= % %(X(iAt) +e(iAD)) (X (( + wAL) +
-1

=

+e((i + WAL) ~ %Z[X(iAt)X((i L WAL +
+ (A X (G + WAL + X(IADe((i + p)AT) +
+ e(iAt)e((i + wAL) =
~ Ryy (W) + Rox () + Ry () + R, () =

Ryy (0) + 2Ry, (0) + R, (0) when p =0
N {Rxx(u) + 2Ry, (1) when p # 0.

(©)

Experimental studies have shown [3, 4, 9] that
during the operation of the wattmeter charts of
electric motors of SRPU, ESP and MCPS, the es-
timates of Ry, (n), R, (1) are tangible values, i.e., an
inequality takes place:

R)(g (H) > 09
R, (1) >0,
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and therefore there R,,(u) is a significant error in
the estimate of R, (H)

Because of this, it becomes difficult to ensure the
adequacy of the results of controlling the operation
of equipment by wattmeter charts. This is one of the
factors hindering the use of wattmeter charts to con-
trol the indicated oilfield equipment. In this regard,
it is necessary to create effective technologies for the
analysis of wattmeter charts, allowing the extraction
of available useful information from it by reducing
errors from the influence of the noise g,(iAf), to im-
prove the adequacy of the results obtained.

From expressions (2) and (3) it is obvious that
in the presence of a correlation between the useful
signal and the noise, the estimate of the correlation
function Ryy(n) of the useful signal of the wattme-
ter X(iAf) can be determined from the expression:

Ryx (W) =
[ Rgg(0) = 2Ry, (0) - 2R, (0) when u = 0;  (4)
B {Rgg(“) - 2Ry (n) when p = 0.

In [7, 9] it was shown that the estimates of the
variance D, of the noise e(iAf)can be determined
from the expression:

D, ~ % S[g2(A1) + g(iANg((i + A1) —
i=1

~2g(iA)g((i + D)AD)].

However, it is obvious from expression (4) that with
the estimate of D, available, to calculate the estimate
Ryx(w), it is also necessary to determine the estimate
of the cross-correlation function Ry, (i) between the
useful signal and the noise of the wattmeter chart.

®)

Technology for determining the estimate of the
cross-correlation function between the useful
signal and the noise of the wattmeter chart

The conducted studies have shown [6, 9] that the
nature of the relationship between the noise and the
useful signal is clearly reflected in the estimate of the
cross-correlation function R,,(u) between the cen-
tered g(iAr) and the non- centered g'(iAf) noisy sig-
nals, which can be determined from the expression:

Reo () = Zlg(lAt)g ((G+wAn; (6)
g(iAt) = X(iAY) + e(iAY); A
g'(iAt) = X'(iAt) + €'(iAT),

where g(iAY), g'(iAf), X(iAY), X'(iAf), £(iAY), € (iAf) are
centered and non-centered samples of the noisy

signal g(iAf), the useful signal X(iAf) and the noise
e(iAY), respectively.

The analysis of equality (6), (7) showed that using
the formula for determining the estimate of the cross-
correlation function between centered and non-centered
noisy signals, it is possible to determine the estimate of
the cross-correlation function Ry, (u) between the use-
ful signal X(iA?) and the noise £(iAf). In this regard, we
will consider one of the possible options for solving the
problem of analyzing the relationship between the use-
ful signal X(iAf) and the noise ¢(iA?). To do this, let us
first show the possibility of determining the estimate
Ry.(w), which opens the possibility of determining the
estimate Ryy(u), i.e., the estimate of the correlation
function of the useful signal of the wattmeter chart. It is
known from the literature [4—9], [15, 16] that when the
conditions of stationarity, normality of the distribution
law and the absence of correlation between X(iAf) and
£(iAY) are fulfilled, the equalities take place

1y , )
v EX(IAt)s(lAt) = 0; (®)

&)

and when calculating the estimate of R,,(n) from
formula (6), the following equalities take place be-
tween the number of N*" positive products of sam-
ples, g7 (iAf), g (iAf) and the number of N "negative
products of samples g~ (iAf), g (iA?)

N++ — N7+
N*™*T+N*=N.
At the same time, at the beginning, with a time
shift u = 0Af, 1Ar, 2At, 3A¢, ... the following in-
equality takes place between the absolute values of
the readings g(iA?), g'(iAf) and between the sums of
positive and negative products

N+

@)= T8 EA0F G+ wan >

N
% SN (GANE AN =0,

(10)

—+

> T8 AN G+ AN = R ().
i=1

The computational experiments performed and the
analysis of expressions (6), (7) show that when mul-
tiplying the samples of the non-centered signal g'(iAf)
by its centered samples g(iA7), despite the fulfillment
of equality (8), (9), (10) at, the inequality takes place

88

N ]

VNS
- g \g (IANg'(( +WAD)|.

254

MexaTpoHuKa, aBTOMaTH3amus, ynpasienae, Tom 24, Ne 5, 2023



In this case, in formula (6), the difference between
the sum of positive and negative products at p = 0
turned out to be significantly greater than zero, i.e.,

N+ N
; 8" (IAng (i + A1) - Zl g (Ang'((i +wAn > 0. (11)

Which shows that the correlation between X(iAf)
and e(iA?) is clearly reflected in the estimate of

R, (0), since the following inequality always
holds for u=0:

N*

X g NG+ wan) >
l:lN7+ (12)

>3 g (ANg (U + W),
i=1

However, in most real-life cases, the value

N+

1 e
R, (0)= v El g (iAn)g'(iAr)

practically represents a rough estimate of R, (u) for
u=20,ie.,

Ry (0) ~ R . (0).

Due to this, in these cases, the estimate of the
coefficient correlations Ry, between the useful sig-
nal and the noise can be determined by the magni-
tude of the difference between Rg+g, (0) and R,,(0)
according to the formula

Ky, (0) = R, ,(0) ~ Ry, (0) =
= LN et angan - - S gangian
N o N i '
Naturally, in this case, the error in the estimate
of the cross-correlation function depends on the
difference Rg+g,(0) - Rg_g, (0). But condition (12)
is almost always satisfied, and the difference from
the obtained difference can be taken as information
about the presence of a correlation between the use-
ful signal and the noise, i.e.

Ry, (0) = R . (0)~ Ry, (0).

At the same time, taking into account expression
(11), a rough, i.e., approximate, estimate of Ry, (0)
can be determined from the formula

Ry, (0)=[R,..(0) =R, (0)]- R (0) =
1 N++ . . 1 NTr o o
=N l_glg (iAD)g (’At)_ﬁ Elg (iAD)g'(iAT) | -

1 N . . 13
—Wzlg(lAt)g(zAt). (13)

An example of the practical application
of intelligent correlation extremal systems (CES)
to control the onset of malfunctions using SRPU
dynamometer charts

An analysis of the results of the experiments per-
formed showed that in order to control the onset of
a SRPU malfunction by an informative attribute
obtained by analyzing the dynamometer chart, it is
also advisable to use the correlation extremal systems
shown in Fig. 3. It was experimentally found that
both the dynamometer chart and on the wattmeter
chart in the same degrees reflect the beginning of all
typical faults of the SRPU. Taking into account that
the technical personnel had experience with dyna-
mometer charts and had a large number of real dy-
namometer charts, the initial experiments on the use
of CES to identify a SRPU malfunction in real-life
production conditions were carried out by us based
on the use of a dynamometer chart. Consideration of
this option of the use of CES is of independent prac-
tical interest, since at present, SRPU is widely used
in oil production. Therefore, the problem of elimi-
nating the difficulty of identifying a dynamometer
chart remains valid and the practQOical application
of CES for identifying a dynamometer chart can be
considered a priority. Fig. 3 shows a block diagram
of the proposed version of the CES, which operates
with the help of six modules:

1) module for analog-to-digital conversion of dy-
namometer and wattmeter charts into digital code;

2) module storing reference dynamometer and
wattmeter charts of typical faults of SRPU;

3) module for monitoring the beginning of a
fault using the estimates of Ry (u) and D

4) module for alternately determining the corre-
lation coefficient between the current values of the
dynamometer chart g(iAf) and the reference dyna-
mometer charts g,(iA7), which are previously formed
experimentally with the corresponding typical faults
and stored in the memory of module 2;

5) module for determining the number of the
reference dynamometer chart g,(iAr) at which the

Module of control
results analysis

| . i
iu,{t) ij / i
’ E)—i—k a2 ’
i gftmc)—om_’_. |
|

Fault identification |
module |

Fig. 3. An intelligent correlation extremal system for controlling
and identifying the beginning of faults using a dynamometer chart
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estimate of the correlation coefficient r;, takes the
maximum value;

6) module for SRPU fault identification by the
number of the found reference dynamometer chart

In the process of the operation of the correlation
extremal system, the current dynamometer chart
U(r) from the load cell is received at the input of
module 1, i.e., the input of the analog-to-digital
converter, where it is converted into digital code
U(iAr), which is fed to the inputs of modules 3
and 4, using module 3, the estimates of the variance
D, of the noise and the cross-correlation function
R .(0) between the useful signal X(iA7) and the noise
e(iAf) are determined according to formulas (5),
(13). If they exceed the experimentally established
threshold value, i.e., at D, > Df, Ry (0) > R} (0),
then module 4 is triggered by a signal from mod-
ule 3. In this case, between the current and refer-
ence dynamometer charts, alternately according to
the formula

M=

1 . .
B2 g (iA1)g, (iAT)

rje

noo,
Z‘igj(zAt)
i=

z|-[L

an estimate of the correlation coefficient is deter-
mined, where j is the number of current typical
faults, e is the number of the reference of typical
faults, r;, is the estimate of the normalized cross-
correlation function between g;(iA7) and g,(iA?).

By successively comparing the obtained esti-
mates of the correlation coefficients between the
current and reference dynamometer charts in mo-
dule 5, the number of the fault is determined, at
which the obtained estimates r;, has the maximum
value. Thus, the presence of reference signals of
typical faults through the use of CES allows one
to register the technical state of the SRPU at the
current time. Due to this, during the operation of
the SRPU, the obtained results of the CES allow

Fig. 4. Force curves of reference dynamometer charts
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real-time identification of a malfunction and the
formation of information about it.

In the experiments, the force curves of the refe-
rence dynamometer charts were selected for 10 typi-
cal faults of the SRPU, which are shown in Fig. 4.
They were used to identify the technical condition
of several facilities at the oil and gas production
department of Bibi-Heybat Oil [1, 14]. The nature
of the problems being solved made it possible to
implement the proposed technology with the help
of inexpensive modern industrial controllers (in our
case, the LPC 2148 FBD64 controller was used).
In this case, first of all, based on the duration of
the swing period Tgz, the sampling interval of the
dynamometer chart was determined. For the ma-
jority of oil wells in this field, the duration of time
T'sr varies in the range of 5 to 20 seconds. It was
experimentally established that in order to obtain

the desired estimates with the required accuracy,
it is advisable to sample dynamometer charts with
frequency f = 50—100 Hz. It was also found that
during the swing period, any slight change in the
technical condition of the SRPU is reflected both
in the dynamometer chart and in the wattmeter
chart g(iAf). Thanks to this, during the operation of
the SRPU, it is easy to form and memorize the cor-
responding force curves of the reference dynamom-
eter and wattmeter charts for various typical faults.
Numerous experiments have confirmed that the use
of CES allows for reliable detection of the onset of
failures of SRPU in real time by using the estimates
of Ry, (0) and D, at which their value exceeds the
threshold values. After that, according to the sig-
nal from module 3, the identification of a SRPU
malfunction using the CES practically comes down
to determining the number of the force curve of

Table 1
Estimates of the coefficients of correlation Fieys Tiveysoooslitenns Firers Fireys+oosTinerns *+5 Fingers Tingers s Fivoern
between the curves of reference and current dynamometer charts of typical malfunctionss
1o,
1 g N\‘\/V\/- Fjie Tjie, Fjes Fjes Tjes Fjeg Tjie; Fjeg Fjey Tjiew
pot t 0,8012 0,6001 0,4101 0,3005 0,6143 0,5921 0,5162 0,5301 0,4972 0,4151
512 o4
1I’J', 2
2 :: \'\f\.\_‘\/ Tjre, e, Fres Tjre, Tjses Tjes Tjse; Tjses Tjrey Jen
pred Lt 0,6001 0,8101 0,3904 0,0321 0,1421 0,1605 0,1931 0,1622 0,0988 0,0961
512 024
u,
3 ﬁ/\\ rfsel rfzfz rjz"z rf394 r/xes rjz"s rf397 rjzex rj3e(, rjsem
:‘;—mu_! 0,1470 0,0901 0,8023 0,0499 0,0324 0,1082 0,0893 0,0668 0,0453 0,0384
52
v, 4
4 ﬁ /vv‘\'\’_ Tjse, e Tyes Tjse, Tses Tyeq Tjse ey Tjsey Tjser
:: t 0,3008 0,2915 0,0934 0,9346 0,6135 0,2106 0,5427 0,5119 0,6881 0,6499
o, s
5 i /\/\)\N Tjse, Tjse, Fjses Fjse, Tjses Fjses Tjse, Tjses Fjseq Tjsenn
300
"“; t 0,5961 0,4783 0,0783 0,5022 0,8637 0,7681 0,7811 0,4633 0,5003 0,6021
s12 1024
U, s
6 ﬁ rjbel rfeez rjse3 rjbeA rfees rjsee rjse7 rfsex Jees Jeero
mnl:i E::xm_.f 0,6339 0,2901 0,0422 0,4113 0,5114 0,8706 0,6811 0,5801 0,6113 0,6009
512 4
7R
7 - Tjre, Tjre, Fjes Tjres Tjres Tjres Tjre; Tjres Tjrey Tjren
mu t 0,6360 0,2963 0,0972 0,4662 0,5891 0,5463 0,8946 0,6561 0,6224 0,5937
fo s
8 ey || f ] Tjse, Tjse, Fjses Fjse, Fjges Fjses Fjse, Fjsey Fjsey Fjser
300
“"o — "mf 0,4113 0,2131 0,0622 0,4511 0,2314 0,4241 0,7263 0,8321 0,8011 0,5625
U, °
9 400 (W\ Fjse, Tjse, Fjyes Fise, Tjses Fjyes Fjye, Tjse Fjyey Fisery
:: At £ 0,6411 0,4033 0,0811 0,5910 0,6192 0,4902 0,4524 0,4101 0,9211 0,6012
ool e
10 P e ) Fjioer Tjiges Tjioes Fjiges Tjiges Fjioes Fjioes Tjiges Tjioes e
o N 0,6322 0,3951 0,0196 0,4771 0,5981 0,5503 0,4803 0,4162 0,5844 0,9241
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the reference dynamometer chart (wattmeter chart)
g.(iAr), at which the desired estimate of the cross-
correlation function r;, takes on the maximum value
compared to all other reference signals. Due to this,
there is no need for visual interpretation of the dy-
namometer chart to determine the current technical
condition of the SRPU. To illustrate the possibility
of the identification option under consideration in
real field practice, Fig. 4 shows curves of reference
dynamometer charts for the 10 most common typi-
cal faults. Table 1 shows a combination of the cor-
responding estimates of the normalized correlation
coefficients, r,.

Thus, it has been experimentally confirmed that
using the number of the force curve of the reference
dynamometer chart g,(iAf), at which the estimate of
the normalized cross-correlation functions with the
curve of the current dynamometer chart g;(iA7) takes
the maximum value, it is possible to unambiguously
determine the number of the typical SRPU fault. The
advantage of using CES to identify a dynamometer
chart is that it does not require the involvement of a
technologist. They are easily implemented on mod-
ern inexpensive controllers (e.g., LPC 2148 FBD64).
This makes it possible to control and diagnose SRPU
in real time. The ease of implementation of these
technologies allows one to create a simple, reliable
and inexpensive control system for SRPU. Experi-
ments on various wells of the Bibi-Heybat field in
Baku and on wells of other fields showed the feasi-
bility of the practical application of these systems.
Since, at the same time, due to early diagnostics
and control of SRPU, current malfunctions are eas-
ily eliminated in a timely manner and operation of
the well is ensured in a profitable mode, and due to
saving electric energy and shortening the overhaul
period, their profitability is significantly increased.

It should be noted that based on the experience
of operating the above systems, it was found that by
determining the combinations of the force curves
of the reference dynamometer charts with the cor-
responding characteristic faults for one well, they
can be used in SRPU control systems of other wells
of the same depths. Considering that in most cases
each old field is characterized by approximately the
same pump descent depths, it becomes obvious that
the formation of one reference dynamometer curves
for all SRPU will be sufficient. Note that at differ-
ent well depths, experimental formation of various
different reference curves corresponding to the dy-
namometer chart is required. Fig. 4 shows the force
curves of the reference dynamometer charts for ten
typical faults.

As can be seen from Table 1, the curves of the
reference dynamometer charts of all ten typical
faults were used in the experiments. First, the esti-
mate of the correlation coefficient r,e; between the
curve of the first reference dynamometer chart with
the first current curve r, is determined, then the
estimate r;, between the first reference curve and
the second current curve j = 2 is determined, then
r;e between the third and the first, and so on.
Finally, between tenth and first, r; ,. After that,
this process is repeated for the curve of the sec-
ond reference dynamometer chart. To do this, we
first determine the estimate r;, , then r;, , then
Fjseys+++sjipe,- Lhis process is repeated for all curves
of the reference dynamometer charts, and finally,
for the curve of the tenth reference dynamometer
chart, FiiersTivoers Tinges s+ ++o ngery 1€ determined.
This process is completed by analyzing the com-
parison of the results of all possible combinations
between the reference and current dynamometer
chart curves. As can be seen from the table, only
one estimate Td e, in each control cycle takes the
maximum value and by its number, i.e., according
to the number of the curve of the reference dyna-
mometer chart, at which the estimate r,, takes on
the maximum values. As can be seen from Table 1,
in each row only in one column the estimate r;,
takes the maximum value, e,g,, in the 5th row the
estimate r;,. in comparison with other estimates
of this column, has a maximum value, which cor-
responds to the 5th typical fault. The number of the

current fault is identified.

Conclusion

Noisy signal analysis technologies used in con-
trol systems do not provide fault-free operation the
main equipment of oil fields. They do not allow
using diagnostic information from wattmeter charts
of their motors. In addition, the diagnostic infor-
mation contained in the noise of noisy signals as a
result of filtering loses information about the begin-
ning of the latent period of defect initiation in the
equipment of these objects. For this reason, there
is often a delay in the time of detection of the on-
set of malfunctions, which leads to inevitable ac-
cidents with catastrophic consequences. Therefore,
to ensure fault-free operation and organization of
timely maintenance of these facilities, it is neces-
sary to create new, more efficient technologies for
analyzing noisy signals. Taking into account the ex-
treme importance of this issue, the paper proposes
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using noise as a carrier of diagnostic information by
determining the estimates of the cross-correlation
functions between the useful signal and the noise.
To analyze wattmeter charts of electric motors and
identify malfunctions of the equipment under con-
sideration, the principle of constructing intelligent
correlation extremal systems is proposed.

The above-mentioned studies have shown that
with the use of the proposed algorithms and tech-
nologies for analyzing dynamometer and wattmeter
charts, it is possible to significantly increase the ef-
ficiency and reliability of ensuring fault-free opera-
tion of similar equipment in the offshore oil and gas
complex, petrochemical complexes, energy facili-
ties, etc. Many other examples can be given where
the use of the proposed wattmeter chart analysis
technologies is also effective. For instance, using
this technology, it is possible to solve the problem
of control and diagnostics on drilling rigs, where at
the beginning of the latent period of an accident,
information about this is reflected in the wattme-
ter chart of the electric motor that rotates the drill
string. By sending an early warning to the driller,
many costly catastrophic accidents can be avoided.

Finally, in many industries, for instance, in
pumping stations, irrigation systems, in compressor
stations of main oil and gas pipelines, etc., it is also
expedient to form and use reference and current in-
formative attributes of wattmeter charts of relevant
electric motors to ensure control of the onset and
early diagnosis of malfunctions. Therefore, the al-
gorithms and technologies for analyzing wattmeter
and dynamometer charts proposed in this paper, in
combination with an intelligent correlation extre-
mal system, can be widely used in many industries.
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CurHanbHasi KOMMYHMKaUus Onsa ynpaBneHus
noBeaeHUeM KonsnabdopaTuBHoro pobora*

Om pobomog éce yauje mpedyemcs pabomamo ¢ MeCHOM 83auUMOo0elicmeul ¢ A00bMU U Opyeumu pobomamu, Npu 3Mom maxkas
paboma npuobpemaem hopmy coemMecmHo20 8binoAHeHUs 0buell 3adauu — koarabopayuu. Cywecmeyoujue memoos. ynpasieHus
6 OCHOBHOM NPeOHA3HA4eHbl 045 BbICOKOYPOBHEB8020 NPUHAMUS PeUleHUll A8MOHOMHbIM A2eHMOM, HO 045 8HEWHUX 63aumodeti-
cmeuti HeoOx00UMbl CHeyUaNbHble CPeOCMEa pea2upo8anus Ha cumyayuro. B dannoii pabome onucvieaemces peaiuszayus cucmemsl
YApasaeHus KoA1abopamuerHo2o poboma, 0CHOBAHHAS HA IMOUUOHAAbHO-NOMPEOHOCMHOU apxumekmype u 0becnevugarnuds
Haode)cHoe U uHmepnpemupyemoe 3aumodeiicmeue poboma c opyeumu aezenmamu. Ilpu smom obwenue onepamopa ¢ po6omom
He ocyujecmensiemcs Ha UMnepamueHom KOMaHOHOM UNU S3bIKOGOM YPOGHE, 4 CMPOUMCS HA CUSHAAbHOU KoMMmYHUKayuu. Pooom
A645eMCs ABMOHOMHbIM YCMPOUCMEOM, No6edeHUe KOMOP020 HANPABAEHO HA YO08AeMBOPeHIe e20 AKMYaAbHbIX NOMpPeOHoCmell.
Mexanusm e3aumodeticmeus onepamopa ¢ pooomom 3aKAUaemcs 6 mom, ymo cuernan onepamopa ("Komanda”) akmueusupyem
neMeHm IMOYUOHANLHO-NOMPEOHOCMHOU CXeMbl — WAI3, Pealu3yuUl 00paAmHYI0 IMOYUOHANBHYIO €853b. [lockoabky w3
ocyuecmensiem cesa3b Mexucoy CeHCOPUKOU U nogedeHueckuMu npoyedypamu, e2o 8030yicdernue npuueouum 6HeuHUM CUSHAA0M
npueooum K akmueusayuu coomeemcmeyujell npoueoypsl, Kak ecau 0bl CEHCOPHAA CUCMEMA 3apeucmpuposana peanbHblil
cmumyn. Brewnuii cuenan maxoeo K0C6eHH020 ynpasaeHus modcem Obimb NPeOCmasier 6 aKkycmu4eckoi gopme u 6 eude no3vl
onepamopa. B nompebnocmu poboma exalouenvl Kak Hyxicovl, obecneyugaioujue e2o pusuueckoe "swidcusanue” (uzbexncanue
onacHocmu), maxk u noddepicanue COUUANbHBIX c8:3ell (CONnPo8odcOeHue OpydlcecmeeHHbIX azenmos). Pacnosnasanue opyeux
aeenHmoe u npedmemos 06CMaHO8KU 6bINOAHACMCS NO OAHHBIM MOUHOU 6CIPOCHHOU CEHCOPUKU — cmepeoKkamep U 0aibHOMEPOs.
Pobom pacnoznaem eneuwinue KoManobl U AKMUBUIUPYEM WAKO3, CEA3AHHIU ¢ HauboAee npuopumemHsIM delicmeuem, npuvem aK-
MUGHOCMb 3amyXaem HOCMeNneHHO, YMo N036045em 0eUCMBUAM GbINOAHAMbCA HEKOMOPOe 8peMs N0 6HEUWHUM KOMandam daice
npu OMCymcmeuu coomeemcmeyuje2o eHympenne2o cmumyaa. Koarabopamusnuiii pobom, ynpagasemulii ONUCAHHOU cUCMeMOl
YRpasaeHus, 0Ka3aics cnocoOeH BbINOAHAMb COBMECHHO ¢ 4eA08eKOM Npocmeluue 3a0avu nampyauposanus, deicmeys npeo-
CKa3yeMbiM U NOHAMHbIM (UHMePRpemupyemsim) 045 4enoeexa o6pa3om.

Karoueevie caosa: xonrabopamuensiii pob6om, IMOUUOHANbHO-NOMPEOHOCMHAS APXUMeEKmYypa, CUucmema ynpagieHus, po-

00MomexHuUKa, KOZHUMUBHASA APXUMEKMYPA, CUCHANbHASL KOMMYHUKAUUS

BBenenue

Jns mHTeNNeKTyallbHBIX pOOOTOB BeChbMa BaxkK-
HO OBICTPO pearupoBaTb Ha BHE3alHbIE HEIpel-
cKa3yeMmble COOBITHSI BO BHelllHel cpene. B Heko-
TOPBIX CJIydasiX 00paboTKa TaKMX COOBITUM MOXKET
MPOUCXOAUTh Ha CaMbIX HUXHUX (pedhIeKTOPHBIX)
YPOBHSIX CUCTeMBbI yTipaBiaeHus [1, 2]. Tak, MHOTrH1e
pOOOTHI pearupyIoT Ha BHE3aIlHO IOSIBUBIIIEECS Ha
UX MYTU MPEHSATCTBME MIHOBEHHOU OCTAaHOBKOM.
OnHako TogoOHasl peanu3alusl peakldii BecbMa
orpaHmuyeHHa [3], Tak KaKk OTBETHBIE JEHCTBUS, KaK
MpaBUJIO, HE MOIYT OBITh CIMIIKOM CJIOXHBIMHU,
OHU YacTO KOH(JIMKTYIOT ¢ 00jiee BLICOKOYPOBHE-

*PaboTa BBINIOJHEHA TMpPU YaCTUYHOM (PMHAHCUPOBAHUU
POOU (rpant 20-07-00770-A). DKCriepuMEHTBI BBITIOJHEHbI 3a
cyet rocynapctBeHHoro 3aganuss HULL "KypyatoBckuit UHCTUTYT".

BBIMU (popMaMU TIOBEACHMS, a MX MOAU(HUKAIINS
TpeOyeT W3MEHEHWIA HU3KOYPOBHEBOM CHUCTEMBbI
yIIpaBJIEHUSI, YTO HEXKeIaTeIbHO.
IIpuBnexkaTeJqbHO  BBITJISIAUT  BO3MOXHOCTH
BCTpaMBaHMSI MeXaHW3Ma pearupoBaHUS B BbI-
COKOYPOBHEBYIO apXUTEKTYpy. DTO pelIaeT mepe-
YHUCJCHHbIE TMPOOJIeMbI, TO3BOJSET YMOPaBISITh
IIPUOPUTETAMHU M HAeT BBHIMIOJHSIEMBIM POOOTOM
JEUCTBUSAM €AMHYIO OCHOBY JJ151 OOJIer4YeH sl KOH-
TpoJis U oTjaaku. B Hacrosiel paboTe onucaHo
Io0aBlieHHME MeXaHM3Ma pearMpoBaHMsI Ha BHEII-
HUE COOBITUS (CUTHAJIbI) B OAHY U3 MOAEJIei opra-
HU3ALUMA CHUCTEMBI yIIpaBA€HMUS WHTEJJIEKTYyalb-
HOTO areHTa — 3MOLIMOHAJBbHO-TIOTPEOHOCTHYIO
apxuTeKTypy. PaboTta 3TOrO MexaHu3Ma paccMma-
TPUMBAETCS Ha MpUMepe Co3AaHus KoJiabopaTus-
Horo pob6ora. CucremaMm Takoro poma (CM., Ha-
npumep, padoty [4]) HEoOXOTUMO yMETh OBICTPO
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M aJeKBaTHO 0OpabaThiBaTh BHELIHMWE COOBITHUS,
MO3TOMY JIJISI HUX TaKOH MEXaHM3M OCOOEHHO akK-
TyaJeH.

TeopeTrnyeckoil OCHOBOM pa3pabOTKU SABJISETCS
mogenb amoumii I1. B. CumoHoBa. Bennuunna amo-
1IMW B JaHHOW MOJEIN OMpeaesieTCs] BO3MOXHO-
CThIO YAOBJETBOPEHUSI aKTyaJbHOM MOTPEOHOCTHU
uMeuMucs pecypcamu. Kaxabiii areHT nuMeeT
HEKOTOPOE MHOXECTBO ITOTPEOHOCTEN, HAIIPUMED,
B NUTAaHUM, 0€30MACHOCTHU, OOIUEHUU C OAPYTUMU
areHTaMu, UCCJIeJOBaHUU MUpa U T. TI.

I[Ipy pa3paboTKe apXUTEKTYpPbl CUCTEMBI
yrpasiaenus (CY) paccmarpuBaeMoro pobota uc-
MOJIb30BAJIUCh CJAEAYIOIIME TPUHLUMBI MOCTPO-
€HUSI C Yy4YeTOM crHeuupUuKr B3aMMOACUCTBUS
¢ KoinmabopaTuBHEIM podoToM (KP):

1. PoGoT monmxeH OBITh aBTOHOMHOM CYIIHO-
CThl0, PYHKIIMOHUPOBAHUE KOTOPO MOAYMHEHO
3aavye yAOBJETBOPEHUS CBOUX MOTPEOHOCTEN.

2. Ponb omeparopa-mapTHepa CBOAMUTCS K He-
MPSIMOMY YTIPaBJISIIOIIEMY BO3ACHCTBUIO Ha POOO-
Ta: aBTOHOMHO€E noBeneHue camoro KP coxpaHs-
eTCsl, a KOMaHAbl M TpoYre HAOJIOAeHM S, CBSI3aH-
HbIE C ONEepaTopoM, BOCIIPUHUMAIOTCSI KaK 4acTh
AHaJIU3UPYEMOU CUTYyallWU.

Taxkum oOpa3om, UCTIOJIB3YETCS AEIETUPOBAHKE
3a/lay MpU BBICOKOW CTENEeHM aBTOHOMHOCTHU cCa-
moro KP. B aroit paboTe paccmMarpuBaeTcs JUIIb
OJIVH acCIIeKT MOCTpoeHUs nogooHbix KP — opra-
HU3aIUs B3aUMOJEUCTBUS Omeparopa ¢ pooOTOM.

CrpykTypa ctaTthu ciaenyiomasi. CHayajaa Oy-
JIyT O0CY>KI€HbI BOTIPOCHI apXUTEKTYPbl CUCTEMBbI
yhnpaBJieHUsI poO0OTa KakK aBTOHOMHOTO areHTa.
Hanee OymyT ommcaHbl OOIIMEe MPUHIIUAIILEI U Me-
XaHU3Mbl CUTHAJbHOW KOMMYHUMKAIIMU, TO3BO-
JISIIOIME OPraHU30BbIBATh BHESI3bIKOBOE B3aMMO-
neiicteue KP ¢ oneparopom. B 3akmouutenbHOU
YacTHU pacCMOTPEHbBI BOMPOCHI peanun3aliiu pa3pa-
0OTaHHBIX METOIOB 1 MEPCIEKTUBBI UX PA3BUTHSI.

BMOHHOHaJIbHO-HOTpCﬁHOCTHaH APXHUTEKTYpa

IloBenenue pobora (majaee Mbl OyneM MHOIIA
HUCIIOJIb30BaTh TEpMUH "areHT') eCTeCTBEHHBLIM
00pa3oM MOXeT ObITh 3aJJaHO MHOXECTBOM ITpPO-
OYKIUA BAOA

ECJIH <ycnosue cocmosHusi_CeHCOPHOU _CUCMEMbl>,
TO <evthonanenue _nosedenueckoil_npouedypoi>.

BHe 3aBUCMMOCTM OT CJIOXHOCTH OITMCAHMS
yCcIIOBUM WM (DOPMBI TIPEACTAaBICHUS TPOMYK-
LUl (C MCIOJIb30BAHUEM BEPOSITHOCTEM, KO3(d-

(GULIMEHTOB YBEPEHHOCTH, HEUETKHX BEINYNH
U T. II.) TIOBeACHME TaKMX CHUCTEeM OymeT HecTa-
OMIBHBIM: Majloe M3MEHEHHE COCTOSIHUSI CEHCO-
POB MOXET IIPUBECTH K YAaCTBIM MEPEKIIOYCHUSIM
MEXIY ITOBEICHYECKUMHU MpOLeAypaMU. DTO CBS-
3aHO C OTCYTCTBHEM TaKMX MEXaHM3MOB, KaK IIa-
MSTh U OIIpeNesicHre 3HAYMMOCTU T€X WJIM MHBIX
dakTopoB. Mcxogsd m3 3TOro 1ieecooOpa3HBIM
MIPEACTABIISIETCSI UCIIOJIb30BaHNE HAa HUKHEM (yC-
JIOBHO-pe(IEKTOPHOM) TOBEICHUYECKOM YPOBHE
SMOLIMOHAJIBHO-TIOTPEOHOCTHOM APXUTEKTY PBI
cuctembl yrnpasieHus. CyTb €€ CBOOUTCS K TOMY,
YTO MOBeIEeHME areHTa (poboTa) onpeaessieTcs He
TOJIBKO TEKYILIMM COCTOSIHMEM CEHCOPHOI CHUCTE-
MBI, HO M MHOXECTBOM CYIIECTBYIOIIMX y HEro
aKTyaJIbHBIX MOTPEOHOCTEH, a TaKxKe KOHTypaMu
oOpaTHOM CBSI3U, OIpPEIESIIOIIUMU OLEHKY Oa-
JIaHCa MeXay (paKTHYEeCKH peasin3yeMbIM ITOBEIe-
HHUEM U TeM, KaK/e HEyAOBJECTBOPEHHEIE ITOTPeO-
HOCTH MMEIOTCS ¥ poboTa. DTU OOpaTHBIE CBSI3U
(GopMUPYIOT SMOLIMOHAJIBHYIO OLIEHKY TEKYIlei
cutyauuu. TeopeTuyecKUM 0a3MCcoOM TakKoro Moj-
xona siBisieTcss mHpopmannonHas teopus I1. Cu-
MOHOBa [5, 6], comtacHO KOTOpPOil MHTerpaibHas
SMOLIMOHAJIbHAS OLICHKA CUTYalluM OIIPEIeIISIeTCS
OLICHKOI 6ajiaHca MexXAy HEOOXOAMMBIMU U UME-
IOIIMMUCSI CPEACTBAMHM YIOBJICTBOPECHUSI aKTy-
albHBIX TOoTpeOHOocTel. OlieHOYHast, KauyeCTBEH-
Has popmyna CUMOHOBA MUMEET BUI

E = fIN, p(yeeds Thas))s (D
rae E — sMonus, ee BeIMYMHA U 3HAK (Ka4eCTBO);
N — cuna ¥ KayecTBO TEKYllel HeOOXOAMMOCTHU;
PUpeeqs 1y — OLIEHKA BO3MOXHOCTU YAOBJIETBO-
pUTH TTOTPEOHOCTH Ha 0a3e BPOXJIEHHOIO U IOJY-
YEHHOT0 XU3HEHHOT0 ONbITA; /,,,;, — MHpOpMaLus
0 crnocobe yAOBIETBOPEHUS NMOTpeOHOCTH; [, —
nHopMalrsa 00 MMEIOIIUXCS Y areHTa CpeIcTBax
(pecypcax), TpeOdyeMbIX OJIs1 YIOBJIECTBOPEHUS aK-
TyaJbHBIX MOTpeOHOCTei. MTak, BelMuyMHaA 3MO-
MM B JAHHOM MOACIM OMpeaessieTcsl BO3MOXHO-
CThIO YIOBJIETBOPEHMSI aKTyaJbHOM MOTPEOHOCTHU
umerunuMucs pecypcamu. ®opMaibHOe ONUCaHUE
9TOM MOJENIM W3JIOXEHO, HalmpuMmep, B padote [7],
a 3/1eChb Mbl OTPaHUYUMCS MJUJIIOCTpallieil Ipume-
pa dparmMeHTa cxeMbl MoBeAeHUs podoTta (puc. 1,
CM. BTOPYIO CTOPOHY OOJIOXKKM).

Ha »T1o0i1 cxeme moka3zaHO, YTO aKTMBMU3AlIUs
MoBeJeHUEeCKNX TIpoueayp (3mech — "Hccaedosa-
Hue obsexma unmepeca”, "l'yaanue" nnm "Ybeea-
Hue" (M30eraHue OMACHOCTH)) OIpeAeaseTcss CeH-
COPUKOI po0OOTa U PSAOM MOTPEOHOCTEN: B MUILIE,

MexaTpoHnKa, aBTOMaTH3alusd, ynpasjienue, Tom 24, Ne 5, 2023

261



CaMOCOXPaHEHM U, JIIOOOIMBITCTBE, OTAbIXE W T. II.
BaxXHBIM KOMIIOHEHTOM 3TOM CXEMBbI SIBJISIETCS
1ITI03 — B3JIEMEHT, OTBEYAIOIIUI 3a peaJr3aluio
o0paTHOU SMOILIMOHAJILHOM CBsi3u. B cBolo oue-
pelb, BeIMUYnHa 0OpaTHOM 3MOIIMOHAJILHON CBSI3U
oIpeaeasieTcss 0baJaHCOM MeXIY TeM, KaKoe IoBe-
JeHVEe areHT peajn3yeT B HACTOSIIMIA MOMEHT, U
TeM, YTO OH JIOJIKEH JIefaTh JIJIsl YIOBJIETBOPEHUS
MMEIOIINXCS MOTPEOHOCTEIN.

B wuHTEepmperannu  3MOIMOHAJIBHO-TIOTPEO-
HOCTHOI MOJEJIN, U3JTIOXKEHHOU B pabote [7], TeKy-
mas cujaa KaxJou u3 MOTpeOHOCTEH MOXET OBITh
BhIpaxkeHa BeJMYMHOI B nuanasone [0, 1], mpuyem
YyeM OHa BhIllIE, TEM CUJIbHEE COOTBETCTBYIOIIAS
noTpedHOCTh. Bce morpeOHOCTM areHTa oOpasy-
IOT MHOXECTBO OIIPENeJIsIeMOIo 3apaHee pa3Mepa:
N = {N}, i = l..r. ATeHTYy IOCTYIIHbI JEHCTBUSA U3
HekoToporo MHoxectBa A = {4}, j = l..s, Kax-
JI0€ 13 KOTOPBIX HampaBJeHO Ha YIOBJIETBOPEHMUE
OJHOI WU HECKOJbKMX MmoTpedHocTtei. Ilox aeii-
CTBUSIMM CJICAyeT MOHWUMAaTh HE CIMHUYHBIC OIle-
pauuu (Imogadyy cUrHasja, IIOBOPOT HaJIeBO, IBUXKeE-
HHE Ha3al Ha OOMH METp U T. I.), a MOBEAEHYE-
CKMe MPOILENyphl: MOUCK 00BbEKTa, CleloBaHUE 3a
1IeJ1pI0, 00CJIeIOBaHNE MECTHOCTH U T. A. 3a BEIOOpP
MpoLeayp OTBEUAIOT MPONYKIIMOHHBIE IIpaBua,
o0pa3zylolye MHOXECTBO R.

Ecnau nmpoaykuuu R mpeacTaBieHBbl ITpaBUJIa-
MU C KO3(ppUllMeHTaMU YBEPEHHOCTHU, TO UTOIO-
Bble KOX(D(MUIIMEHTH YBEPEHHOCTH 3aKJIIUYEHUM
MpaBUJI @, OTIPEACISIIONINX 3aITyCK TOM UM WHOW
MOBEIeHUYECKON MPOLENYpPhl, OIPEIeISIOTCS KakK

a=R,k

N,S,G), 2

ext»
rae k,, — KO3(pULMEHT, onpeneasoluni cury
00paTHOM SMOLMOHANBLHON CBSI3U; N — MHOXe-
CTBO IOTPEOHOCTE; .S — MHOXECTBO CEHCOPHBIX
curHauoB; G — ypOBHM BO30YXIECHMS IIIIO30B,;
R, — byHKIIMS OLEHKU BO3MOXHBIX IEUCTBUH IO
TeKylleil cuTyanuu. B cBoi ouepelnb, BHIXOOHOE
3HayeHue 1UIo3a (; ompexnensercs Kak (QyHK-
M OT 3HAYEHUSI COOTBETCTBYIOIIEIO CEHCopa
S; 1 MHOXeCTBa 3MOLIMOHAJIBHBIX COCTOSIHUM E;
(T. €. MHOXeCTBa 3MOLIMOHAJbHBIX CHUIHAJIOB OT
JNEeUCTBUI, C KOTOPBIMHU CBSI3aH IILIIO3):
G, =G;(S;,Es;),S; €S, Es; < R 3)
BBeneHre mMexaHHW3Ma 5MOLIMI MO3BOJISIET KakK
MOJYYUTh OLIEHKY CUTYallMHd C YIOOBJICTBOPEHHEM
NOTpeOHOCTEe, TaK U peajau30BaTh YIpaBlieHUE

MMOBEACHUEM CHCTEMBI C IIOMOIIBIO TOOABIICHUS
KpPaTKOBPEMEHHON IMaMSTU — 11034, COOTBET-
CTBYIOILIETO HEKOTOPOMY CEHCOpPY, KOTOPbIi MO-
JKET OCTaBaTbCsl aKTMBHBIM M B ClIydyae MCYE3HO-
BeHUSI 0a30BOTr0 CeHCOpHOro curHama. OcoO0eHHO
BaxkeH AJIs1 MpoO0JIeMbl, pacCMaTpMBaeMoOil B JaH-
HOM cTaThe, TOT (haKT, UTO ITO MO3BOJSIET peaiu-
30BaThb MEXaHW3M, Ha3bIBAEMbI CUCHAAbHOU KOM-
MYHUKayuel.

Poab curaajipbHO# KOMMYHHKAIHHA

IMockonbKy HacToOsIIIME MCCIAEAOBAHUS B PSlE
MOMEHTOB OTHOCSITCS K pa3psay OMOMHCIIMPUPO-
BaHHBIX, pACCMOTPUM JJIS1 Hayaja BOIIPOC O KOM-
MYHUKAaIlM1 B XXUBOTHOM MHupe (KpaTKuii 0030p
cM., HanpuMep, B paboTe [8]). KuBoTHbIe, Oyayuu
Jaxe BBICOKOOPTaHM30BAHHBIMM, CIIOCOOHBIMU
00pa30BbIBATh KpaliHE CJIOXHbBIE U Pa3BUTHIE CO-
LMaJIbHbIe COOOIleCTBa, OOXOISITCSI B OOLICHUU
IpyrT ¢ apyroM 0e3 si3bika [9]. HekoTopsle 3TOI0TH
BOOOIIe HE CKJIOHHBLI paccMaTpUBaTh IPECIOBY-
TBIA "I3BIK KMUBOTHBIX' KaK CYIIECTBYIOIIEe SIB-
JICHWe, €ClIM IIOHMMAaTh IIOJ SI3BIKOM OTpakKeHHUE
KapTUHbI MUpa Y UCMHOJb30BaTh MOHSITHE 3HAKa-
cumBona (cMm., Hampumep, padotel E. H. Ilano-
Ba [10]). B3zaumopeiicTBue >XMBOTHBIX OCHOBAHO
Ha TOM, YTO B 3TOJIOTMU HA3BIBACTCS CUSHAABHOLL
KommyHuxkayuell. CMBICI 3TOil KOMMYHUKAaLIUU
3aKJII0YaeTCsl B TOM, YTO XXMBOTHEIE a) TEHEPUPY-
10T CUTHAJbI, OpeAcasaeMble UX 3MOIIMOHATbLHBIM
cocTtossHUEeM, [11] m ©0) cmoCcOOHBI BOCIPUHUMATH
U pacrno3HaBaTb 3TU curHansl [12]. HUTtak, cur-
HaJIbHAsI KOMMYHUKAIIUS, BO-IIEPBBIX, SIBIISIETCS
JIMIIb BHEIIHUM IIPOSIBJICHUEM COCTOSIHUS MHOU-
BUJa, 1, BO-BTOPBIX, MHIMBU OOJXEH 001a1aTh
CIIOCOOHOCTBIO K OT3BIBYUMBOCTH HA 3MOILIMOHAJIb-
HOE COCTOSIHME IPYTHUX.

DMOILMOHAILHO-TIOTPEOHOCTHAS CXeMa peain3y-
€T IIPOLIECC CUTHAILHOI KOMMYHMKAIINK €CTECTBEH-
HBIM 00pa3oM. OCHOBHYIO pOJib B 3TOM IIpoliecce
UTpaeT 1I03. B 3MoLMOHAIBHO-IOTPEOHOCTHOM
cXeMe 111103 SIBJISEeTCS OCHOBHBIM SMOILIMOHAIBHBIM
WHIUKATOPOM (KaK IIPUEMHUK CHUTHAJIa 3MOILHO-
HaJbHOM OOpaTHOMN CBSI3M), U UMEHHO B HEM IIpO-
HMCXOIUT WTOroBasl OLICHKA YPOBHSI CUTHAaJa, CO-
OTBETCTBYIOILIETO aKTUBUpPyeMOMY AeicTBuio. s
pealu3alliyi CUTHAJIbHON KOMMYHMKALIMM BHEII-
HUI cUTHAJ "TIPUHUMAETCS IIJII030M, 'TIOIMEHSIST"
pcabHbIA CEHCOPHBIMA CUTHAJL.

Takag apxuTeKTypa TaKxKe BaxkKHa IJISI peaan-
3allMu JAPYTUX MEXaHU3MOB, HAINpUMeEp, TaKOro
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0a3oBoro ¢eHoMeHa COILMAJIbHOTO B3aMMOACH-
CTBUSI XKMBOTHBIX, KAK KOHTAarno3HOE MJIM 3apa3-
Hoe noBeaeHue. [IprumMepoM KOHTarmo3Horo rnose-
JNEHWS SIBASIETCS JeMCTBME CMTHajla TPEeBOIH, 3a-
CTaBJISIOIIETO BCIO TPYNNy OOpaTUTHCS B OETCTBO.
B03MOXHOCTh peanu3aliii MogOOHBIX JOMOJIHU-
TEeJbHBIX MEXaHW3MOB TIOJIE3HA il TPYIIOBBIX
KOJIJ1abOpaTUBHBIX CUCTEM.

[TosscHuMm paboTy sTOoro MexaHusma. I[lycTh
nMeloTcs ABa areHTa A u B, mpu a3ToM A HaOII0-
JaeT OMacHOCTh (paboraer ceHcop "OnacHocms"),
a B — Her. B TeyeHue HEKOTOPOro NMpomexyTKa
BpeMeHU areHT A OyJeT WCIBIThIBAaTh OTpUIIa-
TeJbHbIE O9MOLMHU (B CHUJIY TOTO, YTO €CTh LIEMoYKa
"noayuen cuenas — Hado ybeeams', HO POOOT elle
3aHAT BBIITOJIHEHUEM IPYroil IMpoueaypel). OTO
MpUBEAET K TOMY, UTO OyaeT CreHepupoOBaH CUT-
Han "Onacrocmy'. Jlanee curHaja BOCHpPUHUMA-
eTcs1 areHToM B, y xoToporo unmo3 "Onachocmy'
BO30yXJaeTcs naxe MPU OTCYTCTBUM TIOATBEPXK-
JaloIIEero CUrHajia OT COOTBETCTBYIOIIETO CEHCO-
pa, 3a CYeT aKTMBALIMU C MOMOUIbIO CUTHAJIBHOM
KOMMYHUKaluuu. B utore penumnueHTt B BBIION-
HseT AelicTBue "Y0eraTsw', T. €. BeAeT ceds TaK, KaK
ecsiu Obl ero CeHcOpHasl cucTeMa 3aperMcTpUpo-
BaJia onacHocTh. Ha puc. 2 (cM. BTOpPY1O CTOPOHY
00JI0XKH1) MpUBEIeHA CXeMa TaKOI'0 CUTHAJbHOTO
B3aMMOJICHACTBUS.

[Mpennaraemass apXxMTeKTypa CHUCTEMBI YIIpaB-
JneHus (puc. 3) COCTOUT U3 TPEX YPOBHEI:

1. HuxxHuit ypoBeHb yIpaBJeHUS, Peaanu3ylo-
WA OeCTBUS M 00pabaThiBalOIMil CUTHAJBI OT
CEHCOPOB.

2. PeakTuWBHBII ypOBeHb yNpaBieHUS, BbIOM-
parIInil aKTUBHOE JICICTBHE.

3. KorHuTuBHBIN YpOBEHb YyMNpaBJeHUS, pea-
JU3YIOUIMIA acCOLMAaTUBHBIA MEXaHU3M, BIIUSIO-
1M HA Pa0OTY PEaKTUBHOTO YPOBHSI.

HuxHuit ypoBeHb ymNpaBieHUsT peanusyer-
Cs C TMOMOIIBI0O PA3IUYHBIX YIPaBASIONIUX MTPO-
rpamMmM, paboTamoimux B cpene ROS, u 1pemo-
CTaBJISIET BEPXHUM YPOBHSIM JOCTYM C MOMOIIBIO
action-mHTepdeiica K pa3TMIHBIM JEHNCTBUSIM CU-
CTeMBI, TAKMM KakK "ciedosams 3a', "pa3zeedxka” n
T. 1. Ha HeM Tak:xke paboTaloT y371bl 00pabOTKM
CEHCOPOB, MEPEBOJSIIME ChIPbIe JAHHbIE B MOJEb
MPONYKIIMOHHBIX TTPaBUJ PEAKTUBHOT'O YPOBHSI.

HaGop npoayKuMOHHBIX MpaBUJI PaCIIONOKEH
Ha peakKTMBHOM YPOBHE apXUTeKTypbl. OHU coe-
JUHSIOT CEHCOPHOE BOCTIPUSITHE C JOTYCTUMBIMU
JNEVCTBUSIMU areHTa U aKTUBUPYIOT OJTHO UK 0O-
Jiee IefCTBUSI. DTO MOXET BBI3BIBATh KOH(MIUKTHI
(HECKOJIBKO aKTHUBHBIX JEUCTBUI, KOTOPbIE HEIIb-

KorHuTuBHbIM ypoBeHb

AccounaTUBHBIN MEeXaHU3M

PeaKTMBHbIW ypoBeHb

IMOUMOHaNbHO-
I'IOTpEﬁHOCTHaH cxXema
MNpoAayKUMOHHbIE NpaBuna
A

HenpepbiBHoe

ynpasneHue

Puc. 3. ApxduTeKTypa CHCTEMbI yNIPABJIEHUS
Fig. 3. Architecture of the proposed control system

3 BBIIIOJHUTh OJHOBPEMEHHO), IO3TOMY 3THUX
MPOAYKIMOHHBIX IIpaBHJ CaMMX IO cebe Hemo-
CTaTOYHO JJIST pabOThI CUCTEMBI YIIpaBJICHUS.

OMonnoHanbHO-oTpeoHOocTHAsI cxema (BIIC)
(dopMuUpyeT peaKTUBHBLIA YPOBEHb apXUTEKTYPHI.
OHa peanusyeTcsd B BHAE HAACTPOMKM HaJ CH-
CTEMOI MPOAYKUMI MyTeM J00aBJICHUS CTEICHU
aktuBanuu y3yoB rpada BIIC (COOTBETCTBYIO-
IMUX TIpeavKataM IPOAYKIMOHHBIX IIPaBHII),
a TakXe YCUJIMBAIOIIMX M OCIAOJSIOIIMX CBI3eH
MEXIY HEKOTOPBIMU BeplinHaMu. OOGBIYHEIE CBS-
3M MEXJAY BepliMHaMu rpada MAYT OT MOCHUIKU
K CJIEACTBUIO (B HAIIPaBJIEHUH OT CEHCOPHBIX IIpe-
JUKATOB K IpearKaTaM aKTUBUPYEMBIX AeHCTBUIA)
U COOTBETCTBYIOT UMILJIMKALIMU B COOTBETCTBYIO-
IIUX TPOAYKIIMOHHBIX IpaBHjaXx. MOXHO OTMe-
TUTh CBSI3b MEXIY MEXaHU3MaMM YCUJICHUS WU
ocmabnenusa B DIIC 1 ux aHajoraMu B KOTHUTHUB-
HBIX KapTax.

B sr1o0ii paboTe He paccmarpuBaeTcs MOAPOO-
HO BOIIPOC TAKOI'0 BaXXHOT'O KOMIIOHEHTa CUCTE-
MBI YIIpaBJIeHUs] pOOOTOM-IApTHEPOM, KaK KOT-
HUTUBHBIA ypoBeHb. OTMETUM 31eCh, UYTO 3a-
Jaya KOTHUTUBHOTO YPOBHSI — OBITH HOCUTEJEM
TOro, yto B cucrtemMax MM HasbIBaeTCss MOMAEIbIO
nnan kaptuHoit mupa (KM, puc. 4) [13]. OcHOB-
Hasl (GYHKIUS KOTHUTUBHOTO YPOBHSI — MOAMEHA
CEHCOPHOTrO BOCIPUSTHUS areHTa UCXOAS U3 CYIIIe-
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Puc. 4. KapTuna Mupa Kak HaJACTpoiika Haja 0a30Boii cxeMoii
Fig. 4. World view as a superstructure on the basic scheme

CTBYIOIIMX MOTWBAlLIMil areHTa, €ro CTENEeHH CO-
LIMAJIbHOCTYU U T. M., BIUIOTh A0 peajim3aiuu cxe-
MBI YIIpaBJIEHUSI HA OCHOBE "3TUUYECKMX' MpPaBUIL.

Ha KOrHMTMBHOM YpOBHE MOXET OCYIIECT-
BJISITBCSI comocTaBjieHUe obOpasa "4", ompenene-
HHE CXOJICTBAa B TEPMUHAX "CBOH—YYyXOi" U Mpo-
ymye BaXKHBIC IS KOJIJIa00paTUBHBIX U TPYIIIIOBEIX
CUCTEM IIpeoOpa30BaHMS CEHCOPHBLIX JAHHBIX U
2JIEMEHTHI paccyXaeHuii. KOorHUTUBHBIN YPOBEHbD
HY>EH AJIs1 IOMOJIHEHUSI CEHCOPHOI nHpOpMaLluu
PEaKTUBHOI'O YPOBHS MyTeM HaOJIOAEHUS 3a I0-
XOXMMMU areHTaMu. Harmpumep, eciim BUACH areHT
M3 CBOEW I'PYIINbI, KOTOPBIA BBITIOJHSIET ICHCTBUE
"Hanadenue", a TaKxXe €CTh MPOAYKIIMOHHOE Ipa-
Buiio "Ecau Umeemcsa yeposa, mo Hanadams', TO
MOXHO CIEJIaTh BBIBOM, YTO "MMeeTCs yrpo3a" 1 ak-
TUBUPOBATh COOTBETCTBYIOIIYIO BepminHy B DIIC.
Onucanme 0COOEHHOCTEN pabdOThl KOTHUTUBHOI'O
YPOBHS BBIXOAUT 3a paMKM JaHHOI padoTsl. Kpo-
M€ TOro, oIpelejieHre MPUHAIAJIEKHOCTH areHTa
K COOTBETCTBYIOIEW IpyIie MPOBOAUTCS Ha CTa-
IWW aHAJIN3a CEHCOPHON MH(pOPMaIIUN.

Peanu3zanmsa cHrHaJbHOM KOMMYHHUKAIIUHA

B Ouomornyeckux cucTeMax IIOH CUCHAAbHOU
KOMMYHUKayuell TIOHWMAaeTcs Iiepenada yMpaBs-
Jnsionieid mHGOpMallMy BHE OOBIYHBIX ITyTEHl ee
pacrpocTpaHeHMsI B HEPBHOU cucTteMe U 0e3 BhI-
COKOYpOBHeBoi#1 00paboTku [14]. B paspabarniBa-
€MOU apXUTEKTYpEe OHa OCYIIECTBJSETCI MYyTEM
OTIIPaBKHU areHTY CUTHaJa M3 KOPOTKOIo (PpUKCH-
POBAHHOIO CIMCKa C TMOCJEAYIOIIUM pearupoBa-
HueM. B otnnune ot 6ojee CIOXHBIX (DOPM KOM-

MYHUKAaIIMK, HAIIpUMEp UHTEP-
¢eiica Ha eCTECTBEHHOM SI3BIKE,
CUTHAJbHAsl KOMMYHUKAIIWS HEe
TpeOyeT BBICTPAaMBAHUSI CJIOX-
HBIX MHTEPIPETaTOPOB KO-
MaHJ J100 H0JAroro oOydyeHMs
oreparopa paboTe ¢ CUCTEMOIl.
! PoGOT BOCHpPUHUMAET TOJIb-
| KO IIPOCTEeHIINe HHCTPYKLUU,
IMOJIHOCTBIO M  TIPeacKa3yeMo
OIIpeAcIsIoIINe ero MOBeICHNE.
HecmoTpst Ha orpaHMYEeHHOCTh
BO3MOXHOCTEH 3TOTO ITOAXOMa,
MOAJAEPXKKa €ro B areHTe MOXET
OBbITH BeCcbMa I10JIE3HA Ha Ipak-
TUKE, HAIIpUMED IJIsI KOHTPOJIS
MOBEACHUSI B 3KCTPEHHBIX CHU-
TyalusXx.

BaxXHBIM OTIMYMEM CHUTHAJIOB OT OOBIYHBIX
KOMaHJ SIBJISIETCSI BO3MOXXHOCTh HEIIPOU3BOJILHOMI
oTmpaBKu. Hampumep, mpu oIacHOCTU OKpyKa-
o1re podoTa JIOAU MOTYT HNPUHSITH HEKOTOPHIC
XapakTepHbIe TI03bI (HAIIpUMeEp, IIPUTHYTHCH,
IIPUKPEITh TOJIOBY pyKaMu 1 T. 11.). Ecin manHoe
noBeAcHUEe OyIeT pacho3HaHO, MOXHO 00pabo-
TaThb €ro Kak CaMOCTOSITEJIbHBII CUTHAJl OMAcHO-
ctu. s mogaepXKu Takoro (pyHKUIMOHAja ObLI
peaan3oBaH MOAYJb paclio3HABaHUS 03 JIIOACH,
BUAMMBIX KaMepamu pobora. Ilocne moucka ¢pu-
ryp JmoAei, MPOBOAMMOIO C MOMOIIbI0 OMOINO-
TeKu mediapipe, UX O3Bl KJacCUPUIIMPOBATIUCH,
M IO pe3yiabraTaM Kiaaccudukanuu ¢GopMUPO-
BaJICSI KOMMYHUKAIIMOHHBIN CUTHAJ OJSI CHUCTEe-
MBI yIIpaBJieHHsI poOoToM. Tak ocCylIecTBIISIETCS
B TOM 4YHCJIe KOMMYHUKaIMs XecTamu (puc. 5,
CM. BTOPYIO CTOPOHY OOJIOXKKM).

IToMrMO XecTOB YeIOBEK TaKxKe MOXET OTaa-
BaTh poOOTY KOMaHbI U rojocoM. B oTianuue ot
peyeBbIX MHTEepPdEiCOB, BBLIMOJHSAIOUIMX aHaJIU3
1 pa3bop KOMaHIAbl, B paMKaX CUTHAJbHOW KOM-
MYHMKAILIMM TOJIOC BBICTYIIACT JIMUIIb CPEICTBOM
3amycka HYXXHOTO ITOBeIeHUS 0e3 BO3MOXHOCTHU
yKa3aHUS B3aMMOCBSI3el ¢ mapaMeTpamMu (00beK-
TaMH1 BHEIITHETO MUpA).

Co6opomM u 00pabOTKON BHYTPEHHUX (IMOLIM-
OHAJILHO-TIOTPEOHOCTHBIX) W BHEIITHUX (KOMaHJ-
HBIX) CUTHAJIOB 3aHMMaeTcs 11103. MaTtemaTtuue-
CKM ero paboTa ONMUCHIBAETCS YpaBHEHUEM

g(t) = D" (g(ty) (1= 5(1)) + 5(1)), (4

i€ 1, — HOBBbIIi MOMEHT BPEMEHHU; f, — BPeMsl IO0-
CJIeMHero pacyeTa CUTHaJja I1IUII03a; g(f) — ypOBEHb
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Puc. 6. CtpykTypa epeBa noBeicHHs areHTa
Fig. 6. Structure of agent’s behavior tree

BBIXOTHOTO CHUTHAaJIa 1IJII03a B MOMEHT BpPEMEHU f;
s(f) — ypoBeHb BXOTHOI'O BHEIIHEro CUTHaja B MO-
MEHT BpeMeHH f; D — Koo UILINEHT 3aTyXaHUsI CUT-
Hana. Bce ypoBHUM CUTHAIOB OrpaHUYEHbl 3HAYCHU-
amu B uHTepsase [0; 1]. B anroputMudeckoit peaau-
3alMK 3Ta (PYHKIIMS BBI3BIBACTCS C (DUKCHUPOBAHHOMI
YacTOTOM, B TO BpeMsl KaKk OOHOBJIIEHME 3HAYEHUI
(GyHKLUM $(f) TPOUCXOOUT ACUHXPOHHO B IIpOMeE-
JKYTKaxX MEXIY ee BbI30BAMH B HEKOTOPHIN ITPOU3-
BOJIGHBII MOMEHT BPEMEHU f, MO3TOMY 3HayeHUE
BHEIIIHETO CHUTHaja S(f) CYMTAeTCS IIOCTOSIHHBIM
B TEYEHME ITOrO MHTEpBajla BPEMEHMU [f; #;) U paB-
HBbIM $(7). Eciy BHELTHWMIT CUTHA HE TTPYXOIMII, OH
cuutaercs paBHbIM (. [Tocnie pacyera ypoBHSI cUTHa-
Jia 1IUTI03a OH TPOXOIMT Yepe3 MOPOroBYIO (PYyHKIIUIO
M BO3BpalllacT 3HaYeHue 1, eciu 3HauYeHME CUTHaIa
Boilie mopora, n 0, ecnmm Huxke. Takass oopaboTka
B COYETAHUM C 3aTyXaHUEM CHUTHaJjia MO3BOJISIET aK-
TUBUPOBaTh ITOBEACHUE IO BHEIIIHEMY CHTHAIy Ha
HEKOTOpOe BpeMs, 3aBUcslee OT KoaduimeHTa 3a-
TyXaHMUSI.

Takum oOpa3oM, ITOBeAeHUE aKTUBUPYETCS I100
B clydYae, eclyd MPOVCXOAMT aKTUBALMS IO BMO-
LIMOHAJIBHO-TIOTPEOHOCTHOMY ~YPOBHIO CHUTHAJa,
ONpeNeIsieMOro CeHCOpaMu, CBSI3aHHBIMU C TIOBe-
JeHWeM, JTU0O0 eCy 103 MOAAEPXKMBAET BHICOKMIMA
YpOBEHb aKTUBAlLlMU U3-3a BHELIHErO CHUTHaJa.

Chnucok aKTUBUPOBAHHBIX IOBEICHUYECKUX
npoueayp oTnpaBisieTcsl AepeBy moBedeHU [15],
KOHTPOJIUPYIOIIEMY UX BBIIOJHEHUE. [lepeBo mo-
BEACHUS TO3BOJISIET HEIPEPLIBHO BEIOMPATH OBE-
JE€HUE B CJIOXHBIX YCIOBHUSIX, B YaCTHOCTH, IIpU
MEPEeMEHHO pPACIIO3HAIOIIMXCI M IPOoHamalonx
LIeJIeBBIX O00BbEKTax, ¢ 00pabOTKON MpexaeBpe-
MEHHBIX 3aBeplIeHMIi, B TOM YHCJIEe OLIMOOK, U
C YUETOM MPUOPHUTETA TTOBEACHUYECKUX MPOLEAYD.

PazHble moBemeHYecKkMe MPOLEAYPbl OOBIYHO
KOHQIUKTYIOT MeXIy co0oi Io 3adeiicTBOBaH-

e

HBEIM pecypcaM, M IIOTOMY TpeOyeTcsl BBIOpaTh
ONHY M3 HUX Ui BbIMOJAHeHUA. Ilpm 3TOM BHI-
COKOINPUOPUTETHBIE TMOBEICHUYECKUE ITPOLEAYPHI
IOJKHBI MMETh BO3MOXHOCTb IpEphIBaTh TEKY-
1Iee MOBEICHME, a IJIMTEeIbHas HEBO3MOXHOCTH
BBITIOJIHUTH TeKylllee MOBeAeHUEe (HalmpuMep, IIpu
rnoTepe 1eJeBOro 00beKTa) JOJIXKHAa MpepbiBaTh
MoBeJeHNe aBTOMaTUYECKHU MO TaiiMepy. DTo pea-
JIN3yeTCsl C IIOMOIIbIO JepeBa IOBEACHUSI, OCHOB-
Hasl CTPYKTypa KOTOpPOro m3obpaxkeHa Ha puc. 6.

B mnardgopme peann3oBaHBl TaKue ITOBEICH-
yecKkue TpOLeaypbl, KaK COH, CJeJOBaHUE 3a
auaepoM, yberaHue OT OMAcCHOCTHU, HarajacHue
(mpecnenoBaHue 1iean) W UcciegoBaHue (puc. 7,
CM. TPeThbI0 CTOpOHY o0OgoXxKu). McciaenoBaHue
SIBJISIETCS BUPTYaJbHBIM MOBEICHUEM, HE MUMEIO-
IIUM KOHKPETHOM (pr3nuecKoit (hopMbl, MOCKOIb-
Ky OpeaHa3HauyeHO IJISI BBIITOJHEHMS pa3IMYHbIX
orepaluii 3aMepOB, HEOOXOAMMBIX AJISI KOHKpPEeT-
HOW TIpUKJIaJHON 3ajgauyu, TpeOylollei obOpalie-
HHUS K BHEIIIHUM YCTPOMCTBaM.

Anpoodanus

Iloeedenueckue npouedypot 6 peaivHom mupe.
[MoBeneHYeckue MpOLEAYPHI, pPealM30BaHHbIE U
HACTPOECHHBIC NJIST pabOTHl B pealbHOM MHUpE (HE
TOJBKO B MJAEAJIM3UPOBAHHBIX YCJIOBUSIX CUMY-
JSIIUOHHOM Cpefbl) — 3TO ABUXEHHE 3a 1IeJIbl0
(uctosrb3yemMoe 1S CIeOBaHUST KakK 3a JIUJAePOM,
TaK M 3a Yyrpos3oii), COH, yoeraHue OT OMacCHOCTU
U WccienoBaHue oObekTa. Bce oHM B TOM miIm
WHOI Mepe (KpoMe CHa, KOTOPBIA SIBJISIETCS IJIH-
TeJIbHOM KOMaHI0 OCTaHOBKM) ITOJIb3YIOTCS BO3-
MOXHOCTSIMU HaBUTallMK po0OOTa, B KOTOPHIE BXO-
IAT OOHapyXeHHe NMHAMUYECKUX MPEensITCTBUIA,
MMOCTPOEHMWE MaplIpyTa K TOYKE Ha3HAYCHUS U
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00be3a npensaTcTBUM. i yBeanueHus Ge3ormac-
HOCTH (Kak AJst po0oTa, TaK M ISl OKpYysKaloliei
ero cpenbl, BKJIIOYas JIOJeil) HaBUTALIMOHHBIN
cTeK ObLJI CKOH(DUTYPUPOBAH IO MeAJIEHHOE IBU-
KeHHE C OrpaHMYCHHBIM aBTOMAaTHMUYECKHM BOC-
CTaHOBJICHMEM TIOCJie MOMaJaHusl TPEensITCTBUUI
B OIMACHY10 GJU30CTh K pOOOTY.

BaxkHO OTMETUTBh, UTO paboTa ATUX TTOBEICHYE-
CKMX TIPOLIEAYDP B peajibHOM cpee TpebyeT crielu-
AJIbHBIX MOOW(UKALIMKI YIIPABISIONINX aJTOPUT-
MOB B CHUJIy HECOBEPIICHCTBA AATYMKOB, CHUCTEM
pacrmo3HaBaHUS, PACXOXACHUS peajbHBIX Iapa-
METPOB BO3MOXHOCTEW ABUXXKUTEJIEW W HACTPOEK
MOZEJIM JIOKAJbHOTO TUIAHUPOBIIMKA U T. 1. Jlas
ATOTO JIePeBO MOBEACHUST OTCJIECKUBAET BpeMs T0-
CJIeHEro TIOJyYeHUsI KOMaHJbl, COPTUPYET KO-
MaHIBI 10 IIPUOPUTETHOCTA M COOTBETCTBYIOIIAM
00pa3oM OOHOBJISIET TEKYIIYI0 KOMaHy, a CUCTeMa
pacrno3HaBaHUS O0BEKTOB BKJIOUAET B ceOsl Tpek-
KMHT UX TOJOXEHUS. DTO MO3BOJISET MPOAOIKATh
JIBUTATbCS 3a 11€JIbl0, KOTJa Ta HA BPEeMs IepecTaeT
pacrio3HaBaTbcsl (HAIIpMMEp, B CHIIy HEYOOOHOTO
yIJla MIOBOPOTA U OCBEILEHN ) UJIM CKPbIBAETCS KO-
JIOHHOM WJIN APYTUM IIPEIMETOM, M B TO Xe BpeMsI
KOMaHJa OyneT mpepBaHa M3-3a HEBO3MOXHOCTU
BBITIOJIHEHUST B CUTyalluM, KOTAa OOBEKT MCUe3 M3
BUJa poOOTa Ha JOJNTOE BpeMs (IIOTEPSIH).

Ilpumep demoncmpauyuonnozo cuenapus. Pooot
paboTaeT Kak aBTOHOMHO, JEWCTBYSI B COOTBET-
CTBUM C CHUTyalluell W 3aJIOKEHHBIMU IIPUOPUTE-
TaMH, TaK U 1O yIIPaBJICHUEM T'OJIOCOBBIX KOMaH]I
yejoBeka U kecToB. [IpyM OTCyTCTBMM KOMaH[ poO-
00T CTPEMUTCSI CJIEIOBATh 3a YEJIOBEKOM-JIUIACPOM,
a Tak>xe 00ce0BaTh BUAUMbIE OObEKThl MHTEpECa,
a nMpu OOHApyXeHWU OMAaCHOCTU — YAAIATHCS OT
Hee. TecTupoBaHME OCYIIECTBISIJIOCh KaK B CUMY-
nauuu Gazebo (puc. 8), Tak 1 B peaJibHOM TIOMellie-
HUM (puc. 9, CM. TPEThIO CTOPOHY OOJIOXKKH).

Puc. 8. Cumynsanus cienoBanus podoTa 3a yejioBekoM B cpeae Gazebo

Fig. 8. Gazebo simulation of the robot following a human

PoGor 3amyckaercs, IpoBepsieTCSI KOPPEKT-
HOCThb 3aIllycKa JBUTaTEJIbHOM IOACUCTEMBbI U
yAAJIEHHOTO PYYHOTO YIIPaBJICHMUS C IKOMCTHKA
MyTeM MOJAa4YM JXKONCTUKOM KOMAHbI JBUKECHUS
Briepen. Ilociae »Toro poOOT AOJIKEH MOpoexaTh
HEOOJBIIYI0 AUCTAHUIMIO M IIPpA BO3BpalllcHUU
JIDKOMCTUKA B HEWUTpPAJIbHOE TIOJOXEHUE IOJXKEH
OCTAaHOBUTBCS.

Ilocme KoppeKTHOII OTpabOTKM KOMaHI YyIa-
JICHHOT'O PYYHOIO YIIpaBJIeHMsS 3aITyCKaeTcs MO-
IyJlb aBTOHOMHOTO IIOBEACHUSA. IDTOT MOMYJIb
pealu3yeT yIIpaBJeHHE Ha OCHOBE IIPOTOTHUIIA
SMOLIMOHAIBHO-TIOTPEOHOCTHOM APXUTEKTYPBI
C UCIIOJIb30BAaHUEM CUCTEMBI IIPUOPUTETOB HA OC-
HOBe JepeBa IoBeaeHUs1. Bo Bpemst aBTOHOMHOI
paboOTBEl POOOT O03ByYMBAET TEKYILUEEe COCTOSTHUE
(McronHsIeMOe IEMCTBHUE) C IIOMOIIBI0 TUHAMU-
koB. [Ipu crapTe cucTEeMBI 3TO OOJXKHa OBITH KO-
Mmanga "CTOII". CocTrossHue TakKxe MOXHO Ha-
OromaTh C IIOMOIIBIO rpaduyeckoro nHTepdeiica
JIiepeBa MOBEICHMSI.

PoGoT pearnpyer Ha pasHbIe LiEJIeBbIE OOBEKTHI
U CIIOCOOCH OTCJICKMBATh IIOJIOXKEHHUE YeJIOBEeKa,
IMOMEUYEHHOTO CIelIMaJIbHBIM 00pa3oM (B JaHHOM
ciydae ucrnoibdyercss ArUco-mapkep, puc. 9). Ye-
JIOBEK C MapKepoM, o0o3Havaonum "muaepa’, cTa-
HOBUTCS Tieped poOOTOM Ha HEKOTOPOM yAaJIeHUU
TakK, 4TOOBI MapKep OBLJI 3aMETeH, ITOCJIe Yero Ha-
YyuHaeT ABMXeHHue oT podora. PoboT mosikeH me-
peTH B COCTOSIHME CJIEIOBaHUSA 3a JUACPOM U
HayaTh JBUTaThCS 3a YEJIOBEKOM, ITOMEYEHHBIM
MapKepoM. JIBUXKEeHME OCYIIECTBIISIETCS C Y4eTOM
MPEISITCTBUIM, OKPYXaAWIINX po00Ta, C MCIIOJb-
30BaHMEM HABUTAIIlMOHHOTO CTeKa I M30eraHus
CTOJIKHOBEHU I U TIPONOJIKEHU S IBUXESHUS K LICJIH.

PoGor moxeT BocOHpMHMMATh KOMAaHIbBI 4e-
JIOBEKa, B YAaCTHOCTH, HEKOTOpHBIe XecThl. Eciam
YeJIOBEK MOJHMMAET PYKY BEPTUKAJBHO BBEpX,
cTos Tiepen poOOTOM Ha He-
KOTOPOM yHaJieHUU (U4TOOBI
MoIracTh B yroj ob3opa Ka-
MepbI), POOOT HOJIKEH BOC-
MPUHATh 3TO KaK KOMAaHIY
"CTOII" wm oCTaHOBUTHCH,
neperast B peKUM CHA, B KO-
TOPOM OH OyIeT HAXOAMThCS
HekoTopoe Bpems (5...10 c¢),
IIOCJIE YeTO IIPOJOIKUT aBTO-
MaTUYECKUI pexXuM pabOThI.

PobGoTt mMoxeT mepexonuTh
B Ipyrue pPeXUMBbI, IPEPLI-
Basl TEKyILIylO0 3amady, B 3a-
BUCUMOCTU OT U3MEHEHUS
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cutyauuu. [lpn oOHapykxeHnn Mapkepa, o603Ha-
yalolero oobeKT nHTepeca, podOT AOMKEH Mpe-
KpaTuTh ClefOoBaHMWE 3a YEJIOBEKOM U TOAbEXaTh
K O0BEKTYy MHTepeca (Halmpumep, KOpoOKe), Io-
CKOJIbKY MCCJIeOBaHUE TAKOTO 00beKTa SIBJSIETCS
0oJiee BICOKOITPUOPUTETHOM 3a1aueii, 4eM Clieo0-
BaHUE 3a YeJOBEKOM (ITOTPpeOHOCTh B MCCJIENOBa-
HUU BbIIIE MOTPEOHOCTHU B CJIEAOBAHUN).

PobGoT Tak:ke crocobeH pearupoBaTh Ha Yrpo-
3bl, HA3Ha4Yasi UM OAWH M3 BBICIIUX MPUOPUTETOB.
[IprMepoM MCKYCCTBEHHOI YTpoO3bl SIBISIETCS 4e-
JIOBEK C MapKepoMm yrpo3ssl. Pacro3HaB Takoil 00b-
€KT, pOoOOT MepeiIeT B COOTBETCTBYIOIIMI PEXUM U
HauyHET yXOAWTh OT YIpo3bl, B JAaHHOW pean3aluu
JBUTAsICh HA3a OT Hee W yBeJIMUYMBas AUCTAHIIMIO.

3akiaoyeHue

BaxkHeitmass ocoOEHHOCTh KOJIJIAOOPATUBHOTO
poboTa — CaMOCTOSITeILHOCTD B IIPUHSITUM pellie-
HUI, CHUMAIOIIAs C YeJ0BeKa 00s13aHHOCTh AaBaTh
TOUHBIE KOMaHIbl U XECTKO KOHTPOJMPOBATh HX
BeIinmostHeHue. IlpennoxenHas apxutekTtypa I[10
poboTa Ha OCHOBE MOILIMOHATBHO-TIOTPEOHOCTHOM
CXEMbI C CUTHaJIbHOM KOMMYHUKaleil obecredyu-
BaeT yIoOHOe KOCBEHHOE yIpaBJeHHUe U JOCTAaTOY-
HYIO CTE€IIeHb aBTOHOMHOCTHM. B KauecTBe BHell-
HUX CUTHAJIOB MOT'YT MCIIOJIb30BaThCs XKECTOBbBIE U
roJ0COBBIE KOMaHIbI, paclio3HaBaéMble COOTBET-
CTBYIOIIMMU MOIYJISIMU 00pabOTKM M300pakeHU
¢ KaMmep u ronoca. Co3maHHbIe ITOBEIEHYECKUE
MpOoLEAyphl U apXUTEKTypa B LIEJIOM alpoOupoBa-
HBI Ha YITPOILIEHHOU Moaean B cumynstope Gazebo,
a Takxke Ha peaJbHOM poOOTe B paMKaX OTIEIbHbIX
TECTOBBIX CLIEHApUEB, B TOM YMCJIE AJs IIPOBeae-
HHUS COBMECTHOI'O marpyjiupoBaHus. Pa3zpaborka
MOKa3bIBaeT BaxKHOCTb aJe€KBAaTHOI'O BOCIIPUSITUS
pobOTOM omeparopa JJisT pa3BUTUS KOJII1abopaTUB-
HBIX CHCTEM.
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Robots are increasingly required to work in close cooperation with humans and other robots, performing common tasks
Jjointly, in collaboration. High-level decision making by an autonomous agent with such interactions require specific means
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of responding to the situation. This paper describes the implementation of the control system for a collaborative robot, based
on the emotion-need architecture that provides reliable and interpretable interaction means of the robot with other agents.
The robot is an autonomous device whose behavior is aimed at satisfying its current needs. The communication between
the operator and the robot is based on signal communication: the operator’s signal ("command") activates an element of
the emotion-need scheme — a gateway that implements the emotional feedback. Since the gateway connects the sensors
and behavioral procedures, its activation starts the corresponding procedure, as if the sensory system had registered a real
stimulus. The external signal of such indirect control can be represented in acoustic form or as the operator’s posture. The
needs of the robot are aimed at both its physical survival (danger avoidance) and maintenance of the social connections
(accompanying friendly agents). The robot recognizes external commands and activates the gateway associated with the
highest priority action. The activity also gradually fades, which allows actions to be performed for some time even in the
absence of an appropriate internal stimulus. The resulting robot is able to perform the simplest patrol tasks together with a
human, acting in a predictable and understandable (interpretable) way for the human.

Keywords: collaborative robot, emotion-needs architecture, control system, robotics, cognitive architecture, signal com-

munication
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MoCKOBCKUIN aBMaLMOHHBIN UHCTUTYT (HauMOHanbHbIA UCCNneLoBaTeNbCKUN YHUBEPCUTET)

Cuctema ynpaBneHus ABUrateribHom yCTaHOBKOW camMorieTa
npwv B3neTe ¢ NOHMXEeHHOWU TAroun

Paccmampueaemcs neauneiinas cucmema ynpagieHus 08ueameabHoll YCmMaHo8KoU 1emamenbHo20 annapama camoiemuoi
cXeMbl NpU 834eme ¢ NOHUICEHHOU mA20U Ha dmane pazbeea no e3nemuo-nocadounoui nosoce (BIII). Anarusupyemcs mame-
mamuyeckas mModeasv 631ema 00seKma ¢ y4emom pazAudHblX 603MYUAIOWUX 8030elicmeuil, MaKux KaK cmapmosas macca,
cocmosHue nogepxnocmu BIIII, éemposoe éo3myujenue, pearvHoe 3Havenue msaeu dgueamenvHoi ycmanoexu. Onpedensiemcs
pacuemHas mpaekmopus pazbeea Ha 0CHO8e Anpuopu 3a0AHHbBIX NApamempog mooeau obsekma u okpyycaroujei cpedvl. asa
peuwlenus 3adauu ynpaeaenus mseoi npu OMKAOHeHUU napamempos modeau 00seKkma u okKpyycarouieii cpedsl Om pacHemusbix
3HAYeHUl cmpoumcs HeAuHel il 3aKOH YNpaeaeHus mseoll.

IIpednacaemcsa cxema cunmesa cucmemvl YNpaAeHUs M0, KOMOPAs peaiu3yemcs HA 0CHOge Memoda AUHeapu3ayuu
HeAuHelHoU Modeau 00seKma 00pamHoll c8s13bk0 NO 6bix00y. Janublll Memood c600UmMcs K NOCMPOEHUK HeAuHeliHo2o Jughgpe-
PpeHuupyemoezo npeobpazoeanus ucxodnvx koopdurnam. C ucnoav3o8anuem psoa 00nyuieHull nocmpoer pooacmHulil HeauHeli-
HbLll 3aKOH YNpaeieHus, obecnevusarowuil Gopmupoganue cueHaia ynpaeieHus ma2ol 041 KOMAEeHCayuu OmKAOHeHUl Mexucoy
pacuemuoii u pearbHol mpaekmopusamu pazbeea npu omcymcmeuu HOAHOU GnPUOPHOL UHPOPpMAYUU O napamempax é3nema.

Hccaedosanbvl ycaosus cobaodenus mexHuveckol ycmouyugocmu pazbeea camosema ¢ yuemom 02paHudenuil no Makcu-
MAAbHOU msee 08UeamMeAbHOU YCMAHOBKU U MAKCUMAAbHOU daune pazbeea no BIIII, a makce npedaodcen kpumepuil 3Kc-
MpeHHo20 NpeKpalyerHus @3lema AemamenbHo20 annapama camoiemuo2o muna, Koeda pecypcol 08ueamenbHol yCmaHosKu
He N03604A10M KOMHEHCUPOBAMb PACCO2AACO8AHUe Mexcdy pacHemuol u peanvHoi mpaekmopuamu pasbeea. [loayuennoiii
Kpumepuii no3eonsem opmupoeams cueHaa 0451 0OCMAHOBKU 6831ema U nepexooa K pejicumy 3KCMpeHH020 NPeKpaujeHus pas-
beea no BIIII.

Karwueewvie caosa: 631em camonrema, mpeﬁyemaﬂ 63/1emHasn msea, 83/1eMHO-N0CAdO4HA S nojaoca, 3aKOH ynpaeaeHusid ms-

20U, Memoo AuUHeapu3ayuu 00pamHoll C843bl0, KPUMepUll NPeKpaujeHus 83iema

BBenenue

IIpu noctaToyHON HJIMHE B3JIETHO-IIOCAH0Y-
Hoit nojockl (BIIIT) 1 61aronpusiTHBIX METEOPO-
JIOTMYECKUX YCIOBHUSIX B3JIET caMoJieTa 4acTO OCY-
LIECTBJISIIOT C MOHUXXEHHO (IIOTpeOHOI) TSAIrOM.
Taxkoe pelieHHe ITO3BOJISIET SKOHOMUTH KCILIya-
TAallMOHHBIN pPeCcypC CUJIOBOM YCTAaHOBKH, PACXOl
TOILIMBA, a TakKxXe 00ecIleunBaTh 3KOJOrMYeCcKue
TpeboBaHUS K OKpyxXatoieil cpene B 3oHe BIIII.
OaHako 3TO TpeOyeT TOUHOTO KOHTPOJSI IBUXE-
HMS caMmoJjieTa M yIIpaBJIeHUSI peajbHBIM 3Hauye-
HMEM TATU B LIeJIsIX oOecCIleyeHUs 3aJaHHOM Tpa-
€KTOpPUM B3JieTa B YCJIOBHUSIX HEOIpPeAeIeHHOCTU
napaMeTpoB BHellIHell cpeabl. B yacTHOCTHU, 3TO
00yCJIOBJIGHO TEM, UTO AJMHA pa3dera yBeJIuYU-
BaeTCs IIPU YMEHBIIIEHU U TSITU B3JeTa.

CyliecTBYIOT nBa 0a30BBIX METOAA BBLIMOJIHE-
HMS B3JIeTa C MOHUXXEHHON B3JIETHOI TAIrOM: rno-

kuii B3jeT (flexible takeoff) m meTon aBTomMaTHye-
ckoro cHmxeHus Taru (reduced or derated takeoff
thrust) [1-3].

Tdara rubkoro B3jeTa — 3TO YPOBEHb THITH,
YCTAHOBJICHHBINI HUXXE MaKCHMMAaJbHOTO B3JIETHO-
ro 3HayeHus. JIaHHBIA YpOBEHb PacCUYMTHIBACTCS
3apaHee, HEMOCPEACTBEHHO TMepen B3JIETOM, C IO-
MOIIBIO CePTUGUIMPOBAHHOTO METOIA pacyeTa Ha
OCHOBE JAaHHBIX 00 OKpYyXaloUEW cpele W xapak-
tepuctukax BIIII. IIpu 3ToM HENB3ST YMEHBIIATh
TATy OoJiee, yeM Ha 25 %. Mcrionb3oBaHME TaHHOTO
MeToda 3anpelueHo Ipu: B3neTe ¢ BIIII, mokpsi-
TOW CJIOEM OCaJKOB; B3JIETe C MOMYTHBIM BETPOM;
B3JIET€ C BBIKJIIOYEHHBIMU CUCTEMON YMHpaBJIeHUS
CUJIOBOM YCTAHOBKOW U CUCTEMOU yIIPaBJIECHUS I10-
JIETOM CaMoJieTa; TPU OXMIAEMOM OOJBIIIOM 3Ha-
YEHWU CABMUTa BeTpa npu oTpbiBe oT BIIII.

MeTtoa aBTOMaTUUE€CKOrO CHUXXEHUS 3HAYEHU S
TSTU peaju3yeT BbIOOP IMOHMKEHHOTO YPOBHS
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TSTWM Ha OCHOBE JTAaHHBIX PYKOBOJCTBA IIO JIETHOM
BKCMJyaTalliu JieTaTeJIbHOTO armapara, KOTopbie
YUUTBHIBAIOT OTPaHUYEHMS Ha €ro JICTHBIC Xapak-
TEePUCTUKN M TIPOU3BOAUTEIBHOCTh KOHKPETHO-
ro 60pTOBOrO OO0OpPYAOBAaHUS, MOJYYEHHBIC IIPU
MPOBEACHUN CePTUPUKAITMOHHBIX UCITHITAHUI.

CnenyeT OTMETHTb, YTO OOPTOBBIE CpEIACTBA
camoJieTa He MO3BOJISIOT U3MEPSITh TOYHO pealib-
HOe 3HayeHMWE TSITH CHJIOBOM YCTaHOBKM, a MOTYT
JaBaTh JUIIb KOCBEHHYIO, CMEIICHHYIO €€ OLeH-
KY, TaK Ha3bIBaeMbIll 3KBUBAJICHT TATH [4].

HecmoTpst Ha Bce CIOXHOCTM B3JieTa C TOHU-
JKEHHOH TSTOU €Tr0 MCIOJIb30BaHUE SIBJISIETCST BECh-
Ma TIpUBJIEKATeIbHBIM KaK ¢ 9KOHOMHWYECKOM, TaK
M C 9KOJIOTUYECKON TOUEK 3pEeHMsI, HO JOITYCTHUMO
TOJIBKO MpPU YCIOBUU COOMIOACHUST HEOOXOIUMBIX
Mep Oe3zomacHocTu. Tak, WMCMOJb30BaHUE B3Jie-
Ta C TIOHMXXEHHOM TITOW IJIST BO3MYIIHOTO CymHAa
tuna B-737 npu cpemHeM yMEHBIIEHUUW TITU OT
MaKcHMaJIbHOro 3HaueHMsT Ha 20 % maeT 3KOHO-
MUIO PaCcXOJOB Ha 3KCILTyaTallMOHHBIE PAacXOIbl 10
100 000 $ B rox Ha Kaxa0€e BO3AYIIHOE CynHO [1, 2].

IIpr BBEIOOpPE AOMYCTMMOIO 3HAYEHUS B3JET-
HOI TATW OOBIYHO MPEIIIOaraeTcs, 4YToO UMEETCS
noJiHas WH(pOpPMaIMs O AJIMHE B3JETHOU MOJOCHI,
CTapTOBOM ITIOJIOXKEHWHW XBOCTOBOTO CTabMJIM3a-
TOpa, 3HAYEHUU TATU IBUTATEIbHOW YCTaHOBKMU,
KO3(ppUILIMEHTE TPEHUS KOJEeC O IOBEPXHOCTH
BIIII, naoTHOCTHU BO3ayXa U BETPOBOM BO3MYIILIE-
HuKU. OOHAKO HE WCKJIIOYAETCSI, YTO HEKOTOpHIE
JaHHbIE MOTYT U3MEHSThCI KaK B IIPOLECCE ITOMI-
TOTOBKM K ITOJIETY, TaK ¥ BOBPEMS BBIIIOJIHEHU S
B3JjeTa [1, 5].

CrenyeT yYuThIBaTh, YTO Ha MaJIbIX CKOPOCTSIX
pa3bera camojieta 1o BIIIT BepTukaabHas co-
CTaBJSOIIAas BETPOBOr0O BO3MYIIEHMS MpaKTU4e-
CKU HE BIMSET HAa MOABEMHYIO CUIIY U TI0O3TOMY HE
NPUBOAUT K 3HAYUTEIbHOMY BAMSHUIO HA Tpaek-
TOopuio paszdbera. B aTUX yCI0BUSIX OCHOBHOE BJIU-
sSIHUE Ha TPaeKTOPMIO OKa3bIBaIOT: KOI(PGHUIIUEHT
TPEHUS KOJIeC 11aCCU U a3pOAMHAMUYECKUE CUJIBI
COMNPOTUBIICHU S, 3aBUCSILINE OT TOPU3OHTAJILHOMI
COCTaBJISIIONIEN BETPOBOrO BO3MYIIEHMSI M HETOU-
HOCTH OLIEHKM CTapTOBOM MaccChl 0ObEKTa, a Tak-
K€ OT peaJIbHOTO 3HAaueHWs TATU JBUTaTeIbHOM
ycTaHOBKM. IloaToMy ajs1 OOpTOBOl CHUCTEMBI,
KOHTpOJHUpYIOlIeil pa3der camojieTa, HEOOXOOU-
MO oOecleuyrBaTh HaAEXXHBIM BBIOOP CIAEAYIOIMINX
yIOpaBJIeHUYECKUX PEIIECHUI:

— €CIIM OTKJIOHEHUE peajibHON TpaeKTOpUU
pa3bera He3HAUYMTEJIbHO OTIMYAETCS OT pacueTHOM
TPaeKTOpUHU, OIPENECHHON Ha OCHOBE alpuoOpu
3aJlaHHbIX 3HAYEHUI TATU ABUIraTeIbHON YCTaHOB-

KM, KoadduiimeHTa TpeHUs KojeC 11accu, cTap-
TOBOM MACChl ¥ TOPU3OHTAJBHON COCTaBIAIOIIEN
BETPOBOTO BO3MYIICHUS, TO IIPOOOJIKATH B3JIET
C YCTaHOBJICHHBIM MOHMXXEHHBIM 3HAYEHUEM TSTU;

— eCIM OTKJIOHEHHE peaJIbHON TpaeKTOpUU
pa3bera 3HaYMTENbHO OTIMYAETCSI OT pPacueTHOM
TPaeKTOPUM, OIIPENeICHHON Ha OCHOBE aIlpuopu
3alaHHBIX IIPEACTapPTOBBIX JaHHBIX, TO HPOHOJI-
KUATh B3JIET C COOTBETCTBYIOIIUM YBEIMYCHHBIM
IO pacyeTaM OOpPTOBOM CHCTEMBI 3HAYEHUEM TITHU
JIBUTATEIbHON YCTAaHOBKU;

— €CJIM OTKJIOHEHME peaJIbHO TpaeKTOpUU
pa3bera 3HAYMTENBHO OTIMYACTCSI OT PAaCUETHOM
TPaeKTOpUU, ONPEACICHHON Ha OCHOBE IpeAcTap-
TOBBIX JTAaHHBIX, U IIPOIOJIXKEHME B3JIeTa ¢ MaKCH-
MaJIbHBIM 3HAYE€HWEM TATU HE ITO3BOJSET CYyIIe-
CTBEHHO YMEHBIIUTh YKa3aHHOE OTKJIOHEHUE, TO
MPEKPATUTh B3JIET.

BaxxHBIM ITapaMeTpoM, XapaKTepU3yIOIIM Tpa-
E€KTOpMIO pa3dera, SBISETCS 3HAYEHUE CKOPOCTH
MPUHATUS pelieHus1 V| o MpOmoIXEeHUU B3JeTa
WJIH €ro MpeKpalleHur. 3HaYeHWe 3TOM CKOPOCTH
XapaKTepu3yeT BO3MOXHOCTb OCTAaHOBKM CaMoJe-
ta Ha BIIII npu BKIIOYEHUU CPEACTB IKCTPEHHO-
ro TOPMOXEHHS KaK B cjlyyae OTKa30B OOPTOBOro
00opyIoBaHMS, TaK U B ClIydyae PE3KOTro M3MEHe-
HUS YCJIOBUM OKpyxXKalouiei cpenbl. Ecim ckopocThb
IBUKEHUST 00BbeKTa OyIeT NpeBBIIIATh 3HAUYCHHUE
V|, To OOBIYHO PEKOMEHAYETCS NPOJOJIKATH B3JIET,
TaK KaK B IIPOTUBHOM CJydae caMoOJeT Jaxke IpHU
SKCTPEHHOM BKJIOYEHUM CUCTEMBl TOPMOXEHMUS
BC€ paBHO BbIKATUTCH 3a npeaeanl BITIT.

ITogo6GHast mpoOjiemMa B3jieTa C MOHMXEHHOM
TAroii paccMarpuBaliack B pabortax [6, 7]. On-
HAKO, B OCHOBHOM, 3THM pa0OOThl KacaJaWuCh JUIIb
MHAOPMALIMOHHON YaCTU OITOBEIICHMS SKMUIIaxa
caMoJieTa 0 HEOOXOAUMOCTHU MPUHSITUS PELICHUS
O IIPOJOJIKCHUH B3JIeTa MJIM O €ro MpeKpalleHUN.

ITocTanoBKa 3amaum

PaccMmoTpuM (hopMabHYIO0 MOCTAHOBKY 3aJauyM
VIIPaBJICHUS TPONOJbHBIM IBUXEHUEM CaMOJIETA
MIpM B3JIETE C MIOHMXXEHHOM TITOM Ha 3Tare pasoera.

bynem mpenmonaratb, 4TO Ha OOpPTY MMeEETCS
aBTOMaTU4yecKasi CHUCTEMa YHOpPaBJICHUS TSACOM,
KOTOpasi B 3aBUCMMOCTH OT OTKJIOHEHWUS pealib-
HOM TpaeKTopuu pa3dera OoT pacyeTHON TPaeKTO-
puM No3BojsgeT GOpPMUPOBATh COOTBETCTBYIOILIMIA
CUTHAJl YyOpAaBJECHUS [JIsI U3MEHEHUS TSITU ABU-
ratejJbHOi yCTaHOBKHU. PaccMOTpuM ypaBHEHWUS
MPOJAOJBHOIO ABUKEHUS JIETATEJILHOrO arapa-
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Ta B Tpoluecce pasdera o BIIIT mpu otcyTcTBUNA
BETPOBBIX BO3MYIlIeHUI. B 3TOM ciydae Ha nera-
TEJIbHBIN armnapar JeMCTBYIOT CJICAYIOIINE CUJIBI:
P — cuna taru, H;
Y, — nonbeMHas aspoAMHaMuueckas cuia, H;

X, — aspoaMHaMMYecKas Cujia CONPOTHUBIIE-
Hus, H;

N, ., — HOpPMaJbHasl peakUuus TJIaBHBIX CTOEK
maccu, H;

N, . — HOpMaJIbHasI peaKuus NepeaHell CTOM-
KU maccu, H;

F.., — cuila CONMPOTHUBICHUS TJIABHBIX CTOEK
maccu, H;

F, . — cuila CONPOTUBIICHUS TEpEaHENH CTOM-

Ku maccu, H;

mg — Bec JeTarejbHOro arnmnapara, H.

Torma ypaBHEHHSI IIPOIOJBHOTO IBUXKECHUS
MOXHO 3aItucaTh B BUJIE

mV:Pcos(och(pp)—Xa - F

r.ct

- F

H‘CT; (1)
mVe = Psin(a+¢,)+ Y, + Ny oy + Ny op —mg,

rae V' — ckopoctb nBuxkeHus camoseta o BITIT (B
5TOM CJIydyae MyTeBasi CKOPOCTh MPU OTCYTCTBUU
BETPOBOTO BO3MYUIEHWS W BO3AYIIHAsI CKOPOCTH
OyIoyT COBMamaTh); oo — Yroj araku; ¢, — Yroi
YCTAaHOBKM JIBUTATE€JIbHOW YCTAHOBKU OTHOCU-
TEJIBHO MPOAOJBHON OCHU TUJIAHEpa caMoJieTa; 6 —
yroJ HakJioHa nmoBepxHoctu BIIII.

I[Ipy nBUXEHUM TIO TOPU3OHTAJIBHO pPaCMoO-
noxeHHoil BITIT MOXHO MpUHSATH, uTo 6=0 u
sin(a+¢,) ~a+¢,. Torma 3 BTOPOro ypasHe-
HUs cucteMbl (1) moayuyum

(N, + Ny op) = Psin(a + (pp) +Y, —mg.
CrenoBaTebHO, MOXHO 3aIucaTh

F,

T.CT

+ F

II.CT

zf(mg—Ya),

rae f — Ko3(pGULUEHT TPeHU S KOJIeC 1IacCH O I0-
BepxHocTh BITII.

YuuTbiBass U3BECTHBIE BHIPaXXEHMs AJIS adpo-
JIMHAMUYECKUX CUJI

pV?
2

HaiiieM, 4TO IBUXXEHHE OO0bEeKTa OyAeT OMNMCHI-
BaThCS CIAEAYIOIIMM YpaBHEHUEM:

X, =C ()

V2
S, Y, = Cya(a)pTS,

. 2
V=g [m%  f = (Cogl@) ~ C, @) f) %} @)

rie Cy(),Cpp(0) — KOIDGUIMEHTH adpoarHa-
MUUYECKUX CUJI, 3aBUCSIIME OT yIJia aTaku o p —
IUIOTHOCTh BO3[yXa Ha YPOBHE pPaCMOJOXEHUS
BIIII; S — pacueTHas Iomanb Kpbljia caMoJeTa.

OOBIYHO CTOSTHOYHBIN YTIOJI aTaku oy (B Mpene-
nax ot 1 mo 3°) coxpansercss A0 ckopoctu V., .
noabeMa CTOWKM TMepeaHero Kojeca, KOTopas
pasHa npumepto (0,7...0,95)V,,,, tne Vo, — cko-
pOCTb, MPU KOTOPOH KoJieca IIacCU OTPbIBAIOTCS
ot moBepxHoctu BIIII. 3atrem yron atakm yBe-
JMYUBACTCS TAKUM 00pa3om, 4ToObI Tipu V,,, OH
CTaJl PaBHBIM YTIIY oy, (B Iipenesax ot 10 mo 12°).

Cxkopoctb ¥, orpeiBa camosieta ot BIIII BbI-
YUCJSIETCSI U3 PABEHCTBA a3POAMHAMUYECKOMN TTOIb-
€MHOM CHJIBI M Beca 00beKTa U MOXeT ObITh Haliie-
Ha C IMOMOIIIBIO CJIEAYIOIIEr0 COOTHOIIeHuS [8]:

2mg P
VOTp = Tcya(l_m_g(ao +(Pp))-

[IpenBapuTenbHYyI0 OLIEHKY IJMHBI pa3bera
L., camosera mo BIIIT mMoxHO mpubinkeHHO
OMpeleUTh U3 clieaylouero paseHcrna [12]:

(©)

L _ V02Tp

otp = "7 p N
2[P—fjg
mg

O60o3HaYUM X, TIPOAOJIbHYIO KOOPAMHATY LEH-
Tpa Macc caMoJieTa, OTCYUTBHIBAEMYIO OT CTapTO-
BOM TOYKM B 36MHOM CUCTEME KOOPJAMHAT, a Vx,g —
MyTEBYIO CKOPOCTb ABMXKeHM amnmapara mo BIIIIL.
OueBUOHO, YTO IPU OTCYTCTBUM BETPOBOIO BO3-
MYILIEHMS IIyTeBasi CKOPOCTh ABUXKEHUS CaMoJieTa
o BIIIT GymeT coBmagath ¢ €ro BO3AYIIHONM CKO-
pocThlo. Torma Ha OCHOBE COOTHOIIECHUS (2) MOX-
HO 3amucaTh CIEOYIOLIYI0 HEJIMHEMHYI0 CHUCTe-
My ypaBHEHUII, KoTopasi OymeT ONMCHIBATh pac-
YeTHYIO TpaeKTopuio paszdera camoiera mo BIIII
B KOOpAMHATAaX (X, Vy,) TpU YCIOBUU MOJTHOM
nHOpMaLIMK O BCEX IapaMeTpax MOIEIN B3JIeTa:

Xe =Vyes
. Pcos(ag+¢,)
Vig = g( m; Pl f- )
PV, S

= (Cy(ap) - Cy((lo)f) >

3necy P — pacueTHoe (3aJaHHOE) 3HAaYeHUE TSI U.
I[Ipy HaMMYUM TOPU3OHTAJBLHOTO BETPOBOTO
BO3MYIIEHUS, a TAKXE OTKJOHEHUS IapaMeETPOB
OKpyXaloller cpeabl OT PacCUYeTHBIX 3HAYCHUM
ypaBHEHUS NMPUMYT HECKOJILKO UHOU BUI. B aTOM
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cjIydyac€ BO3ayiHadad CKOPOCTb Vx,a caMoJicTa 6YI[CT
onpeacidaTbCdad COOTHOIICHUECM

Vx,a = Vx,g + Wx,g’

rie W, , — CKOpOCTb FOPU3OHTATIBHOrO (MOMYT-
HOTO UJIM BCTPEYHOr0) BETPOBOTO BO3MYILICHUS.

YpaBHeHUSI 00BEKTa, OMMCHIBAIOIIME TpacK-
Topuio pazbera (X,,V, ,) B peaJbHBIX yCIOBHSIX,
MMEIOT CJIEeAYIOIIUI BUA:

)Eg = Vx,g;
2 pCOS o+ ~
Vx,g:g &_f_ (5)
mg
PV ey + Wi )?S

—(Ce() —C () f)

2img ’

[7ie o, ¢, — COOTBETCTBYIOLIKE YIJIbI, U3MEPSEMbIC
B paa; P — WCTMHHOE 3HAUE€HUE TATHU JBUTATE-
JII, KOTOPO€ 3aBUCUT OT CHUTHaJia YMNpaBJICHUS,
m — 3HAYEHUEC MACChl JIETATEJIbHOIrO ammapara
npu crapre; f = f(X,,V,,) — UCTHHHOE 3Have-
Hue Koa(pduuureHTa TpeHUs KoJjieC 11accu, KOTo-
po€ 3aBHUCUT OT CKOPOCTHU IBUXKEHUS OOBEKTA U
oT cocTogHUs moBepxHocTu BIIII.

CuHTe3 HeJMHEHHOT0 3aKOHA YNpaBJeHHUs
TArOM JBUIraTeJbHON YCTAHOBKH

Kak BugHO 13 cooTHoleHuu (5), Momenab pas-
Oera camoseta o BIIII onuckiBaeTcst HeMMHEHHOMI
Mozenblo. OgHaKoO AJIs psiia HEJIMHEWHBIX MaTeMa-
THUYECKUX MOJEeJIe yaaeTcs IIyTeM IIpeoopa3oBaHuU s
MCXOMHBIX KOOPAMHAT IOCTPOUTH COOTBETCTBYIO-
1IMe SKBUBaJIeHTHHIC JUHENHbIe Moneaud. B gact-
HOCTHU, IJIs1 apPUHHBIX HEJIMHENHBIX MOnesei Ta-
Koe mpeobpa3oBaHUE MOXHO HaiiTU Ha OCHOBE Me-
Toda JUHeapu3aluy o u3MepsieMomy Boixony [10].

BBeneM cienyloliiye nepeMeHHbIE B YpaBHEHUS
HEJIMHEWHOU cucTeMsl (5):

Xg = X5 Vx,g

= X2 .
Torpa ypaBHEeHU S IBMXKEHUST 00BEKTa TPUMYT BU]L
xl = X2;

5y = 5[/ (€@ ~C @ %

Pl WP S
2 Mg

(6)

Pcos(oy+¢),)
M

BBeneMm cieayrolire 0003HAYCHUSI:

cos(ag + )
u=-gf+ i

oS 7)

d= _(Cx(aO) - Cy(ao)f)m

Torma Bropoe ypaBHeHUE B crcTeMe (6) MOXHO
3amucaTh B clenyloliei hopme:

Xy =d(x, + W) +u.

®)

[Ipennonoxum, 4yto ckopocTh BeTpa W, gaBis-
eTcsI IIOCTOSIHHOU U u3BecTHOI. Torma, eciu BBe-
CTU MEPEMEHHYIO X, = X, + W, TO ypaBHeHue (8)
IIPUMET CJICAYIOLINI BUI;

)

TakuM 006pa3oM, HEJIMHEMHYIO MOZIENIb pa3dera
JnetateabHoro anmnapara mno BITIT mMoxHO onucaTth
B BUJE CTallMOHApHOW ad(pUHHONU CUCTEMBbI

X, = dx3 +u.

% = F(x) + Gu, (10)

rae x = (x;,Xxy)", F(x)=(x,, d)?zz)T, G=0,1".

PaccmoTpuMm ciyuait, Korma [Jisi M3MEPEHUS
JOCTyIIHA TOJBbKO KoopauHata y = H(x) Xq,
omnpenensgpouas mnojoxkeHue oobekta Ha BIIII.
Torma maremMaThyeckasi MOIEIb ABUXEHUS 00b-
e€KTa MOXeT ObITh 3alucaHa B ¢popMe

Xl = )22;
X, = dX3 + u; (11)
y=H(x)=x.
B marpuunoil popme Momenb UMeeT BUJL

x = F(x)+ Gu;
y=H(x).

BhrunciaiyM npou3BOIHbBIC BEIXOAHOTO CUTHAJA:
. ~ . )
V=X, Vy=dx;+u.
Takum oOpa3om, MaTeMmaTHyecKasi MOIEb
00BbeKTa MMEET OTHOCHUTEJIbHYIO CTeleHb r = 2
[10, 13]. CoOTBETCTBEHHO, MOXHO IMOCTPOUTh

npeobpa3oBaHue YIpaBAEeHUS ¢ TTOMOILIBIO CIIeay-
olero coorHoweHus [13]:

1

u=———CLpH +v),
LGL}‘IH( P )

12)

rne Lp(H)=VH"F, L;(H)=VH*-G — cooTBer-
CTBYIOLIME TTPOU3BOIHBIC JIN.
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[TpoBenst HEOOXOAMMBIE BBIYMCIEHUS, TOTYYUM
g2
u=—dx; +v.

JInneapuzanus a¢pGUHHON CHUCTEMBI C ITOMO-
IIbI0 OOpaTHOM CBSI3W ITO BBIXOAY ITO3BOJISIET I10-
JIYIUTH BKBUBAJCHTHYIO JIMHEHHYIO MOIEIb BUIa

U=X; Ly =Xy 4V, U=—dX;+V.

IlycTp 3amaHa HekoTopasi ImporpaMmma pasbera
JetareabHoro anmnapara mo BIIIT B Buage ¢yHK-
LU X,,,(f), UMEIOIEH HETPEPBIBHYIO BTOPYIO MPO-
HU3BOIHYIO.

Onpeaenum oOIIMOKY BBIMOJHEHUST 3aJaHHOMI
TPAcKTOPUU M3-3a BIUSHUS HEYUTCHHBIX (pakTO-
POB Kak

e(t) = xl(t) - xpr(t)-

CoOTBETCTBEHHO, OLIIKMOKA TP OTPabOTKE Tpe-
OyeMoli CKOpOCTH pa3bera omnpeaensieTcs B BUIE

é(r) = )22(1) - xpr(t)-

3amaguM  XKelaeMyl JOUHAMUKY KOMIICHCA-
LUU OIIMOKHU e(f) ¢ TOMOIIBLIO OOPTOBOI CUCTEMBI
yIOpaBJeHUS TATOW B BUJIE clienyioniero nudde-
PEHILIMAJIbHOTO YPaBHCHUS:

é(t) + Byé(r) + Boe(?) = 0,

rae By, B, — HEKOTOPBIE MMapaMeTPhI, ONIPENEAIO-
LIME€ Ka4yeCTBO MEPEXOAHBIX MPOLECCOB.
HMcnonb3ysl pesysibTaT, MOJYYEHHBIA B pabo-
Te [13], MOXHO IIOCTPOUTH CIIEAYIOLIMIT 3aKOH
yOpaBjeHUs, TO3BOJSIOIINIA CTaOMJIM3UPOBATh
3aJJaHHYI0 IPOrpaMMHYIO TPaeKTOPHUIO pa3bera:

1
LoLpH

= ~(dx3 (1) - %, (1) + B1€(1) + Boe(?)).

Taxkoii 3akoH yIpaBjeHUs OyneT oOecreunBaTh
CXOIMMOCTD OIIMOKM K HYJIIO HpU f — oo,

Hcnonb3ys paBeHcTBa (7), HaligeM, YTO 3aKOH
M3MEHEHUSsI TSITU ABUTATEJIbHOM YCTAHOBKU OyIeT
OIIMCBIBAThCS CJIEAYIOIIUM COOTHOIIEHUEM:

i = - (L3 H = 3, (1) + Byé(t) + Boe(t)) =
(13)

P—L(furgf).

= (14)
cos(ag + ¢)

OrnpenenuMm MPOrpaMMHYI0 TPaeKTOPUIO HC-
X0/l U3 alpuopyv U3BECTHBIX MapaMeTPOB MOJe-
1 pazbera nMpu 3alaHHOM 3HAYEHUM TSTU B3JieTa

C TIOMOIIBIO CAEAYIOLIUX YPaBHEHUIA:

xl,pr = X2 prs
Xy pp = icos( +¢,)-f -
2,pr — g Mg 299} (Pp

2
p(-x2,pr + Wx)

-(C
Cra 2Mg

- Cy,af )
3mecy P, — 3amaHHOe B3JETHOE 3HAYCHUE
taru (H).
IIpuHUMast BO BHUMaHME BhIlIEyKa3aHHBIE pac-
CYyXII€HHWSs, 3aIlMIleM TaHHbIe YpaBHEHUS B (popMe

X1,pr = X2,pr>
z ) ~
Xy . =dX5 . + U
2,pr - 2,pr ’ (15)
xl = xl;
Xo.pr =X pr t Wx’

rae W, — u3BecTHOe 3HaueHUe IOPU30HTAJIbHOMN
CKOpocTH BeTpa (M/C); U — CUTHAJ yHpaBIICHUS.

3nech mapamMeTphl d, U PacCUMTHIBAIOTCS C IIO-
MOIIIbIO COOTHOIICHU

d =~(Cy(@) - C, @) /) 2
cos(@g +¢,)P
e

PaccmoTpum Tenephb ciydaii, Korga HEM3BECT-
HbI TOUHBIC 3HAUYECHUS CJIEAYIOLINX MTapaMeTPOB:

m — B3JIETHasl Macca JieTaTeIbHOTrO arrapara, KT

f — peanbHBIil KOADOUILMEHT TPEHUS KOJeC
1IaCCH;

W, — cKOpOCTb TOPU3OHTANBHOTO BETpa, M/C.
B 3TOoM ciydae ypaBHeHMsI 00BbEKTa yrpaBlie-

Hudg MOryT OBITH 3aIlMiCaHbl B BUJIE

u=-gf +

fCl = .X2;

. P -
Xy = g[m—gcos(ao +0,)-f -

7 \2
z Py + W)
- (Cx,a - Cy,af)Tng 5
rac Wx — pC€aJlbHOC 3HAY€HHE CKOPOCTHU TI'OpU-

30HTAJIHOTO BETpa, (M/C);

f — peanbHOe 3HaueHHE KO3¢GPUIINEHTA Tpe-
HHUS KoJieC 1accu o nmosepxHocTh BIIIT;

m — peajbHOE 3HAaYeHUE B3JIETHON MacCHhI Jie-
TaTeJbHOTO ammapara, Kr;

P — TpebGyeMoe 3HaueHME TSTW IBUTATEINCH
(H) mpum ycinoBuM COOTBETCTBUSI IapaMeTpOB
BHEIITHEU Cpelbl pealbHbIM 3HAYCHUSIM.

Torma nnast KOMIIEHCAIlMM W3MEHEHUN B Tpa-
€KTOPUM pa3roHa IO CPaBHEHMIO C pacueTHOM
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(byHKI1IMel TITa ABUTATENeil TOJIXKHA U3MEHUThCS
CJICIYIOIINM 00pa3oM:

i = —(dx3 (1) = %, (1) + B1é(t) + Bé(r)),

rac
~ _ _ = pS
d = ~(C,(a) - cy<ao>f)g—m;

é(t) = x1(1) = X, (1); &) = x(1) = x5, (1).

Ha ocHoBe mnosiyyeHHbIX cooTHoueHuil (15)
yIpaBjeHUe & MOXET ObITh PAaCCUUTAHO U3 Clie-
JIYIOIIEeTO paBeHCTBA:

i =(d(xy ) () + W)+ +
+ Bl(x2,pr(t) + Wx) + ﬁOxl,pr(t)) -

—(d(xy + W) +By(xy + W) +Boxy),  (16)

rue
cos(ay +¢,)P
7 .

CooTBeTCT BEHHO, UBMEHEHME TATU ABUTATEIbHOMN
YCTaHOBKHM 6YI[CT OIIpeacCIATLCA COOTHOLICHNEM

u=-gf+

P=—"" _(i+gf).
cos(og + @)

OngHako cienyeT YYUTBIBaTh, YTO CHUCTEMa
yIIpaBJeHMs TITOM HEe MMeeT MOJIHON MHdopMa-
MU O 3HAYCHUSIX BEJIUYUH f , m, Wx.

IloaToMy, eciu KCIIOJb30BaTh IpeABApUTEIIb-
Hble oleHKU (16), mojydyuMm cleAyloluii 3aKOH
YHOpaBJICHUS:

= (d(xy, () + W) +il +
+ Bl(x2,pr(t) + Wx) + ﬁ()xl,pr(t)) -
—(d(xy + W)? + By (x5 + W)+ Boxy).

17)

B sTOM cityyae 3aKOH yIpaBJIeHUS TATOM OyaeT
oIpeneasiThesa popMyIoin

(+gf). (18)

~ cos(ag + @)

CrenyeT OTMETUTh, YTO BHIOOP TaKOTI'O 3aKOHA
yOpaBJeHUSI HE MO3BOJSET TEOPETUUYECKU oObe-
CHEYUTh YCTOMUYMBOCTh MO JISSMyHOBY 3aMKHYTOM
CUCTEMBI JJISI BCETO BO3MOXHOI'O AMaIa3oHa pas3-
Opoca TmapaMeTpoB TpaeKTopum pa3dbera Ha Oec-
KOHEYHOM MHTepBajie BpeMeHHM aHanmusa. OmHa-
KO B peajbHOCTU pa30er JeTaTeJbHOTO almnapara
no BIIIT ocymecTBasgercsd 3a KOHEUHON BpeMs,
M B 3TOM CJiyyae KpUTEpPUEM YCHEIIHOIo B3JieTa
SIBJISIETCSI BO3MOXHOCTb JOCTHXXEHUSI TpeOyemMoi
CKOpOCTHM pa3bera Ha 3aJaHHON AMCTAHLIMHU, HE

MpeBBIIaloNie MakcuManbHyo 1auny BIIII. Ta-
KHMM 00pa3oM, HEOOXOOMMO KCCIAEAOBATb TEXHU-
YECKYI0 YCTOMYMBOCTD YIIPABISIEMON CUCTEMBI HA
KOHEYHOM WHTEpBaJie BpemeHu [11].

IIpumep MoaenMpoBaHus B3jeTa
JIeTATEJIbHOTO aNnapaTa ¢ NOHWKEHHOW TATO#
C HCNO0JIb30BAaHMEM aBTOMATA yNpPaBJeHHS TATOM

PaccmoTpuM 3amady mocTpoeHusT OOPTOBOM CH-
CTeMBbI yIIpaBJICHUS B3JI€TOM caMoJjeTa C IIOHMXKEH-
HOM TSIroM Ha IIPUMEpPE JIETATCJIbHOIO aIrapara,
KOTOPBII MMEEeT MaKCHUMAaJIbHYIO B3JIETHYIO Maccy
My = 11 000 kr, pa3dmax kpbuia 35 M, njowanb
Kkpbita S = 50 M2 IIpuHumaeTcs, 4To MaKCUMaJb-
Hast JutnHa pasbera pasHa L, = 1500 M (ripu HeOna-
TONPUSITHBIX YCIOBHUSX: IOMYTHHINM BeTep, MOKpasi
BIIII), mMakcumanbHasi TsAra IBUTaTeIbHOI ycTa-
HOBKU paBHa P, = 32 000 H. IIpu aTom macca no-
JIe3HOTO Tpy3a MoxeT udMeHIThes oT 400 mo 900 k.

ITIpuauMmaeTca Takxke, 4To KO3PPUIIMEHT clie-
miaeHus kojec ¢ BIIIT MoxeT Takxe M3MEHSIThCS
B uHTepBaie f < [0,02...0,2].

3HaueHUsI adpoAMHAMMNYECKUX KO3 PUIneH-
TOB 32JaI0TCSI COOTHOLICHUSIMMU:

C, =-0,3688+0,1321 .@—-0,0027 -a*;
C,=-0,0069+0,0082-4a,
II€ 00 — YroJl aTakKu B Tpaaycax.

CrapToBoe 3HAYCHME YIJla aTakKu Ipu pasbere
paBHseTCd o = 3°. Yrojaraku B TOYKE OTPbIBA OT
noBepxHocTu BIIII paBeH o, =10°. TlnoTHOCTDH
BO3/1yXa MpPUHUMaeETCs paBHOW p = 1,269 Kr/M3.
Yron ycraHoBKM nBuraresist ¢, = 1,8°.

Torga nMHaAMUKY B3J€Ta MOXHO OIMCATh C I10-
MOIIIBIO CIAEAYIOIIEN CUCTEMbI YPaBHEHUIA:

21 =22

P
&= g[ML;cos«xo +o)- fj (s + W)

23 = 245
= g(Z—SCOS(Go +<P)—]7]+a7(14 + W%
mg
soo_ s, P 1
> T, T,

u= iz +W, )2 +B1(zy + W) +Bozy) -
—(d(z4 + W, )2 +B1(z4 + W) +Bo23);

J I ——y

B cos(og + )
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nepeMCHHasdA, oOnuchiBaromiasda HU3IMCHCHUC

d = ~(C, (@) —cy<ao>f>%;
d = ~(C (@) - cy<ao>f>g—5.
m

IlepBble nBa ypaBHEHUS cucTeMhbl (19) omuch-
BalOT XeJlaeMylo TpaeKTopuio pasbera, Korga ma-
paMeTpbl BHEIIIHEH Cpeabl COOTBETCTBYIOT pacyeT-
HBIM 3HAUCHUSIM.

Crenylomue aBa ypaBHeHHUS cuUcTeMBbl (19)
OINUCHIBAIOT AMHAMMKY pa3dera INnpu pealbHbIX
3HAUEHMUSIX MapaMeTPOB MaTeMaTUYECKON MOIE/IH.

[IsgToe ypaBHeHME HUCMOJbL3YeTCS OJIsl OIMCca-
HUS OMHAMUKM W3MEHEHUS TSITW JBUTaTeJIbHOM
YCTaHOBKM.

Ha puc. 1 nokasaH mpumep pacyeTta 3aJaHHOMI
U peasibHOI TpaeKTOpuii pazdera sl pa3aMYHbIX
3HAYEHUN KO3(P(PUIIMEHTOB CLEIUIEHUSI KOJEC
maccu ¢ nosepxHocTeio BIIII: B pacyeTHOM ciy-
yae (f = 0,03) u B peanbHoM ciydae ( f = 0,05),
MpyA CKOpPOCTU MomnyTHoro Betpa W, = 10 m/c
(B pacyetHoM ciaydae W, = 0 M/C) ¥ 3HaYeHUU
aru P = 0,8P .-

Ha puc. 1 npuHATH caenyloiye 0003HAYEHUS:
1 — pacueTHas; 2 — peajbHasl TPaeKTOPUU pa3-
Oera camoJieTa IIpy B3JIeTe ¢ MOHUKEHHOM TITOM.
Bennuuna ¥, 5ucq COOTBETCTBYET CKOPOCTH OT-
peiBa camoisieta ot BIIIT B pacueTHOM ciyyae. Be-
TMYUHA Vo, pean COOTBETCTBYET CKOPOCTH OTPBIBA
camoseTta ot BIIII B peanbHOM ciiyyae. 3HaueHUe
napaMmeTpa L COOTBETCTBYET IMCTaHLMU paszdera
JIeTaTeIbHOTO alapara.

IlycTh M3BECTHBI alPMOPHBIE OLICHKU B3JIET-
HBIX MapaMeTpoB. B aToMm ciyyae MOXHO paccuu-
TaTh XeJaeMyl0 TPAaeKTOpUIO paszbera m MOCTPO-
WUTb 3aKOH YIIPaBJICHUS TSATOl Ha OCHOBE JaHHBIX
00 OTKJIOHEHUM peaibHOM TpaeKTopuu pazdera ot
KejgaeMoil Ha ocHoBe cooTHolueHus (18).

Ha puc. 2 nmoka3aHbl pe3yabTaTbl pacuera 3a-
JaHHON TPAaeKTOPUU MpPHU 3aJaHHBIX MapaMmeTpax
B3JIeTa U peajibHOI TpaeKTopuu paszbera caMmoJjieTa
MpU CIENYIOMINX peajibHbIX 3HAYCHUSIX TapamMe-
tpoB: f = 0,06, B3iaeTHo#t macce m = 11 000 xkr u
CKOpOCTH TomnyTHoro Betpa W, . = —10 m/c.

Hcnonbp3oBaHue aBTOMaTa yIpaBJeHUS TITOn
Ha OCHOBE pa3pabOTaHHOI'O 3aKOHa YyIIpaBJICHUS

Puc. 1. Pacuer 3a1aHHO# U peajibHO# TpaeKTOpHii pa3bera jeTa-
TEJHHOT0 annapara 0e3 CHCTEMBbI YNPABIEHHS TATO JBHraTeNb-
HO¥W YCTaHOBKH

Fig. 1. Calculation of the set and real trajectories of aircraft’s run-
ning start without thrust control system

Vxg, mic
2
i /‘y" 1
V.
PYY SRt v l
| reeeees . VOTPRACH
60 -

Puc. 2. Pacyer 3aaHHOii M peaJibHOI TpaeKTOpHUii pa3dera jera-
TEJbHOTO ANNAapaTa ¢ CHCTEMO# yIpaBJIeHHUs TATOi JBUraTe bHOM
YCTAHOBKH

Fig. 2. Calculation of the set and real trajectories of aircraft’s
running start with a thrust control system

TSTOM MO3BOJISIET 3HAYUTEILHO CKOMIICHCUPOBATh
Pa3HOCTh MEXAY NJaHHLIMU TPACKTOPUSIMU.

Ha puc. 2 npuHSITH ciaeayolie o003HaUYeHU:
1 — pacueTHasl; 2 — peajbHas TPacKTOPUU pa3-
Oera camoJsieTa IIpU B3JIETE C MOHMKEHHOM TSTOM.
Benmnuuna V., icq COOTBETCTBYET CKOPOCTH OT-
peiBa camoJieta ot BIIIT B pacueTHOM ciyuae. Be-
JTUYIMHA Vi oeay COOTBETCTBYET CKOPOCTH OTPbIBA
camonerta ot BIIIT B peanbHOM ciiyyae. 3HaueHUe
rmapaMeTpa L COOTBETCTBYET NMCTAaHLUMU paszdera
JIETaTeILHOTO alllapara.

Ha puc. 3 npuBeneH rpaduk TUHAMUKU U3-
MEHEHUS TATU IIPU B3JIeTe C IapaMeTpaMu, UMe-
IOIIMMM YKa3aHHBIE OTKJIOHEHUSI OT PAacYeTHBIX

3HAYEHU.
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Puc. 3. I'paduk n3mMeHeHns1 3HAYeHUs TATH ABHTATEJNbHOW yCcTa-
HOBKH B Npolecce pa3oera JeTaTeJbHOro annapara

Fig. 3. The diagram of propulsion system thrust changes during
aircraft’s running start

Vxg, mic

Puc. 4. Pacuer 3a1aHHOIl ¥ peajibHOIl TpaekTopHii pasdera Jje-
TaTeJIbHOTO aNNapaTa ¢ CUCTEMOM yNpaBjieHUsl TArOM MPH HEBO3-
MOXKHOCTH MOJHOW KOMIEHCANUHN NAPAMETPHIECKHX BO3MYIIEHH i
Fig. 4. Calculation of the set and real trajectories of aircraft’s
running start with a thrust control system at impossibility of full
compensation of parametrical perturbations

Puc. 5. I'paduk n3mMeHeHns: 3HAYEHUS TATH ABUTaTeIbHOH yCcTa-
HOBKH NPH HEBO3MOXKHOCTH MOJIHOH KOMIEHCALMH MapamMeTpHye-
CKHX BO3MYIIEHMIi

Fig. 5. The diagram of thrust changes at impossibility of full com-
pensation of parametrical perturbations

HeO6XOI[I/IMO 3aMCTUTDb, UTO IIPpU 3HAYUTCIbHBIX
OTKJIOHCHUAX IMapaMETPOB B3JICTA OT PACUCTHLIX
3HAYCHU M pc€ajibHad TAra MOXCET NOCTUTHYTb MakK-

CHMMAJIbHOI'O 3HAYCHUA PmaX' DTO MOXET IIPUBCCTU

K TOMY, 4YTO CaMOJIET HE CMOXET HabpaTb HEOOXO-
JUMYIO CKOPOCTb Ipu orpaHuyeHHoi ayivHe BITII,
HECMOTPSI Ha UCITOJIb30BaHWE MAaKCUMaJIbHOM TSITHU.

Ha puc. 4 npuBeneH nogoOHBIN ciyyaii, Koraa
MPU 3HAYMTEJbHBIX OTKJOHEHUSX B3JIETHBIX Ma-
paMeTpOB Tsra OBICTPO BBIXOAUT HAa MaKCHUMaJb-
HO€ 3HayeHue, M, COOTBETCTBEHHO, AUCTAHIIWS
pazdera moxeT npesbliaTh AauHy BIIIT. B aToMm
cliydyae, HEOOXOMMMO OCTaHOBUTH pa3der u mpe-
KpaTUTh B3JIET.

Ha puc. 4 npuHSTH clleaymoinne 0003HAYCHU T
1 — pacueTrHast; 2 — peajibHasi TPAaeKTOPUM pas-
Oera caMoJieTa IpHU B3JIETE C TMTOHMKEHHOM TSTOM.
Bennunna V,,, COOTBETCTBYET CKOPOCTU OTpPhIBa
camoiyieta oT BIIIl mpM OTCYyTCTBMM BETPOBOTO
BO3MYIIIEHUS.

Ha puc. 5 moka3aH nporecc U3MEHEHU S 3HAYEe-
HUS TSITU TIPU UCTIOJIb30BAHU M CUCTEMBI YIIpaBJe-
HUS TSTOM MPU HEBO3MOXHOCTH MOJTHON KOMITeH-
callMy MapaMeTpU4YeCKUX BO3MYIIEHUA.

@®opMHpPOBaHHE KPUTEPHUS
3KCTPEHHO#l OCTAaHOBKH pa3dera camoJjera
NpPH B3JieTe C MOHUKEHHON TATOoi

Haiinem ycnmoBusi, Korma IMCTaHIIMS pa3bera
Oynet npesblaTh LIUMHY Ly BILII, 1. €. ycnoBus
IpeKpalleHus pa3dera JeTaTeJIbHOTO aIiapara.

PaccmorpuM ciydail, Korma Tsra mBUTaTelei
BBIXOAUT Ha MaKCMMaJibHOe 3HaueHue. [IycTh aTo
MIPOUCXOAUT B HEKOTOPBIII MOMEHT 7,;,, KOT/a JIeTa-
TEJbHBII anmnapat UMEeT CKOpOocThb pasbera Vy, u
npomen guctanuuio mo BIIIT ot cTtapToBoit To4-
ku L. Takxum obpasoM, B 3amace Ajisl pa3roHa u
OTPBIBA OT 3€MJIM OCTaeTCsl OUCTAaHUMSA Lgpmg —
L,. Ecniu B MOMEHT 1, anirapatr UMeeT YyCKOPEHUE
dy, TO MOXHO TOJYYUTh OUEHKY V., CKOpOCTH
OTPbIBA HA AUCTAHUUU Ly NPpU OTCYTCTBUU Be-
TPOBOrO BO3MYILEHUSI:

~

VOTp = Vth + athtOTp’

Ortcrona B KauecTBe KpUTEPUS IKCTPEHHOM OCTa-
HOBKM B3JIETA MOXHO IPUHATH CJIEAYIOLIEE YCIIO-
BHE! €CJIM BBIMOJIHSCTCS HEPaBEHCTBO Vi, >V,
TO pa3der ¢ MaKCMMaJlbHOM TATOM MOXHO IpO-
moixarb; ecnu Vo, <V, (30ech BeanuuHa V.,
oTpenenseTcsl ¢ TMoMoIblo cooTHoleHus (3)), To
pas0er JIeTaTeJbHOTO anmnapara HeoOXOAMMO Ipe-

KpaTUThb.
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3akJoueHue

IIpoBeneHo wuccienoBaHME MaTEeMaTUYECKOM
MOJIEJIU B3JIETA JIETATEJILHOrO arapara caMoJjeT-
HOU CXeMBbI C TIOHUKEHHOUN TATOU B YCIOBUAX OT-
CYTCTBHUS TIOJTHOM allpuOpHON MH(OpMAILIU O Ma-
pamMeTpax OKpPY>KaIoILIEN CPEbI.

ITocTpoeH HENWMHEWHBIM 3aKOH YIIpaBJICHUS
TSATOWM JIBUraTEJbHOM YCTAHOBKM HA OCHOBE METO-
Ja JUHeapu3alluy OOpaTHOM CBSI3bIO IO BBHIXOOY
Ha OCHOBE JAHHBIX O IIOJIOXEHWUU JIETATEJIbHOTO
anmapara Ha BIIII.

IIpennoxeH poOACTHBIM HEJIWHEWHBIA 3aKOH
YIIPaBJIEHUS TATON ABUTAaTEJIbHOM YCTAHOBKM ITPU
B3JIETE CaMOJIETa C IOHUXEHHOM TSITOM B YCJIOBU-
SIX HEONPEIECJIEHHOCTH ITapaMeTPOB B3JIETa.

IIpoBeneH aHanIU3 yCIOBUI COOIIOACHUS TEXHU-
YeCKOM yCTOMYMBOCTU pa3dera JieTaTeJbHOIo armna-
para ¢ y4eTOM OrpaHUYEHUU IO MAaKCUMAJIbHOMY
3HAQUEHMIO TSITHU IBUIaTEJbHOW YCTAaHOBKM, Ha OC-
HOBE KOTOPBIX IPEIJIOKEH KPUTEPUI TTPEKPALLICHU S
pazbera JjeTaTeJbHOrO ammnapara W IpeKpalleHus
B3JIETa C TIOHUXXEHHOM TATOU M3-3a HEBO3MOXHO-
CTH KOMIIEHCALIUY MMapaMETPUUYECKUX BO3MYILIEHUA.
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Abstract
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The nonlinear control system of the aircraft propulsion system at take-off with the derated thrust at a running start stage
on the runway (R) is considered. The mathematical model of rise of an object taking into account the different perturbing
influences, such as starting mass, status of a surface of the runway, wind perturbation, real value of the engine’s thrust
is analyzed. The settlement trajectory of running start based on of a priori the set model parameters of an object and the
environment is defined. For the solution of a task of thrust control, at a deviation of model parameters of an object and
the environment from rated values, the nonlinear control law draft is under construction. In work, the scheme of synthesis
of a thrust control system, which is implemented based on a method of linearization of nonlinear model by feedback on an
output, is offered. This method comes down to creation of nonlinear differentiable conversion of initial coordinates. With
use of an assumptions the robust nonlinear control law providing forming a controlt signal with engine’s thrust for devia-
tion compensation between rated and real running start trajectories in the absence of complete a priori information about
take-off parameters was constructed. Conditions of respect for technical stability of running start of the aircraft, taking into
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account restrictions on the maximum value of draft of the propulsion system and the maximum length of running start on
the runway were investigated. And the criterion of the emergency termination of take-off of the aircraft, when resources of
the propulsion system do not allow to compensate the having mismatch between settlement and real trajectories of running
start is offered. The received criterion allows to form a signal for take-off stopping and passing to the mode of the emergency

termination of running start on the runway.

Keywords: take-off of the aircraft, required thrust of take-off, runway, the control law of thrust, linearization feedback

method, criterion of the aircraft’s take-off termination

For citation:

Busurin V. I., Kudryavtsev P. S., Simonov M. L. Control System of the Aircraft’s Propulsion Device at Take-off with the Derated
Thrust, Mekhatronika, Avtomatizatsiya, Upravlenie, 2023, vol. 24, no. 5, pp. 269—278.

DOI: 10.17587/mau.24.269-278

References

1. Getting to Grips with Aircraft Performance, Airbus, 2002,
214 p.

2. Flex / Derate, Engine Bump and Derated Clumb, Airbus,
2004, 32 p.

3. Ting D. Reduced and Derated Thrust, Performance Engi-
neer, Operations Course, Boeing, 2009, 98 p.

4. Borisenko Yu. G., Kuznetsov A. G. Basic principles of
control automation by draft of modern planes, Works MIEA, no. 2,
2010, pp. 10—16 (in Russian).

5. Pinder S. Aircraft Take-Off Performance Monitoring in
Far-Northern Regions, Thesis of Doctor Philosophy’s Degree,
University of Saskatchewan, 2003, 69 p.

6. Gloubokaya M. G. Security concern solutions at a take-off
stage, Works MIEA, no. 2, 2010, pp. 74—87 (in Russian).

7. Shevchenko A. M., Nachinkina G. N., Solonnikov Yu. I.
Modeling of means of information support of the pilot at a stage

of take-off of the plane, Works MIEA, no. 5, 2012, pp. 54—64 (in
Russian).

8. Balakin V. P., Lazarev Yu. N. Dynamics of flight of the
plane. Calculation of trajectories and flight characteristics, Samara
State Aerospace University, 2011, 56 p. (in Russian).

9. Petrov B. N., Alexandrov A. D., Andreyev V. P. et al.
Multimode and non-stationary automatic control systems, Mos-
cow, Mashinostroenie, 1978, 240 p. (in Russian).

10. Zhou K., Doyle J. Essentials of Robust Control, Prentice
Hall, 1998, 411 p.

11. Kamenkov G. V. About stability of the movement on a final
interval, Chosen works, Stability of the movement, Fluctuations, Aero-
dynamics, vol.1, Moscow, Science, 1971, pp. 118—128. (in Russian).

12. Moir I., Seabridge A. Aircraft Systems. Mechanical, Elec-
trical and Avionics Subsystems Integration, Wiley & Sons, Ltd.,
2008, 536 p.

13. Astolfi A., Karagiannis D., Ortega R. Nonlinear and
Adaptive Control with Applications, Springer, 2008, 302 p.

UspatenbctBo "HOBBLIE TEXHOJIOTMA"
107076, Mockea, MaTtpocckas TuwmHa, 23c2

TenedoH pegakumm xypHana: +7(499) 270 16 52

Texuuueckuii penakrop E. B. Konosa.

Koppektop M. IO. besmenosa.

Cnano B Habop 27.02.2023. TMoanucano B revyatsb 20.04.2023. ®opmar 60x88 1/8. Bymara odcerHasi.
3aka3z MH523. llena moroBopHasi.

XKypnan 3apeructpupoBan B Komurere Poccuiickoit @enepanuu no aeaam mnevyartu,
TeJIepaIuoOBEIIAaHNS ¥ CPEACTB MACCOBBIX KOMMYHUKALIMIA

CauzerenbcTBo 0 peructpamuu [T Ne 77-11648 ot 21.01.02

Yupenutenb: U3narenbctBo "HoBble TexHOIOTMN"

Opurunan-maker OO0 "AxBancen comomH3". Orneyatano B OO0 "AnBaHcen COMIOLIHS",
119071, r. MockBa, JleHuHckuit nip-T, a. 19, cTp. 1. CailT: www.aov.ru

278

MexaTpoHuKa, aBTOMaTH3amus, ynpasienae, Tom 24, Ne 5, 2023



XVI-a Bcepoccumnckaa MynbTukoHdepeHUUa no npoodremam
ynpasneHusa (MKIy-2023)

11 ceHTaA6pa — 15 ceHTA6pA
2023 r.

r. Bonrorpapa, Poccus

https://lomonosov-msu.ru/rus/backend/event/request/8035/sandbox-form

OPIrAHU3ATOPbI U CNTIOHCOPbI

| ' 5.

e Poccuitckas akagemns Hayk e HWW mHoronpoLeccopHbIxX BelMMCAMTENbBHBIX cucTem KOPY
e MwHMCTEPCTBO Hayky 1 BbicLLero obpasoBanus PP e HUL, cynep3BM u HeltpokomnbrOTEPOB

e HayuHbiii coBeT PAH no MexaTpoHuke 1 pobOTOTEXHUKE e WHctutyT npobnem ynpasneHus um. B.A. Tpaneanukosa PAH
e HayuHbit coBeT PAH no Teopuyn 1 npoLeccam ynpasnieHns e VHctutyT npobnem mexaHukm um. A.KO. MwnnHekoro PAH

e  HayuHbliit coBeT PAH no MaluMHOCTpOEHMIo e  HauuoHanbHbIN UCCrenoBaTeNbCKUA LIEHTP UM. Npod.

e HayuHbiii coBeT PAH no npobnemam TpaHcnopta H.E. Xykosckoro»

e Bonrorpackuii rocynapcTBeHHbIN TEXHUYECKWA yHnBepcuteT @ MOCKOBCKM aBTOMOBUILHO-AOPOXHbINA FOCYAaPCTBEHHDIN
e [HU P9 OAO «KoHuepH «LIHAW «3nekTponpubop» TEXHUYECKUA YHUBEPCUTET

o lOxHbIi heieparnbHbIi YHUBEPCUTET e [TAO «KAMA3»

e Kasanckuii (MpvBomKCKuit) theaepanbHbIil YHUBEpCUTET e AO OHIY «TutaH-bappukaabi»

e HauuoHanbHbIil LEHTP (N3MKK 1 MaTEMATUKN e HMO CneynarnbHbix Matepuanos

LENb MYNbTUKOH®EPEHLIUN

O6cyxaeHne pes3ynbTaToB (pyHAAMEHTanNbHLIX M MPUKNAgHbLIX WCCrefOBaHWMA B 0GMacTU MPOLECCOB YNpaBNeHUs M uX
NpPaKTUYeCKOro NPMMeHeHUs B pasnuYHbIX cihepax YerloBeUYECKOW AeATeNIbHOCTH.

COCTAB MYJIbTUKOH®EPEHLIUK

MynbTUKOHEPEHLMS BKNIOYAET YeThbIpe NOKaNbHbIEe Hay4HO-TEXHUYECKME KOH(epeHLum:

o PobGotoTexHuka u MexatpoHuka (PuM-2023), npencenatens MporpammHoro komuteta —

akapgemuk PAH @.J1. YepHoyceko, conpeacenatens — akagemuk PAH W.A. Kanses

YnpaBneHue B pacnpeaeneHHbIx U ceteBbIx cuctemax (YPCC-2023), npencenatens MNporpaMMHOro KomMuteTa —

akagemuk PAH W.A. Kanses, conpeaceaarenu — akagemuk PAH [1.A. HosukoB, uneH-kopp. PAH P.J1. CmensHckuia

YnpaeneHue aspokocmuyeckumu cuctemamm (YAKC-2023), npescenatens MporpaMMHOro komuteta —

akagemuk PAH C.1O. XentoB, conpeacenatens — unen-kopp. PAH K.M. Cbinano

YnpaBneHue B NepcneKTUBHbIX Ha3eMHbIX TPAHCNOPTHLIX cucTemax (YMHTC-2023), npeacenatent MporpaMMHOro KomuTeTa
- uneH-kopp. PAH B.M. Mpuxoasko, conpeacepatens — 4.T.H. [.0. Kotues

MposepneHue MynbTtukoHdepeHumun MKITY-2023 nnaHupyeTtcs B 04HOM thopmare.

CEKPETAPUATbI KOH®EPEHLIMIA

Cekpetapuat MynbTukoHdepeHumm MKMY-2023 CekpeTapuart koHepeHumn PuM-2023
1 koH¢epeHumn YPCC-2021 119526, Mocksa, np. BepHaackoro, 101, kopn. 1, AlMMex PAH
347928, r. TaraHpor, yn. Yexosa, 2, HA MBC 10®Y Ten.: +7(495) 434-3547, dakc: +7(499) 739-9531
Ten./dakc: +7 (8634) 36-03-76, 36-13-13 E-mail: ermolov@ipmnet.ru
Mob. Ten. +7 989-616-8905 EpmonoB WBaH Jleonngosuy, 4.7.H., npoceccop PAH

E-mail: conf@niimvs.ru

KyxapeHko Anatonui laBnoBuY, K.T.H., JOLEHT
MBaHoBa Hatanbs lOpbeBHa

CekpeTapmart koHdepeHumn YAKC-2023 CexpeTapuart koHepeHumn YITHTC-2023
125319, r. Mocksa, yn. Buktoperko, 7, FocHUVAC 125319, r. Mocksa, JleHnHrpagckuin npocnekt, 64, MAIN
Ten.: +7 (499) 759-00-73, chakc: +7 (499) 157-07-47 Mob. Ten. +7 (916) 995-10-11
Mob. Ten. +7 985-419-9664 E-mail: Telematica@madi.ru, umen@bk.ru
E-mail: nis@gosniias.ru dununnosa Hagexaa AHaTonbeBHa, 4.T.H., JOLEHT

CenbBectok Hukonan MBaHoBwY, 4.7.H., npocheccop PAH



POBOTOTEXHUKA U MEXATPOHMKA (PuM-2023)

MporpammHbIA KOMUTET

®.J1. YepHoycbko
W.A. Kanses
W.J1. Epmonos

E.C. bpuckuH
}0.B. BusunbTep
B.A. [nasyHoB
3.A. Tomxaes
0.B. JapuHues
B.B. Xora

C.I'. KanyctsH
A.B. Ilonota
B.M. JloxwH

P.B. MewepskoB
t0.B. Mogypaes
AJ1. PoHXuH

B.B. CepebpeHHbiit
B.®. dunapetos
H.B. dunumoHoB
C.N. XpunyHos
C.I'. UapuyeHko
[.E. YnkpuH

A.0. lllepbaTiok

C.0. AuyH
E.W. AkyweHko

akagemuk PAH (UMNMMex PAH, Mocksa) -
npeacepartenb

akagemuk PAH (HU MBC HO®Y, TaraHpor)

— conpeaceaarernb

npogpeccop PAH (UNMMex PAH, Mockea) —
YYEHbI CekpeTapb

A.T.H. (Bonrl TY, Bonrorpag)

npod. PAH (TocHAWAC, Mocksa)

A.T.H. (MMALL PAH, Mockea)

uneH-kopp. PAH (BMM, Mockea)

A.T.H. (MMex YHL PAH, Ydba)

A.T.H. (Bonl'TY, Bonrorpag)

A.T.H. (FOHL PAH, Poctos-Ha-[loHy)

A.T.H. (UHWW PTK, CankT-MeTepbypr)
4.7.H. (MUPOA, Mocksa)

A.7.H. (MNY PAH, Mocksa)

A.T.H. (MI'TY "CTAHKMH", Mocksa)

npodp. PAH (CI6 WL, PAH, CaHkT-
Metepbypr)

K.T.H. (MITY "CTAHKWH", Mocksa)

4.7.H. (MAMY ABO PAH, BnaaunsocTok)
A.T.H. (MY, Mocksa)
(
(

A.7.H. (UMY PAH, Mocksa)

A.T.H. (MI'CY, Mocksa)

O.T.H. (KOY, KasaHb)

uneH-kopp. PAH (MAY BO PAH,
BnagmBocTok)

A.T.H. (FO3Y, Kypck)

akagemuk PAH (HMO CneuunanbHbIx
matepuanos, CaHkT-MeTtepbypr)

HanpaBneHus pa6oTbl

KnHemaTuka 1 guHammka poboToB N MEXATPOHHbIX CUCTEM
CpepcTaa 04yBCTBIEHNS W HaBUraLmuy poboToB
AnropuTMbI 1 CUCTEMBI YNpaBneHnst poboTos 1
MeXaTpOHHbIX CUCTEM

lMnaHnpoBaHue noegeHMs poboToB B
HEeAETePMUHNPOBaHHbIX Cpeaax

I'pynnoBoe ynpaeneHue poboToB

BecnunoTHble pobOTOTEXHNYECKIE KOMMIIEKCHI
lMpumeHeHne pobOTOB B MPOMBILLIIEHHOCTH

Mopckas poboToTeXHMKA

Po6oTbl ans nukenaaummn YC

Po6oTn3auus B CenbCKOX03sMCTBEHHOM MPOM3BOACTBE
B3saumogelicTBre Yenoseka 1 poboToB, konnabopaTuBHble
poboThI

Pob6oTbl B MeauuuHe, GuoTeXHonoruum

MpuKnagHble acnekTbl NPOEKTUPOBAHMS U MPUMEHEHMS
pobOTOB M MEXATPOHHbIX CUCTEM

YNPABJNIEHUME ADPOKOCMUYECKMUMUN CUCTEMAMM (YAKC-2023)

MporpaMMHbIN KOMUTET

C.10. XenToB
K.M. Cbinano
H.N. CenbBectok

I".M. AHwakos
C.I'. baxeHoB
I".C. BepecHsikoB
C.A. ['m3yHoB
A.B. I'pebeHkmH
A.B. Edppemos
C.C. KopotkoB
B.B. KocbsiHuyk
M.H. KpacunbLuymkos
B.M. KysLuuHos
B.I'. MNeTyxoB
I"A. MNonos

I.I'. CebpsikoB
B.J1. CyxaHoB
B.A. CornoBbes
tO0.11. Ynbibbiwes
[1.B. Ywwakos

E.A. ®enocos

akagemuk PAH (TocHUWAC, Mocksa) -
npeacepartens

unen-kopp. PAH (LJATW, XKykosckuii) —
conpeacepartenb

A.T.H., npodd. PAH (TocHUNAC, Mocksa) -
YYeHblil cekpeTapb

uneH-kopp. PAH (PKL| «Mporpeccy», Camapa)

A.T.H. (LUATW, XKykosckui)

A.T.H. (MNY PAH, Mocksa)

A.T.H. (UHWMaw, Kopones)

4.T.H. (MU3A, Mockea)

4.T.H. (MAW, Mocksa)

A.T.H. («OAK», Mocksa)

A.T.H., npodb. (FocHUNAC, Mocksa)
A.T.H., npodb. (MAW, Mocksa)

k.7.H. (AW, Mocksa)

unen-kopp. PAH (MAU, Mocksa)
akagemuk PAH (HUW TIM3 MAI, Mocksa)
uneH-kopp. PAH (FTocHUWAC, Mocksa)
K.T.H. (AW, 2KykoBckuin)

akapgemuk PAH (PKKA «3Heprus»)
A.T.H. (PKK «3OHeprusy», Kopones)
akagemuk PAH (HUW ncuxonorun PAH,
Mocksa)

akagemuk PAH (FTocHUWAC, Mocksa)

HanpaBneHus pa6oTbi

VHTennekTyanbHble CUCTEMbI YNpaBEHUs B aBUALMOHHBIX
1 KOCMUYECKMX CHCTEMAX

AnroputMbl M CUCTEMBbI  yMpaBnieHus  BecnunoTHbIMMK
(aBTOMaTMYECKMMM) U OUCTAHLMOHHO  MWAOTUPYEMbIMM
neTaTenbHbIMW 1 KOCMUYECKMMI annapaTamu
/IMMTAUMOHHOE  MOLENUPOBaHWE B aBUALMOHHBLIX U
KOCMUYECKMX CHUCTEMAX

MHdhopmaumoHHoe obecneyeHne, MeTodbl 00paboTku K
NPeLCTaBNEHNsT  MHGOPMALUMM B @BMALMOHHBIX K
KOCMMYECKMX CUCTEMAX

MeTogbl  OMarHOCTMKM M YNpaBreHWe — TEXHWUYECKUM
COCTOSIHUEM B aBUALMOHHBIX U KOCMUYECKIX CUCTEMAX
ApxuTekTypa 6OPTOBLIX KOMMMEKCOB, CUCTEMbI W arperathl
A3POKOCMUYECKNX CUCTEM



Pucynku k cratbe B. J. Kapnosa, M. A. Pog6o, II. C. Copoxoymona

«CUTHAJIbHAI KOMMYHUKALIA I YIIPABJTEHUA
MOBEAEHUEM KOJUIABOPATUBHOI'O POBOTA»
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Fig 7. Emotion-need scheme with signal communication

G ooaman

Puc. 9. PoGor B npoliecce paciio3HaBaHHsI 3KeCTOB JIojIeH H NpH3HaKoB. CHereMbl paciio3HaBaHMsI BbUISIVIM U (PUTYpY
yesioBeKa, IIPHHSIBLIET O onpeesieHHyIo o3y, H ArUco-mapkep Ha kopoOke. Teneps CY poGoTa Jo/pKkHa olp eIe/HTh, Kakasi
KOMaH/IHas1 HH(POPMAIIHSI HM COINOCTABJBIETCS H KaKoe MOBe/IeHHE el COOTBETCTBYeT

Fig 9. Robot recognition of features and gestures. Robot detects both human figure in a known pose
and ArUco-marker on a box. Control system of the robot is trying to find an appropriate command and behaviour



Hazareanerso “HOBDBIE TEXHOJAOT'HIT”

BbBIIYCRACT HAYYHO-MEXHUUECKUE IHCYPHAIbL

Teopetnueckuit 1 NPUKAAAHON HAY4HO-TEXHWMYECKHMI XKYPHAA

NPOTPAMMHAS HHXKEHEPHA

B XypHane OCBELATC COCTOSHWE W TEHOEHUMM pasBUTUSI OCHOBHbIX HampaBmeHMmil
WHEOYCTPUM MPOrPamMMHOr0 OBECneYeHusi, CBS3aHHbIX C MPOEKTUPOBAHWEM, KOHCTPYWPOBaHWEM,
apXWUTEKTYPO, 0BECNEHEHNEM KayecTBa M COMPOBOXAEHWEM >XUBHEHHOMO LMKMA MPOrpamMMHO-
ro obecneyeHusi, a Takke paccMaTpuBalOTCS AOCTWKEHMS B 0OMacTU CO3[aHUst W aKChnyaTa-
UMM MpUKNAOHBIX MPOrPaMMHO-MHOPMALIMOHHBIX CUCTEM BO BCEX O0BNAcTsX 4enoBe4ecKoil
LEeSTENHOCTY.

TEQPETWAECKHR W PKIARNON HAYSHD-TEXHAYECKNA MYPAAR

fiporpamMmuas
WHHEHenKA

NHOOPMALIVIOHHBIE " g !
TEXHOJIOrMA EXxceMecsuHbIN  TeOPETUHECKHH M MPUKAAAHOH

HaY4HO-TEXHUYECKMH XKYPHaA

NHOOPMALIMOHHBIE TEXHOJIOT'NU

B ypHane OCBEWalTCs COBPEMEHHOE COCTOSIHME, TEHAEHUWM M NEPCNEKTUBLI Pa3BUTUS
OCHOBHbIX HampaBneHuii B obnact pa3paboTku, MPOW3BOACTBA U MPUMEHEHUS MHGOPMALMOH-
HbIX TEXHOMOr U,

MoanucHon ungekc no O6eauMHeHHOMY KaTanory «[pecca Poccumn» — 72656

E>xxemecs4HbIN HAay4HO-TIPAKTMUYECKMI M Y4eOHO-MeTOAMUYeCKHMI XKYPHaA

BESOHACHOCTD SRISHETEATEABHOCTH

B XypHane OCBeWAlOTCS [OCTUXEHUS W MEepenekTMBbl B 0BMAcTM  MCCMEmOBaHuiA,
00eCreYeHnss W COBEpLIEHCTBOBAHMS 3alyThl 4YenoBeka OT BCEX BWOOB  OMAacHOCTEI
MPON3BOACTBEHHO W MPUPONHOA Cpedbl, MX KOHTPOMS, MOHUTOPUHIA, MPEfoTBPALLEHNS),
NAKBUAALMW MOCNEACTBUIA aBapuil M KaTacTpod), o6pas3oBaHs B cdepe 6e30MmacHOCTU
XN3HEOEATENbHOCTY.

‘ lMoponucHon nHpekc no O6bLegnHeHHEMY KaTanory «lpecca Poccumn» — 79963

MexancumnAmHapHbIi TeOpeTHYEeCKHi
M NPUKAAQAHOM HaYYHO-TEXHUYECKHI YKYPHAA

HAHO- n MUKPOCUCTEMHAS TEXHUKA

B XypHane OCBeWaloTCcs COBPEMEHHOE COCTOSHUE, TEHOEHUWM M MepcneKTUBbl PasBUTUSA
HaHO- W MWKPOCUCTEMHOM TEXHWKW, PacCMaTpUBAalOTC BOMPOCHI Pa3paboTKM U BHEOpeHMS
HaHO- U MWKPOCUCTEM B pasfMyHble 00MaCTV HaykW, TEXHOMOTWM W MPOM3BOACTBA.

MoanucHomn nHpekc no O6LeauHeHHoMy kaTanory «lpecca Poccumn» — 79493

Bce xypHaab
pacnpoctpansiorcs

TOAbKO MO MOAMMCKE. 107076, MockBa, MaTtpocckas Tuwmna 23 c2, og. 45.
MN3aateabcTtBO "HOBBIE TEXHOAOIMIN".
Ten.: 8 (499) 270-16-52. E-mail: antonov@novtex.ru

AApec peAakuMM >KypPHAAOB AASi aBTOPOB M MOAMMCYNKOB:

ISSN 1684-6427. MEXATPOHWKA, ABTOMATU3ALWNS, YMPABNIEHME. 2023. Tom 24. Ne 5. 225- 280. UHpekc: 79492 (O6beauHeHHbIN KaTanor «[Mpecca Poccum»)
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