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CUCTEMHbIVN AHANUS,

YMNPABNEHUE U OBPABOTKA MHO®OPMALIUA

YK 007.5; 62-52; 681.5 DOI 10/17587/mau.21.443-452
A. B. ®UNUMOHOB, Aa-p TEXH. Hayk, Npod., filimon_ab@mail.ru,
MWNP3A — Poccuiicknin TexHonornyeckumin yumeepcuteT, Mocksa,
H. B. ®unumoHoB, a-p TexH. Hayk, npod., nbfilimonov@mail.ru,
MockoBckui rocygapcTBeHHbl yHuBepcuTeT M. M.B. llomoHocoBa,
UHcTuTyT Nnpobnem ynpasneHusa nm. B.A. TpanesHukosa PAH, Mocksa

YnpaBneHue HyNsAMU U NonwcamMu B 3afadyax CUHTe3a CUCTEM perynmpoBaHUs.
YacTb |. KoMmneHcauuoOHHbIN noaxopn,

B meopuu u npakmuxe agmomamuueckux cucmem 8ajNcHoe Mecmo 3aHUMAOm 3a0a4u CUHMe3a CUCMeM A8MOMAMU4ecKko2o
peeyauposanus (CAP), ochosannoeo Ha mpeb08aHUAX K OUHAMUUECKOMY KA4ecmey Npoyeccoe pezyauposanus. lisa Kaacca
aunetnvix cmayuonapuoix CAP makue mpebosanus npedsasaaiomes K udy u napamempam nepexooHol XxapaKkmepucmuru
cucmembl, KOMopas 00HO3HA4HO onpedensemcs ee nepedamounoi Gyukyueti (IIP). B cen3u ¢ amum 3aK0HOMEPHA NOCMAHOBKA
3adauu cunmesza CAP c acenaemoti [1D, coomeemcmayoueii 3a0aHHbIM KOIPOUUUEHMY YCUNCHUS, HYAAM U NOAIOCAM CUHME-
supyemoil cucmemst. Jannyro 3adauy yeaecooopaszno umenosams Kak 3adauy ynpaeienus wyaamu u nosrocamu CAP.

B nacmosweti cmamove, cocmoswel u3 08yx uacmei, paccmMampuéaomcs HeKOmopbvle 8adcHvle 045 UHICEHEPHbIX NpU-
A0dceHull eonpocel ynpasaenus nyaamu u noaocamu CAP. Jlaemcsa kpumuveckull aHaiu3 u3@ecmHuLX KOMNEHCAUUOHHbIX U
KOMNEHCAUUOHHO-MOOANbHbIX CXeM Pe2yAUpo8anus, d maKice npedaazaiomcs Ho8ble CXeMHble PelleHUs, CO8Meuanuue QyHK-
YUOHANbHBIE 803MONCHOCMU KOMNEHCAYUOHHO20 U MOOAAbHO20 N00X0008.

B nepeoii vacmu cmamou anaauzupyemcs sgpghekm Komnencayuu Hysei u noaocos obsekma ynpaenrenus ¢ CAP. Ilonu-
MaHue 0anHo20 3pdexma daem npedcmaesienue cucmemvl KaHoHuveckou cmpykmypot P. Kaamana: xomnencayus nynei u
noaco6 00veKma He 03HAUACM UX PUUYECK020 YHUUMONICEHUS, OHU CIAHO8AMCSA NOAIOCAMU ee HeHabao0aeMol u Heynpas-
asemol uacmeii, KOmopovie Heu30eHcHo 6y0ym CKa3vl6amovCs HA NPOUECCax peeyAupoBanUsl 8 YCA0GUSIX 803MYULCHUL COCTNOAHUS
ob0sexma ynpaeaenus. Januviti pghekm u e2o0 HeeamueHvle pe3yibmamol HA2AAOHO NPOAGAAOMCA 8 KAACCUYECKOM Cnocobe
KOHCMPYUPOBAHUSL PecyAsimopo8 no anpuopu 3adannol (uceaaemoi, smanonnou) I1D zamxnymoii CAP.

Hccnedosano éausnue paxmopa HeMUHUMAAbHO-(DA306bIX HYAel HA OUHAMUKY cucmeMm peeyauposanus. Onucawn 3¢pgpexm
ompuyamenbHo20 6blOpPoCca 6 nepexo0HOU XapaKmepucmuke cucmemst U 0aHA e20 KOAUYeCMBeHHA OUEeHKA 0As CAYHAs 00H020
eelecmeeHH020 NPago2o HyAs.

Bo emopoii wacmu cmamou o6cyncoaromes u anaauzupyromes uzeecmmuvie memoow: cunmesza CAP ¢ acenaemou I1D, oc-
HOBAHHbIE HA UCNOAb306AHUU ANNAPAMA NOAUHOMUANALHO20 ucuucienus. [Ipedrazaromes HoBble KOMNEHCAUUOHHO-MOOANbHbLE
Memoobl, KOMopbvie MO2ym NPeoCcmasAsimb UHmMepec 0451 UHICEHEPHBIX NPUNONCEHUN.

Karoueevte caosa: cunmes cucmem pezcyaupoeanusi, JuHamuueckoe Kavecmeo, KomMneHcauus Hy/lelj U noarwcoe, HemuHu-

MaavHO-azoevle HyaU, Ippexm ompuyameabHo2o 6bi6poca

BBenenne

B coBpeMeHHOI1 Teopyuu M MPaKTUKE aBTOMATU-
YECKOT0 YIPpaBJIeHWS ONHOMN U3 LIEHTPaJIbHbIX, HAU-
OoJiee KOHCEpPBAaTHMBHBIX U B TO Xe BpeMs "BEYHO
MOJIOABIX" SABSIETCSl TpobjieMa KayecTBa CHUCTEM
aBroMarnyeckoro peryiaupoBaHus (CAP), koropas
3aKJIIOYAaeTCs B CHHTE3€ CHUCTEM pEryJupoBaHMs
C 3A0aHHbIMU NPAMBIMU, UAU NEePBUYHbIMU, NOKA3Ad-
meaamu Ounamuyeckoeo Kavecmea |[l1]: BpeMeHeM
peryavpoBaHusl (Bpemsl YCTaHOBJIEHUS), Mepepery-
JIMPOBaHMWEM (IMHAMUYECKUI 3a0pOC) M TOUHOCTHIO
peryiavMpoBaHus (CTaTudeckas olivoKa).

Jns pellleHusI 3aa4yy CUHTE3a JIMHEMHBIX CTa-
nmoHapHbix CAP ¢ 3agaHHBIM Ka4eCcTBOM, Kak Ipa-

BUJIO, MCIIOJIL3YeTCSl NBYXA3TalHBI monxon [2]: Ha
MepBOM 3Tare BbIOMpaeTcs KejaeMasl (3TaJOHHas)
nepenatouHast pyHkuug (I1P) cuHTE3MpyeMoii cu-
CTeMbI, OTBeJarollas 3aJaHHbBIM TpeOOBaHMUSIM Ka-
YecTBa, a HA BTOPOM 3Talle OIpPEAC/ISIIOTCS CTPYK-
TypHasl cXeMa 1 mapaMeTpbl peryjsitopa U3 yCaoBHU S
paBeHcTBa (pakTryeckoil u xkemaemoit I1M CAP.

B nanHoi1 cTaTbhe, cocTosIel U3 ABYX YacTei,
paccMaTpUBaIOTCA aKTyaJbHbIE aCHeKThl 3aaadyu
BTOPOr0 3Talla CUHTe3a OmaHOKaHaldbHBIX CAP,
KOTOpasl Jajiee MMEHYETCSl 3adaueil ynpasieHus
HYAAMU U NOAOCAMU CUCTEMBIL.

Ilepsas wacmo cmamou (CBSI3aHHAS C pe3yjbTa-
TaMU KcclieqoBaHus aBTopoB [1, 15——19]) mocsg-
IIIeHa aKTyaJIbHBIM aclleKTaM KOMIIEHCAllMOHHOTO
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Moaxoja B 3ajJa4yax yIpaBJjeHUS HYJISIMU U TIOJI0-
camu CAP.

[TomynsipHble KJacCMYECKHUE METOIbl CHMHTE3a
CAP c 3amaHHBIM KayeCTBOM a priori SBASIOTCS
KOMIIeHCAalIMOHHBIMU [3, §3; 4, . 1.6], ocHoBaH-
HBIMW Ha MCIIOJb30BaHMU B CXEME peryJupoBa-
HHS 3P deKTa KOMIIEHCALINM PaBHBIX HYJICH U I10-
JI0COB cucteMbl. KoMIeHcallMOHHBIN TTOAXO OT-
JMYaeTcs HarasIHOCTBIO M MPOCTOTOM. OmHako,
Kak crpaBefanBo 3ameTua A. A. TlepBo3BaHCKMit
[3, c. 91], 3a ero "BHelIHeil MPOCTOTOK" "“CKpbIBa-
IOTCS OOBOJILHO TOHKHME mpoOieMbl’. B pabortax
KaK OTEUYECTBCHHBIX, TaK M 3apyOeKHBIX aBTOPOB
(JI. T1. UYxaptuwmsunu, P. A. [Tonyakrosa, P. T. SIHy-
meBckoro, . 3. Lpmkuna, JI. H. Boaruna, Tpak-
cenma (J. G. Truxal), Heiotona (G. C. Newton, Jr.),
I'oposuua (I. M. Horowitz), I'masbepta (E. G. Gil-
bert), Yanra (S. L. Chang), Ona (D. C. Youla) u
JIp.) OTMeYajach CylIeCTBEHHAss OrpaHUYEHHOCTh
KOMTIEHCAlIMOHHOTO TOAXOMa, CBSI3aHHAasl C BO3-
MOXHOCTBIO €ro TPMMEHEHUSs JHUIb K KJaccy
YCTOMYMBBIX MHWHHUMAaJIbHO-(Pa30BEIX 0O0BEKTOB
ynpasiieHus. OCHOBHBIM KaMHEM NHPETKHOBEHUS
3[€Ch SBJSIOTCS HEMUHMMaJbHO-(a3oBbie (T.e.
MpaBble — C TMOJOXUTEIbHON BEIIECTBEHHON 4Ya-
CThIO) HYJIM 00BbeKTa ynpaBiaeHuss. UMeHHO Takue
HYJU TIepeYepKUBAIOT BO3MOXHOCTH aIllpUOPHO-
ro 3agaHug xenaemoit I1®d cuntesupyemoit CAP.
Boo061iie, Bonpoc 0 HeraTUBHOM BJIMSIHUU TIPaBbIX
nepenaTouHbIX HYJel Ha MPOLECChl peryJaupoBa-
HUS A0 HACTOSIIETO BpPEMEHU Majio U3yYeH.

B nepBoit yactu ctarbu aHaIU3UpPyeTCs 3P GEeKT
KOMTMEHcalluu HYJIel U MOJI0COB 00beKTa yIpaB-
JIeHUs; 00CyK1aeTCsl KIaCCUYeCKU METONl CUHTE-
3a CAP c stanonHoit [1®; KoHCTaTUPYETCST CBOM-
CTBO MHBAPMAHTHOCTH IPaBBIX HYJIEHl 00BEKTa I10
OTHOIIICHUIO K BBIOOPY CTPYKTYPBI PEryisiTopa;
aHanu3upyeTcs 3¢pGeKT OTPUIIATEILHOTO Iepepe-
TYJIMPOBAaHUS B CUCTEMaXx C IIPaBBIMU HYJISIMMU.

Bmopas wacms cmamou (CBSI3aHHASI C pe3yJib-
TaTaMM UccleqoBaHuii aBTopos [1, 11, 15, 16, 20])
MOCBSIIIeHA TOJIMHOMUATbHBIM METOaM CUHTe3a
CAP, monyyuBIINM IIHPOKOE PaCIIPOCTpPaHEHHE
B MHXEHEPHOW ITPaKTUKE.

HaHHast 0061acTh HUCCAEOAOBAHMI OepeT Hadasio
oT pabotsl B. JI. Boaruna (1959 r.) u 6a3upyercs Ha
amnrmapaTe MOJIMHOMMUAJIBHOIO MCUYMUCAeHUS [5—12].
OTMeTHUM, YTO M3BECTHBIC IMOJMHOMUAILHEIE Me-
tonbl cnHTe3a CAP paror perynasgpHble aHAJIUTH-
YECKHE PAacUeTHbIE MPOLEAYPHl ¢ AUO(PAHTOBBIMU
MOJIMHOMHMAJIBHBIMU YpaBHeHUSIMH [13, 14].

B nmaHHOI1 yacTuW cTaTbu M3JNaralOTCS HOBbIE
KOMTIEHCAllMOHHO-MO/aJIbHbIE METOAbI, OCHOBaH-

HBIE Ha amnmnapare IIOJMHOMMAJILHOTO HCUYUCIIe-
HUSI, KOTOPBIE MOT'YT MPEACTABISITh UHTEPEC IS
WH>KEHEPHBIX TPUJIOXKCHUA.

PaCCManHBaeMHﬁ KJACC CHCTEM pPEryiupoBaHusd

bynem paccMaTpuBaTh OOHOKOHTYPHBIE KOHEU-
HOMepHBbIe JuHelHble ctanmoHapHble CAP, cxe-
Ma KOTOpBIX MpeacTaBjieHa Ha puc. 1. 3mech u u
y — PETYJUPYIOIIUIN BXOI U PETYJIUPYEMBII BBIXO/
00bEKTa COOTBETCTBEHHO; y* — ycTaBKa (3adaHue,
KOMaHIHBII CUTHaJ, 1ieJIeBO€ 3HAUCHUE BHIXOIA);
e — olubKa peryjiMpoBaHus: e = y* — y; f — BO3-
Myllaloliiee BO3IeiCTBHE Ha OOBEKT CO CTOPOHBI
BHEIIIHEI cpelbl, IPUIOXKEHHOE K BXOAY O0bEKTa;
Wy(s) u Wir(s) — 1D ob6bekTa ynpaBieHUs U pe-
I'yJIITOpa COOTBETCTBEHHO.

IMonmaraem, 4yTo AMHAMUWYECKUN MOPSAIOK OOB-
eKkTa paBeH ng, u ero [1D sBisgeTcss npaBUIbHOI
palMOHaJIbHOUN TPOOBIO:

By (s)
A,(5)’

rae By(s) u Ay(s) — MOAMHOMBI BUJa

Wiy(s) - (1)

l’l()fl 0. i
Ay(s)=s"+ Y a;s’,
i=0

Bys)= 3 b7, (2)
Jj=0

my < ng; a?, ij — MOCTOSIHHBIE KO3PPUIINEHTHI,
npuueM by = 0.
ITonmaraem, 4To OOBEKT BHIOJHE YIpaBiseM U
HabomaeM, Tak 4To ApoOb (1) — HecokpaTumasl.
IIycts 1D perynsropa (¢ yueToM TpeOGOBaHUS
(bu3nYecKoir OCyILIeCTBUMOCTH) SIBISIETCSI OpO0-
HO-pallMOHAJIbHOM’:
Wg(s) = &,
P(s)
rome Q(s) u P(s) — B3aMMHO HPOCTHIC ITOJMHOMBI
BHUIA

(©)

0= X i’ P9)= 3 ps’,

j=0

rne ¢ = 0w p, =1.

o e k
| Peryasitop S/ O6BexT |
- |
| e u |
e Wr(s) Wols) f—2»!
I _ I
O ey ———————— )
Puc. 1

Fig. 1
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O6o03naunm W(s) u W(s) — I1P pa3oMKHYTOI 1
3aMKHYTOI CUCTEM COOTBETCTBEHHO. CripaBeniu-
BbI ClIEeNYIOLME pacueTHbIe (hOPMYJIbI:

V(s)=Wy(s) Wr(s); “)
_V(s)
W =G ©)

3aMeTuM, 4TO JuMHamuueckuin mopsgok CAP
paBeH n = ny + np.

M3 BoipaxkeHus (5) ¢ y4yeToM COOTHOULIEHUM
(1), (3), (4) nonydyaem caeaymlilee BbIpaxkKeHUe ISl
I1® 3zamxkuayTOI CAP:

Wis) = B(s)

A(s)’ ©

rac
A(s) = Ay(s)P(s) + By(5)Q(s), B(s) = By(s)Q(s).

1D 3amkuyroit CAP mo kxanany "Bo3Myllle-
HUEe—BBIXOA" paBHA

Wf(S)— WO(S) =BO(S)

1+ V(s)  A(s) )

D¢ddekT KOMIeHCAnMHN MePeaATOYHBIX HYJIEH
U MOJII0COB

MoxeT okazaTtbces, 4yTo I1D pa3oMKHYTOM cH-
cteMbl (4) aBIIsIETCS cokpamumoi Ipoobio. B aTom
cilyyae Bo3HMKaeT 3DEeKT komnencayuu Hyjaen u
MOJIIOCOB 00BbEKTa yIpaBJIeHUsI, KOTOPbI MMeeT
KJIIOYeBOE 3HAUE€HME AJIsl MOHUMaHUSI OCOOEHHO-
CTei MHOTUX MeTo0B cuHTe3a CAP.

ITpoananusupyeM 3ToT ciayuait. ITpoBenem ak-
topuzaumio [1d odwvekra W (s) u peryasatopa Wi(s),
SIBHO BBIJEJISISI B HUX COKpalllaéMble HYJM U TOJIO-
CBl, T.€. "HexXeJlaeMble" MOIMHOMBI B (s) u Ay (s):

03 ()45 (5).
Py ()B; (5)

B3 (5)By (5)
A5 ()45 (s)”

3n1ech NOJMHOM A, () SBIsIeTCS HAMOOJIBIIUM
obmum nenurtenem 3HameHatenst [1O W (s) u uuc-
autenst [1O Wi(s), a noauHom B, (s) — HaubOJb-
muM odmmm aenuteneM yucautens: [P Wy(s) u
3HaMeHarenst [1D® Wi(s), npuuem

WO(S) = WR(S) = (8)

ny =deg Ay (s), ny =deg Ay (s),
ny =deg Py (s), ny =deg B, (s).

B pesynbrare COKpalllcHWI TMOJTy4YaeM penylLHn-
poBaHHOe BbipaxkeHue st [1®D pazomkHyToit CAP:

Vis)=V*(s) = DOE)
Fy (s5)A4y ()

I[N® 3amkuyToit CAP mo kaHany "ycTaBKa—
BBIXOH'' paBHa

)

w2 BT
Wis)=Ww (S)_A*(s)’
raoc

AT(s) = Py (s)Ay (5) + Qg (5) By (),
B7(s) = Qy (s) By (9).

BBenem o0o3HaueHUS:
n* =ny +ng, N =ny +ng.
O4eBUIHO, YTO

n=ny+ng=n"+n",
deg A" (s)=n".

OTMETHM BaxXHOE 00CTOSTEIbCTBO — JMHAMMU-
YeCKHMI TIOpSIIOK KOHTYpa peryJnpoBaHUS OKa-
3bIBAETCS PABHBIM n', U B ciiydae (haKTUIECKOTO
B3aMMHOTO COKpalllecHWs COBIAJAIoIINX Tepena-
TOUHBIX HYJIEH 1 TIOJIOCOB PETYIsITOpa 1 00BbEeKTa
MOJIy4aeM: n" < n.

IIpr 3TOM BO3HUWKAIOT CJEAYIOIINE BOIPOCHI
MMPUHIMIINAJTBHOI'O XapaKTepa:

e JIefiCTBUE PETYJISITOPAa HE MOXET M3MEHUTH (Pu-
3MYECKYIO CYLIHOCTh OOBEKTa YIpaBIeHUS, HO
TOTAA YTO O3HAYaeT M3MEHEHNE TUHAMUYECKO-
ro TopsiAKa KOHTypa peryJmpoBaHus?

e Kakum ob6pa3zom paccMaTpuBaemast KOMIICHCA-
LIS TepeJaTOYHBIX HYJIEH M TOJIOCOB CKa3bl-
BaeTcs Ha gfuHamuke CAP?

e B kakux ciydyagx momycTMMa M IIpueMJjeMa
IaHHasl KoMIeHcauus?

O603HauUuM y(s) XapakKTepUCTUYECKUI IOJU-
HoM 3aMKHYTOIT CAP.

IIpaBuabHBIE OTBETHI Ha TNOCTaBJICHHEIE BO-
MMpOChl 0a3upyloTCsI Ha CHEOYIoIIe Teopeme,
BIIEpBBIC ONyOJMKOBAaHHOM B pabote [19].

Teopema 1. 3amknuyrags CAP umeeT ciemyio-
111ie CBOMCTBA:

1) creneHb XapaKTEPUCTHUYSCKOTO IIOJIMHOMA
CHCTEeMBI paBHa

(10)

degy(s) = n,

rJe HaTypajbHoOe # onpeaensieTcs paBeHcTBoM (10);
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2) XxapakTepucTU4ecKui
paBeH

INOJIMHOM CHUCTEMBI

1(s) = A(5) Ay (5)By ()

3) cuctemMa JonyckaeT (COrJlacCHO KAHOHUYECKOM
ctpykrype P. KanmaHa) nekoMno3unuio (pa3ioxe-
HME) Ha CIIeAYIOLIMe TPU MOACUCTEMBI (pUC. 2):

* IIOACUCTEMY nopsinka n', SBISIOLIYIOCS
MOJHOCThIO YIIpaBJisieMOll U HabI01aeMon Ja-
cThio cucteMsl ¢ 1D W (s);

e moacucremMy S y TopsnKa ny, ABIAIOLLYIOCH
HeynpaBasieMOi, HO BIOJIHE HaOII0gaeMOi Ja-
CTBIO CHCTE€MBI C XapaKTepUCTUUYECKUM MOJIU-
HOMOM A (5);

* IMOACUCTEMY S, TOpSIIKA Mg, SBJSIOLLYIOCS
MOJHOCTBIO YIPaBIASIeMOI, HO HeHa0 I0gaeMoit
YacTbI0 CHUCTEMBI C XapaKTepUCTUYECKUM II0-
JUHOMOM B;(s). ®
Takum obpa3om, chopMyaupoBaHHAs TeopeMa

JaeT MpsIMOI OTBET Ha IOCTaBJICHHBIE BOIIPOCHI.
Bo-nepBbIX, KOMIIEHCALIUsI HYJIEH M MOJIOCOB

00BbeKTa He 03HavyaeT UX (pU3NYECKOro YHUUTOXKE-

HUS — B pe3yjbTaTe KOMIIEHCAIlMU OHU IIPOCTO

YCTpaHSIOTCS M3 KaHaja "ycTaBKa—BbIX0O[", Ipel-

CTaBJISIIOLLIErO BIIOJIHE YIIpaBJsieMylo U Habiroma-

emyio yactb CAP.

Bo-BTOpBIX, CKOMIIEHCMPOBAaHHbIE HYJIU U IIO-
JIIOCHl CTAHOBSITCSI IOJIOCAaMU HeHaOJIogaeMoi U
Heymipasiisiemoit yacteit CAP, 1 oHu Hen30exKHO Oy-
IYT cKa3bIBaTbcsl HA AuHaMmuke Beixomga CAP Bcren-
CTBUE BO3MYILAIOIICTO ACWCTBUS BHEILIHEK CPEIbI.
DTO 00CTOSATENILCTBO MPOSIBAsIETCs B CTpyKType [1dD

KaHaja "Bo3MylleHue—BbIXoA" (7), IJIsI KOTOpPOW
CIIPaBEJIMBO PABEHCTBO

B (s)
A" (5)A; (s)

BuaHo, 4TO B 3TOM KaHaJie BO30y>K1al0TCSI MOJbI,
COOTBETCTBYIOIIIME CKOMIIEHCUPOBAHHBIM TOJIFOCAM
CHUCTEeMBbI. 3/eCh XK€ CledyeT 3aMeTWUTh, UTO €CJIu
MPUJIOXKHUTH BO3MYIIIEHHWE K BbIXOAY 00bEKTa, TO Ha
IWHAMHWKE KaHaja "BO3MYIIeHHMe—BBIXOm' OyayT
CKa3bIBaTbCsSl BCE CKOMIIEHCHPOBAHHBIE MOJIOCHI U
Hyau [1P oobekTa. OTMETUM TaKXKe, YTO B CAydasix
"packoMIteHcalun', T.e. (PaKTUIECKOIO OTCYTCTBUS
MPEANUCAHHOTO COKpAlleHWsI HYyJel M TOJIOCOB,
BBI3BAHHOTO MaJIbIMU TapaMeTPUUYECKUMU BO3MY-
IIEHUSIMM O0BbEKTa U PEryyisiTopa, BO3MOXHA I10-
Tepsl CUCTEMOI CBOMCTBA I'pyOOCTU, a 3HAUUT, U ee
MMPAKTUYECKON pabOTOCIIOCOOHOCTH.

B-Tperbrx, CKOMIEHCUPOBAHHBIC TTOJIOCHI MO-
IyT pacrnojararbcs 0JJM3KO K MHUMOM ocu. B aTom
cnyuyae nuHamuka CAP Oyner BKJI1O4aTh COOTBET-
CTBEHHO ciaboaeMnpUupoOBaHHbIE MOIbI, T.€. IIPU
oIpele/JeHHbIX YCIOBUSX B CUCTeMe OyayT Mpo-
TeKaThb ciiaboaeMI(prpoBaHHbIE TEPEXOIHBIE TPO-
LIECCHI.

CnenyeT MOOUYEPKHYTh BaXXHBIM BBIBOA aHa-
nu3a 3(pdekTa KOMMOEHCAllMU HYJed M TMOJIIOCOB
o0bekTa yrnpasieHus: npu cuatese CAP ¢ 3agaH-
HBIM Ka4eCTBOM HEOOXOAMMO Hapsiay C XeJTaeMoi
[1® npuHuMaTh BO BHMMaHHE XapaKTepUCTHU4e-
CKMI MOJMHOM CUHTE3UPYEMOI CUCTEMBI.

Wes)=W;(s)=

MeToa 3TaJIOHHON NepeaaToYHol QyHKIMN

BDddexT KoMITeHCcalIMN ITepeaaTOUYHBIX HYJIeH 1
IMOJIIOCOB O00BEKTa Hes6HO 3aJIeliCTBOBAH BO MHO-
rux kmaccuueckux meromax cuHreza CAP. Cioma
OTHOCSITCS TakKHe IIMPOKO pacIpOCTpaHEHHBIS
B MHXCHEPHOI ITPaKTHUKE METOAbI CUHTEe3a, KakK
e MeTOonm JorapupMuiyecKux (IpSIMBIX U oOpaT-

HBIX) YaCTOTHBIX XapaKTePUCTUK;

* METOI 3TAJIOHHBIX, CTAHIAPTHBIX MJM THUIIO-

BoIx [1D.

Bmecte ¢ TemM, KOMIEHCAIIMOHHBIM IIOAXOX
OCO3HAHHO IIOJIOXKEH B OCHOBY psiJia METOJIOB CHH-
te3za CAP (cm., Hanpumep, paboth [3, §3; 4, 1.
1.6]): B aTOM ciy4yae (pyHKLMOHAJbHAsI CTPYKTY-
pa peryisiTopa CTpOUTCS Ha 0a3e MocjaeaoBaTelb-
HOTO H/WAM IapaJiIeJIbHOIO KOPPEKTHPYIOIINX
YCTPOMCTB, KOTOPHIE KOMIIEHCUPYIOT €ro HexXeJa-
TeJbHBIC HYJIU U MOJIOCH U B pe3yJIbTaTre obecIie-
yupaioT CAP xenaemoe nTmHaMHUUECKOE KauyeCTRBO.
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OnuH M3 KJIaCCUYECKUX MOAXOJO0B K CHHTE3Y
CAP 3akiouaeTcs B TOM, YTOOBI Hags3amb CUCTE-
Me anpuopu 3amaHHylo smaaonuyio 1D, nMeHye-

o k
MYIO B JIUTepaType Takxe sceraemoi 11D, W (s),
T.e. IOCTPOEHUE PETYISITOPA MMOAYUHUTD YCIOBUIO
k
W(s) = W (). (11)

IIpoaHanu3upyeM MPaBOMEPHOCTb TPUMEHEH U ST

M UCTMHHBIE BO3MOXHOCTHY JAHHOTO MOAXOIA.

IMomoxum, uyrto oartanmoHHass [IP sgaBasercs
YCTOMYUBOWM, CTPOrO MPABUJIBHOU, UMEET BUI

B(s)

A*(s)’

rae A'(s), B'(s) — B3aMMHO TPOCTbIE TIOJTNHOMBI,
MpUYeM ee MOPSIIOK paBeH

W*(s) =

ny = deg A*(s).

OranonHoit [1® 3amkHyToii CAP cooTBeT-
cTByeT cienymwolas [1® npsmoit nenu

V*(s) = W—(*S)
1-W7(s)
Otcroga u u3 ycaosus (11) ¢ yuetom (1), (3), (4)
u (5) clienyioT paBeHCTBaA

BO(S)&:V*(S): W*(S) (]2)
Ay(s) P(s) 1-W*(s)

ITokaxeM, 4TO Takoi IOAXOA €CTECTBEHHBIM
00pa3oM npuBOAUT K 3¢ (HEeKTY KOMIEHCAIIUU HY-
JIell U MoJCcoB 00beKTa. PaccCMOTpuM aBe THUIIO-
BbIC CUTYyallUU.

IlepBas cuTyauus: To4ka § = A SBJISIETCS I10-
nocoMm [P obbekTa, HO HEe SBISCTCS MOJIOCOM
xenaemoit [1® pazomkHyToit CAP, T.e. BEIIOIHSI-
I0TCS YCJIOBUS

A7) =0, W) £ .

Torna B cuny paBeHcTBa (12) yMciao A ABASIET-
csl TaKKe KOopHeM IojiuHoMa Q(s):

o) =0,
MU, CJIeJOBATEJIbHO, pacCMaTpPUBAEMBblii IOJIOC

00beKTa KOMIICHCHUPYETCSI B TaHHOI CXeMe pery-
JIMpOBaHUSI.

Bropas cutyaums: Touyka s = g SABIASETCS HY-
neM 1M o6bekTa, HO He SIBISIETCS HYJEM Kejae-
Mmoit [1d CAP, T.e. BRIOJHSIOTCST YCIOBUS

By(u) =0, W*() #0.

Torma u3 cootrHomeHus (12) ciaegyeT, 4TO pac-
CMaTpUBaeMblii HOJIb OOBEKTa | TaKKe SIBJSIeT-
csl KOpHeM IojinmHoMa P(s), T.e. KOMIIEHCUPYETCS
B JaHHOM CXeM€ peryJupOBaHUsI.

M3 n310XeHHBIX COO0OpaKeHN BEITEKAET BaX-
HBI1 118 mpobiaeMatuku cuHTe3a CAP 6b1600:
MpsAMOe IpUMEHEeHUe MeTola 3TaJoHHBIX I1MD He-
IIpUeMJIeMO B ciiydyae HaJu4yus y o0beKTa "ILIO-
xux" HyJel U IOJIIOCOB.

IIpumep. O6patumca k cxeme CAP, mpeacras-
JneHHoi Ha puc. 1. Ilomoxum, 4TO 3agaH OOBEKT
yrpasaeHus ¢ 1O

10
Wy(s) = ———.
0(8) s2+s+25

Ero montocer paBHbl -0,5+ 424,75/, Tak 4tO
CTEIEeHb YCTOMYMBOCTU 00beKTa &y = —0,5.

Ha puc. 3 nmpeacrasieHa nepexomHasi XapakTe-
puctuka oobekTa hy(7).

Ilycts 3apana xemaemast 1D 3aMKHYTOIl cH-
CTEMBIL:

400

v (S):(s+20)2'

Eit cooTBeTCTBYEeT mepexomHast XapaKTepUCTH-
Ka h*(f), nokazaHHas Ha puc. 4.

CraButcs 3agada HaxoxaeHus [1® perynasaropa
W r(s) U370KEHHBIM METOIOM 3TajoHHOH [1D.
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CHauyayia HaxoguM Xenaemylo I1® pa3oMKHY-
TOU CUCTEMBI:

400
s(s +40)°

10 KOTOPO# 3aTeM HaxonuM McKomyio I[1® pery-
JsITOpA

V*(s) =

V*(s)  40(s? +5+25)
Wy(s)  s(s+40)

XapaKTepUCTUIECKUI NOJIMHOM 3aMKHYToi1 CAP

Wr(s) =

1(s) = (s + 5+ 25)(s + 20)2.

SIcHo, uyTo cteneHb ycronumBoctTu CAP Ta-
Kas Xe, KaK U Y 00beKTa.

[lepexoqHast xapakTepyucTMKa CUHTE3UPOBAHHOMN
cucteMbl A(f) paBHA TMEPEXOMHONM XapaKTEPUCTUKE
JKeJIaeMOi1 CUCTEMEI A*(f), TIpeAcTaBJIeHHOM Ha puc. 4.

Ha puc. 5 mpencraBieHa peakuUusi CUCTEMBbI
VAf) Ha UMITYJILCHOE BO3MYIIAIOIIEe BO3MEHUCTBIE
f() = 0,35(¢), toe 8(f) — menbra-pyHKUMA. BugHo,
YTO BO3MYIIEeHME BO30yxXaaeT ciadboaemMmnpupo-
BaHHBICE M CKpPBITHIC IJISI KaHaja "ycTaBKa—BBI-
xon" MOIBI OOBEKTA.

MakTop NpaBbIX MEepeIaTOYHbIX HYJIei

HWuBapnanTHbie CBOMCTBA NPaBBIX IEpPeNaTOd-
HbIX HyJeii. DyHIaMeHTaJIbHOE 3HAUYCHUE IJISl TC-
OpUU U MPAKTUKU aBTOMATUUYECKOrO YIIpaBJICHUS
UTpacT cleaylollee YTBEepXKACHHUE, PaCKPhIBaIOLIEe
OTpULIATEIBHOE NEUCTBUE MpPaBbIX IEPEeAATOYHBIX
HyJeil o0beKTa yrpaBiaeHust Ha guHaMuky CAP.

Ymeepicoenue. IlpaBbie TepenaToyHble HYIU
00beKTa ympaBjicHUS 00JIaJaloT CBOMCTBOM WH-
BapMaHTHOCTU — OHU SIBJISIOTCS TaKXe Iepena-
TOYHBIMU HYJISIMU YCTOMYMBOI CUCTEMbI PEryJin-
poBaHus. W

CrpaBeJIUBOCTb JTaHHOTO YTBEPKJIECHUST O00y-
CJIOBJICHA T€M OOCTOSITEILCTBOM, YTO IIepEIaTOUHLIC
HYJIM OOBEKTAa MOXHO MCKJIIOUMTb U3 MHOXECTBa
Hyneir I[1MD cuctemMbl peryaupoBaHUs TOJBKO JHUILb
IMyTeM KX KOMIICHCALIMA COOTBETCTBYIOIIMMU pPaB-
HbIMU UM notocamMu 1P perynsgropa. OnHako Ta-
KO€ pellieHUE HEIPUEMJIEMO, TTIOCKOIbKY 3aMKHYTasI
CAP oka3piBaeTcs HEYCTOMYMBON: CKOMIICHCHPO-
BaHHbIC HYJIM O0BEKTa CTAHOBSITCS KOPHSIMU XapaK-
TEPUCTUYECKOrO MOJIMHOMA CUCTEMBL.

N3 chopmyanpoBaHHOTO YTBEPXKICHUS CIEAY-
€T BaXXHBIN 6b/600: TIpaBble HYJIN OOBEKTa Kapau-
HaJIbHBIM 00pa30M OTPaHMUYMBAIOT BO3MOXHOCTh
MOJIyYEHHUST XKeJaeMbIX AUHAMUUYECKUX XapaKTe-
puctuk cuHte3upyembix CAP. TTockonbky o01e-
NMpu3HaHHbIe 3TaJloHHbIe [1D uMelT MCKIIOUU-
TEJIbHO MUHMMAaJbHO-(Pa30Bble IMepeaaTOYHbIC
HYJIHW, TO HaJIW4YWE y OOBEKTa XOTS OBbI OJHOTO
IIPaBOro HyJsl MepeYepKUBACT JIIOObIC MOMBITKU
noctpoenuss CAP no 3aganHomy stanony. Cneny-
€T OTMETUTh, YTO YTBEPXKACHUE 00 MHBApUAHTHO-
CTH IIPaBbIX IIepeIaTOYHbBIX HYJICH BIIepBbIe CPop-
MYJIHMPOBAHO B CTaThbsIX aBTOpoB [16, 17], a Takxe
U3J0XeHOo B nmocoouu [1].

D¢ dekT 0oTPUIATENHHOTO NepeperyiupoBaHUS
B CHCTEMaX C MPaBbIMH NepeIaTOYHbIMH HYJISIMH.
Hunamuueckue cBoiictBa CAP mpogBisgioTcsa
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B MIEpEXONHOM XapaKTepuCTUKe A(f) KaHaa "3ama-
HHE—BBIXOH, TIpeICTaBJsIoOmell coO00il peaKnio
CHCTEeMBbI Ha eAMHUYHOE 3aJalollee BO3ICeCTBHE.

[Tycth h,, — ycTaHOBUBIICECS 3HAYCHUE Tepe-
XOIHOM XapaKTePUCTUKU:

h, = min h(¢),

* 0<t<w

npuyemM noyioxum 4, > 0.

B umHXeHepHO#l IpaKTUKE IPUHSITO MCIIOJIb-
30BaTh CJACAYIOIIYIO Mapy IIPSIMBIX ITOKa3aTeiei
kauectBa CAP (7, c"), ompenensiomunx 06IacTb
€€ NOIYCTUMBIX IIePEXOMHBIX XapaKTepUCTUK (T.H.
"kopobouka" B.B. CononoBHUKOBA): epems peey-
auposanus T, n nepepeeyauposanue o'

Oka3bpIBaeTCs, YTO B MEPEXOMHON XapaKTepUCTH-
ke CAP c mpaBbIMU TIlepedaTOYHBIMU HYJISIMU BO3-
MoxeH 3¢ ¢eKkT orpuiarenbHoro "Beruiecka' ('00-
paTHoro xoma', "mpoBaia’) B OKPECTHOCTH HadaJjia
KoopauHar (puc. 6), T.e. IepexoaHasi XapaKTepUCTU-
Ka A(f) npyHUMaeT OTpUllaTEIbHbIE 3HAYCHUSI:

min A(t) <0.
0 <t<o

BBenem crienimaJibHBIN MOKa3aTelb, XapaKTepu-
3yloluii naHHoe cBoiictBa CAP — ompuyamensroe
nepepeeyaupoeatue ¢ , olpenessieMoe paBeHCTBOM

6~ = min M
0 <t<w hoo

TeopeTnyeckuii M TIPAKTUYECKUI MHTEpEC
MpeAcTaBIsIeT BOIPOC 00 OlLICHKE AAHHOTO MoKa-
3atesis CAP. Takylo oLieHKY JJi Y4aCTHOro ciay4das
BEIIECTBEHHBIX MpaBBbIX HYJEW AaeT cleAylolas
Teopema [18].

Teopema 2. Eciu B cucteMe peryJupoBaHMs
BCe TIpaBble TIepeIaTOUHbIe HYJIU SIBJISIOTCS Bellle-
CTBEHHBIMHU, TO B Heil 00si3aTeJIbHO OyneT MMeThb
MEeCTO ompuyamenbvHoe nepepeeyiuposanue o <0 .

[1py HaMMYKUKM B CUCTEME JIMIITb OJHOTO ITPaBOTO
BelleCcTBeHHOTOo Tojiroca s = A (Red > 0, ImA = 0)
MMEET MECTO OlLIEHKa

1

T, 4
e P -1

a IIpu MaJioM A 6YI[eT MMETH MECTO OLICHKA

o < -—

o1
AT,

N

(¢

JNokaszameavcmeo. Ilonaraem, yto I1® CAP no
KaHaJly "3aJaHue—BBIX0" paBHa

wis) -2,
A(s)
rane A(s) u B(s) — IOJMHOMBI C BElleCTBEHHBIMU
Ko PUIIeHTaMU.
A= 1, 0, i=Lk} —
T
BCEX MpaBbIX nepeﬁaTo‘{HHX nyneit I1® (13) ¢ yue-

TOM HUX KpaTHOCTH. PaCCMOTpI/IM IIOJIMHOM

(13)

HYCTI) MHOXECTBO

B (s) = ﬁ(l - 1;5) (14)
i=1

U pa3JIO)KUM MHOroudjeH B(s) Ha MHOXMTEIU:
B(s) = B*(s)B ().

[Monarasi, yTo cucTeMa B HadyaJlbHbIA MOMEHT
MMOKOUTCSI, €€ TMHAMMKY MOXHO OINKCaTh CJedy-
WM auddepeHIaabHBIMU  YPaBHEHUSIMU
B OMEepaTOpHOIi (popme:

AD)z(t) = B*(D)y™ (1),
y(0) =B (D)z(1), (15)

rae D = d/dt — oneparop nuddepeHInPOBAHUS;
z — IepeMeHHasl COCTOSIHMS, YIOBJIETBOpPSIOLIas
HYJIEBBIM HauyaJbHBIM YCJIOBUSIM

790)=0,i=0,n—1.

PaBeHnctBo (15) MoXHO mepenucarb C IOMO-
IIbI0 MHTETpajla CBePTKHU:

2(t) = [ g (O)y(r - 0)db, (16)
0
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rae g (f) — aapo CBEpTKH, KOTOPOE ONpeaeIsieTCs
PaBEHCTBOM

_ 1
g ()= L{B_—(s)}

(Bmecw L{*} — omnepauus npeodpasoBaHus Jlamnaca).
YunuteiBass BeipaxkeHue (14), HeTpyaHo yOe-
IUTBHCSI, YTO (QYHKUUS g (f) SIBJISETCS 3HAKOIIO-
CTOSTHHOM Y HEOTPaHWYECHHOM:
(-D*g™(1) > 0,lim g~ (1) = =, (17)
t—w
JlonycTuM, 4TO OTpULIATEJIbHBII BBIOPOC B Ie-
pPEeXOOHOM IIPOLIECCE OTCYTCTBYET, T.e. IPH BCEX
t > ( BBIIIOJIHSIETCSI YCJIOBHUE

y(t) = h(t) > 0.

Torma B COOTBETCTBUM C COOTHOIIEHUAMMU (16)
u (17) dynkuums z(f) aBasieTcss HEOrpaHUUYEHHOM:
lim z(¢) = oo,
t—o0
YTO HEBO3MOXHO B cujy ycroitunBoctu CAP.
Hanum OlLIEHKY BEIMYMHBI G AJSI 4YaCTHOTO
clyyasi — HaJU4YMsl Y CUCTEMbI OJHOTO MPaBOTO

1
BELIIECTBEHHOrO IONIoca A = —.
OYEBUIHO, YTO T

B sToM cnyyae

g (1) = —1eM1(r).

B mMomeHT BpemeHu ¢ = T, miepeXoqHbIC MPO-
LIECCHI B CUCTEeMe IPAaKTUYECKU 3aKAaHYMBAIOTCS U
MOXHO CUMTATh BBINOJHEHHBIM PaBEHCTBO

UTy) = y(T,) = h,. (18)
M3 (16) HaxooguM
T,
ATy = [ g (O))(T, - 6)do. (19)
Tak kak 0
0,

0

tTo u3 cootHomeHui (18), (19) cnemyet

o T
1<o jg 0)do=-c"(e" " -1).
0

OTtcioga HaXoAUM TpeOyeMYIO0 OLIEHKY:

IIpumep 2. s mmnoctpanuu 3¢ddekTa oT-
pULIATEILHOTO TIepeperyJupoBaHusi Ha puc. 7, 8
MpeacTaBieHbl MePEXOJHbIE XapaKTePUCTUKHU A(F),
COOTBETCTBYIOIIVE CICAYIOIIUM IBYM BapuaHTaMm
[1®d CAP c nmpaBbIMU BelIeCTBEHHBIMU HYJISMMU:

1- (1-s)?
—1 M) =—73.
a+s) a+s)

Cnenyer OoTMETUTDb, UTO 3(pPeKT oTpulaTe/b-
HOro BBIOpOCA B CUCTEMaXxX peryJuMpoBaHUs BHEp-
Bble OBII OOHApYyXeH M MCCIENOBaH B paboTax
aBTOpOB [16, 17] 1 TO3Xe paccMaTpUBAJICS TaKXkKe
B pabotax [21, 22]. lanHBIi1 3¢pdeKT yKas3bpiBaeT
Ha HeobxomumocTh Ads Kiaacca CAP ¢ mpaBbiMu
HYJSIMM B YMCJIO TIPSIMBIX TMOKa3aTejieli KayecTBa
BKJIIOUAaTh OTPHUIATEJLHOE TMepeperyjJupoBaHue
G Y KUCIIOJIb30BaTh ero B 3amadax cuHTe3a CAP.

Wi(s) = >

L I L I L

b
[++]
i

o
»
L

o
M
L

o
NN
1
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3akJoueHue

Crarbsl TIOCBSIEHA aKTyaJIbHBIM acleKTaM
NpoOJeMbl YIIpaBJIeHUS HYJISIMU U MOJIOCAMU JIU-
HEMHBIX CTAlMOHAPHBIX OMHOKaHaIbHBIX CAP.

IIpoBeneH aHanu3 sddexTa KOMIIEHCALIUU HY-
JIeil U IOJIIOCOB O0BbeKTa YIpaBJeHUs; MOKa3aHo,
yto npu cuHTe3e CAP ¢ XXeaeMbIM KayeCTBOM He-
obxonumo Hapsay ¢ xenaemoii [1® npuHUMAThL BO
BHUMaHME XapaKTepUCTUUYECKUIA IIOJJMHOM CHH-
Te3UpPyeMOIl CHCTeMbl; IIPOBEIEH aHaJlu3 IIpaBoO-
MEPHOCTH Kjaccuyeckoro Meroga cunHte3a CAP
¢ stajgoHHoi I1D; yrBep:xkaaeTcss CBOWCTBO MHBa-
PUAHTHOCTU IIpaBbIX HyJell 00beKTa IO OTHOIIIE-
HUIO K BBIOOPY CTPYKTYpPHI peryjasitopa; IpoBeacH
aHanu3 3 deKTa OTpULIATEILHOTO Mepeperyanpo-
BaHMS B CUCTE€MaXx C IpaBbIMU HYJISIMU U JaHaA KO-
JINYeCTBEHHAasI OLIEHKA BeJIMYMHBI OTPULIATEIbHOIO
BBIOpOCaA B MEPEXOMHON XapaKTepPUCTUKE CUCTEMBI
C BEILIECTBEHHBIM IIPaBbIM IepedaTOYHBIM HYJIEM.
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A highly important place in the theory and practice of automatic systems occupy the problems of synthesis of automatic
regulation systems (ARS) based on the requirements for the dynamic quality of regulation processes. For class of linear
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stationary ARS such requirements are imposed upon the type and parameters of its tramsition characteristic which is
uniquely determined by its transfer function (TF). In this connection the setting of problem of ARS synthesis with desired
TF, corresponding to the given amplification coefficient, zeros and poles of the synthesized system is regularity. The given
problem is worth while to call as the control problem of zeros and poles of ARS. In the present paper consists into two
parts, the questions of control of zeros and poles ARS, which are important for engineering applications are considered. A
critical analysis of the known compensation and compensation-modal regulation schemes is given. And also the new circuit
solutions combining the functionality possibilities of compensation and modal approaches are proposed. The first part of the
article the effect of compensation of zeros and poles of control objects in ARS is analyzed. The understanding of this effect
gives the representation of the system of canonical structure of R. Kalman, according to which the compensation of zeros
and poles of object does not mean their physical liquidation. As a result of compensation, they become the poles of its un-
observable and unmanageable parts, which will be tell upon the regulation processes in the conditions of disturbances of the
state of control object. The given effect and its negative results are clearly detected in the classical method of constructing of
controllers on a priori given (desired, reference) TF of closed ARS. The influence of the factor of non-minimal phase zeros
on the dynamics of control systems is studied. The effect of negative ejection in the transition characteristic of the system
is described and its quantitative assessment is given for the case of a single real right zero. In the second part of the article
the well-known methods for ARS synthesis with desired TF, based on use of polynomial calculus apparatus are considered
and analyzed. New compensatory modal methods which may be of interest in engineering applications are proposed.

Keywords: synthesis of regulation systems, dynamic quality, compensation of zeros and poles, not minimal-phase zeros,

effect of negative ejection
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TynbCkui rocyaapCcTBEHHbIN YyHUBEpCUTeT

AHanuTuyeckoe KOHCTPyMpoBaHMe pobacTHbIX
OoNTMManbHbIX NO OLICTPOAENCTBUIO CUCTEM YNpaBrieHUs
Cc 6eCKOHEYHO 6onbLNM K03hhULMEHTOM yCUNeHUs

Ob6cyncdaemces npobaema cunmesa pooaACmMHbIX CUCMEM YNPAGAeHUS ¢ O0AbMUM KOIDOUUUEHMOM YCUACHUS U, 8 YACMHOCMIU,
ONMUMAABHBIX NO KPUMEPUIO ObicmPoOeicmeus, N0360AS0OUUX YNPABGASIMb ONMUMAALHO NO MOYHOCIU PeYAUPOSAHUSL MHO20-
MePHbIMU HeAUHeUHbIMU OUHAMUYECKUMU 006eKMaMU 8biCOKOU PA3MEPHOCMU ¢ QYHKUUOHAABHBIMU HEONPeOeseHHOCMAMU.

IIpedaaeaemcs memoo anarumu4ecko20 KOHCMPYUPOBAHUS ONMUMANLHBIX NO ObICMPOOeiCMEUI0 CUCeM YNPagaeHus 05
WUPOK020 KAACCA MHOCOMEPHbIX HEeAUHEUHbIX OUHAMUHECKUX 006eKMO08 ¢ QYHKYUOHAAbHbIMU HEONPeOeseHHOCMAMU, 8 MOM
yucae HeyCmouvUBbIMU, HEMUHUMAAbHO-GA308bIMU, HEUMPAAbHLIMU, 00aa0awuMu ceolicmeamu ouggepenyuposarnus. Ilpo-
CMOmMa U YHUBepCaabHOCmMb, MAmMeMamuyecKkas cmpoeocms U @Quauieckas 060CHOBAHHOCMb OAHHO20 Memo0a 3aKAI4aemcs
6 ucnoavsosanuu memoda P. Beaamana u dexomnosuyuu 3a0a4u ONMUMAAbHO20 HO ObICMPOOCLiCMEUI) YNPABACHUS HA PAO
00HOMUNHBIX NPOCMbLX 3a0a4 nNepeoeo NopsaoKa.

Teopemuuecku ucuepnuviearujee peuerue 3a0avy poo6acmHo20 ynpagieHus daem udes HOCMPOEHUs CUCMEM, YCMOU1UBbLX
npU He02PAHUYEHHOM YeeauueHuu Kosgguuyuenma ycunrenus. Ceoticmeamu ycmouuueocmu npu 3mom 004adaom onmumans-
Hble cucmembl, CUHME3UPOBAHHbIE C NPUMEHEHUEM K8AOPAMUUHbIX (YYHKYUOHAN08 Kauecmed, He 3A8UCAUUX A6HO OM YNPaAG-
ASAIOWe20 CUCHAAA, U NPU O2panudeHuu Ha ynpasasrouui cuenan. Cywecmeenno, Ymo 6 omauyue Om HenpepovleHbIX CUCHeM
C He uamepsieMblMU 03MYUCHUSAMU U MAN0 U3BECIHbIM 00BEKMOM, 8 KOMOPbIX YCA08USL UHBAPUAHMHOCMU NPEOnOAA2alom UC-
noabv308anue 6eCKOHeuHo O0AbUUX KOIPPUUUEeHmMO08 YcureHUS, 8 peelHblX (PA3PbIBHbIX) cUCMeMax IKEUBANeHMHbLU ¢ hekm
docmueaemcs ¢ NOMOWbIO KOHEUHbIX YNPABAAOUUX 6030elicmEUll.

Ilockoabky 3a0aua bvicmpodelicmeus 1645emcs Yacmuou 3adaueli MOYHOCMU 80CNPOU3Be0eHUSI 6X00H020 8030elicmeus Ha
00BeKm ynpaeaenus, yCmaHo8Ueuascs OuUuOKa peeyaupoganus (6 mom yucie u ece Ko3Q@uuyueHmst OUUGOK: HO NOAONCEHUI),
CKOPOCMU, YCKOPEHUIO, PbIGKY U M. 0.) meopemu4ecKy cmpo2o paeHa HyAl0 npU HAAUYUU GHEUWHUX U 6HYMPEHHUX nomex, deli-
CMEYIOWUX MONbKO HA 00BeKm pe2yAupo8aHus, HO He HA CUCMeMY YNPABAeHUS, 6KAUASL 0AMUUKU HePeMEHHbIX COCMOAHUS
o6seKma ynpaeienus uiu cueHas 3adanus. OOHaKo us3-3a uHepyuu 00seKma Hu 0 KAKOU MOYHOCMU He Mojcem Obimb U peyu
6 nepexo0HOM npoyecce OmpabomKu cueHasa 3a0anus, nycms 0axce U 6 ONMUMAALHOM HO OblcmMPOOelicEUI0 pedcume.

Karowueevie caoea: Heonpedenennvili 006sekm, 60460l Kodpduyuenm ycuieHus, ONMUMAAbHASS MOYHOCMb, Obicmpodeli-

cmeue, cuHme3 ynpaeaeHus, ycmou4ueocms, GYHKYUOHAAbHOE YDAGHEHUE, YCA08UEe YNDABAAEMOCU

"MHoTHe Bel HaM HETIOHSTHBI He TIOTOMY, YTO HAIIIW TTOHSITHUSI CIa0bI;
HO TIOTOMY, YTO CUU BEIIM HEe BXOAAT B KPYT HAIIWX MOHITUI"

Bsenenue

IIpobnema poGacTHOCTM B TEOPUU YIIpaBJie-
HUS TO-TIPEXHEMY SIBJSIETCS BeCbMa aKTyaJIbHOM
U TIpOAoJIKAeT OyaopaXuTh yMbl yyeHbIX [1—10].
31ech BaXXHO OTMETHTh, UYTO "BCE BOIIPOCHI HAy-
KM — B TOM 4HucCje 1 npobieMa poOaCTHOCTU, —
HETJacHO PeTryJInpyloTcs HpaBCTBeHHOCTHIO" [11].
B cBoro ouepens, "HpaBCTBEHHOCTh — 3TO J0OPO-
BOJILHOE HCIOJHEHHE YEJIOBEKOM TEX WJIM WHBIX
00513aTeIbCTB M1 HOPM HPaBCTBEHHOIO 3aKOHA
(3akona boxwero)' [12] mam 3aKOHOB TPHPOAEI
IUIsT HeBepyomux B bora. Ortcioma BBEIBOA IIPO-
CTOIl — HeOoOXOOMMO M3y4YaTh 3aKOHBI ITPUPOIHI,
pacuupsiss Kpyr noHsaTuii. B mpoTtuBHOM ciydae
WHIWBUJI QOPMUPYET Y ceOs MIITI03UI0 OO bEKTHUB-

Kozbma Ilpymkoe

HOCTU, UYTO MOPOXJAET MJUIIO3UIO YTIpaBJeHUSI.
Ho pesynbrar Bce paBHO OyaeT OOBEKTHUBHBIM.
A pazoyapoBaHMS UHAMBUIA — pPealbHBIMU.

Kak moxasaHo B crarbe [1], "Ooiblllag 4JacThb
pe3yJIbTaTOB COBPEMEHHON Teopuu pOOACTHOIrO
yIpaBjcHUS MOJyyeHa Ha OCHOBE JIMHEHHBIX Me-
TOAOB", UCIOJb3YIOLIMX JaBHO M3BECTHBIN KpYyr
MOHSTUI. B pesyabrare moiydyaemoe JMHENWHOE
yIIpaBjJeHUE XOTSI U oOeclieduBaeT "YypOBEHb ra-
LIEHUS BO3MYILEHUI B 3aMKHYTOI CUCTEME MEHb-
1Ie 3aJaHHOro 4yucjia', Ho He o0jiaJaeT HauBhIC-
IIMM KayeCcTBOM (HE ONTUMAJIbHO MO ObICTPO-
JEUCTBUIO M II0 TOYHOCTH OTPAOOTKM CHUTHajua
3aJaHusl, IPU KOTOPOM BCe KOO(MOUIIUEHTHI OLLIM-
0OK paBHBI HYJII0), a JUIIb "00€CIIeYNBACT TOJbKO
aCUMITOTUYECKYIO ycToluuBocTh'. Kpome Toro,
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B TaKMUX "pOOACTHBIX CIEMSIIMX CHUCTeMax B Ha-
YaJIbHBII MOMEHT BpeMEHU HaOJII0daeTcsl BBICO-
KOe 3HaueHMe CUTHaJa yIpaBjieHus'" [2] Kak ciem-
CTBUE "pellleHWsT pas3sNMYHBIX POOACTHBIX 3ajad,
MPUBOASAIINX HE M3BECTHO OTKYyIa K TOSIBICHUIO
oonblInx koddduueHToB ycuieHus" [13]. Uz-3a
ATOTO Ha yIpaBJieHUE BBIHYXJAEHHO U 0e3/1oKa3a-
TEJIbHO MPUXOAUTCS HaKJaJIbIBaThb OTpaHUYCHUE.
"OTnuuTenbHO ocobeHHOCThI0 K -poGacTHBIX
CUCTEeM SBISIETCS TOT (haKT, YTO ... IPUMEHSIET-
ca meton dpyHkumu Jisamynosa" [2]. Takoi moaxon
Take He paciiuipsier "Kpyr MOHSITHUU', He obe-
CIIeYMBaeT ONTUMAJbHYIO TOYHOCTh W TIPUHIIU-
MUaJbHO MCKJII0YAaeT BO3MOXHOCTb TMOJYUYECHUS
ONITUMAJILHOTO OBICTPOICHCTBUS.

1S yCrienrHoro pemeHus mpobjieM podacTHOTO
yIIpaBAeHUS OJHON MaTeMaTUKU MaJio, HeOOXoau-
MO paclIMpsTh "KPYyT MOHATUI" U, KAK MUHUMYM,
u3yyaTb (U3MKY Mpoliecca ympaBjiaeHUsT (3aKOHBI
npuponasl). Hanpumep, B padorax [1, 14—16] "nu-
HaMuKa YIpaBisgeMoro mpouecca B poOACTHBIX
cucTeMax ¢ OOJbIIMM KO3(G(GUIIMEHTOM YCHIIe-
HUSI pa3buTa Ha JBa MHTepBaJia: ObBICTpOE MBU-
XKEHUEe K MaJIoll OKpPeCTHOCTH TuUIockocTu § = 0"
u "MelJieHHOe ABMXKeHue 1o § = (0 B MoJIoXeHUe
paBHOBecHsl. DTa 0COOEHHOCTh aBTOPaMU Ha3BaHa
"3¢ppekTOM JIOKANIM3AUMKU ABUXEHUSA . DTOT Tep-
MWH (paKTUIEeCKU MOATBEPXKAaeT IPUHIIUIT PaOOTHI
pobactHoro perynasartopa [17]: cHayana Kak MOXHO
OBICTpee CBECTH OIIMOKY PETyIUpOBaHUS K HYIIO
(3amaya OBICTpOAENCTBUS) U Iajiee IepKaTh OLINO-
Ky Ha HYJeBOM YPOBHE (3aJaya TOYHOCTH). 3/1eCh
BaXXHO OTMETUTb, YTO B OBICTPOMEHCTBYIOIEM
Mpolecce PeryasaTop padboTaeT Mpyu MakKCUMaalbHOM
CUTHAaJIe YIIpaBJIeHUSI B PA30OMKHYTOI cucteMe 0e3
00paTHOM CBSI3M, KOT/IA BCE 3aBUCUT OT MHEPIIMOH-
HOCTHM 00BEKTa, a KaK €€ YMEHbBIIUTh UJIN JTUKBU-
JUPOBATh COBCEM, MOKA HUKTO HE 3HAET.

ABTOpBI pabOTHI [3] TOCTaBUJIU 1IEb. CUHTE3U-
poBaTh "aJTOPUTM YMPABICHUS AUHAMUYCCKUMU
00BEKTAaMU C KOMIIEHCALIMEN TMapaMeTpUIeCKON
HEOIpeeJIECHHOCTH, BHEITHUX BO3MYIICHUI U T1O-
MeX Hu3MepeHHus'. DTO aHAJOTUYHO, HaIlpuMep,
VIpaBAECHUIO TIOJOXeHUeM (oToHa Mpu H3Mepe-
HUM €ro JCUCTBUTEBHOTO TIOJOXEHUS CaHTUMe-
TPOBOM JICHTOU TPACYILIMMUCS PyKaMu C TaJIbHEU-
1Ie# TTOTMBITKOM M3BJIeUb IJIsl YIIPaBJICHUS XOTh Ka-
KYI0-HUOYb LIEHHYIO TO0CTOBEPHY10 MHPOPMALIUIO
O MECTONOJIOKEHUU O0beKTa ympaieHus. [lus
TOYHOI'O KayeCTBEHHOTO YIpaBjeHUs OObEKTOM
OYeHb BaXHO MMETh TOYHYIO KAueCTBEHHYIO WH-
(opmaliniio 0 ero COCTOSTHUM U, MO BO3MOXHOCTH,
0e3 BCAKUX MPOMEXYTOUHBIX TpeoOdpa3oBaHUM.

XOpoII0 U3BECTHO, YTO C TOUKHU 3peHUS (HU3M-
KM TIPOLIECCOB, IMMPOUCXOASIINX IIPU YIPaBICHUH,
yrpaBjieHue — 9TO mepenaya MHGOpMaUU OT
0JioKa K OJIOKY MpU B3aUMOAEHCTBUU MEXAY OJIO-
KaMH 110 3aMKHYTOMY LIUKJy. MHBIMU CJI0OBamu,
n3MepeHue (MHGoOpMaLMsI) — 3TO TOJBKO OJHA
cocTaBigollas Tpolecca YMHpaBjieHUs], TpUYeM
yIIpaBJIieHUE HUKAK HE MOXET ITOBIMSITH Ha ypo-
BEHb IOMEX M3MEPEHMSI I Ha TIOMEXU B CUTHAJIe
3aJaHus (HE3aBUCUMO OT YIIpaBJIeHUS OHHU JINOO
€CTb, IN0O UX HET), BCE TIOMEXU IIPOHMKAIOT HEIIO-
CPEACTBEHHO B PEryasTop (yCTpOMCTBO, Bbipada-
THIBaloIllee "IYUCTHIN", Oe3 TTOMeX CUTHAJ yIpaBJie-
HUs). UMEHHO IMO3TOMY Ha PEryJsiTop He JOJIKHBI
JIIeICTBOBATh HUKaKKe momMexu [17], BHEIIHUE BO3-
MYIIEHUST (BO3MYIIEHUSI OKPY:Kalolleil Cpedbl)
HeomnpeneaeHHocTU. CUrHal, MocTynalliuii B pe-
T'YJISITOP, IOJKEH OBITh IMPEABAPUTEIBHO 1 JOCTO-
BEPHO OYMILICH OT JIIOOBbIX UCKaxkeHuii. KommeHca-
s (puabTpauus) MoMex M3MEPEeHUS U 3aJaHus,
a elle Jy4lle A0CTaTOYHOE JJIs YIpaBJeHUST TOY-
HOe IojlyuyeHre nHpopMaluuy o0 U3MEpeHNHU 1 3a-
JaHUM — BTO OTAEbHAS KPYyHHAasl U OYeHb BaxKHas
npobJjiema, BAMSIONIAsI HA Ka4ecTBO YIPaBJIEHUS,
HO He MMe€IOIas K yIIPaBJICHUI0O HUKAKOrO OTHO-
IeHus. BnusiHue Xe mapaMeTpUYecKMX HeoIllpe-
JIeJICHHOCTE OO0BbEeKTa M BHEIIHUX BO3MYILEHUI
Ha 00BEKT MOXET OBITh 3(p(PEKTUBHO YMEHBIIECHO
BILJIOTH IO HYJS (3TO U €CThb MHBAaPUAHTHOCTb, T. €.
HE3aBUCUMOCTD, MJIM POOACTHOCTH) TOJBKO C IIO-
MOIIBIO YIIPABJICHUS 110 3aMKHYTOMY LIUKJITY (B CH-
cTeMax ¢ 00paTHOW CBSI3bIO).

Jns unnocTpaliy AEMCTBUSI HEM3BECTHOM MO-
MEXU U3MEPEHUS f,,, Ha MPOLECC YNPABIECHUS U
KOMIIEHCALIUM IIOMEX PACCMOTPHUM CTPYKTYPHYIO
cxeMmy [17] 3aMKHYTOIl aBTOMaTUYE€CKOM CUCTEMBbI
(puc. 1) ¢ peryngtopom (P), BRIXOMHBIM CUTHAJIOM
x, oobekTa ynpasiaeHus (OY), BXOOHBIM CUTHa-
JIOM 3aIaHUS X14,,, OIUMOKON AX, YIIPABIEHUEM U,
BBIXOJAHBIM CUTHAJIOM CUCTEMBI X|., C MOMEXOM.
Ha OV peiicTByeT BHeIIHsIS IoMmexa (OKpyKaro-
masi cpena, Hampumep, MOMEHT Harpysku) f,,
ImpuBeaeHHas K Beixomy OY.

Puc. 1. CTpyKTypHas cxema CHCTEMbl ABTOMATHYECKOTO YHpaB-
JIeHus

Fig. 1. The block diagram of the automatic control system
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M3 cxembl Ha puc. 1 ciaenyer:

KW (p)
1+ KW (p)

__KW(p)
Jou(P) T2 KW (p)

xi(p) =
K — 0

xl3ag(p) +

TVV() Susn (D)

KW (p)

TW(p)Xlgaﬂ(P) +

xlcn(p) =
K — 0

Sou(p) + Susn(D)-

1

1+ K W( ) + KW (p)

IIpu K — o, mojaras, 4To KakKMM-TO oOOpa-
30M [17] pellleH BOMPOC YCTOMYMBOCTH CUCTEMBI,
UMEEM: X| = Xigan — Jusms Xlen = Xizanr OTMETUM
HE3aBUCUMOCTb CUTHAJIOB X| U X, OT f,, Y Mapa-
MeTpUUYeCcKuX u3MeHeHuir OY (mapaMeTpuyecKUX
BO3MYIICHUIT).

M3 nocnenHux GopMys CiaeayerT:

fmaM =

nx =

xlsaz{ — X1 = Xien
_me = Xicn

— X,
x13az[ _f1/13M'

HTaxk, ny1s1 BEIOCICHMS TIOMEXH 1 MOJIYYCHUS UU-
croro (0e3 moMex) CUTHaJIa HeOOXOOUM caM YHCTBIN
curHal. Bce ocranbHOe — MILTIO3UST KOMITEHCALIAN
HEM3BECTHOI MOMEXH C TTOMOIIBIO YIIPABICHMSI.

B pabotax [18—20] "mpemiaraeTcs apyrast Teo-
peTuyecKkasli cxeMa BKJIIOUCHMSI MeXaHM3Ma OOJIb-
1IIOTO YCUJIEHUSI B CTPYKTYpPY CUCTEM aBTOMAaTHYe-
CKOro ynpanjicHus. B ee oCHOBe JIeXXUT pobacTHas
KOppeKIHs (IMOCPEACTBOM OOJBIIOro Koadduirm-
€HTa YCUJICHMS) O0OBbeKTa yIIpaBJICHMS KaK Mped-
BapUTEIbHBIN 3Tall PelIeHUs 3a1auyl YIPaBICHUSI.
B nrtore cuaTe3upyemas CAY nMmeeT IByXKOHTYP-
HYIO CTPYKTYpPY: BHYTPEHHUI KOHTYp OOecIeuu-
BaeT pobacTtHyio Koppekunio OY, a BHEIIHUI OT-
BeYaeT 3a JOCTHXKEHMWE Iean yrpaBiaeHus . Takoe
pasmeneHrde 3adayd Ha PsII IIPOCTHIX (IEKOMIIO-
3UIIMS) TTO3BOJISIET COCPENOTOYMTh BHMMAaHHE Ha
NpUIAaHUU CBOWMCTB POOACTHOCTM BHAYalle OO0b-
eKTY YyIIpaBJICHMS, a 3aTeM MOXHO (OpMHPOBATH
HOBEIE IIOJIE3HBIE CBOIMCTBA CHMCTeMBI. BaxkHo mom-
YEepKHYTh, UYTO MJsI OOECIICYeHUS ITpUEeMJIEMOI
YCTOMYMBOCTY BHYTPEHHETO KOHTYpa IIpU OOJIb-
oM Ko3(p¢UIIMeHTe yCUJIeHUsI Takass podacTHas
KOppeKIIMsI HAaKJIaAbIBaeT OIpeaesICHHBIE OrpaHu-
YeHHUSI, B TOM YHMCJIE Ha KOPHU XapaKTepUCTHUYe-
CKOTI'0 MHOT'OWJIEHA CKOPPEKTUPOBAHHOIO O0BEKTA:
KOpPHU (MOJBI) JOJKHBI OBITh OBICTPO 3aTyXaio-
mwuMu. "JlaHHas cxema KOPPEKLUU HenpumeHuma
IUIT HEMWHUMAaJIbHO-(Pa30BbIX 00BEKTOB, a TaKXKe

B CJlyyasx, Korma 3TU KOPHU HEyIOBJIETBOPUTEb-
HBl C TOYKM 3pEHUs TpebyemMoro 3amaca YCTOM-
YUBOCTU CHHTE3UPYEMON CHUCTEMBbl yIpaBICHUS .
Kpome TOro, "oTmMeTMM OOMH CYLIECTBEHHbBIN
acCIMeKT KJIACCUYEeCKUX CXeM M METOAOB MOJAJIbHO-
ro yrnpaBJieHUsI — OHU MOTYT NMPUBOAUTHL K HEPO-
O0acTHbIM peleHusiM". [Ipr 9TOM BHEITHUI KOHTYP
CTPOUTCSI MO TPAAMIIMOHHOW CXeMe HEeNpPEepPbIBHBIX
CHCTEM YMPaBJICHUS C PETYJISITOPOM, UTO HE MOXET
00€ecCneynTh ONTUMAIbHYIO TOYHOCTh PeryJnpoBa-
HUSI U TPUHIMTIMAJIBHO UCKJIOYaeT BO3MOXHOCTh
MOJy4YeHU ST ONTUMAIbHOTO OBICTPOAEHCTBUSI.

Hacroginyto crtaTtbio MOXHO paccMaTpuBaTh
KaK MPOAOJIXXEeHUE 00CYKIEHNST BOMIPOCOB TEOPUHU
OTNTMMAJILHOTO YMpaBJeHUS U, B YACTHOCTH, PO-
0acTHOTO pPEryysiTopa I0 KPUTEPUIO OBICTPOIEH-
CcTBUS (YaCTHBIN CIyYail 3aJa4v TOYHOCTH).

ABTOpHI B pabore [21] ormeuaroT: "Pemienue
3aja4 ONTUMAJILHOTO YMpaBJEHUS MO KPUTEPUIO
OBICTpOIEiCTBIS B (popMe OOpaTHOM CBSI3M, KakK
MOKAa3bIBaeT aHAJIM3 WU3BECTHBIX pabor [1—16],
OLIEHWBAEMOE COTHSIMU, MPEACTABISIET CEPbE3HYIO
TeOpeTUYECKYI0 TpoOjeMy aaxke AjJsi OO0BbEKTOB
HEBBICOKOTO TIopsiaka (n = 3, 4, 5)". Tounoe aHa-
JIMTUYECKOE pellieHUe 3aJa4U ObICTPONEHCTBUS 10
CHX TIOp SIBJSICTCS "HEIPUCTYITHONM KPEHOCThI0" U
"U3IOMUHKON Ha TOpTe" Jaxke JTMHEWHON Teopuu
aBTOMAaTUYECKOro yIpaBJeHUS.

Tak, Hampumep, AJisi CUHTE3a ONTHUMAJIbHBIX
Mo OBICTPOJAEHCTBUIO CHUCTEM JI0 CHUX TOp TpUMe-
HsIeTCsl MeTol (Pa30BOil IJIOCKOCTU U Teopema 00
n uHTepBanax A. A. @eapadayma [22], KoTopast UM
JloKazaHa JJisl JIMHEUHBIX cUCTeM (CBOEOOpa3HbIMt
aHasor ">¢deKkTa JOKANU3alUU IBUXEHUSI' WU
JIEKOMITO3UIIMM), UMEIOLIUX afnepuojuvecKue Tie-
peXoIHbIE MPOILIECChl (HE OCUUJJIMPYIOIINE CUCTE-
Mbl). [lo3gHee aHaJOrMYHBINM BBIBOJ ObIN CleiaH
U IJIST HeIMHEHHBIX cucTeM [23], KoTopsle, Oymy-
YU JIMHEAPU30BAHHBIMU, UMEIOT arlepuoIuYecKue
nepexonHbie Mnpoiiecchl. OnHaKo AaHHasi TeopeMa
MO3BOJISIET OMpPENeUTh TOJBKO YMCJIO MHTEpBa-
JIOB MOCTOSTHHOTO yIIpaBJIeHUSI, a HE ONTUMaJIbHOE
OBICTPOJIEHCTBYIOLLIEE YIIpaBJIeHUE, TeM OoJjiee, s
OCLMJUIUPYIONINX (KOJIeOATeIbHbBIX) CUCTEM.

Llenbo HacTosileld pabOThl SIBJISICTCS JIEMOH-
CTpallusl TEOPEeTUUYECKMUX acIlleKTOB W TpakTUYe-
CKMX OCOOEHHOCTE TOYHOro MeTojla aHaJUTH-
YEeCKOro KOHCTPYUPOBAHHWS OMNTUMAJIbHBIX TIO
OBICTPOACHUCTBUIO CUCTEM YIIPaBJIEHUS, TTO3BOJIS-
IOIIMX YIIPABJISATh HEJIMHEMHBIMU MHOTOMEPHBIMU
JIUHAMWYECKMMHU OOBEKTaMU BBICOKOTO TOPSI-
Ka ¢ (QyHKIMOHaJIbHBIMU HEOIPENeIEHHOCTIMHU,
B TOM YMCJeé HEYCTOMYMBBIMU; HEMUHUMAaJb-
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HO-(a30BbIMU; HEUTpaJlbHBIMU; O0JaAAIOIIMMU
cBoiictBamu auddepeHumpoBaHus. Ilpoctora u
YHUBEPCAJbHOCTb, MaTeMaTuyeckasi CTpOrocTb 1
(pusnyeckasi 060OCHOBAHHOCTb JAHHOTO TMOIXO1a
3aKJII0YalOTCsl B IEKOMIIO3UIIUY 3aJadyM OBICTPO-
IercTBUs (TeopeMe 00 n MHTEpBallax yIIpaBiie-
HUH, sgBAgIOLIECS 0000lIeHMeM TEOpeMbl 00
uHTepBaiax A A. ®denpabayma) m momaBiIeHUU
OIUHAMUKA (YHKIIMOHAJIBHO HEOMpeaeJeHHOro
00BbEKTa W BHEIIHMX BO3MYIIEHMU 3a cueT Oec-
KOHEYHO O0o0JblIoro Kodgh¢uiMmeHTa YCUJIeHUS
B CKOJIB3SIIIEM PEXMUME PaOOTHI.

IIpeanaraemblii MeTOJ CHHTE3a
POOACTHBIX CHCTEM yNpaBJeHHs,
ONTHMAJIbHBIX MO OBICTPONEHCTBHIO

TeopeTnyecku uMcYepIbIBaloliee pelleHre 3a-
Jadyd poOACTHOTO ONTUMAJIBHOTO MO OBICTpOICH-
CTBUIO YIIpaBJICHUS OAeT WIeSd MHCIOJIb30BaHUS
MeToma JMHAMMYECKOrO IIpOrpaMMUPOBAaHUS
P. bennmana (MaTemMaruka) v IpuHIIUIA ASUCTBUS
OIITUMAJILHON I10 OBICTPOAEHCTBUIO CUCTEMBI ((bU-
3MKa), KOTOpasl SIBIISIETCSI YaCTHBLIM CydaeM pe-
LIeHWs 3aJadyd ONTUMAaJbHOW TO4YHOCTU [17, 24].
AKIIEHTUpYEeM 3[IeCb BHMMaHHE Ha TOM, 4YTO
B paMKax MU3BECTHOrO TPaAMIIMOHHOTO MPEACTAB-
JneHus ("Kpyra NoHsTHH") poOaCTHOCTb CUCTEMBI,
T. €. MOJABJICHUE IUMHAMUKK (PYHKILIMOHAJIBHO HE-
OIIpEJICJICHHOT0 O0bEeKTa M BHELIHUX BO3MYIIC-
HUI, MOXHO 00ECIIEYUTh TOJBKO JIMIIb B CKOJIb3-
SILIEM PEXMME CIYCTsl BPEMsl PETYJIMPOBAHUS 1,
(f, — BpeMsi OTCYTCTBHMSI OOpaTHOW CBSI3U WK
PAa30MKHYTOI'O COCTOSIHMSI CUCTEMbI IIpU MaKCH-
MaJlbHOM CHUTHAaJie YIpaBJeHUS 10 BO3HUKHOBE-
HUS CKOJb3siero pexuma). I[lpu stom i Tod-
HOTO OTCJICXKMBAHUSI BXOAHOIO CUTHAaJla 4acToTa
€ro U3MEeHEeHMS YIOBJIETBOPSTh YCIOBUIO [24]

(1)

Yem wmeHblie #, (4em Oosblue ObICTpOIEHi-
CTBHE), TEM BBHIIIIE MOXET OBbITh YaCcTOTa M3MEHE-
HUS BXOAHOro curHana. HauMeHbIIMM BpeMeHeM
perynupoBaHus #, (HO He ONTUMAJIBbHBIM ObICTPO-
JeficTBEM) 00J1agaloT CUCTEMbI C ONTUMAaJIbHBIM
(MMHMMaJIbHBIM) "pacXoJoM CHUTHaja yIIpaBJe-
Hug" (tepMuH BBemeH A. A. Kpacosckum). On-
HAKO TaKHWe CHUCTEMbl YIPaBJICHUS JOJKHBI ObITh
YCTONYMBHI IPU OTCYTCTBUU YIIPABJISIOLIEIO CUT-
Hana [24]. B npoTUBHOM ciy4yae NPUXOIUTCSI MU-
PUTBCS C HECKOJIBKO BO3PACTAIOLIMM BPEMEHEM )
B ONTHUMAJIBHOM 110 OBICTPOACHCTBUIO IIPOLECCE.

wy < 21/t

OnuH 13 BO3MOXHBIX MOIXOIOB K pa3paboT-
K€ MaTEMaTUYECKU CTPOTOh (DU3UYECKOW TEOPUU
po6acTHOTO YIIpaBJIeHUS MOXET 0a3nupoBaThCI Ha
TEOPUU AHAJUTUYECKOTO KOHCTPYUPOBAHUS OII-
TUMaJbHBIX PETYASITOPOB [24] 1O KpuTepuio ObI-
crpoaeiicteusg (AKOPB).

OO0IIMM MPU3HAKOM MHTErpaJibHbIX KPUTEPUEB
TOYHOCTHM peryJupoBaHUs (BKJIIOUYasi ONTUMAaJb-
Hble OBICTPOACHCTBUS) SBISETCS UX HE3aBUCHU-
MOCTb B SIBHOU (hopMe OT yIpaBJIeHUSI:

T
J = [ F,(X)dt, Fy(X)>0,
0

Bpems1 T — He omnpeneseHo, )]
MMpUYEM KPUTEPHU1 OBICTPOACHCTBUS SIBISIETCS YacT-
HBIM CllydyaeM Kputepus ToyHoctu npu Fy(X) > 0,
UJIN KPUTEPUI OBICTPOIACHACTBUS SIBISIETCS OOHO-
BpPEMEHHO U KpUTEpUEM TOUYHOCTU (BAech X —
BEKTOP COCTOSIHUS).

HN3BecTHO (Hampumep, U3 NPUHIMIIA MaKCH-
myma JI. C. TloHTpsirMHA MM JMHAMHYECKOTO
nporpammupoBanus P. O. bennmana), 4To MUHU-
MHU3aluYsl TakKoro Kputepus (2) obecriedmBaeTCs
HUacalbHbIMU PEIEHHBIMU YIPaBICHUSIMMU:

:n:jzla"' (3)

u;(t) = —sign(y ;(X)), i=1,... , m,
rae |u; ()| < 1, X = (x4, X5, ..., X,)T — BeKTOp coO-
cTosiHUA (BeKTOp (ha3oBbiX KoopauHar) OY; n —
MOPSITOK O0BEKTa YIMpaBlieHUST (MaKCMMaJbHOE
YUCJI0O WHTEPBAJOB YMpaBJIEHUs); M — YHUCIO
YIPaBISAIOUIMX BO3AEUCTBUIA; ;(X) — HCKOMBIE
byHKuMK nepeknoueHus, npudem y,(X) = 0 —
MMOBEPXHOCTH TePEKIIIOUCHU ST, TIPOXOASIIINE yepe3
Havajio koopauHat y;(0) = 0.

[Mycts 0OBeKT ympaBieHHs ¢ (PYHKIIMOHAJb-
HOW HEONpeAeICHHOCThIO OMUCBHIBAETCS BEKTOP-
HO-MaTPUYHBIM  HEJIWHEHHBIM  auddepeHn-
aJlbHBIM ypaBHEHHWEM BO3MYIIIEHHOTO IBMKCHUSI
B COOTBETCTBUUM C TEOpPHEH BO3MYIIEHHO-HEBO3-
MYIIEHHOTO nBUXeHus A. M. JIamyHoBa:

X(t) = AX) + BX)U + V(2). @)
rne U= (uy, ..., u,)" — BekTop ynpasieHus; A(X) =
= (a/(X), ..., a,(X))" — HenuHeiiHas HeCTalNO-

HapHas orpaHu4YeHHas BeKTop-¢yHKuus; B(X) =
= (b(X) xm HeJIMHellHas HecTalMOHapHas
orpaHvuyeHHas ¢pyHKIMOHadbHas Matpuua; V() =
= (9, %, .., 3,)" — BEKTOp-GYHKLMST HEKOHTPO-
JIMPYEMBIX OrpaHMYEHHbBIX BHEIIIHUX BO3MYILEHUIA.
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[Npennonaraercs, KaKk MWHUMYM, 4YTO M3Be-
CT€H U MOXET ObITb U3MEPEH BEKTOP COCTOSHUS
00BbeKTa yrmpaBjeHUs ¢ HEOOXOAMMOM TOUHOCTHIO
W M3BECTHBI BXOMAbI MOJAYM YIIPABISIONIMX BO3-
nerctBuid. [nsg ynpoleHus AaJIbHEWIIEro M3JI0-
JK€HHUSI, HEe BJMSIONIETO Ha CYUIHOCTh pelliaeMoi
3a7la4M, PACCMOTPUM OJHOMEPHBINA 00BEKT b, (X).
Cnenyss pabotram [17, 24|, 3amnuiiieM OCHOBHOE
(pyHK1UIMOHAIPHOE ypaBHEHNE OTHOCUTEJILHO MC-
koMol (pyHkuuu nepekawdeHus (mo A. A. Kpa-
COBCKOMY — CKOPOCTM NMPOHUKHOBEHHUSI MOBEPX-
HOCTH MEPEKJTIOUCHUS):

W(X) = % - S_le 57"’2;&2 ; ...+§7‘:xn = 5
=GA+V)+GBu
WA
v(X) = f(X) + o(X)u. (©)
3nech

fX)=GA =
= g1(X)(a;(X) +v)) + g,(X) (a5(X) + v,) +
+.+ 8,(X)(a,(X) +v,);

o(X) = GB = gn(X)bn(X)9 G= (gl’ 825 e gn): 8i =
= Oy/0x; # 0 — Hen3BeCTHbIE UCKOMBIe DYHKIIMMU.

IIpenctaBumM MaTpuyHOe ypaBHeHUe (4) B BUIe
CUCTEMBI OOBIYHBIX AUPGEepeHINATBHBIX YpaBHE-
Huil B popme Koium ¢ yueToMm maciiTabupoBaHU S
CUTHaJja yImpaBJcHUS:

xX; =a;()+9,0);
Xy =ay() + 9,0);

x,=a,0)+b()U,u+9,().

(7

3nech |u| < 1. B GyayiieMm pacrnpocTpaHUM pe-
lIeHWe 3aJayd CHUHTe3a B aHAJIUTUYECKOM BUIE
3aKOHa ONTUMAJbHOIO II0 OBICTPOACHCTBUIO
yIIpaBJeHUs] U Ha MHOTOMEpPHBIE OOBEKTHI C m
BXOJaMU YIpaBJICHUS.

IMockonbky A(+), B(+) u V(*) aBagioTCS HEU3-
BECTHBIMHU, TO IIpeacTaBUM 00beKT (4), (7) B BuIe
JIMHEMHOM M3BECTHOM YaCTU U HEJIMHENHON HENU3-
BECTHOM 4acTu:

fi() ==x;y +a;() + 8,0);
i=12,..,n-1
xn = fn() + b()Ule, fn() = an(') + 8n()

X=X + £;0);

®)

3nech AMHeHas 4acThb 00bEKTa IMpeacTaBieHa
HanboJee MPOCTHIM MOCIECA0BATEILHBIM COCTUHE-
HUEM n WHTerpupylommnx 3seHbeB [17]. Bee fi(*),
b(*) MOXHO paccMaTpWBaTh KaK HexXeJaTeJIbHBIC
MOMEXHU, NEUCTBYIOIMEe HA OOBEKT.

Hnst  onTMMaJbHOTO TIO0 OBICTPOAEUCTBUIO
yIIpaBjieHUs He OCUMJUIMPYIOIIUMU OOBEKTaMU
HEOOXOJMMO BBITIOJJHUTH YCJIOBUE YIIPABISIEMO-
CcTu (peasu3yeMOCTH) CHUCTEeMbl PeryJupoBaHUs
B BUJIE CTPOI'OTO PaBEeHCTBA:

/X)) = o(X), ..., o(X) > 0. ©))

MoxHo moka3aTh [24], 4TO TIpU TIPUMEHEHUU
nociaenoBaTeabHo (n — 1) pa3 yciaosus (9) dazo-
BOE€ MPOCTPAHCTBO IIOCTEIIEHHO CXUMAaeTcs MO0
eIuHULBI (cM. paboThl A. KonecHukoBa), mpuuem

] = ftna| = -+ = o] = o] = Ju] = 1,

u; = -signly;(x;,...x,)],i=12,...,n,

a nocaenHss1 GyHKUUS nepekaoyeHus v, (X) = x,,.

PaccMoTprM TOUHOE aHAJIUMTUYECKOE pelleHue
3a7auM CUHTe3a 3aKOHa OINTMMAJbHOTO YIIpaB-
JIeHUsI 00beKToM (8) ¢ HCIIOJIb30BAaHMEM TEOPUU
AKOPB [20].

Pewenue. 115 oobekTa (8) n-ro mopsaka B co-
OTBETCTBMHU C TEOpPeMOil 00 # MHTEpBaJax yrnpas-
JneHuii [24], 3anmuiieM aOCOJTIOTHO TOYHBIE BhIpa-
KEHUST JJIsl 1 TIOBEPXHOCTEH TEepeKJTIOUeHUs W,
COOTBETCTBEHHO, 7 YIPaBJICHUI ONMTUMAJIbHOTO
Mo OBICTPOACHCTBUIO TIpoliecca MJIsi HEOCHMJIIIU-
PYIOIIMX HEJTWHEWHBIX OOBEKTOB C TOYHOCTHIO /10
MOCTOSTHHBIX MHTETPUPOBAHUS:

n-ii MHTEpBAJ: y, = X, U, = —sign(x,);
(n-1)-i1 ©HTEpBAaI:
\il,,,] =X, + |xn|u7 Uy —1= _Sign(\Vn -1 +C,- 1);

(n-2)-i1 ©HTEpBAII:

\iln72 =Wyt |Wn—l|ua Uy,—>= _Sign(Wn—Z + Cn—2);
... M TaK pasee ...

BTOPOM MHTEPBAJI:

Vo = w3+ |yslu, uy = —sign(y, + Gy);

MEPBLIA MHTEPBAJL:

V=V, =y, +|y,lu — byHKIUS mepekiode-
HUSI ONTHUMAJIBLHOTO IT0 OBICTPONCIICTBUIO YIPaB-
JeHus: oObekToM (8) M ympaBjieHUEe U = u; =

= —sign(y + C,|) — pe3yabmam peuierus.

3necb C; — KOHCTaHTa UHTETPUPOBAHUS COOT-
BETCTBYIOLLETO \y;, KOTOpasl ONpPENENsIeTCs U3 yC-
JoBud y,(0) = 0, TaKk KaK MOBEPXHOCTD MEPEKITIOYE-
HUS AOJIXKHA IIPOXOAUTH Yepe3 Hauyajo KOOpAUHAT.
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I/IJIJIIOCTpallPIﬂ MOJYYECHHBIX PE3yjabTATOB
HCCJICA0BAHUA

PaccMoTpum mpuMep ynpaBiieHUSI MaTeMaTHde-
CKMM MasiITHUKOM, B3SITBIM M3 paboOTHI [2], ¢ yue-
TOM MacIITabMpOBaHUsSI CUTHAJIA YIIPaBJICHMUSI:

x|
{xz
rae |ul < 1; U, = 20; x; = 6 — yroJ OT TOJOXEeHUS
paBHOBecHsI (BepTHUKaJb) — BBIXOOHAsI KOOPAMHA-
Ta; X, = 0; k; = g/l, k, = [19,6; 9.8; 6,5]; ky = 2/m/l?,
ky =116; 2; 0,6];  — nmuna crepxHs, /= [0,5; 1,0; 1,5];
m — macca rpy3sa, m = [0,5; 1,0; 1,5]; HoMuHaIb-
Hble 3HAueHMs MapaMeTpoB m = [ = 1; v() =
= 1 + sin(1079) + cos(4f) — HEKOHTPOJIMpPYyeMOE BHEIII-
Hee BosmyuieHue; y,; = 0,5sin(0,57) + 0,5cos(f) —
3TaJIOHHAST TPAeKTOPUSI.

leHepanbHBIC COCTABIISIONINE MOIEIIHN:

S()=—k;sin(x;) +v(t), b()=k,.

3agaHHble TOKa3aTeaud KayecTBa: fg = 2 c,
8, = 2 %. HauanbHbie ycnoBust: x(0) = (x;g, X50)" =
= (2,0)".

bynem nonarath, yto ypaBHeHus (10) 3anwuca-
Hbl B OTKJIOHEHUSIX B COOTBETCTBUMM C KOHILIETI-
LMeil BO3MYIIEHHO-HEBO3MYILIEHHOTO ABUXEHUS
A. M. JIanyHoBa.

Pewenue. 3nech nBa nHTepBaga. Ha mocienHem
WHTEpBAJE: y, = X,. JlJIsl nepBoro nHTepBasia:

X2;

10
—ky sin x| + kU ,,u +o(r), (10)

(11)

1 ONTUMAJbHOEC IIO0 6bICTpOHCfICTBHIO yipaBJi€-
HUE: 14 p€aJbHbIX KOOpAMWHAT:

V=X + |x2|u =X + |x2|u,

u = sign(y, — x; — [|x,|udt +0,0964). (12)

[MockosbKy MHTErpajbHYI0 COCTABISIONIYIO
3akoHa ynpaiaeHus (12) aHaTUTUYECKU OIpele-
JIUTh HE MPEACTaBISIETCS BO3MOXHBIM M3-3a He-
M3BECTHBIX COCTABJISIOIINX O0BEKTa, TO IOCTO-
SSHHYI0 MHTEIrpUPOBAHMUS MOXHO JIETKO HalTH
MoA0OPOM MpPU MOAEIMPOBAHUU JIJISI KOHKPETHBIX
HayvaJIbHBIX YCIOBUI U 3adaHUS.

Ha puc. 2 mpuBeneHbl pe3yabTaTbl MOIEIM-
poBaHus obwekTa (10) ¢ ympaBiaeHuem (12) mpu
="l m=1[1=1

OtMmeTuMm, uTo ¢ yrpasieHueM (12) Bpemst onTu-
MaJIbHOTO I10 OBICTPOIEHCTBUIO Ipoliecca peryiu-
poBaHus #, ~ 0,55 ¢ mpu HYJIEBOii (TEOPETUYECKH)
olIMOKe ciexeHus (B padote [2] aTo £, = 2 ¢ — 3a-
JaHHOE BpeMsl YCTaHOBJICHUS (seftling time) mepe-
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| x’ xJ |
| |
: 9 02 04/ 06 08 f !
I - I
| t - |
| |
I \ \ I
1 -1 \\, 1
! 0 112 Q.nt o[s as f !
| N, . |
| =T 1 |
| |
| X u :
| -

PP 1-Ya |
| ! |
| _ |
| 110 3 0.5 !
| |
: J0 02 04 (06 08 ¢ 0 02 04 8 t|
: —1x10" -05 :
| —2x107 ¥ —t |

Puc. 2. I'paduku curuana ynpasjeHusi, nepexoJHbIX MPOLECCOB
W u3menenns omundku B cucreme (10), (12)

Fig. 2. Graphs control signal, transients and changes in the error
in the system (10), (12)

XOomHo# cocrapistronieil npu (1...5) %-Hoil olnbKe
CJIeXKEHUS).

CylIecTBEeHHBIM HEIOCTaTOK TOYHOIO OMTH-
MaJIbHOro mo ObICTpoaeicTBUIO yrpaBiaeHus (12)
3aKJI04aeTcs B HEOOXOAMMOCTH OIpeaeeHUS 0~
CTOSIHHON MHTErPUPOBaHUSI, KOTOpasi 3aBUCUT OT
M3MEHSIOIIMXCS HadyalbHBIX YCJIOBUIA, HEU3BECT-
HBIX COCTaBASIONINX 0O0BEKTAa Y BO3MYIIEHUIA.

JlocTOMHCTBO MeTofa: IPOCTOTa M OBICTpOTa
MOJYyYEHUSI PEIICHUSI C TOUHOCTBIO IO IOCTOSH-
HBIX MHTErpUPOBAHMSI, KOTOPOE MOXHO HCHOJIb-
30BaTh AJIsl CPaBHCHUS C APYTUMU ONTUMAaJIbHBI-
MU yIpaBJCHUSIMU, a TaKXe IJs1 MPOBEPKU IO-
JO3PUTEJIbHBIX PElIeHU Ha ONTMMAJbHOCTbL IO
OBICTPOACHCTBHUIO.

Hns maHHOro MpUMeEpa CYLIECTBYET YHUKaJIbHas
BO3MOXHOCTb ITTOJIyYeHUsI a0COJIOTHO TOYHOIO pe-
LIEHUS, €CIU TPEATIONOXKUTD, UTO TeHEPATbHBIE CO-
cTaBJsiomre Moaeau u3BectHol U v(f) = 0. I[ToacTaB-
Js151 B cooTHoueHue (11) ypaBHeHus1 oobekTa (10)

¥ =%+ (/KU ) (35l + kysign(xy) sin(x;)x, ), (13)

WUHTETpUpyss U y4uThIBast y|, - o = 0, monxyyum

u = —signy 1 pealbHbIX KOOPAMHAT:
u=sign|y,; —x —#(xz2 +ky X
2k,U,

xcos(y, — xl))sign(xz)] (14)

Ha puc. 3 mpuBeneHbl pe3yabTaTbl MOIEIU-
poBanus obobekrTa (10) ¢ ympasnenuem (14) mpu
vi=—Lvo@® =0, m=1[=1 W3 puc. 2 u 3 caenyer,
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Puc. 3. I'pa¢uku nepexoansix mpoueccos B cucreme (10), (14)
Fig. 3. Graphs transients in the system (10), (14)

yto ynpasieHus (14) u (12) npakTuyecky oguHaKO-
BBI 10 OBICTPOIEUCTBIIO, HO yIIpaBiieHue (14) ciaox-
Hee 0 CTPYKType, W IJISl ero BhIBOJA HEOOXOAUMO
3HATh FeHepaJbHbIE COCTABJSIOIINE OOBEKTA.
PaccmoTpuM nuHeltHy10 yacTh o0bekTa (10):

Xl = X2;
sz = Umu.
Bocnonb3oBaBiiuchk ypaBHeHueM (11) ¢ yue-
ToM (15) ¥ TIPOMHTErpUPOBAB €ro, MOJAYYUM OIl-
TUMaJIbHOE 10 OBICTPONECUCTBUIO YIIpaBICHUE IS

obbekTa (15) u nmpeamojiaraeMoe yrpaBjeHUe OIS
oonekTa (10):

(15)

u = —sign(y) = —sign {yd -X - xalx } (16)
20,

Takoe peluieHue (ONTUMaJbHOE TO TOYHOCTU
st oobekta (10) U mouTu (KBa3u) onTUMaIbHOE
o OBICTPONEHCTBUIO) BO3MOXHO IIPU BBIIIOJIHE-
HUKU (MOXET OBITh HPUHYIUTEIBHOM) YCJIOBUSI
YIOpPaBJISIEMOCTHU (pealn3yeMOCTH) B BUIE HECTPO-
roro paBeHctBa: [f(X)| < ¢(X). MoxXHO MmoKa3arTh,
YTO OHO BBITOJIHSIETCSI, YTO MOATBEPXKIAAETCS MO-
nenupoBaHueM (puc. 4), Tie IpuBeIeHbI pe3yJibTa-
Thl MofenupoBaHus odobekTa (10) ¢ ynpaBieHueMm
(16) mpu HEM3BECTHBIX TeHEPATbHBIX COCTABIISIO-
wux, v@) =0, y,=—-l,m=1=1.

Kak cnemyer u3 puc. 2—4, Bce HaliJeHHBbIC
yIOpaBJICHUSI TIPUMEPHO OIMHAKOBBI II0 BpEeMEHU
MEPEXOIHOTO Mpoliecca npu onuHakosom U, = 20,
onHako ympaBieHue (16) He 3aBUCUT OT IOCTO-
SIHHBIX MHTETPUPOBAHUS M HadyaJbHBIX YCIOBHIA.
OrMeTUM 34eCh, YTO B JIOOOM ciy4yae Bpems

| |
T * :
! ‘\ d2 ds/ds g8 f |
| |
| s - |
| \ / |
| |
! —10f N I
! b d2 \QA ds ds f !
| - N e |
| -7 -13 |
| |
| |
i —5|If-yﬂ' “ :
I 210 — " ,
| |
| 1x107% 05 [
| |
| |
l oozumsr o d2 da s f|
:-mo"ii —0. !
| - |
| =-2x10 -1 |
L e e e e e e  — — — — — — —— — — ——— o — — — — — — — — ———— ——— 4

Puc. 4. I'paduku cursana ynpasjieHusi, IepexoHbIX NPOLECCOB
H u3MeHeHus omnoku B cucreme (10), (16)

Fig. 4. Graphs control signal, transients and changes in the error
in the system (10), (16)

MepeXoJHbIX MPOLECCOB B KBa3MONTUMAaJbHOM
WIM ONTUMAJbHOM MO OBICTPOACICTBUIO IIPO-
liecce CyIIeCTBEHHO 3aBUCUT OT FéHepaJibHbIX CO-
CTaBJISIIOLIMX O0BbEKTa U HaYaJIbHBIX YCIOBUIA.

Ha puc. 5, 6 npeacrtaBieHbl rpaduKy mpolecca
CJIEXEHMU S 32 3TAJIOHHON TPAEKTOPUEH Y, U OLLIMO-
KU CIEXEHUs y; — X|.

U3 puc. 5 ciaemyer, uto B ynpabiaeHuu (16)
TPM MHTEpBaja, T. €. OHO KBa3UONTUMAJILHO IO

Puc. 5. Peakuus cucremsl (10) Ha 3ananue y,: ynpasienne (16),
U,=20

Fig. 5. Reaction of the system (10) to the task y,: control (16),
U,=20

m
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OBICTPONCICTBUIO MO HACTYTJICHUS CKOJb3SIIETO
pexuma 1ipu £, = 0,55 ¢. BenencTBue KBasuonTu-
MaJIbHOCTU (CKa3bIBAlOTCSI HEYUTEHHBIE B YIpaB-
JIEHUU TeHepaJbHBbIe COCTaBIISIONINEe OOBEKTa),
3aaHue y, oTpabaTbiBaeTcsl KosiebaTeabHO (Kak,
BIIpoYeM, WM Ha Tpaduke B padore [2, cTp. 703,
puc. 4]). HeOGonbiuasi ommbka peryJimpoBaHUs
(mocyie #,) CBUIETENLCTBYET O TOM, YTO OBICTPO-
NEHCTBUS HE JOCTATOUHO M PETYIATOpP HEe yCIeBa-
€T 0TpabaThIBaTh U3MEHSIONIEECs 3aJaHue.

3ameuanue: ommbKa peryaupoOBaHUS MOXKET
BO3HUKATh TaKXe M3-3a HEIOCTAaTOYHOW TOYHO-
CTH KOMTIBIOTEPHOTO MOJAEIMPOBAHUS W 3aBUCUT
OT IMpPOrpaMMbl MOIEIUPOBAHUSI, TOYHOCTU BHI-
YUCJCHWI, TUCKPETU3ALMU IO BPEMEHU U YPOB-
HIO — BCE 3TO BJIMSECT HA TOYHOCTD OTIpene/IeHUS
HYJIEBOTO 3HAYeHU S (PYHKIINYU TePEKITIOUCHUS.

I'padmkn mosydeHBI TIpU HaAYaJIbHOM YCJIO-
Bun x(0) = 2,00" u m = [ = 1 gna cuctemsl (10)
C KBa3MONTUMAJbHBIM MO ObICTpomeiicTBuIo (16)
ynpaslieHueM (puc. 5) ¥ ¢ ONTUMAJIBHBIM I10 TOY-
HOCTH yIIpaBjieHueM (puc. 6):

u =-signy = -sign(y, — x; - 0,14x,), (17)
B3STBIM U3 paboThl [17] oyt cpaBHEHUS.
Teoperuuecku omnoka peryaupoBaHus

B CKOJIB3SIIEM PEXUME JOJXKHA ObITh CTPOrO paB-
Ha HYJII0, a OPaKTUYECKM OMpeAesieTcsl TOUHO-
CThIO PabOTHI INEKTPOHHOI CXeMbl peryjasropa u
TOYHOCTBIO pabOTHI JATYMKOB COCTOSIHUS 0OBEKTa.

Vnpasnenue (17) ¢ AMHEHHBIMU OOPATHLIMU
CBSI3SIMU (XOTS U MMEET ABa MHTEpBaja, HO 3TO HE
ONTUMaJIbHOE OBICTpOJIEHCTBUE) HauboJjiee IMpo-

CTO€ 1O CTPYKTYpE M IO aHaJUTUYECKOMY BbI-
BOIy, obecrieunBaeT MeHbIlee 3HAYCHUE f, U3-3a
0 « |f] € ¢ (cm. (9)), uem ynpasiaenue (16), roe
/| = @, HO o1MOKa peryaupopanus (rocie £, = 0,4 c)
Ha TOPSIIOK OOJbllIe BCIEACTBUE MAJOro OBICTPO-
JNEUCTBUS M OOJBLIETO 3HAYEHUSI KOOPAUHATHI X,.

3nech MOATBEPXKIAaeTCsl BbIBOJA, MPUBEIESHHBIN
B paborte [17]: yueM Gojblue OBICTPOACUCTBUE, TEM
MEHbIIIe OIIMOKa CJIEXEHUS MPU MPOYMX PABHBIX
ycioBusX. 151 yCTOMYMBBIX OOBEKTOB (B TEX CIIY-
yasix, Koraa oObeKT MpU OTCYTCTBUU yIIPABICHUS
YCTOMYMB) YeM MEHbILE BpeMs f,, TeM ObICTpee
HACTYMHUT CKOJIb3SIIMNA PEXUM PAOOTHI CUCTEMBI
pu 6€CKOHEYHOM 3Ha4eHUM Kod(hbUIIMeHTa yCu-
JieHus1 cucteMbl. OmunOKa CleXeHUs 3a 3TaJIOH-
Holi TpaekTopueit B cuctemax (10), (16) u (10), (17)
BO3HMKAeT M3-3a HECOOTBETCTBUS ObICTpOACH-
CTBUS (f,) YaCTOTE M3MEHEHUsI ITAJIOHHOW TpaeK-
TOpUM, T. €. K3-3a HapyuieHus yciaoBus (1) mpu
nMeroeMcsi ObICTPOAEHCTBUM.

OnHYM 13 BO3MOXHBIX M HanboJjiee JOCTYIMHBIX
CIMOCOOOB KapAMHAJIbHOTO pelleHusT TPpoOJIeMbl
po6aCcTHOCTH U, B YACTHOCTH, IIPOOIEMBI OBICTPO-
JNEUCTBUS SBJSIETCS CYIIECTBEHHOE YBEIUYCHUE
MOLIHOCTM MCHOOJHUTEJIBbHOrO opraHa (o0beKkTa
yIIpaBJIEHWS]) COBMECTHO C peryastopom [17].

Uccnenyem camoe mpoctoe ymnpasiaenue (17)
o0bekToM (10) ¢ HEeM3BeCTHBIMM T'eHEpaJIbHBIMU
COCTaBJISIONIMMU MPU JEWCTBUU ATAJOHHOW Tpa-
€KTOPUHU U HEKOHTPOJMPYEMOIO BHEIIHEro BO3-
MYIIEHUS TIPUA CYyLIECTBEHHOM YBEJIUYEHUM Mapa-
Merpa U, KaHaja ynpaBjaeHUS OOBEKTOM.

Ha puc. 7 npencraBieHsl Trpa¢uKuM IIpoliecca
CJICXKEHUS 32 3TAJOHHOU TpaeKTopuei y,; u ouuno-
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| |
| 2 — 1~ Y |
! |\{ 0115 03 06 t - l(\ f !
: -2 0.051 I \I f i :
| RS \ |
! 0 \\j 0 / 1U 20 t '

|
I -6 -0.05 .
! -6.881- U :
| -8+ -0.1 |
Puc. 6. Peakuusa cucrems (10) Ha 3ananue y,: ynpasienue (17), U, = 20

Fig. 6. Reaction of the system (10) to the task y,: control (17), U,, = 20
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Puc. 7. Peakuus cucremsl (10) Ha 3aganme y;: ynpasiaenne (17), U, = 2000
Fig. 7. Reaction of the system (10) to the task y,: control (17), U,, = 2000

KU chexeHus y,; — x;. U3 puc. 7 cienyet, 4To cy-
LecTBeHHoe yBeandeHue U,, (Ha aBa mopsaka)
CYLUECTBEHHO TIOBLILIAET ObICTpomeiicTBUe (00-
Jiee, YeM Ha IMOpSAA0K) U CYLIECTBEHHO YMEHbIIAeT
OLIMOKY peryaivupoBaHus (Ha ABa MOPSAKA).

OmHako MakKCMMaJIbHOE 3HaYeHUE KOOPAMHAThI
X, TIpYU 3TOM CYLIECTBEHHO BO3pacTaeT (Ha mops-
IOK), T. €. TpeOyeTCs CYLIEeCTBEHHOE YBEJIWYEHUE
MOILIHOCTH 00BbeKTa (Ha MOpPsa0K).

3ak.oueHue

B pabote mpoponkeHo oOcyxXaeHue MpoOeMbl
po0aCTHOCTHU M TECHO CBSI3aHHOM C Hell MpoOIeMbl
OITMMAJILHOTO (HauOOJbIIEero) OBICTPOASUCTBUS
B [IEPEXOIHOM IIpoLecce AJIsl MOCIEAYIOLIEro pelie-
HUS 3aa4¥ TOYHOCTU PEryJIMPOBAHUS B CUCTEMAaX
yIIpaBJCHUsI HEIMHEHHBIMU OOBEKTAMM C HEU3-
BECTHOM MJIW HEMOJHON MaTEMAaTUYE€CKOI MOMIEBIO
B YCJIOBUSIX HEOIPEACICHHOCTU XapaKTepUCTUK
00bEKTa U IeHCTBUS BHEILIHUX BO3MYIIEHUA. 31eCh
OITSITh MOATBEPKIAETCS cTapas MCTUHA — "4dydec
He ObIBaeT”", B TOM CMBICJIE, YTO CTENeHb OBICTPO-
JNEHCTBUS HE BIMSAET Ha poOACTHOCTh yIIpaBICHMS
BO BpeMsl IIEpeXOJHOro mpolecca (IIycTb Aaxe U
OINTUMAJILHOTO IO ObICTponeiicTBUI0). Bo Bpems
ONTUMAJBHOTO OBICTPONCHCTBUS CHUCTEMA OOJb-
LIYI0 4acTh BPEMEHU pPa30MKHYTa M HET CMBbIC/IA
TOBOPHUTH 0 KAKOM-TU00 KO3 (PULIMEHTE YCUIIEHU S
3aMKHYTOI CUCTEMBI YIIPaBJICHUS, 3 MOMEHTHI II¢-
PEKIIOUYCHMSI CUCTEMBI B IPyroe pa3oMKHYTO€ CO-
CTOSTHUE 3aBUCST TOJILKO OT MHEPLIMOHHOCTU O0b-
€KTa yIpaBJICHUS, KOTOPYIO HEBO3MOXHO yMEHb-

o

LIUTh B paMKax TpaauLIMOHHOTO "KpyTa IMOHSATHIA".

OnHako cTeneHb OBICTPOACHCTBUS OYEHb CUJIBHO
BJIMSIET HA TOYHOCTBH IMpolecca CAEXKEHUS 3a dTa-
JIOHHOM TpaeKTOpueh 3amaHusd, W MpU OMpeae-
JICHHOW 4acTOTe€ M3MEHEHUS 3aJaHWs 4acTo Maxe
OBICTPOACHCTBYIOIICE YIIPABJICHUE HE YCIIEBAET OT-
pabaTeiBaTh BXOMHOE BO3ACHCTBHE, U MOSIBISETCS
omunobka ciaexeHus. OQUH U3 BO3MOXHBIX CIIOCO-
0OB yBeJIMUEHUS OBICTPOAEMCTBUS CBSI3aH C MOBBI-
meHueM MolnHocTu OY, 4TO HEBO3MOXHO, €Cu
0OCTaBaTbCs B TPAJAUIIMOHHOM KpyTe MOHSTUM.
g xapauHaJbHOIO pelIeHus mpodyeM podacT-
HOCTH M, B YACTHOCTH, ITPOOJIEMbI OBICTPOACCTBUS,
a B 00lleM, 1 MHOTUX APYTMX MpoOJeM HayKu, He-
00XoanMO C(OPMHUPOBATh HOBBIN KPYT ITOHSTHUM,
KOTOPBIM MO3BOJIUT, B YaCTHOCTH, UMETH CTOJBKO
BO300OHOBJISIEMOI MOIIIHOCTH, CKOJIBKO HE00X0-
JUMO, YTO TIO3BOJIUT YMEHBIIMTH WU MOJTHOCTHIO
JIMKBUAMPOBATh MHEPLUIO U (UJIM) IPABUTALINIO.
IlepecMoTpeTh cTapblii KpYr MOHSTUN HEOOXO-
IUMO, B TOM YHCJIe, U M3-3a TOTO, YTO HEKOTOPKIE
€ro MOJIOKEHWS 3aBEAOMO MpPOTHMBOpPEYMBHI. Ha-
MIPUMEP, CIEeAAbHAS TEOPUS OTHOCUTEIBHOCTH
DUWHIITeTHA, ¢ OAHOI CTOPOHBI, UCKJII0UaeT 3Pup,
KaK BEIIECTBO, a C IPYroif CTOPOHBI, COTIAIIAETCS
C ero cyumectBoBanueM. Kpome Toro, ero teopus
MMPOTUBOPEUUT DJIEKTPOAMHAMUKE MakcBelia,
skcrepumMenTaM Papaznest 1 AMrnepa, a TaKXKe BbI-
BoJaM XOBMCalija, KOTOPHI BBIBEI CBOU (POpMY-
JIbI (MTO3%Xe MX Ha3Balu PeJSITUBUCTCKUMMU, T.€. OT-
HocgumMucs K "Teopun OTHOCHUTENIBLHOCTU'") ellle
B KoHle XIX Beka. [Ipyroit mpumep: BO BCEX CO-
BPEMEHHBIX YUYeOHUKAaX MO YIpaBICHUIO U 3JIeK-
TPOTEXHUKE, HEYassHHO WJIX TOA BIUsHUEM cGhop-
MUPOBAHHBIX UJIJIIO3UI M CTAPOTO KpyTa MOHSITUI,
HE JOCTAaTOYHO TMOJIHO ITOKa3aH 3akKoH [[Xoyis—
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JleH11a, 4TO MPUBOAUT K HEAOCTATOYHOMY MOHU-
MaHUWIO 0ajlaHCa MOLIHOCTEW M K HEBO3MOXHOCTH
TMOJIYYeHU S TTPAaKTUYECKN HEOTPAHWUYECHHOU MOIII-
HOCTU HETIOCPEACTBEHHO Ha MECTE M B IPOLECCE
paboOThl CUCTEMBI YIIPABIEHUS OOBEKTOM W yCTpa-
HeHMs uHepLuu (rpaBuTaiinu). BerpaboTka HOBOro
Kpyra MOHSATUM 110 6aJTaHCYy MOIIIHOCTEW MO3BOJIUT
YMEHBIINUTh WU JUKBUIUPOBATh NHEPIIUIO, CYIIIE-
CTBEHHO TTOBBICUTH OBICTPONECHCTBUE U OOECTIEUNTH
WCTUHHYIO pOOACTHOCTh, OMHAKO 3TO OAHA U3 BO3-
MOXHBIX TEM CJIEAYIOIIUX CTaTEH.
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The problem of the synthesis of robust control systems with a high gain and, in particular, optimal by the criterion of
quick action, which allow optimal control by the accuracy of regulation of multidimensional non-linear dynamic objects
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with functional uncertainties, is discussed. A method is proposed for the analytical construction of optimal control systems
by the criterion of quick action for a wide class of multidimensional nonlinear dynamic objects with functional uncertainties,
unstable objects;, no minimal-phase objects, neutral object and objects with differentiation properties. Simplicity and uni-
versality, mathematical rigor and physical validity of this method consists in usingR.R Be lIman’s method and decomposing
the optimal by the criterion of quick action problem into a series of simple first-order simple problems of the same type. A
theoretically comprehensive solution to the robust control problem is given by the idea of constructing systems that are stable
with an unlimited increase in gain. In this case, optimal systems have stability properties. Such systems are synthesized
using quadratic quality functionals that are not explicitly dependent on the control signal and the restriction on the control
signal. It is significant that, in contrast to continuous systems with unmeasurable perturbations and a little-known object, in
which the conditions of invariance require the use of infinitely large gains, in relay (discontinuous) systems, the equivalent
effect is achieved using finite control actions. Since the performance problem is a particular problem of the accuracy of
reproducing the input action on the control object, the established control error (including all error coefficients: by position,
speed, acceleration, jerk, etc.) is theoretically strictly equal to zero if external and internal interference, acting only on the
control object, but not on the control system, including sensors of state variables of the control object or the input signal of
the task. However, due to the inertia of the object, there can be no talk of accuracy in the transient process of working out
the input signal of the task, even if it is optimal in terms of the criterion of fast action.

Keywords: uncertain object, large gain, optimal accuracy, speed, control synthesis, stability, functional equation, con-

trollability condition
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Anroputm naeHtTudmKkaLumum napamMeTpoB HeU3MepsieMoro
CUHycouaanbHOro BO3MyLLEeHUsI C HeCTaLMOHapPHOW aMNUTYAOMU

Paccmampusaemces 3adaua cunmesa areopumma UOeHMUPUKAUUY HACTOMbL CUHYCOUOANBHO20 803MYUAIOWe20 6030eli-
cmeus, 0elicmeyue20 Ha AUHeUHbLI CMAayUuoHapHsli 00sekm ynpagienus. Jlannas 3adaua pewiaemcs 6 Kaacce 008eKmos ¢
U36ECMHbIMU NAPAMEMPAMU U U3MePIeMbIM 8eKMOPOM NepeMeHHbIX cocmosinus. OmHOCUMENbHO YaCMOMbl 03MYUAIOUE20
6030eticmeus donycKaemcs, Ymo 045 Hee U36eCMHO 02PaAHUUEHUEe CEepX).

Hecmompsa na kaxcywyroca mpusuaibHocms npodaema 0CAONCHAEMCA HeCMAYUOHAPHOCMbIO AMAAUMYObl CUHYCOUOANbHOO
603MYUleHUSl, 8 CB53U C YeM UCHOAb306AHUE MHOSOHUCACHHBIX Mem0o008 UdeHMuUpuUKayuu napamempos Uusmepsiemvix CUHYCco-
UOGNbHbIX cueHanoe He npurocum ycnexa. Cea3ano 3mo npexcoe 6ce2o ¢ HeCMAaUyUOHAPHOCMbIO AMAAUMYObl 603MYueHUs. B
cmamobe paccmampueaemcs cay4ai, Koeda ozmyuwarnuee 6o3deiicmeue npedcmasasem cobol CUHYCOUOANbHBIL CUSHAA C He-
U36CMHbIMU HaACMOMOU U ()a3zoll, HO amMnaumyoda 645emcs npouseedenuem Heu38ecmHol KOHCMAaHmMyl HA U36ECHHYI0 CIMPO2O
HOA0XHCUMENbHYIO DYHKUUIO 8peMeHU. a5t HeCMAYUOHAPHOU CMPO20 NOA0ICUMENbHOU QYHKYUU npednoaaeaemcs, Ymo u38ecmua
6epXHAs epaHuua ee Npou3eooHol. [lanHoe donywjenue HA aAMRAUMYOY HECMAUUOHAPHO20 CUHYCOUAANbHO20 803MYULeHUS He
aeasemcs mamemamuyeckoi abcmpaxyuei. I[1o0o6Hble MOdeau 603HUKAIOM 6 cUCMeMaX 0OHAPYICEHUS HEUCNPAGHOCMeEl 8 OMm-
Kpbuimol yenu 045 00HOA3H020 NPeobpa306aHus NOCMOAHHO20 MOKA 8 NepeMeHHbll. Xopouwo u3eecmno, 4mo aibmepHamugHble
UCTOYHUKY SHepeuu mpeOyom 8biCOK020 YPOBHS UHMe2pauuU 6 sieKkmpuyeckue cemu. [ns s5moi yeau ucnoas3yromes npeoopa-
306amenu NOCMOAHHO20 MOKA 8 NepeMeHHbl, KOMopble 00eCHeHUBam CUHXPOHUZAUUID COOMBEMCMBYIOWe20 NOMOKA SHepeUlU 6
anekmpuyeckue cemu. Imu npeoGpazoeament IHepeUU UCROALIYIOM BbICOKOUACMOMHOE NepeKaloueHue 0As YRpasaieHus npoyec-
com npeobpa3zosanus 3Hepeuu. B pezyromame nocmosanHoli pabomol u nepexoOHbIX NPOUECCO8 8 IHePeeMUUECKUX CeMAX MOy
603HUKamb HeucnpasHocmu. Tlocae c60s npeoGpazoeamens HOCMOSHHO20 MOKA 6 NePEeMEeHHbll He cMocem nodagams cumme-
MPUYHOE HANPSJICEHUE U MOK 6 JAeKMPUHECKYio cemb U, KaK caedcmeue, HeUCnpasHolll npeoopaszoeament 6bl308em 2apMOoHUHUe-
ckoe 3auymaenue. Ouenueas no0obHOe 2apMOHUUECKOe 3AUYMACHUE/BO3MYUEHIE, MOICHO U30eHcamb a8aAPULIHBIX CUMYAYUI.

Jokazana acumnmomuueckas cxo0UuMoOCmb OUCHKU YACMOMbl 03MYUAIOUE20 8030€licCMEUs K UCMUHHOMY 3Ha4eHuro. Jlis
HOHUMAHUS NPOYedypbl CUHMe3a AA20PUMMA OUEHKU U UAAIOCMPAUUU e20 pabomocnocobHocCmu npedcmagien npumep ¢ pe-
3yAbmamamu KOMIbIOMeEPHO20 MOO0AUPOBAHUS, OeMOHCMPUDPYIOUWUMU 00OCIMUNICeHUe 3A0aHHOU Yeal.

Karoueewte caosa: u@eﬁmuqf)uicauuﬂ Heu3eecmHblx napamempoes, Habawoamenu 6HeWHUX 603Mymenuﬁ, HecmauuoHapHole

CUcHAaNbl

BBenenne

B cratbe paccMmaTpuBaeTcs Kiaaccuueckas (s
COBPEMEHHOII TEOPUM aBTOMAaTHMUYECKOIO YIIpaB-
JIeHus1) mpobyieMa HAEHTU(DUKALUU TTapaMeTpOB
HEU3MepPsIeMOI0 CUHYCOMAAJILHOTO BO3MYILAIOLIIE-
ro BozueicTBUsl. OTIMUYUTENbHOI OCOOEHHOCTHIO
paccMaTpuBacEMO B IAHHOM CTaThe 3alayM SIBJISI-
€TCSI YMHOXEHME CHHYCOMIAJIBHOIO BO3MYIIAIO-
1IeTO BO3ACHMCTBUS Ha M3BECTHYIO HECTallMOHAP-
HYIO 3HAKOOMpeIeJeHHYIO CKAIIPpHYIO0 (QYHKIIHNIO.
Takass mocTtaHOBKa 3ajJayu, C OOHOM CTOPOHHI,
oboraimaeT HOBBIMM IIOAXOZAMU TeOpeTUUYECKUE
WCCJIENOBAaHWSI, TPOBOAUMEIE B 00JaCTU WICHTU-
(ukanuy mapaMeTpoB CHUHYCOMIAJIbHBIX CHUTHa-
JIOB (CM., HarpuMep, paboTsl [11—13]), a ¢ apyroii
CTOPOHBI, IPEACTaBIsIeT HECOMHEHHBI MHpaKTH-
YeCKUI MHTEepeC IJIs1 COBPEMEHHBIX CUCTeM OOHa-
PYXEHUS HEUCIIPABHOCTEN B OTKPBITON LIEOU IJIS
ogHO(a3HOTO MPeodpa3oBaHMU S IMTOCTOSTHHOTO TOKA
B IIepeMEHHBI. XOPOIILIO U3BECTHO, YTO aJIbTEPHA-
TUBHBbIE UCTOYHUKMN DHEPTUU TPeOyIOT BBICOKOTO
YPOBHSI MHTETpAllMU B dJIEKTpUUeckue ceTtu. [msa
ATOM 1IeJIM UCIOJb3YIOTCS Mpeodpa3oBaTesn Mo-
CTOSTHHOTO TOKa B TIEPEMEHHBIN, KOTOpbIe O0e-

CNEYMBAIOT CHMHXPOHM3AILMIO COOTBETCTBYIOIIE-
ro MOTOKA 3HEPIUM B BJEKTPUYECKHE CETU. DTHU
IpeoOpa3oBaTeid SHEPIUU MCIIOJb3YIOT BBICOKO-
JacTOTHOE IepeKIIUYeHue AJs YIpaBJIeHUs IIpo-
leccoM mnpeoOpa3oBaHUsI 3Hepruu. B pesyinbraTe
IIOCTOSIHHOI paboOThl M TMEPEXOAHBIX IIPOLIECCOB
B DHEPreTUUYECKMX CETSIX MOTYT BO3HUKATh HEHC-
mpaBHocTH (cM, Hampumep, [14, 15]). Ilocne cOos
npeoOpa3oBareyib MOCTOSHHOIO TOKAa B MEepPEeMeH-
HBI HE CMOXET MoJaBaTh CUMMETPUYHOE HaIps-
JKEHUE U TOK B 2JIEKTPMYECKYIO CE€Th, a CJIEIOBa-
TEJIbHO, HEHMCIIPaBHBII IpeoOpa3oBaTeb BHI3OBET
rapMoHuyeckoe 3amymiueHue [16—18]. OueHuBas
nogoOHOEe TrapMOHUYECKOE 3alllyMJIeHUE/BO3MY-
lIeHMe, MOXHO M30eXaTh aBapUIHBIX CUTYallMiA.
MNmMenHo B maHHOW MPUKJIATHOW 3aJaye BO3HU-
KaeT HeoOXOOMMOCTb OLEHMBAHUS IMapaMeTPOB
CUHYCOMIaJIbHOTO BO3MYIIIAIOIEr0 BO3AEHCTBUS,
aMIUIMTyJa KOTOPOr'0 YMHOXEHa Ha H3BECTHYIO
HECTallMOHAPHYIO TOJIOXUTEIbHYIO CKaJISIPHYIO
bynkumio.

CaMma 1o cebe 3amaya OLIEHMBAHUSI MMapaMeTPOB
CHUHYCOMJAJbHBIX CUTHAJIOB MPU UX U3MEPUMOCTH
SIBJISIETCSI XOPOILO M3YYEHHOI (CM., HaIlpUMeEp, pa-
601sl [1—10]). B cTtarbsx [2, 3] njis onpeaeneHus mna-
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paMeTpPOB MCIOJIb30BaJIM TPATUESHTHBIN aJITOPUTM C
MpenIBapUTEIbHBIM IIPUMEHEHNEM K CUTHAaIy are-
puogndeckoro Guasrpa. HemocTtaTkoM HaHHOIO
MOAX0Ma MOXHO CYMTaTh HEBO3MOXHOCTH OIIpEele-
JIEHUSI TapaMEeTPOB 32 KOHEUYHOE BpeMsl. AJITOPUTM
HEJIMHEHHOIO IPEACTaBICHUS CUHYCOUAAIBHOIO
CUTHaJla C IIOCJeAYIOIIMM IIpUMEHEHUEeM Helu-
HeliHoro HaOmiogarensi JlroeHOeprepa paccMOTpeH
B ctathe [7]. B pabore [8] ucnonb3oBaHO OBICTpOE
IUCKpeTHOe Ipeobpa3oBaHue PDypbe ¢ IMOCTICIY-
IOIIAM OIlpeAesicHNeM MaKCMMyMa Ha aMILJIUTYI-
HO-YaCTOTHOM XapakTepucTuke. WMmeHTuhuKams
napaMeTpoOB M3MEPSIEMOT0 MYJIBTUTAPMOHUYECKOTO
CUTHAaJIa paccMarpuBaeTcs B cTaTbe [9]. B pabore
[10] mpeacTaBieHbl aJrOPUTMBbI [ ONpeAcaeHUS
napaMeTpoOB U3MEPSIEMBIX CMHYCOMIAJIbHBIX CUTHA-
JIOB C HeCTallMOHAPHOM aMILIMTyAoM. Haxe u3 mo-
JOOHOIro KpaTKOro aHajau3a METOIOB CIEAYET, 4TO
CYILECTBYET OOJIbIIOE pa3HOOOpa3ue IMOAXOI0B IS
OLIEHMBaHUS IapaMeTPOB CHHYCOMIAJIbHOIO CHI-
HaJjia. OmHaKO MOBBILIEHHYIO CJIOXKHOCTD IPEaCTaB-
JIsIeT MASHTU(UKALMS IlapaMeTpOB H3MEPSIEMOI0
CUHYCOMJAJIILHOTO CHUTHAaJa C HeCTallMOHApHOM
amnutyaoi. B paborax [4, 5] paccmarpuBaioTcs
METOIBl MACHTU(MUKALINU, WCIIOIB3YIOIIE 3aras-
IBIBAIOIIEe CUTHAJIBI, YTO IIO3BOJIMJIO ITONYYUTh
HOBBIM pe3yJabTaT IS WACHTU(UKAIINNA YaCTOThI
CHHYCOMJAJILHOTO CUTHaJla ¢ HECTAllMOHAPHOM aM-
mdTyaoil. OmHaKo KaxXyIasicsl Ha MepBbIA B3I
MPOCTOTa MCIOAb30BAaHMSI JAHHBIX METOMOB MACH-
TU(PUKALUU B CIydyae HacTallMOHAPHOM aMILIUTYIbI
HEU3MEPSIEMOI0 CUHYCOMIAIbHOIO BO3MYIIAIOIIETO
BO3IEHCTBUS SIBJISICTCS OOMaHYMBOI.

B Hacrosieil ctarbe paccMaTpUBaeTCs 3agada
CHHTEe3a aJITOPUTMa OLCHUBAHMS YaCTOTHI HEU3-
MEpPSIEMOro CUHYCOMAAJbHOIO CUTHaJla ¢ HecTa-
LUOHAPHOUW aMILJIUTYAOU, U3BECTHOM C TOUHOCTHIO
JI0 TOCTOSTHHOTO MHOXUTeNsI. ChopMyTnpoBaHbI
YCJIOBMS, MPU BBIIIOJHEHUHW KOTOPBIX OOECIIECUU-
BaeTCSd CXOMMMOCTD K HYJIIO OIIMOKH OLIEHUBaHU
YaCTOTHl CUHYCOUIAaIbHOTO BO3MYIIEHUS.

ITocTanoBka 3agaum

PaccMoTpuM JIMHENMHYIO CTallUOHAPHYIO CH-
CTEMY, Ha BXOI KOTOPOM AECHUCTBYET HEUZMEPSIEMOE
CUHYCOMIAJIbHOE BO3MYILIEHUE C HEU3BECTHBIMU
AMIIJIUTYIOM, 4aCTOTOM U (ha30ii:

% = Ax + B(u + ©(1)5(1)), 1)

rae 8(f) = osin(wf + @), ® U ¢ — HEU3BECTHBIE MO-
CTOSIHHBIE ITapameTphl; ®(f) — u3BecTHasT (pyHK-
1I1S1 BpEMEHU.

CraBuTcs 3amadya CUHTE3UPOBATh aJITOPUTM
uaeHTuGUKaIMM HEU3BECTHOTO IlapaMeTrpa o,

obecrieunBalomuii s J0bIX 0 < ® < ® BBIIOI-

HEHUE CJIEAYIONLICTO 1IeJIEBOIO YCIOBUSI:
lim|o - o(?)| = 0, 2
t—w

rae o(f) — TeKylas OLEHKA 4aCTOThI o.

Honywenue 1. VI3BecTHA BepXHSSA TpaHHUIA ®
YacTOTHI M.

Honywenue 2. CkansgpHas ¢pyHKUuUSI O(f) 9BIsI-
€TCSl CTPOro MOJIOKMUTEJbHOM M M3BECTHOM, T. €.
O(t) > Dy >0 (rme @) — u3BeCTHOE 4yuCao). M3-
BECTHO 4MCI0 O TaKoe, YTO AJIsI BCEX ! BBINIOJIHE-
HO @, > |CD|

Honywenue 3. Bce 3J1eMEHTHI BEKTOpa COCTOSI-
HUSI X U3MEPSICMBbI.

OcHoBHoIi pe3yabTat

CuHTe3 alroputMa HUACHTU(UKALIMU HEU3-
BECTHOro IlapaMeTpa o OyIeM OCYIIeCTBISITh
B nBa oTama. Ha mepBoM 3Tarie Oynem Ipearo-
Jlaratb, 4To curHail ®(f)3d(f) uzmepsietcs. aiee,
0asupysich Ha pesyJibraTax MepBOro 3Tamna, pac-
CMOTpPMM pellieHue 3agaqyu (2), Jomyckas, 4TO BCe
3JIEMEHTBI BEKTOPA COCTOSIHUS X U3MEPSIOTCS.

Iman 1. llpenmonoxum, 4yto curHan O(z)d(1)
nsmepsercda. Torma cuctema guddepeHInaaIbHbIX
YpaBHEHMI, OMNMCHIBAIONIAS CHUHYCOUIAIbHOE
Bo3aeiicTBue 5(f), MOXET ObITh OINMMCaHa CJIeAYIo-
MM obpa3oM (CM., Hampumep, paodorty [2]):

2 = -0z, &)
5 = Zl.

Cnenys cratbe [13], npenctaBum cuctemy (3)
B BUJE

‘%l = &427
&, = 0¢,, “)
8= k& + k)&,

e 0 = —o’.

Hnsg ynobcTBa gajibHEHIIMX MpeoOpa3oBaHUM
MpeAacTaBUM cUCTeMYy (4) B BEKTOPHO-MaTpUYHOM
BUJIE

§=T¢,
8 =k'E,
rae k' = [k, k,]. Marpuna I' umeeT BUa

R O I e

0 1
h=1[10],¢"=[01]luT,= .
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BBenem B paccMOTpeHMe HOBYIO TTIEpEMEHHYIO
DO(1)d(1) = r(r).

[IycTp HabmonaTenb BEKTOpa & UMEET BUIL
§ =To&+08,q +ng(r - k"8) =

=T +08,g+pgok™(£-8),

©)

(6)

rae mapameTpsl p > 0 my > 0, GyHKUMSA 7 =7 —r,
BekTOp kK = Pg, a marpunia P = P" > 0 aBasgercs
pellieHreM MaTpUYHOro ypaBHeHUs1 Pukkatu Buaa

)

roe Marpuna Q = QF > 0, cTpOro MOJOXKUTEIBHOE
YUCJIO o. BEIOMpaeTcs CIEeAYIOIUM 00pa3oMm:

F(I;P"FPFO—quTP:_zOLP_Qa

@,
o>—.
@

YrBepxaenue. IycThb 119 uaeHTUGUKALUU He-
M3BECTHOIO MapaMeTpa 6 = —®” UCIOJb3yeTCs ajl-
roput™ (5), (6). Toroa uenesoe yciobue (2) OymeT
BBITIOJIHEHO.

JHokazameavcmeo. ChopMupyeM OLINOKY Olie-

HUBAaHUY BEKTOpa &:

E=¢-¢ (8)

HdudpdepeHnpys cooTHoweHue (8), mojaydaem

g = Fo% + é%lq —udgk"E - [y&-08g =
= ([ — u@gk")E + (8%, - 08,)q.

Bropoe cinaraemoe ypaBHeHHUS (9) MOXHO BBI-
pasuThb CACIYIOIIMM 00pa30oM:

6%1 -0, =(0+ é)(ﬁq + <€11) -0g, =
= 9%1 +0¢; + ég,q + éf;l -0g; = 9%1 + éél'

©)

Torma BekTOp & MpUMET BUJ

E=T.E+0gt, (10)

rne [, =T —pdgk"™ +6gh".
Omnpenenum pyHkuuio JIgmyHoBa 1JId JaHHON
CHCTEMBI B BUJIE
V= cpéTPé,+lé2. (11)
Y

Torna npousBoaHas ¢pyHkuuu (11) mo BpemeHU
paBHa

V = GETPE + ®ET(ITP + PT, )E + 2008 Pk, + 20,
Y

PaccMoTpuM nopobHee BbIpaxkeHue &' (TeP + PT, )E:
E"(CJP + PTy —2u®d Pqq" P + 0Pgh™ + 0hq" P)E <

<EN(TLP + PTy - 2ud,Pqq"P + 0’ Pqq" P +

+ B hhE=ET(TJP + PTy — Pqq"P -
— (Qud, ~1)Pgq" P + 0°BPgq" P+ B~'hh")E =
=&"(-20P-Q-(2ud, -1)Pqq"P +
+ 023 Pgq P +B ' hhT)E <ET(-2aP - Q-

— (2udy - 1)Pgq" P +&'BPgq" P + P~ hh")E,

rac MmMoCJacaHEC HEPAaBCHCTBO BBLIIIOJIHCHO B CHUITY

donywenus 1 u yucno p > 0.
BribepeM ymcio u caeaylonmuM o0pa3oM:;

Q- QQud, -1)Pgq"P +&*BPqq P +B~'hh"™ < 0.(12)

Hanee, B cuity ypaBHeHUd (6) nMeeM

0 = —y®E"Pgt,. (13)
Torma u3 ypaBuenus (13) cienyer
géé+2o1>ééTPqél =0. (14)
Y

IMoacraBasis cootHoweHus (12) u (14) B BbIpa-
XKEHUE OJ1s1 MPOU3BOAHON OT PpyHKUMM JIssmyHOBa
(11), monygaem

V < = 20®E"PE + HETPE < — 20 E"PE + ® & PE.
B cuny donywenus 2w ycinosusa o > il noay-
JyaeMm Dy

V < —ad,ETPE. (15)

M3 HepaBeHcTsa (15) jerko mokasarb, 9YTO BeK-
TOp-PYHKIUS E(f) MPUHALIEKUT J1e6eroBy Mpo-
cTpaHcTBy L,. Torma, mo nemme bap6Ganara (cwm.,
HampuMmep, padotsl [19, 20]) nonyyaem

{%eLszw

Sl :nm\é\zo.

t—w
OTcroga ciaegyet
1im\é\ =0 u lim|k"E

t—o00 t—o0

= lim [§[ = lim‘S(t) - S(t)‘ - 0.
t—oo 11—

Hanee nerko moxkasaTh (CM., Halpumep, padoTy
[13]), uToO

lim‘é‘ = lim ‘é‘

t—o0 t—o0

= lim|o - &(1)] = 0.
t—o
Aman 2. TIocKoOAbKY MO YCIOBUSIM 3aJa4U CUT-
Haa ®(1)5(r) = r(t) He usMepsieTcsl, ToO BOZHUKAET
HEOOXOAMMOCTh MOAUGUKALIMK aJITOPUTMA UACH-
tuduxkauuu Buga (5), (6). OcyluecTBass IMpo-
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cTeillline anredpanyecKue MaHUIYISLIUMU C ypaB-
HenueM (1), o curHana r(f) moixydaem

T

B
r(f) =
(7) 2B

Torpa ypaBHeHHue (5) MOXHO IlepernucaThb clie-
IYIOIINM 00pa3oM:

(16)

(X — Ax) —u.

A

£ = F0é+@q%1 +uq[%(X—Ax)—u—CDkT%J.

BBenem HOBYIO TTEpEMEHHYIO
T
B'B
Torna, nuddepeHuupys Boipaxkenue (17), umeem

A

X=E—q—m X (17)

T

A A s ~ B
 =TE+0gE — DOkTE +
% =T0&+6q8, qu( g 3B

Ax + uJ. (18)

C momoribto 3aMeHbI (16) 3amuineM ypaBHEHUE
(6) cnenyomuM oo6pa3oMm:

. A A oA s~ o BT .
0=—Er+yEFr =vyEF+ xX—-Ax)-u|.
Y€ S Y€ 1S (BTB( ) j
BBenem nepeMeHHY10
n=0-15 ——x. (19)

B'B
HdudpdepeHnpys, uMmeeM

BT [ BT
X — ——Ax+u|.
B'B Y‘:‘[BTB j

Berpazum %1 yepes y:

n=—v&r - v¢

T

B = hTE = W+ hg—

B'B

x=h"y.

CnenoBaTebHO, IPOU3BOAHAS &; MOXET OBITh
3amucaHa B BUJC

‘%1 = hTX = %2-

Takum obpa3om, Ha 6a3e aaroputma (5), (6) mmo-
Jy4aeM ero peaju3yeMbIii aHaJor, He TpeaycMa-
TpUBAIOWINN n3MepeHus curHama O(1)d(r) = r(¢):

T

A A a ~ B
v =&+ 0gE, — DLkTE+
% 06 +9g&, H‘]( g BB

Ax+uJ,

s . . BT . ( BT
N=—vEr —v&——=X—7& | ——=Ax+u|,
B'B B'B 20)
T
=Y+qg——X,
E=1% 9575

T

—X
B'B

~ A

0 =n+yg,

Kak ObL10 TOKa3zaHoO B Ymeepocdenuu, anro-
put™M uaeHTuukauuu (20) Oyaetr obecreynBaTh
BBITIOJTHEHUE 11€JIEBOr0 HepaBeHCTBA (2) MpU BbI-
MOJHEHUU CICAYIOIINX YCIOBUIA:

* YHCJIO | BbIOMpaeTcs TaKMM 0Opa3oM, UTOOBI

HepaBeHCTBO (12) ObLJIO BHIMOJHEHO;

* UHMCJIO o JOJIKHO COOTBETCTBOBATH CTPOrOMY

HEPABEHCTBY o > —-.

0

Hng unmoctpauuy paboToCHOCOOHOCTU Mpe-
JlaraeMoro aJropuTMa MIeHTUUKALUU PaccMO-
TPUM YUCJICHHBII IpUMeED.

IIpumep

IMokaxxem paboTtocnocobHoCTh anroputma (20)
C TIOMOIIbIO KOMIBIOTEPHOTO MOMAEJIMPOBAHUSI.
PaccMotrpum 0o0bekT ynpapiaeHus (1) ¢ maTpuna-
MU AU B Buna

[ 3]

Ilycts ympaBnsiouiee BosaeiictBue u = 0 u
dyHkuus ®©(f) = 2 + sint. Torma B COOTBETCTBUU
C METOJIMKOM, MpeacTaBJIeHHON Ha Dmane I, BbI-
OepeM mapameTpsl o, B, u U Marpuilbl P u k cie-
ayouum oopazom: o = 1,1, B = 0,001, u = 80,4918,

16,4002 6,0894 uk 6,0894
6,0894 4,8932 4,8932 |

PesynbraTel KOMIIBIOTEPHOI'O MOIEIUPOBAHUS
anropuTMa uaeHTudukanuu (20) nis pa3andHbIX
3HauUeHU KoadhdUlIMeHTa y MpeAcTaBleHbl Ha
puc. 1—4. W3 rpadmkoB ciaeayeT HOCTUXUMOCTh

6, pan?/c?
0

-20

-40

-60

-80

=100

Puc. 1. I'paduk onenkn 6(t) npu ® = 10 pan/cuy = 10°
Fig. 1. Estimate 0(?) in case of ® = 10 rad/s and y = 10°

Puc. 2. T'paduk onenkn &(f) npu ® = 10 pag/c my = 10°
Fig. 2. Estimate &(?) in case of ® = 10 rad/s and y = 10°
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Puc. 3. I'paduk oneHku é(t) npu ® = 10 pag/cuy = 10°
Fig. 3. Estimate 8(7) in case of ® = 10 rad/s and y = 106

Puc. 4. Tpaduk onenkn &(f) npu o = 10 pag/cuy = 10°
Fig. 4. Estimate ®(?) in case of ® = 10 rad/s and y = 10°

1esieBoro yciaoBus Bujaa (2). Takke MOXHO BUIETh
13 rpaMKOB MEPEXOAHBIX ITPOLECCOB, UTO 32 CUET
yBeJnYeHUs KodbbUIIMEHTa Y MOXHO YJIy4dllaTh
CKOPOCTh MapaMeTpUIecKoii CXOMMMOCTH.

3akJoyeHue

[Ipennoxen anroputm (20) oJ1sT OLICHUBAaHMS Ya-
CTOTBI HEM3MEPSIEMOT0 CUHYCOMIAJIBLHOIO CUTHaja
C HECTAllMOHAPHOM aMIUIUTYION IJIsl JIMHEAHOIO
cranroHapHoro oonekra (1). beuta mokazaHa pa6o-
TOCITIOCOOHOCTH MPEATOKEHHOTO TTOAX0/1a U BBITIOJ-
HEHO KOMITBIOTEPHOE MOAEIUPOBAHUE, TEMOHCTPU-
pylollee MmapaMeTpU4ecKylo CXOTUMOCTb IepeMeH-
HOI1 0 aJIrOpMTMa K UICTUHHOMY 3HAYEHUIO 0.

B KkayecTBe IEpPCHEKTUMBHBIX IIArOB Pa3BUTHUS
MpenjiaraeMoro pesyjbTaTa BUIUTCS €ro pacluiupe-
HHUE Ha cIy4Yall # TapMOHMK, a TAKKe HEN3MepsieMO-
CTH BeKTOpa MepeMeHHBbIX coCcTosIHUS Moaeau (1).

CnHCOK JIMTEepaTypbl

1. Fedele G., Ferrise A., D’Aquila G. A global frequency
estimator based on a frequency-locked-loop filter // American
Control Conference (ACC). 2016. P. 7001—7006.

2. Aranovskiy S. V., Bobtsov A. A., Kremlev A. S., Niko-
laev N. A., Slita O. V. Identification of Frequency of Biased
Harmonic Signal // European Journal of Control. 2010. Vol. 50.
P. 129—139.

3. Le Van Tuan, Korotina M. M., Bobtsov A. A., Aranov-
skiu S. V., Pyrkin A. A. Online estimation of time-varying fre-

quency of a sinusoidal signal // IFAC-PapersOnLine. 2019. Vol. 52.
P. 245—-250.

4. Vedyakov A. A., Vedyakova A. O., Bobtsov A. A., Pyr-
kin A. A., Aranovskiy S. V. Frequency estimation of a sinusoidal
signal with time-varying amplitude // IFAC-PapersOnLine. 2017.
Vol. 50. P. 12880—12885.

5. Vedyakov A. A., Vedyakova A. O., Bobtsov A. A., Pyr-
kin A. A., Kakanov M. A. Frequency estimation of a sinusoidal
signal with time-varying amplitude and phase // IFAC-PapersOn-
Line. 2018. Vol. 51. P. 663—668.

6. Benskos A. A., Boouos A. A., Ilsipkun A. A. OneHuBa-
HHe MapaMeTPOB CMHYCOMIATbHOIO CUTHAA C HeCTallMOHAPHOM
amnutynoii // W3B. By3oB. [Ipubopocrpoenue. 2017. T. 60, Ne 9.
C. 812—3817.

7. Praly L., Isidori A., Marconi L. A new observer for an
unknown harmonic oscillator. 17th International Symposium on
Mathematical Theory of Networks and Systems. 2006. P. 24—28.

8. Singh P., Singhal A. Frequency estimation of a sinusoidal
signal // 2016 International Conference on Signal Processing and
Communication (ICSC). 2016. P. 320—322.

9. Pyrkin A. A., Bobtsov A. A., Vedyakov A. A., Kolyubin S. A.
Estimation of polyharmonic signal parameters // Automation and
Remote Control. 2015. Vol. 76, N. 8. P. 1400—1416.

10. Jle Ban Tyan, Boounos A. A. neHTudukamnus mnapame-
TPOB CMHYCOMJAJbHOTO CUTHAJIa ¢ HEM3BECTHOM HecTallMoHap-
HOIl amruiuTynoi // HaydyHo-TexHW4YecKuil BeCTHUK MHpOpMa-
LIMOHHBIX TEXHOJIOTWi1, MeXaHUKU 1 onTtuku. 2018. T. 18, Ne 6.
C. 976—981.

11. Pyrkin A. A., Bobtsov A. A., Kolyubin S. A., Vedya-
kov A. A., Borisov O. 1., Gromov V. S., Margun A. A., Bazylev D. N.
Fast Compensation of Unknown Multiharmonic Disturbance for
Nonlinear Plant with Input Delay // IFAC Proceedings Volumes.
2013. Vol. 46. P. 546—551.

12. Ivipkun A. A., Boouos A. A., Hukudopos B. O., Komo-
ounn C. A., Beasakos A. A., Bopucos O. ., I'pomos B. C. Kom-
MeHcauusl MOJUMTapMOHUYECKOTO BO3MYIICHHUS, AEWCTBYIOIIETO
Ha COCTOSTHME M BBIXOJ JIMHEHHOro o0beKTa C 3ama3blBaHUEeM
B KaHaJie yrnpaBjieHusi // ABToMaTuka MU TeieMexaHuka. 2015.
Ne 12. C. 43—64.

13. Bobtsov A. A. New approach to the problem of globally
convergent frequency estimator // International Journal of Adaptive
Control and Signal Processing. 2008. Vol. 22, N. 3. P. 306—317.

14. Salehifar M., Arashloo R. S., Moreno-Eguilaz M.,
Sala V., Romeral L. Observer-based open transistor fault diagnosis
and fault-tolerant control of five-phase permanent magnet motor
drive for application in electric vehicles // IET Power Electronics.
2015. Vol. 8. P. 76—87.

15. Yang S., Bryant A., Mawby P., Xiang D., Ran L., Tavner P.
An industry-based survey of reliability in power electronic convert-
ers // IEEE Transactions on Industry Applications. 2011. Vol. 47,
N. 3. P. 1441—1451.

16. Salimian H., Iman-Eini H. Fault-tolerant operation of
three-phase cascaded H-bridge converters using an auxiliary mo-
dule // 1EEE Transactions on Industrial Electronics. 2017. Vol. 64,
N. 2. P. 1018—1027.

17. Jlassi 1., Estima J. O., El-Khil K., Bellaaj N. M.,
Marques A. J. Multiple open-circuit faults diagnosis in back-
to-back converters of pmsg drives for wind turbine systems //
IEEE Transactions on Power Electronics. 2015. Vol. 30, N. 5. P.
2689—2702.

18. Mirafzal B. Survey of fault-tolerance techniques for three-
phase voltage source inverters // IEEE Transactions on Industrial
Electronics. 2014. Vol. 61, N. 10. P. 5192—5202.

19. Mupomnunk U. B., Hukudopos B. O., ®paakos A. JI.
HenuHeliHoe M aganTUBHOE yIpaBjieHUE CIOXHBIMU TUHAMU-
yeckumu cucteMamu / Yue6. moco6. CI16: Hayka, 2000. 549 c.

20. Sastry S., Bodson M. Adaptive Control: Stability,
Convergence and Robustness. Courier Dover Publications, 2011.
400 p.

468

MexaTpoHnKa, aBToMaTu3anus, ynpasienne, Tom 21, Ne 8, 2020



Parameters Estimation Algorithm for an Unmeasured Sinusoidal Signal

with Time-Varying Amplitude

V. A. Bezzuboyv, valentin.bezzubov@yandex.ru, A. A. Bobtsov, bobtsov@mail.ru,
ITMO University, 197101, Saint-Petersburg, Russian Federation

Corresponding author: Bobtsov Alexey A., Ph.D., Professor, ITMO University,
197101, Saint-Petersburg, Russian Federation, e-mail: bobtsov@mail.ru Accepted May 25, 2020
Abstract

In this paper the problem of identification algorithm for unknown frequency of a sinusoidal disturbance for a linear plant
was considered. This problem is solved in the class of plants with known parameters and a measured of state variables. Re-
garding the frequency of the sinusoidal disturbance was assumed that the it upper limit is known. Despite the seeming triviality
the considered problem is difficult. Using of numerous methods for parameters identification of the measured sinusoidal signals
does not give success if the amplitude of sinusoidal disturbance is time-varying. In this paper we will assume that amplitude is
the product of an unknown constant by a known strictly positive function of time. For the time-varying strictly positive func-
tion we will suppose that the upper boundary of its derivative is known. We note that such assumption on the amplitude of a
time-varying sinusoidal disturbance is not a mathematical abstraction. Similar models arise in fault-detection strategy in DC/
AC conversion. It is well known that alternative energy sources require a high level of integration into the electrical power
grids. For this purpose, DC/AC and AC/AC power converter are used to provide the coupling, synchronization and appropri-
ate power flow to the electrical networks. These power converters employ high-frequency switching to manipulate the energy
conversion process. As a result of a constant operation and load transients, the power switches in the DC/AC and AC/AC
topologies are facing voltage, current and temperature stresses that could lead to a fault. After a fault, the DC/AC and AC/AC
power converter will not be able to provide a symmetric voltage and current to the electrical network and, consequently, the
Sfaulty converter will induce harmonic noise. By evaluating such harmonic noise / disturbance, emergency situations can be
avoided. In this paper the asymptotic convergence of the estimation of the frequency of the perturbing effect to the true value is
proven. For clarification of design procedure of estimation algorithm and performance illustration an example was presented.

The computer simulation results are demonstrating the achievement of a given purpose.
Keywords: unknown parameters estimation, external disturbance state observers, time-varying signals
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Neural Network Based Control System for Robots Group Operating
in 2-d Uncertain Environment

Abstract

This study is devoted to development of a neural network based control system of robots group. The control system performs
estimation of an environment state, searching the optimal path planning method, path planning, and changing the trajectories on via the
robots interaction. The deep learning neural networks implements the optimal path planning method, and path planning of the robots. The
first neural network classifies the environment into two types. For the first type a method of the shortest path planning is used. For the
second type a method of the most safety path planning is used. Estimation of the path planning algorithm is based on the multi-objective
criteria. The criterion includes the time of movement to the target point, path length, and minimal distance from the robot to obstacles. A
new hybrid learning algorithm of the neural network is proposed. The algorithm includes elements of both a supervised learning as well
as an unsupervised learning. The second neural network plans the shortest path. The third neural network plans the most safety path.
To train the second and third networks a supervised algorithm is developed. The second and third networks do not plan a whole path
of the robot. The outputs of these neural networks are the direction of the robot’s movement in the step k. Thus the recalculation of the
whole path of the robot is not performed every step in a dynamical environment. Likewise in this paper algorithm of the robots formation
Jfor unmapped obstructed environment is developed. The results of simulation and experiments are presented.

Keywords: path planning, group control, neural network, machine learning, obstructed environment
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®rAQY BO HOxHbIV PegepanbHbIv yHUBEpCUTET, TaraHpor, Poccus

HenpoceteBasa cuctema ynpasrieHUs rpynnom po6oTos
B HeonpeaeneHHOW ABYMEpPHOU cpeae

Onucana paspabomanHas cucmema ynpaeieHus epynnou MoOUAbHbIX poOOMOs, UCKOAb3YIoWas HelipouHsie cemu. Cucmema
YAPABACHUS BbINOAHAEM OUEHKY COCIOSAHUA cPedbl PYHKYUOHUPOBAHUS, NOUCK ONMUMAALHO20 Memo0a NAAHUPOBAHUS NymMU, NAA-
HUPOBAHUE nymu, KOPPeKUUI0 mpaeKkmoputi 08UNCEHUs N0 Pe3VAbmamam e3aumooeiicmeus pobomog epynnsl. Boi6op onmumansro-
20 Memo0a NAGHUPOBAHUS U NAAHUPOBAHUE NYMU 2PYNNbL POOOMOE Pearu3yemcs mpems HellpOHHbIMU CeMAMU 2AY00K020 00YHeHU .
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Ilepsas neiiponnas cemo kaaccuguyupyem cocmosnue cpedsvt Ha 08a Kaacca. s nepeozo Kaacca OnmMuMAanibHblM MEmo-
00M NAGHUPOBAHUS NYMU A8AeMCs Memo0d NOCMPoeHUs Kpamyaiiueeo nymu. J{as emopozo Kaacca OnmuMaibHolmM Memooom
A6aAemcs Memoo NAAHUPOBaAHUs be3onachozo nymu. Boibop memooda naanuposanus nymu 6azupyemcs Ha COCMAGHOM Kpume-
puu, Komopbill eKal04aem 6 cefs epems 0BUNCEHUs 8 YeAeBYI0 MOUKY, OAUHY NYMU U MUHUMAAbHOE PACCMOosHUe 0m po6omoé
epynnut 00 npenamcmeuii 6 xode dsuscerus. I[Ipedaoscen HOBbLI areopumm 00y4enus HeUpoOHHOU cemu, N0380AAIOUWUL UmMepa-
YUOHHO CKOHCMPYUPOBAMb 00Y4AIOUYIO 8bl00PKY U CMPYKMYPbl HEUPOHHOU cemu. Aneopumm exarouaem 6 cebs Kak d1emMeHmol
o0yuenus ¢ yyumenem, max u 6e3 yuumens.

Bmopas neiiponnas cems pearusyem anseopumm naanupoganus kpamuatiweeo nymu. Tpemos HelipoHHAs cemb peaiusyem
anreopumm NAAHUPOBaHUs Oe3onachoeo nymu. Jlas oGyvenus emopoil u mpemoeli HEUPOHHbIX cemell UCNOAb3Yemcs umepa-
YUOHHBLI aseopumm o0yuenus ¢ yyumenem. Ilpu smom Helipocemegvie NAGHUPOBWUKU OBUNCCHUS He NAAHUPYIOM 8€Cb NYMb
yeaukom. Boixodom amux HelupoHHbIX cemell 184semcs meKyujee Hanpasienue 0gudicenus poboma epynnel Ha k-m waee. B cuny
2moeo He mpelyemcs nepecuem 6celi MpaeKmopuu O8UNCEHUS HA KAXNCOOM uiaze, 4mo N0360451em UCHOAb308AMb Helpoceme-
6ble NAAHUPOBUUKYU 6 OUHAMUYECKOU cpede.

Taxoce 6 dannoli cmamoe pazpaboman ai2opumm GopmMupo8anus cmpos epynnsl MOOUAbHbIX pOOOMO8 6 HeKapmozpapupo-
eaHHoU cpede ¢ npensmemeusmu. Ipu eodamces pe3yrbmamol MOOCAUPOBAHUS U IKCNEPUMEHMANbHbIX UCCACO08AHUL.

Karoueesnie caosa: naanuposanus nymu, epynnogoe ynpasieHue, HelipoHuvle cemu, MauuHHoe odyuerue, cpeda ¢ npensm-

cmeuAmu

Introduction

The most urgent fields of a mobile robotics are
the autonomous control and the group control [1].
On one hand control problems for mapped environ-
ments are solved at a high level [2, 3]. On other
hand in unmapped obstructed environments mo-
bile robots are controlled by operator. Therefore the
control methods and algorithms are to be improved.

The problem of mobile robots group motion
control in unmapped obstructed environments is
studying intensively. The papers [2—9] are reviews
of the group motion planning methods. In article
[2] the review of planning algorithms for 3-D en-
vironments is presented. A taxonomy and descrip-
tion of conventional and bio-inspired algorithms
are given including the problem of the robots group
path planning. The intelligent path planning meth-
ods including genetic, neural network based, bio-
inspired, and hybrid algorithms is presented in pa-
per [4]. Paper [5] includes review of the planning
algorithms for stationary, dynamical, and uncertain
environments. Both the global planning algorithms,
based on map of environment, as well as the re-
active algorithms, based on sensor information are
studied. Special attention is paid to predictive con-
trol and sliding mode control. Article [6] is devoted
to overview of the robots swarm’s control methods.
Report [7] is review of Particle Swarm Optimiza-
tion methods. Paper [8] describes main methods
of the robot’s collective control. Taxonomy of the
methods is given. Different task statements and ap-
proaches are described. In paper [9] the review of
bio-inspired swarm control algorithms is presented.
Studied algorithms are evaluated via the require-
ments for the hardware implementation. Novel

algorithm of a swarm of robot configuration in a
three-dimensional environment is suggested.

Reviews [2—9] and papers [10—12] notes the ur-
gent problems of the group control methods. They
are uncertainty, dynamics of the environment, and
high computational requirements of the optimal
path calculation.

In article [10] a hybrid algorithm of the global
path planning, including a logical block and A*
block, is described. Algorithm A* is used to com-
pensate the uncertainty of the dynamical environ-
ment. Simulations and experiments demonstrate
high performance of the optimal path searching.

According to paper [11] planning the movement
of groups of robots in the uncertain environments
is the problem solved by methods of artificial in-
telligence. An uncertainty is the main problem for
conventional methods among them artificial poten-
tial fields, discrete searching (D*, A*), road maps,
and Voronoi diagrams. To increase performance of
the global searching procedure algorithm FireFly
is proposed. A numerical and experimental study
of the algorithm is developed for the mobile robot
moving in obstructed environment.

The main disadvantages of the well-known path
planning methods are errors in the improper situ-
ations and non-optimality of the planned trajecto-
ries [12]. In article [12] prediction method of mobile
objects movement and integration of the prediction
method with path planning algorithms are presen-
ted. Different methods are studied in the 2-D en-
vironment. Advantages of prediction for obstructed
environments are demonstrated.

Thus development of autonomous robots on base
of the artificial intelligent and bio-inspired methods
is an urgent direction of investigations.
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For instance, in the articles [13, 14] genetic algo-
rithms are used to plan the path of a robots group.
In paper [13] a hybrid planning method based on the
combination of artificial potential fields and genetic
global search procedure is proposed. The method
increases performance of the feasible path searching.
The path is evaluated by a composite criterion in-
cluding length, safety, and smoothness. Results of
comparative investigation of the developed method
and other approaches are presented. The paper [14]
proposes a method of the path planning of aircraft
based on the division of space into cells by Voronoi
diagrams and Delaunay triangulation. Then genetic
algorithm searches the optimal path in the celled
space. Investigation of the developed algorithms is
performed by numerical simulations.

In article [15] the method of group control of
robots using fuzzy logic is offered. The methods
solved the problem of robots formation motion in
the uncertain obstructed environment.

In the papers [16 — 18] hybrid algorithms based
on unstable modes of movement is developed for the
group of mobile robots. Offered control algorithms
ensure movement of the group of robots in the ob-
structed 2-D and 3-D environment with moving
obstacles. Delaunay triangulation and optimization
procedure for the problem of robots formation mo-
tion are used. The developed algorithms allow set
formation automatically without preliminary deter-
mination of the robot’s place in the ranks. Algo-
rithm of collision avoiding consists of a delibera-
tive component and an unstable reactive component
[16]. Feasibility of the algorithms is demonstrated
by the experiments including fly of two copters in
the environment with stationary obstacles.

In the articles [19—25] different bio-inspired al-
gorithms are developed. In the paper [19] pigeon
algorithm is proposed. In article [20] the problem
of path the planning routing a group of robots in
an uncertain dynamic environment using the wolf
flock algorithm is solved. The proposed solution
takes into account the distance between mobile
robots and obstacles and the distance to the tar-
get point. The algorithms are verified by numerical
simulation results. In report [21] the modification of
an ant colony algorithm is presented. The algorithm
is used to solve the problem of path planning of the
group of robots. The problem of path planning of
the ground robots group in the environment with
stationary obstacles is studied. To solve the problem
a bee algorithm is used. Performance of the solution
is evaluated by the composite criterion including
the distance to the target point and distances from

robots to obstacles or other robots. Advantages of
the method are demonstrated by numerical simula-
tion results.

In the papers [22, 24] the Particle Swarm Optimi-
zation based algorithm is used to solve the problem
of robots group path planning. In article [22] the
problem of path planning in the plain environment
with stationary dangerous obstacles and areas. Com-
position of the path length and safety is the optimiza-
tion criterion. Different modifications of the Particle
Swarm Optimization based algorithms are proposed.
Advantages of the algorithms are demonstrated by
numerical simulation results. In paper [24] the Par-
ticle Swarm Optimization based algorithm is used to
solve the problem of robot’s coalition formation. The
proposed PSO algorithm improves convergence and
weakens the problem of local minima. Comparative
study is performed by numerical simulation.

Research [25] proposes the method of a group con-
trol for UAVs based on a multi-agent approach and
relative state space conception. Advantages of the
method are shown in comparison of the proposed
control system and the control system with a leader.

Based on neural networks control systems are
perspective field of robotics [26, 27]. Neural net-
works are effective adaptation mean. Therefore neu-
ral networks are applied in uncertain environments.
In paper [26] the problem of adaptive coordinating
control of the multi-agent systems is investigated.
Proposed neural network operates in the system
with variable topology, limited communications be-
tween robots, and actuators faults. Performance of
the neural network control system is demonstrated
by numerical simulation results. In article [27] dy-
namical neural network of Elman is designed. The
network is training by flock algorithms.

The last success of neural networks application
is based on deep learning neural networks [28—32].
Reports [29, 30] demonstrate the possibility of trans-
ferring knowledge from one area to another area
using deep learning neural networks. In article [31]
deep learning neural network is applied to manipu-
late objects by a human like robot. The reinforce-
ment learning procedure is used. A two level pla-
nning system is developed. Experimental results are
presented.

Paper [32] presents the motion control system of
a wheeled mobile robot in an uncertain environ-
ment. Deep learning networks plan the robot path.
The novel cascade topology of the neural network is
developed. In different situations the different num-
ber of cascades is involved into planning process.
Simulation results and experiments are presented
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for the wheeled robot in uncertain obstructed en-
vironment.

Paper [33] presents the onboard machine vision
system with the aim of unmanned aerial vehicle
navigation and control. New original methods are
proposed for multiband images fusion based on dif-
fuse morphology. The original methods are devel-
oped for deep machine learning.

This article is devoted to development of a neural
network based control system of robots group. The
control system performs estimation of an environment
state, searching the optimal path planning method,
path planning, and changing the trajectories on via
the robots interaction. Set of the path planning me-
thod consists of two algorithms. The first algorithm
is the shortest path searching (D*). The second algo-
rithm is a safety path searching (modified D*).

The criterion of the planned path is evaluated as
follows.

JZ =k1J1+k2J2 +k2J3 — max,

(1)

where k;, k,, k3 are weight coefficients, k| + k, +
+ k3 = 1, J; is a normalized time of the movement
to ta target point taken with the opposite sign, J, is
a minimal normalized distance between robots and
obstacles, J; is a normalized path length taken with
the opposite sign.

The paper is organized as follows. Section 2 pres-
ents a mathematical model of a mobile robot, de-
scription of environment, a navigation system, vision
system, and communication system. Problem state-
ment is given. Section 3 describes a block diagram
of the control system and the global path planning
algorithms. In section 4 neural networks based algo-
rithms are developed. Likewise interaction algorithms
between the robots are proposed. Section 5 describes
results of numerical simulation and experiments.

Problem statement

A group of Ny mobile robots in a 2-D environ-
ment is considered. The mathematical model of the
mobile robot is described as follows [1, 18].

Vi) = R(y;)x;,

2
©)
where y; = [,y y31" is a vector of position (yy;, y»;)
and orientation (y5;) of i-th robot in the fixed frame
0,Y, 1Y,y (Fig. D), x; = [x}; Xy x3]" is a vector of
linear (x;;, x,) and angular (x;) velocities of i-th
robot in the moving frame OY,Y,, R(y,) is the ma-

trix of kinematics, M, is the matrix of inertia, F;
is a vector of the dynamical forces, u; is a vector of
the controls, B, is the input matrix, i = 1, 2, ..., Np,
Ny is number of the robots.

The navigation system of the robot measures
vectors y; and x;. The vision system of the robot
detects obstacles located on distance from 0 to R,,.
Field of view of the vision system is o, Likewise
the communication system of the group robots en-
sures communication with each other.

Environment includes areas Q, ;, and Q,.
These areas are presented in Fig. 2.

At start time moment 7 = ¢, the robots are within
area Q. Area , is a target area. All robots are to
be in the area Q,. Area ), is an uncertain environ-
ment with moving and stationary obstacles. At time
moment ¢ = f, information about the obstacles in
area Q) is absent at the control system of the robots.

Thus task of the group is movement from the
area Q, through area Q, to area Q,. Also the robots
have to locate in area , such way to optimize a
given criterion. The robots transmit each other vec-
tors y;, X;, distances to obstacles r,,(i, j), and vector
E;, describing area Q;.

In the uncertain environment it is possible to use
global and local planning algorithms [1, 18]. Aim of
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Fig. 2. Start, uncertain, and target areas
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the global planning algorithm is calculation of the
preliminary path. Aim of the local planning algo-
rithm is correction of the path in the neighborhood
of obstacles. There are two problems of the global
path planning in the uncertain environments. First,
in the uncertain environment it is hard to construct
proper criterion of a mobile robot control system.
Second, in the neighborhood of obstacle the target
point should be moved. Therefore the position of
the target point is function of the time and the path
planning algorithm has to calculate all optimal tra-
jectory every step.

Thus in the uncertain environment the criterion
of motion and trajectory planning should be formed
directly in the process of the robot moving. The
global planner calculates a simple strategy based on
the most general assumptions.

The global planning algorithms

Block diagram of the group control system is
presented in Fig. 3.

The inputs of Global Planning block are a priory
map (Map), data packet G from another robots of
the group, and the target point y? , x? of i-th robot.
Global planning algorithm calculates optimal path
P’ of i-th robot. Local planning block corrects op-

! *
timal path P. using measured obstacle’s position

]
Yip» X;p- Corrected path P; feeds to Motion Control
System block.

The global planning is based on the following
assumptions.

1) Starting locations of the robots are calculated as
the problem of uniform distribution solution of area €.

2) The global path of i-th robot is a direct line
between current location and final location at target
area Q,.

Distribution of the robots in area €, includes
Delaunay triangulation and optimization of i-th ro-
bot’s location. This operation consists of the follo-
wing steps.

Communication

Step 1. The aggregated group is formed. This
group includes all mobile robots of the group, de-
tected obstacles, and vertices of rectangle area .
In Fig. 2 the vertices are presented as white squares.

Step 2. Neighbors of i-th robot are calculated
using Delaunay triangulation [14, 18]. The result of
Delaunay triangulation is set My; of adjacent ob-
jects to which i-th robot is connected by edges.

Step 3. The distances from i-th robot to the
adjacent objects are calculates as follows.

ry =1 - J’1j)2 + (Vo — J’2j)2]0'5,

) Iaj:LNG, (4)

where n; is a number of the adjacent objects of i-th

robot, r; is the distance from i-th robot to j-th object.
Step 4. Distances (4) are optimized. Free variables

are y;;, V. The optimization criterion is as follows.

i=1n;

®)

(mi.n(r,»j j — max.
LJ V1> Y2i

The solution of problem (5) is optimal location
of i-th robot.

¥}, = max mingr) | ©)

NMisYai \ bJ
Current direction of the robot movement is de-
scribed by the following direction vector.

Pui ==y yy-vul i=LNz (D)
Vectors (7) are the output of the global planning
algorithm.

The local planning algorithms

State classification. Tasks of the local planning
algorithms are:

— the state classification;

— optimal path planning algorithm searching;

— path planning.

The state classification uses data
from the vision system of the robot.
Vector E; is introduced.

The first element of vector £, is in-
teger C,. If obstacles are not detected

by the vision system then integer C,; is

equal to 0. If obstacles are detected by

|
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Fig. 3. Block diagram of the group control system

the vision system, and sector I (Fig. 4)
is free then integer C; is equal to 1. If
sector I is occupied by obstacles then
integer C; is equal to 2. If all sectors
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Obstacle

Fig. 4. State classification

are occupied by obstacles then integer C; is equal to 3.
Integer C; is a characteristic of area Q; complexity.

The second element of vector E; is integer 1 or 2.
If the optimal path planning algorithm is D* then
the second element is equal to 1. If the optimal path
planning algorithm is modified D* then the second
element is equal to 2.

The first element of vector E; is estimation of
the state complexity [30]. To correct coordinates
(yf,-, y;i) weighting coefficients are introduced into
expression (4) as follows.

ry =kl _ylj)2 + (i — yzj)z]o'sa
i=1n, j=1Ng.

N ®)
Weighting coefficients k; depends from the first
element of vector E,. If C; is small then coefficients k;
tends to 1. If C; is big then coefficients & tends to 0.
The optimal path planning algorithm is searched
by a neural network. A block diagram of the learn-
ing system for the neural network is presented in
Fig. 5. A supervised and unsupervised learning [28]
could be performed on base of the presented block
diagram. The inputs of the neural network are im-

i+ Xi, Npgs,
SJ u; rabs“znf tf
Control - Simulation -
system

Planning >
algorithms P;

) J

Estimation of
results

Vision system

Fig. 5. Block diagram the training system

age P; from the vision system and planning algo-
rithm §;. Based on the results of the control sys-
tem simulation, the evaluation of the criterion (1) is
formed. Criterion Jy (1) also enters the neural net-
work. Planning algorithm §; is D* or modified D*.

The optimal path is a reference input of the con-
trol system [1]. The control system includes the col-
lision avoiding algorithm based on unstable modes
[18]. Proposed block diagram allows learn the neu-
ral network in uncertain environment.

Path planning neural networks

The local planner is a deep learning neural net-
work [25]. Algorithm D* is supervisor for the deep
learning neural network. The map is split into cells
as it is shown in Fig. 6. The resulting map is then
presented as a matrix. Each element of the matrix
corresponds to a specific cell of the map.

For example shown in Fig. 6 map is described by
matrix P;, 7x9, as follows.

)

"
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S O O o o O
S O O O o O
S O O o o O
—_— == O O O O
—_— == O O O O
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0000

If a cell is free then corresponding element of
matrix P; is equal to 0. If a cell is occupied by ob-
stacle then corresponding element of matrix P; is
equal to 1.

Current and target location of the robot are pre-
sented in other matrices. Thus matrix P;, matrix of
current location, and matrix of target location of the
robot are description of the state. The state is clas-

Fig. 6. Celled map
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Fig. 7. Classes of the state

sified by algorithm D* into 9 classes. If planned by
D* path passes through cell number N =1, 2, ..., 8
(Fig. 7) then the state class is V. If there is no path
from the current location to the target location of the
robot then the state class is 9.

As a result, the neural network is trained to choose
the current direction of motion. This direction is co-
inciding with the trajectory constructed by D* The
trained neural network does not plan whole path of
the robot. Therefore the network could operate ef-
fectively in uncertain dynamical environments.

The training sample should contain all the situa-
tions required for training, and in sufficient quantity.
In practice different samples occur with different fre-
quency. Thus accumulation of rare situations is pos-
sible either through their special creation or a signifi-
cant increase in the training sample. Special creation
of the samples for training is complex, hard, and labo-
rious process. In fact, it is necessary to determine the
most important situations manually. Control of accu-
mulation of the training sample is manual operation
also. Random accumulation of the training sample
leads to a significant increase in the training sample.

In this article the following iteration algorithm
of creation of the training sample is proposed.

I) Sample P, is generated in step k of the itera-
tions. A dimension of sample P, is N,. Starting and
target location of the robots, location, number and
sizes of obstacles are random variables.

2) Algorithm D* calculates the path of the robot
for every element of sample P,. The path belongs to
the class 1, 2, 3, 4, 5, 6, 7, 8, or 9 (Fig. 7).

3) If £ > 1 then the element of sample P, is clas-
sified by trained in the previous step neural network
NN,_,. If the output of neural network NN,_; is
equal to number of the path cell then the element of
sample P, is deleted from the sample. In other case
the element of sample P, is saved in the sample.

4) Neural network NN, is trained by sample P,.
Let’s note that every step the structure of the neural
network NN, is enhanced.

5) Iterations are broken if the given accuracy of
training is achieved.

The proposed procedure allows select for training
situations that the neural network classifies with errors.

The described algorithm is similar to reinforce
training [31] because selection of the sample elements
is based on the results of the trained network opera-
ting. In report [35] two networks are used to select ele-
ments of training sample, and one network trains an-
other one. In our proposition the network trains itself.

Numerical simulation results

Studying of the training set development algo-
rithm. Implementation of the algorithm above in-
cludes four iterations.

In iteration 1, the neural network NN1 was se-
lected, including the input layer, 4 convolutional
layers with 16 filters and 2 fully connected output
layers containing 16 and 8 neurons, respectively.
A starting training sample has been created, con-
sisting of 4000 examples for each class. An example
of the map, on the basis of which educational ex-
amples are created, is presented in Fig. 8 (see the
second side of cover).

The results of the neural network NN1 training
are presented in Table 1.

Table 1

The results of iterative training of the neural network

Iteration number 1 2 3 4

Sample size 4000 [ 10000 | 11 800 | 12 600
Estimation of training accuracy |79 % | 84 % | 89 % | 94 %
Frequency of goal achievement | 50 % | 79 % | 85 % | 92 %

without collisions according
to the simulation results

In iteration 2, the neural network NNI is used
to filter out new training examples. Only those ex-
amples that the NN2 neural network has classified
incorrectly are added to the training set. At the same
time, at the second iteration, the NN2 neural network
is trained, which includes the input layer, 5 convo-
lutional layers with 32 filters and 3 fully connected
output layers containing 32, 16 and 8 neurons. As
a result of the second iteration, the training set was
increased to 10000 examples per class. Estimation of
the accuracy of training was equal to 84 %.

In iteration 3, the NN2 neural network is used to
select training examples. The N N3 network is being
studied, it includes an input layer, 9 convolutional
layers with 40 filters and 3 fully connected output
layers containing 32, 16 and 8 neurons.

Upon completion of the second iteration, the ef-
fect of a further increase in the sample by adding
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situations in which the network trained at the previ-
ous iteration makes the wrong decisions did not lead
to an increase in the accuracy of training. In this
regard, at the third and fourth iterations, all points
of the paths on which the network trained at the
second and third iteration allowed collisions were
added to the training set. This approach has signifi-
cantly improved the accuracy of the training net-
work. As a result of the third iteration, the training
set was increased to 11 800 examples for each class.
At the same time, 1800 additional examples were
created by filtering initial situations by the NN2
network. The estimation of accuracy for training on
a filtered sample was 89 %.

In iteration 4, the NN2 neural network is used to
select training examples. The NN4 network is being
studied, it includes an input layer, 10 convolutional
layers with 40 filters and 3 fully connected output
layers containing 32, 16 and 8 neurons. As a result
of the fourth iteration, the training set was increased
to 12600 examples for each class. The estimation of
accuracy for training on a filtered sample was 94 %.

The assessment of accuracy during training is
formed as follows. The training sample is divided
into two parts. The first part, which contains 80 %
of the examples, is used for training. The second
part, which contains 20 % of the examples, is used
to test the trained network. Since the training and
validation samples contain sections of the same tra-
jectories, the accuracy of the trained network is ad-
ditionally checked on a separately generated sample,
which contains 2000 test situations.

The sufficiency of the obtained training accuracy
is estimated by the frequency of reaching the target
point without collisions. During the simulation, an
additional evaluation sample was created, including
500 examples. For each example, a simulation of
the movement of the robot with a neural network
planner was carried out. An example is considered
to be completed successfully if the robot will reach
the target point without collisions and loops.

According to the simulation results, the prob-
ability estimation of achieving the goal is obtained:
50 % for the first iteration; 79 % for the second
iteration; 85 % for the third iteration, 92 % for the
fourth iteration.

The simulation results of a trained neural network,
presented in Fig. 9 (see the second side of cover) al-
low us to conclude that a trained neural network is
able to plan a route in a rather complex environment,
for example, in a city. In Fig. 9 points show the route
set by the D* algorithm, and asterisks indicate the
route set by the NN3 neural network.

Further, to assess the effect of using the proposed
iterative procedure, the modeling of the NN4 neu-
ral network trained on a simple (unfiltered) sample
of 12 600 situations for each of the eight classes
was simulated. The estimation of traning accuracy
is 91.3 %. The probability of reaching the target
point without collisions for a neural network trained
on a regular sample was equal to 79 %. Thus, the
increase in efficiency in the frequency of successful
achievement of the goal was about 12 %.

Then, an increase in the simple training sample
was applied to obtain the same frequency of success-
ful achievement of the goal as in the sample created
using the suggested iterative procedure at iteration 4.
The shown indicator (92 %) was achieved on the
volume of the training sample of 20,000 situations
for each of the eight classes. Thus, the proposed
procedure permits to reduce the training sample
by 40 %.

Simulation results of the path planning algorithms.
Considered group consists of 5 mobile wheeled ro-
bots, N = 5. Environment is presented in Fig. 2.
Width of area € is equal to 20 m, L; = 20 m. Length
of area Q is equal to 5 m, L, = 5 m. Distribution
of robots in area Q is described by solution prob-
lem (5). Vertices of area Q, are [0; 0], [0; 5], [20; 5],
and [20; 0]. Problem (5) with 10 free variables (de-
sired coordinates of the robots) is solved by Matlab
function fminimax.

In Fig. 10 (see the second side of cover) evolution
of the desired locations of the robots are presented.
In Fig. 10a the complexity of the environment is not
taken into account. If Fig. 10b the complexity of the
environment is taken into account.

Starting locations of the robots are indicated by
circles. Target locations of the robots are indicated
by clear squires. Obstacle is indicated by filled rec-
tangular. The vision system detects obstacle on the
firth step of simulation. Coefficients k; = 1.0 in
Fig. 10a, but k; = 0.5 in Fig. 10b. Coefficients k; are
used in expression (8). From Fig. 10 it is clear that
the distances from the robots to the obstacle in the
second case are more than in the first case. It should
be noted that the group when moving independently
forms a formation. The formation changes when the
appearance or disappearance of obstacles.

In Fig. 11 (see the thired side of cover) simula-
tion results are presented for environment with two
obstacles. In this case the group is divided into two
clusters while the obstacles avoiding. Coefficients
ki = 0.7. Also, when approaching an obstacle at a
dangerous distance, the algorithms of obstacle avoid-
ance presented in [18] are used at the lower level.
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Simulation of path planning and environment
classification algorithms. Evaluation of the neural
environment classification is based on criterion (1).
Coefficients of criterion are k; = 1; k, = k3 = 0.
Thus criterion is the time of movement. Evaluation
is performed on additional sample of 500 elements.

Velocity of the robot is calculated as follows.

7
VR _ Vmin + (Vmax - Vmin)Zﬂ VR < Vmaxﬂ (10)
Vmaxa VR > Vmax’

where r is the distance from the robot to the ob-
stacle, r, = 3 m is safety distance, V,;, = 0.25 m/s
is minimal velocity of the robot, V., = 1.0 m/s is
maximal velocity of the robot.

According to the results of numerical studies, the
average time of movement is about 30 seconds. If
the optimal algorithm is chosen then the time of
movement is about 28,2—28,8 seconds. Thus the
effect of environment classification is 4—6 %.

Simulation results of five robots movements in
the uncertain environment with four obstacles are
presented in Fig. 12 (see the thired side of cover).

Starting locations of the robots are [5; 4], [15; 2],
[17; 1], [30; 3], and [35; 3]. Vertices of area Q are
[0; O], [0; 5], and [50; 5], [50; 0]. Aim of the group
is movement to the target area with vertices [0; 45],
[0; 501, [50; 50], and [50; 45]. Aim is achieved if all
robots of the group are in the target area.

In figure 12, the three main maneuvers performed
by the group during the movement are clearly visible.
The first time the group performs a maneuver when
it detects an obstacle located in the area of the first
robot. The second time the group performs a ma-
neuver when it detects obstacles in the right part of
the environment. The last maneuver is forced by the
obstacle located in the target area.

Experiments results. The first aim of experi-
ments is evaluation of computational efficiency of
neural networks in comparison with optimal algo-
rithm D* (modified D*). The second aim of ex-
periments is evaluation of feasibility of the proposed
algorithms.

Experiments are performed with the group of
two mobile robots equipped by wheeled platform,
onboard computer Raspberry PI 3B +, all-around
looking lidar RP Lidar A2, controller Arduino
Uno, and optical encoders.

Implementation of the planning and classifica-
tion algorithms are based on the neural network de-
scribed as follows.

Computational efficiency is evaluated in 512x512
cell environment. The results of the evaluation are
as follows.

The time for path planning of D* algorithm is
0.3—3.0 seconds. The average time is 1.3 seconds.
The time for path planning of the proposed neural
network is about 0.4 seconds.

The obtained effect is achieved due to the fact
that the neural network calculates only the current
direction of movement. The D* algorithm calcu-
lates the entire path of the robot. In a stationary
environment this advantage is not important. In a
dynamical environment or for a moving target point
this advantage is very important.

In Fig. 13 (see the thired side of cover) results of
experiments are presented. Planned points are indi-
cated by squires, and paths of the robots are shown
by lines. Step of the grid is 0.5 m. There are two
stationary obstacles in the Fig. 13.

Mean error of the robot’s path is about 0.12 m.

Conclusion

The algorithms of the group control of mobile ro-
bots for 2-D uncertain environment are proposed.
The novelty of the algorithms is described as follows.

Algorithm of robot’s formation constructing is
proposed. The algorithm includes Delaunay triangu-
lation and optimization of i-th robot’s location. This
is development of algorithms presented at [18], but in
this article a maximin optimization problem is used.

Coefficients k; as function of the state comp-
lexity are introduced. These coefficients shift the
robots from obstacles to free areas.

Neural path planning algorithm is proposed.
The algorithm is characterized by the use of a neu-
ral network that produces the current direction of
movement. The algorithm decreases time of the
path planning by three times. The effect is achieved
for uncertain dynamical environments.

Novel iterative algorithm of neural networks
training is proposed. The algorithm allows select for
training situations that the neural network classifies
with errors. The algorithm reduces the amount of
training sample to 40 %. Also the proposed algo-
rithm reduces the time of creating a training sample.

Further development of the results is to take into
account the limitations imposed on the planned
path of dynamic and kinematic properties of robots.
Due to inertia the robot may not get to the planned
point, so taking into account the inertial properties
of the robot is an important problem. Also, when
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driving at high speeds, it is important to specify not
only the next target point, but also a certain num-
ber of path points. The solution to this problem will
increase the possible speed.
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Po6acTHoe ynpaBneHMe CUHXPOHHbLIM ABUraTenem
C NOCTOAHHBIMU MarHUTaMU: CUHEpreTUYeckuit noaxon

bracodaps ceoum evicokum s3Hepeemuyveckum nokazamenim, KOMHNAKMHOCMU, HAOeICHOCMU U BbICOKOMY KAa4ecmey pe-
2YAUPOBAHUS CUHXPOHHbIe deuecamenu ¢ nocmosanHoimu maenumamu (CAIIM) naxodam wupokoe npaKmuyecKkoe npumeHeHue.
Ilpu ynpagaenuu wacmomotii eépaweruss CHIIM ocHoGHbIM NPUHUUNOM YNPABAEHUS A8AAEMCS NPUHUUN KACKAOH020 pe2ynu-
poeanus ¢ [IH 3akonamu ynpagieHus, GKAOUYAIOWUL 8HEWHUT KOHMYD PecyAupo8aHus no yacmome 6paujeHus u 08a 6Hy-
MpPeHHUX KOHMypa no mokam cmamopa no ocam (d, q). Hedocmamku dannoeo npunyuna neimaiomces ycmpaHums, NpUMeHAs
0451 cuHme3a 3aKOHO8 YNPAGAeHUs COBPeMeHHble Memodbl HeAUHeliH020 YNpasieHUs — AUHeapusauyuio o6pamHol cesa3bio,
b62Kcmennune, Memodsl NPeOUKMUBHO20 YNPABAEHUS, MeMOObl CKONb3AUe20 YNPAGAeHUS, Memodbl pOOACMHO20 U A0ANMUBHO20
YRpaeaeHus, HeHemKo20 U Helpocemegoeo ynpasaeHus, KOMOUHayuu smux memooog u dp. Oonako é 6oabuwuHcmee cayuaes
UCNOAB30BAHUE IMUX MeMO0J08 HANPABAEHO HA MO, YMOoObl NOCPedCmMBOM NPOUedYPbl COOMBEMCMBYIOUe20 Memooa CuHme3u-
poeame cmamuyeckue uau duHamuyveckue ycmaexu 0aa cmanoapmuoix I1H peeyaamopoe uacmomeor u mokoe.

B dannoii pabome npedaazaemcs paccmompems 0éa nodxoda curepeemuyeckoil meopuu ynpaesenus (CTY) k nocmpoenuro
pobacmubix 3axoH06 ynpaeaenus CHIIM: memod cunme3a 3aK0H08 CKOAb3AWE20 YAPABACHUS HA OCHOGE NOCAed08amenbHOll
C0BOKYNHOCMU UHEApUAHMHbIX MH0o2000pa3utl CTY u npunyun unmeepanvnoi adanmayuu (ITUA). Dmu nodxodwt pearuszyrom
6eKMOPHOe YNpasaeHue U He OPUeHMUPYIOMCA HA CMAHOAPMHYI0 CMPYKMYPY NPUHUURA Kackadnoeo peeyaupoeanus CIHIIM.
Ilpeoaosicennvie no0xodsl ynpowsarom aHaau3 ycmouuugocmu 3aMKHYMOU cUCIeMbl: YCA0BUS YCMOUUUBOCMU CKAAObIEAIOMCS
u3 ycaosuii ycmouuueocmu ynkyuornaisvhoix ypasnenuii CTY u ycaoeuii ycmouuugocmu QuHUWHOU 0eKOMNO3UPOBAHHOU
cucmembl, pazmepHOCMb KOMOPOU CYueCmeeHHo MeHbUle Pa3MepHOCmU UcX00HOoU cucmembl. Ha ocHoge pe3ysbmamoe cunme-
3upoeanHvlx 6 pabome 3akono8 pobacmuoeo ynpaeaenus CHIIM moxcno 3axaouums, umo 6oaee npednoumumensvhsl 3aKOHbL,
cunme3upoeaHHole 6 coomeemcmeuu ¢ ITUA.

Teopemuueckue 6biKkAa0KU OGHHOU pabOMbl NPOUALIOCMPUPOBAHBL PE3YALbMAMAMU MOOEAUPOBAHUS, KOMODble NOKA3bl8AIOM
BbINONHEHUE NOCMABACHHBIX 3a0ay ynpasaenus: 00Cmuicerue yeaeabix UHeapuanmos, po6acmHoCms K U3MeHeHU0 MOMeHma
Hazpy3sKu.

Karoueenvie caosa: Heaunelinvie cucmemsl ynpasaenus, pooacmHocms, cunmes ynpasienus, ckoav3sujee ynpasierue, no-
6EPXHOCMb CKOAbIICEHUs, CUHepeemuueckas meopus ynpaeieHus, memoo AKAP, unmeepasvnas adanmayus, CUHXPOHHbIU

deueamenv ¢ NOCMOAHHLIMU MACHUMAMU

BBenenue

bnaromapssi cBOMM BBICOKMM 3HEPreTUYECKUM
MoKa3areysiM, KOMIAaKTHOCTU, HaJAeKHOCTU U BbI-
COKOMY KayeCTBY pETryJMpOBaHUS CUHXPOHHbIC
JBUTATENN C MOCTOTHHBIMU MarHutamu (CIITM)
HaxOmsIT IIMPOKOE MPAKTUIYECKOe MPUMEHEHUE He
TOJIBKO B IPOMBILLIJICHHOCTH, HO U B BJIEKTPOYyCTa-
HOBKax C aBTOHOMHBIM MUTAHUEM — 3JIEKTPOMO-
oungx, camojyierax, pooorax u T. n. [1—17]. Tax,
B pabote [4] oTmedaloTcd Kak TMpeuMYIlecTBa
CIIIM: "...00bIIOI ITYCKOBOW MOMEHT; BBICOKMIA
KIId; MmeHbIMe MaccorabapuTHbIE TTapaMeTPhbl MO
CPaBHEHUIO C ACMHXPOHHBIMHM ABUTATENISIMUA TOM
K€ MOUIHOCTH...", TAaK W PsiJi HEIOCTATKOB: "..4yB-
CTBUTEJIbHOCTh KOHCTPYKLIMU ABUTaTENC K BHICO-
KMM TeMmIlepaTypaM MOCTOSTHHBIX MarHUTOB; HEO0-
XOAVMMOCTh HaJIW4usl MHPOPMALUKU O IOJOXKECHUU
poTtopa aisi paboThl B CUCTEMax C BBICOKMMU Tpe-
OOBAaHUSAMMU T10 TOYHOCTU U KAYECTBY IEPEXOIHBIX

"HccnenoBanue BbIMONHEHO NpH (MHAHCOBOI MOALEPKKE
PO®U B pamkax HayuHoro npoekTa Ne 19-08-00366.

IIPOLIECCOB; HAJIMYME MAarHUTHOTO MOJIS (Jaxe ITo-
cJie BBIKJIIOUEHUS) U OoJiee BBICOKAs ILieHa...".

IIpu ympaBnenum 4yacroit BpaimueHus CJIIIM
OCHOBHBIM NPUHIMIIOM YIOpaBJICHUS SIBISIETCS
MIPUHIUII KacCKagHOIro (IMMOJYMHEHHOIO) Peryiiu-
poBaHusd ¢ IIM 3akoHaMu yIIpaBJIe€HMsI, BKJIOYa-
IOLIMMA BHELIHUU KOHTYP PETYJIUPOBAHUS TI0 Ya-
CTOTE BpallleHWs M JBa BHYTPEHHHUX KOHTYypa IO
TOKaM cTtaTopa mo ocsM (d, ¢q) [1—4, 8, 9, 13—15].
JaHHbBI TIPUHLMIT peain3yeT BEeKTOPHOE YMpaB-
neane CJIIM u B cuiy cBoeil MPOCTOTHI IOCTa-
TOYHO pacnpocTpaHeH. Ho B paboTrax [2—4] Takke
OTMEYAETCs, YTO OH HE MO3BOJISIET 00ECIIEYUTh BhI-
COKME TMHAMMWYECKHe M CTaTUYECKHE XapaKTepH-
CTUKHU U YCTOMUYMBOCTH NPU HAJIMUUU HapaMeTpH-
YeCKMX M BHEIIHUX BO3MYILeHMI. [ mpeomose-
HUS 0003HAYEHHBIX HENOCTATKOB U OOECIIeUECHMU S
po0ACTHOCTU K BHEILIHEMY /UM TlapaMeTpuye-
CKMM BO3MYIICHUSIM IIPU PEIICHUN Pa3IUIHBIX
3agauy ynpasiaeHus CIIIM (nmo3MuMOHUpPOBaHUE;
CTaOMIM3aLMs YaCTOTHI BpallleHHWsI, TOKOB, MOMEH-
Ta; CJAeXEHUEe M JIp.) B HACTOsIIEe BpeMs OOJIblIee
IIPUMEHEHNE HaXOISIT COBPEMEHHBIE METOIOBI He-

480

MexaTpoHnKa, aBToMaTu3anus, ynpasienne, Tom 21, Ne 8, 2020



JVUHEMHOro yIpaBieHus: JIMHeapu3alus oopar-
HO# CBA3BIO [5], O3KCTENMMNUHT [6], METOABI Ipeau-
KTUBHOTO YIIPaBJCHUS [7], METOABI CKOJB3SIIETO
yrnpapiaeHus [8, 9], Metoabl pobacTHOro M ajam-
TuBHOrO ymnpasienus [10—12, 17], HeuyeTKoro u
HeiipoceTeBoro ynpasieHus [13—16], a Takxe pas-
JUYHBbIE KOMOMHALIMM 3TUX MeToaoB. OTMeTUuM,
YTO B OOJIBLIMHCTBE CIy4YaeB MCIIOJb30BaHUE 3TUX
METOJOB HaIpaBJeHO Ha TO, YTOOBI MOCPEICTBOM
MpoLeaypbl COOTBETCTBYIOIIETO0 MeToaa (GopMu-
poBaTh 3aKOHBI YIpaBJIEHUS, SIBASIONIMECS CTa-
TUYECKUMU WM JUHAMUYECKUMU YCTaBKaMU IJIs
crangapTHbix 1M peryasiTopoB 4acToThl Bpalle-
HHUS U TOKOB.

B nmaHHOI1 Xe paboTe Mpemjaraercss paccMo-
TPeThb ABa MOAXOAAa CUHEPreTUYECKOW TEeOpHU
yrnpasaeHus (CTY) k mocTpoeHU0 poOacTHBIX
3akoHOB ympasiaeHus CHIIM [18—30]: meton
CHHTE3a 3aKOHOB CKOJIB3SIILEro yMpaBjieHUS Ha
OCHOBE IIOCJIeAOBaTEIbHON COBOKYIHOCTH WHBa-
puaHTHBIX MHoroo6pasuit CTY u nmpuHUMO UH-
terpanbHoii agantauuu (ITNMA). DTu nmoaxonsl pe-
aJIM3yI0T BEKTOPHOE YIpPaBJeHUE U HE OPUECHTU-
PYIOTCS Ha CTaHAAPTHYIO CTPYKTYpPY KacKagHOIO
perynupoBanus CITIM.

1. Onucanne NOaAX0A0B K CHHTE3Y
podactHoro ynpasjenusa B CTY

B pabote [20] npuBeneHo neTajabHOE OIMCAaHMe
MeTOIa aHAJUTHYECKOIO KOHCTPYUPOBaHUS 3a-
KOHOB CKOJIB3SIIIET0 YIpaBJIEHUSI HA OCHOBE II0-
CJeIO0BaTeIbHOM COBOKYNHOCTM WHBapUaHTHBIX
MHOroo06pasuii ¥ MpuBeacHbI MOAPOOHbIE TTPUME-
pbl €ro MpUMEHEHUsT A8 pa3IUvYHBbIX HeJIMHEN-
HBIX CUCTEM, IIO3TOMY B TaHHOI pabOTe MOBTOPHO
u3naraTh ero He oyaem. Ho Bce mpumepsl B cTaThbe
[20] mmiocTpupoBaIM TOJBKO CKaJISPHBIN CHUH-
te3. OnucaHHbIt B pabote [20] MeTonm cuUHTe3a
CKOJIB3SILEro YIIpaBACHMUSI Ha OCHOBE ITOCJIeIOBa-
TEJIbHOM COBOKYIHOCTM MHBapUAHTHBIX MHOIO-
o0pa3uil cripaBelIUB U AJISI CUHTE3a BEKTOPHO-
ro ympaBJjieHUs: B 9TOM clIydyae Ha IIEpBOM BTalle
CHHTEe3a BBOASTCSI MHOTOOOpa3usi COOTBETCTBYIO-
LIEro BUOA, YMCIO KOTOPBIX COOTBETCTBYET YMC-
JIy KaHAJIOB YIIPaBJICHUS, a MOCJIEAYIOLINE 3TAIIbI
MJIEHTUYHBI 3TamaM, OIMCcaHHBLIM B cTtatbe [20].
IIpu 3TOM pa3sMepHOCTH IEKOMIO3MPOBAHHON CH-
CTeMBbI YMEHbBIIAeTCSA Ha YHUCJIO, COOTBETCTBYIOLIEE
YHCJY BBeACHHBIX NHBAPUAHTHBIX MHOTr0O0Opa3uit
Ha KaxJoM 3Tare cuHTe3a. B maHHoil paboTe Oy-
JIeT MOAPOOHO OMMCAaH MMEHHO BEKTOPHBINA CHH-
Te3 3aKoHOB pobacTHoro ymnpasiaeHuss CIIIM,
0a3MpyIONUINIACS Ha METOAE aHAJIUTUIECKOrO KOH-

CTPYUPOBaHUS 3aKOHOB CKOJIB3SIIEro yMpaBJe-
HUSI Ha OCHOBE IIOCJIeIOBaTEIbHON COBOKYITHOCTHU
MHBapUaHTHBIX MHOTOOOpa3uii.

ITNA 3akmioyaeTcsd B IOCTPOEHUM "TapaHTHU-
PYIOIINX PEryasiTOpoB’, 00ECIeYMBAIOIINX KOM-
MeHCAllMI0 HAaUXyAIIMX BO3MYIIEHUH, T.e. "...BO3-
MYIIEHW#, KOTOphIE 3a HaMMEHBIIee BpEeMs OT-
KJIOHSIIOT OOBEKT yIpaBiICHUS Ha MaKCHUMAaJIbHOE
BO3MOXHOE€ PACCTOSIHHE OT JKEJIaeMOTI'0 COCTOSIHUSI
B ero ¢asoBoM mnpoctpaHcTBe' [19]. YkasaHHoe
ornpejeseHde O3HA4yaeT, YTO HAUXYIIIUE BO3MY-
LIEHUSI — 3TO KYCOUHO-MOCTOSIHHBIE BO3MYILEHUS
Buna M;"P(t) = M ;sign u(f) co cirydaitHBIM u3Me-
HEHMEM BeJIMYMHBI M;; = const Ha COOTBETCTBYIO-
1eM MHTepBajie U 3HaKa GyHKuuM w(f). s kom-
MEeHCAllUM KYCOYHO-TIOCTOSIHHBIX BO3MYIICHUIA
"TapaHTUPYIOIINKA PETryasiTOp’ HOJKEH BKIIIOUATH
B cebs1 uHTerpaTop [19], T. e. mOJKeH peain30BbI-
BaThb acTaTUYeCKWi 3aKOH yrpaBiaeHus. B kiac-
CUYECKOM TeOpUM YIpaBleHMUs MHTErpajbHBIE CO-
CTaBJISIIOIIME, C OMHON CTOPOHBI, KOMIIEHCUPYIOT
MOCTOSIHHBIE BO3MYILLIEHUS 1 MOBBIIIAIOT TOYHOCTh
yIpaBJIeHUs, a C APYyrol — yXyAllaloT yCTONYHU-
BOCTb 3aMKHYTO# cuctemMbl. Ho s metonoB CTY
Takol MmpoOJieMbl HE CYIIECTBYeT, TaK KakK Ipo-
Leaypa 3TOro MeToia rapaHTUpyeT aCUMIITOTUYE-
CKYIO YCTOMYMBOCTb CUCTeMbl AupdepeHIIaib-
HBIX YPaBHEHUH CJIOXHBIX TEXHUUECKUX OOBEKTOB.
UcnonszoBanue [MMA CTY mnosBossieT TOJIHO-
CThI0 KOMIIEHCUPOBATh BIUSHWE MOJUHOMUAIb-
HOT'O BO3MYILUEHUS CTETNIEHU A: JJISI 9TOTO OCOOBIM
oOpa3zoM BBOAUTCcS n + 1 mHTerparop. O4eBUIHO,
YTO TapMOHMYECKOE BO3MYILEHME TaKMM 00pa3om
MOJHOCTBIO He KOMIIEHCUPYETCS, HO CYIIECTBEHHO
ocadisieTcsl BAWSIHUE JAHHOTO BO3MYIICHMS YXKe
¢ TpeMs uHTerparopamu [21].

B cooTBeTcTBUM C mAcoNOorMell MeToma aHa-
JIUTUYECKOI0 KOHCTPYUPOBAaHUS arperupoBaH-
HbIx perysiTopoB (AKAP) CTY nns toro, 4To0Ob!
MPOTUBOACHCTBOBATh BHEIIHUM WM IapaMeTpu-
YEeCKMM BO3MYIIEHUSIM MBI JOJIKHBI IIPEICTABUTH
KaXJIoe M3 HUX B BUAEC AMHAMUYECKOM MOMACIH,
BBIXOH KOTOPOM aIlIIPOKCUMUPYET BO3MYIIECHUE
COOTBETCTBYIOLIEro Kijiacca. [Ipu 3ToM B CTPYKTY-
py aTux mozeneit, cornmacHo ITMUA, mOJKHBI BXO-
IUTh (PUHUIIHBIE MaKpoIlepeMEHHbIe, BKJIIOYa-
Ioll[Me XeJaeMble MHBApMaHThl. Takum o0pas3om,
€ClIM paccMaTpUBaTh BO3MYIICHUE CTEIIEHU H, TO
Takas MOJeJIb UMEET BUJI

(1) = 2; 2,(0) = 233

............ 0]
Zn(l‘) = Zn+1; Z}1-¢-l(t) = cDi(X)s

rae g; — JAWHAMUYECKMUE IEepEMEHHBIE MOMAEIU

BO3MYLUEHUS; O, (X) — PYHKUUSA OT NMEPEMEHHBIX
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COCTOSTHUSI MCXOIHOTO O0BeKTa, OTpakaromas
>KeJlaeMblii MHBapUaHT — IieJb yOpaBieHus. BbI-
XOIHOU mepemMeHHOo monenu (1) sBiasiercs z;.

Tak, eciu paccMaTpuUBalOTCS KYCOUHO-IIOCTO-
SIHHBIE BO3MYIIEHU S, TO U3 cOOTHOLIeHM (1) mys
HUX MOJYYUM MOIEIb BUAA

(1) = @;(x). 2

Takum o6GpazoM, oas ucnojb3oBaHus I[THNA
IJIST CUHTEe3a pOOACTHBIX 3aKOHOB YIIPAaBIICHUS
HeoOxogumo [21, 25—30]:

1) kaxgoe M3 BO3MYIUEHUIN MPEICTAaBUTh €ro
monenbio Buaa (1). CooTBETCTBYIOIIME MOIEIU
BO3MYIIEHUN J00aBJISIOTCSA K ypaBHEHUSIM OOb-
eKTa yInpaBJieHUs1, 00pa3ysl paClIMPEHHYIO CUCTE-
My. B ypaBHeHUM 00BeKTa KaxXJgoe BO3MYIIECHNE
3aMEHsIeTCs BBIXOMAHOM MEePEMEHHOM ero MOaesu;

2) ISl paclIMPEHHON CUCTEMBI OCYIIECTBISIET-
Cs CUHTE3 3aKOHOB YIIPaBJIEHUsI B COOTBETCTBUU
¢ 6azoBoil mpouenypoit Metoga AKAP [18, 19].
OTMETUM, YTO B OTJIMYME OT 0a30BOI MPOLETYPhI
metona AKAP npu cuHTe3e 3aKOHOB yrpaBJIeHU S
B cooTBeTcTBUU ¢ ITMA (puHMILIHBIE MaKpoIepe-
MEHHBIC BCETIA NOJXKHBI UMETh CTPYKTYPY

k

y; =0,(x)+ ZBij’ 3)
j=1

31ech f; — MOCTOSIHHBIE KOIGOUUIUEHTH; k —

YUCJIO TMEPEMEHHbBIX COCTOSHUSI B MOJEJIU COOT-

BETCTBYIOIIIETO BO3MYILIEHUS.

2. Mogeanr CAIIM u mocTaHoBKa 3aaa4u

CornacHo pabotam [1, 8] maTemaruyeckass Mo-
nens CIIIM B ocax (g, d) onmuceiBaeTcs CIeaylo-
LIIMMHU YPAaBHEHUSIMU:

. 1 .
() =7(K,lq - Bo-T});

@)

i,(t) = %(—Rsid + Ln,oi, +uy);

: 1 . .
i, () = f(_Rsl" - Ln,oi; —n,0 ,o+u,),

Ime o — 4YacToTa BpalleHus1 potopa; J — Mo-
MEHT WHEPUUH; I, i; — TMPOEKIUU TOKA CTaTopa
no ocsM (g, d) COOTBEeTCTBEHHO; B — Koaddu-
LIMEHT BSI3KOTO TpeHUs; T; — MOMEHT Harpy3KW;
L — vHAYKTUBHOCTB cTaTopa; R, — aKTUBHOE CO-
NPOTUBJIEHUE CTATOPA; 1, — YUCJIO TIap MOJIOCOB;
Uy, Uy — TPOEKIIMY HATIPSIKEHU I CTATOPA MO OCAM
(g, d) cOOTBETCTBEHHO (YTIPABJICHUS); ¢y — TTOTOKO-

cuernieHue potopa; K, = En ,0 7 — KOHCTaHTa.

MuBapuantamu piasg CIAIIM seasiores [1, 8]:
e CTaOMIM3alMs MPOEKIUM TOKA CTaTopa Mo ocu d

=0, 5)
e cTabuiam3anus 4acTOTHI BpallleHU4d poTopa
O = 0, (6)

3[eCh 0y — 3aJaHHOE 3HAYEHUE YaCTOThI BPALLEHUS.
Hnst cuctemsl (4) cTaBUTCS 3aja4ya IIOCTPOCHU S
pOGACTHBIX 3aKOHOB YIPABICHUS Uy, Uy, ObeCIe-
YUBAIOIIMX YCTOMYMUBOCTD, BHIIIOJHEHUE LICIEBBIX
nHBapuaHTOB (5), (6) 1 poOACTHOCTh K BHELIHEMY
BO3MYILEHUI0O — MOMEHTY Harpysku 7.

3. Cunre3 3aKOHOB POOACTHOIO YNpaBJIeHHS
CIIIM: ckoab3sgmee ynpaBjeHne

Onupasicb Ha METOJ, CMHTE3a 3aKOHOB CKOJIb-
3SIIET0 yIIPaBJICHMsI HAa OCHOBE IIOCJIEAOBATE/b-
HO COBOKYMHOCTM WHBapuMaHTHBIX MHOToo0pa-
3uii CTY [20], onuiieM mpoleaypy BEKTOPHOTO
cuHTe3a Ha npumepe CIHTIM.

ITockonbKy BHElLIHEe BO3MEILIEHME HE JOJIXKHO
BXOAUTh B CTPYKTYPY 3aKOHOB YyIpaBJeHHUSs, TO,
npenmnosarasi, YTo U3MEHEHUsSI MOMEHTA Harpy3Ku
HOCSIT KYyCOYHO-MIOCTOSIHHBIN XapakTep, 3aMeHUM
B nepBoM ypaBHeHUU moaenn CIIIM MoMeHT Ha-
rpy3ku 7, ero oueHkoii Buna (2): 7, — z. B utore
MOJyYUM

. 1, .
a(r) = 7(K,lq - Bo-2);

i,(t) = %(—Rsid + Ln,oi, +uy);

: 1 . .
i, (1) = Z(—Rslq —Ln,oi; —n,6,o+u,);

)

() = 0 — .

N3 cucremel (7) BUIHO, YTO YNIPABJIEHUE U,; HETIO-
CPEICTBEHHO BO3IEWMCTBYET Ha TOK iy, MO3TOMY 3a/1a-
€M MHBapMaHTHOE MHOTroo0pa3ue, odecrieyrBarolee
BBITTOJTHEHHE MHBapuaHTa (5), B SIBHOM BUJE

Vi = |id| =0. (®)
AHajoruyHo, ynpasiaeHue u, B cucteme (7)
HEIIOCPEACTBEHHO HE BO3IEHCTBYeT Ha 4YacTOTY
BpalllcHUSI ® W, COOTBETCTBEHHO, 3aJaTh WHBa-
pUaHTHOE€ MHOroooOpasue, obecneunBalollee BbI-
MoJTHeHWe MHBapuaHTa (6), B SBHOM BUJIE HEJIb3,
IMO3TOMY MpPUMEHSIEM IIOCJIEeIOBAaTEJIbHYIO IIPO-
uenypy cuHtesza metoma AKAP. CorinacHo paboTte
[20] 3amaeM MHBapuMaHTHOE MHOTOOOpa3ue BUIA

)

vy = Blo— ool +]s| =0,
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rne s; = K;i, + u;(0,7) — MOBEPXHOCTH CKOJIbXKeE-

HUS; Uy(w, 7) — "BHYTpeHHee" yrnpaBJieHue.
IMoncrasnsiss cootHoueHus: (8) u (9) B GyHK-

HMoHanbHOe ypaBHeHUe MeToga AKAP

T () +w; =0, (10)

nojydyaeM B CUJy ypaBHEHMiU oObekTa (7) MCKO-
MBbI€ 3aKOHBI YIIPaBJICHUS:

. . L.
us = R, — Ln,oi, —T\ulmgn(zd); (11)
U, = l
__L Bsign(o - o )l(Ki —Bco—z)+i X
Xsign(s,) + Ry, + Ln,oiy +n,0 0 (12)

ou, L ouy

L
-———(Kji,-Bo-z ®—0p).

KIJ( *q i K, az,( 0)

Ilon neiictBuem ympasiaeHuit (11), (12) uzo-
opaxaromasa Touka (MT) cucremsr (7) momamaet
B OKPECTHOCTh HepecedeHUss MHorooopasuii (8),
(9), nBU>XXeHUEe BIOJIb KOTOPOTO OITUCHIBACTCS Je-

KOMITO3MPOBAHHOM CUCTEMOM

o0 =L@ -Bo-2:

() =0 - o).

B BeIpaxenue (12) BXOZUT HEM3BECTHOE Ha JaH-
HOM 3Tare "BHYTpeHHee" YIpaBIeHUE U,(w, ), a TaK-
K€ ero YaCTHbIe TPOM3BONHBIE. YIIPABIEHUE Uy (®, 7)
HEeIMOCPEeACTBEHHO BO3JCMCTBYET Ha 4acTOTY, MO3TO-
My, corylacHo MeTonuke [20], BBoZMM MOIMHOr000-
pasue, oTpaxkarloliee 1ejaeBoil nHBapuaHT (6) 1 ooe-

CrICYMBarOICe KOMIICHCALIMIO BOSMYILICHU A
Sy =w—my+7yZ =0, (14)

Iie y — HeKOTopas KOHCTaHTA.
M3 GpyHKIIMOHATBHOI'O YpaBHEHUS

T3S2(t) + S2 = 0

B CUJIY YPABHEHUMN JTEKOMIIO3UPOBAHHOU CUCTEMBI
(13) u nogMHoroo6pasus (14) HaxoauM:

Uz((&),Z) =
J
= —Bo)—z+Jy(co—o)0)+F(oa—(nO +72). (15)
3

Heuxenue UT Boons s, = 0 onuceiBaercs cieny-
rouei nocie (13) 1eKoMMoO3MpoOBaHHON CUCTEMOINA:

() = -vz. (16)

VYcnoBre aCUMIITOTUYECKON YCTOMYMBOCTU B 1ie-
JIOM 3TOT'0 YPAaBHEHUS U, CJIEIOBATEBHO, TBUXKEH WS
BIOJIb 5, = 0 UMeeT BecbMa npocToid BuA: y > 0.

[IpoBepruM BBHINOJHEHUSI YCIOBUSI BO3HUKHO-
BEHM S CKOJIb3sI1ero pexuma [22]:

515,(1) < 0. 7)

HMmMmeeMm clienyrollee BbIpaxKeHUE IJis IOBEpX-
HOCTH ITIepEeKJIIOUCHHUSI:

s = Ky +uy(o,2) = Ky — Bo -z +

J
+Jy(0—-0y) + — (0 -0y +72),
T;
a €e MPOM3BOAHYIO §;(f) BBIPA3UM M3 PYHKIIMO-
HaJbHOro ypaBHeHus (10). B utore moaydum:

§1(1) =

= —[Bsign(oa - mo)l(l(,iq -Bo-2)+ L\|/1Jsignsl.
J T,

IloncTaBUB MOJAYy4YEHHBIE BBILIE BbIPaXXKEHUS
s s; u S(¢) B (17), MOXHO yOeaUTBCS, UYTO OHO
BbInoaHsgeTca npu B> 0,y > 0, 7, > 0, 73 > 0.

Cormacio wmerony AKAP [18, 19] ycimoBue
YCTOMYUBOCTh 3aMKHYTON cUCTeMbl (7) C CHUHTe-
3MPOBaHHBIMY 3aKOHaMu yrpasyienueM (11), (12)
CKJIAZBIBA€TCS U3 YCIOBUS YCTOMUYMBOCTU (DUHUIII-
HOI JIEKOMITO3MPOBaHHOM cucteMbl (16), B Halem
ciydae 310 v > 0, M yCIOBUI YCTOMYMBOCTU JBH-
JKEeHUSI K BBeIeHHBIM MHoroob6pasusm (8), (9) u
(14), xoTOpbIE ONpeaesIIOTCs YCIOBUSIMU YCTONY M-
BOCTU COOTBETCTBYIOLIMX (PyHKLUMOHAJIBHBIX ypaB-
HEHWI, B HaeM ciayyvae 3to 7; >0,i=1,3.

HWrak, BBIUMCIUB 4YacTHBIE IIPOM3BOIHEIC
uy(», 7) 3 cootHoweHus (15) u noncrasus ux B (12),
MMOJTyYUM MTOTOBOE BhIpaXKeHUE IJIs1 poOACTHBIX 3a-
koHoB ynpasieHusa (11), (12), obecneyuBarolInx
YCTOMUYMBOCTh 3aMKHYTOW CHUCTEMBbI, CKOJB3SIIUNA
pPEXHMM, BBIMOJHEHUE LEIeBbIX WHBApPUAHTOB (J),
(6) 1 pobacTHOCTh K BHEIIHEMY BO3MYIICHUIO —
MOMEHTY Harpy3ku. OTMETHUM, 4YTO ITOCKOJIbKY
B CTPYKTYpy IIOBEPXHOCTH CKOJBXEHUSI BXOMUT
nepeMeHHas z, Kotopasl corjacHo cucteMe (7) paB-
Ha MHTEerpajay oT OIIMOKM II0 4acTOTe BpallleHMUSI,
TO MOXHO YTBEPXKJaTh, UTO 3aKOH yrpaBaeHus (12)
peaNM3yeT MHTETPATIBHBIN CKOJIB3SIIIUUN PEXUM.

4. CuHTe3 3aKOHOB POOACTHOTO yNpaBJeHHs
CJIIM: npuHIMI MHTErpaJIbHON aJanTanuu

Onupasick Ha TpoOLEAYpPY CHUHTE3a 3aKOHOB
ynpasieHuss Ha ocHoBe I[IMA, TpuBeaeHHYIO
BhILlIE U B padorax [25—30], onuiieM mpouenypy
CMHTE3a 3aKOHOB poOACTHOrO yIpaBJ€HUS B CO-
orBercTBUU ¢ [1UA nng CAIIM.

BHemiHee BO3MEIIEHWE — MOMEHT Harpy3Ku
T, — npencraBum monenbto Buaa (1), cocrosiiueit
u3 Tpex uHTerpatopoB [21]. O0beAUHUB 3Ty MO-
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nenb BosMmylneHus u moxenb CIIIM (4), momy-
YUM PaCIIMPEHHYIO0 MOJIENIb JJIs1 CHUHTE3a 3aKOHOB
ynpasyieHus B cooTBercTBuu ¢ [IUA. Ilpu stom
MOMEHT Harpy3ku B TI€PBOM YPaBHEHWU MOJe-
au CAIIM (4) 3aMeHUM ero OLIEHKOM — BBIXO.-
HOW mepeMeHHON Mozaelu BodmyleHus: 1, — z;.
B utore mumeeM paclIMpeHHYIO CUCTEMY:

. 1
a(?) =7(K,lq - Bo-27);

i,(t) = %(—Rsid + Ln,oi, +uy);

: 1 . . 18
i (1) = Z(—Rslq —Ln,wi; —n,6,o+u,); (18)
(1) = 2;
(1) = 23;
33(1) = 0 - .
3agaeM WHBapMaHTHOE MHOroo0Opasue, 00e-
clieyMBalollee BHIINOJIHEHME UMHBapuaHTa (5),
B IBHOM BHJE
\V4 = id = 0 (19)

Tak kak 3amaTh MHBapuUaHTHOE MHOroodpasue,
obecrieunBalolliee BbITIOJTHEHUEe WHBapuaHTa (6), B
SIBHOM BUJE HEJIb3s, TTIO3TOMY MPUMEHSIEM T0C/IeI0-
BaTeJbHYIO IIpouenypy cuHrte3a Metoma AKAP [18,
19]. 3agaeM MHBaprMaHTHOE MHOTr00Opa3ue B BUIEC

vs =K, +U(o,z) =0, (20)

roe U(w, z) — "BHyTpeHHee" yIIpaBjeHUE.

IMoncraBasisa BeipaxeHus (19) u (20) B pyHK-
nroHaJibHOe ypaBHeHue Metona AKAP Buna (10),
nojyyaeMm B CUJIy ypaBHeHM oObekTa (18) mcko-
Mble 3aKOHBI YIpaBJICHUS:

. . L
ug = Ry — Ln,oi, - T — Wy (2))
4
= Rsiq + an(l)id + np(i)f())—
L . oU
_K_,J(Kth _B(O_Zl)g_ (22)
L
t IZ:l a KtTS Vs

Ilon nmevicTBueM ynpaBneHMﬁ 1), (22) UT cu-
cteMbl (18) monamaeT B OKpeCTHOCTh IepeceueHu s
MHoroo6pasuit (19), (20), nBUXeHUE BAOJIb KOTO-
pOro OIMUCHIBAETCS JEKOMIIO3MPOBAHHON CUCTEMOM

(1) = }(—U(m, 2)- Bo-2,);

1) = 25;
Zz(t) =13
33(1) = 0 - 0.

(23)

B BbipaxxeHue (22) BXOOUT HEU3BECTHOE Ha
JaHHOM aTare "BHyTpeHHee" ymnpasieHne U(w, z),
a TakXKe ero 4acTHble NMPOM3BOAHbBIC. YMpaBIeHUE
Ulo, z) HemocpeACTBEHHO BO3JEHCTBYET Ha 4acTOTY,
MO3TOMY B COOTBETCTBUM C ypaBHeHUEM (3) BBOAUM
MHOIroo0pasue, oTpaxalollee LeJIeBOM MHBApUaHT
(6) 1 obecnieurBaroIiee KOMIEHCAIIMIO BO3MYIICHUSI:

Ve ==y +73 +722 +7323 =0. (24)

N3 pyHKIIMOHAIEHOTO YpaBHEHU S

Toirg (1) +we =0.

B CUJIY ypaBHEHUI 1€KOMIIO3MPOBAHHOM CUCTEMBI
(23) 1 mHOTOOOpAa3us (24) HaXOOUM:

U(o,z) =-Bo -z, +

Y122 + Y223 + v3(@ —0g) + (25)
+J] 1 .
+F((D — ) + Y13 + Y22 +V383)

6
Heuxenue UT Bronb yg = 0 onucbiBaeTcs cie-

nytoleid mocie (23) JeKOMITO3MPOBAaHHOI CHCTEMOM:

40 =255 2(0) =23
23(1) = =712 — Y222 — 1333
Hnst HaxoXOeHWS HEU3BECTHBIX KO3 PUIU-
€HTOB, O00eCHeYMBAIOIINX YCTOMYMBOCTH CHUCTE-
MBI (26), BOCHOJb3yeEMCSI METOIOM MOIAJIbHOIO
yIIpaBjieHMs. 3alluIileM MaTpUIly COCTOSIHUSI CH-

creMbl (26) M HaiileM ee XapaKTepPUCTUUYECKOE
ypaBHeHue. [Tonyyaem

A(p) =det(pE-A) =
:P3 +Y3P2 +7,p+7, =0.

(26)

3agaguM  KeJlaeMoe  XapaKTepHUCTUUYECKOe
ypaBHEHME C 3aJaHHBIM PACITOJIOXKEHUEM KOPHEIA:

Ay(p)=(p-py)’ =
~3pop* +3pip - pi =0,

3nech py < 0 — xemaemblid KopeHb. [IpupaBHU-
Bast KO3(OUIMEHTHI 3TUX ABYX ypaBHEHUN IIpHU
ONMHAKOBBIX CTEIICHSX p, HAIEeM HEU3BECTHBIC
KO3 OULIMEHTHI:
3 _ 2,2 _
—Po> Y2 =3py> Y3 =-3py. 27)
Takum o06pasoM, BbIOOP KO3(h(MUUUEHTOB
T,>0,/= 4,6 , 1 BblYUCIEHME y; corjacHo (27)
obecrneyaT  ACUMIITOTMYECKYIO  YCTOMUYMBOCTh
CAIIM ¢ cuHTE3MpOBaHHBIMU 3aKOHaMHU PO-
OactHoro ympasieHusi (21), (22). Utak, Bbluuc-
JIUB YacTHbIe Npou3BoaHble U(w, Z) U3 ypaBHEHUS
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(25) n nmoacraBuB MX B ypaBHeHUE (22), MOAyYnM
UTOTOBOE BbIpaXXeHUE JJisI POOACTHBIX 3aKOHOB
yrpasiaeHus (21), (22), odecneynBaloOIuX yCTOM-
YUBOCTb 3aMKHYTOW CHUCTEMbI, BBITIOJIHEHUE IlIie-
NeBbIX WHBapuaHTOB (5), (6) 1 poOACTHOCTH K M3-
MEHEHMIO BHEIIHEro BO3MYUICHMS MOMEHTa
HarpysKu.

5. MoneanpoBaHue 3aMKHYTOIH CHCTEMbI

OcymiectBuMm momenupoBanue CIIIM c cuH-
Te3UPOBAHHBLIMU B JaHHOI paboTe 3aKOHAMU PO-
b0acTHoro yrpasieHus B cucteme MATLAB.

Homunanbubie napametrpsl CAIIM, npencraB-
JieHHbIe B padoTte [8]: MmomrHOCTh P = 750 Bt; Ha-
npsixenne U = 200 B; J = 1,74°10_4 KI"Mz; B =
= 7,403-107° H-m-c/paxz; T,=24Hm; L=L,=
= L, = 0,004 T'n; R, = 1,74 Om; n, = 4; ¢,= 0,1167 BG;
oy = 1000 pan/c; mapameTpbl 3aKOHOB YITPABJICHUS
(1, 12): p = 0,1; 7, = T, = 0,001; 73 = 0,0001;
y = 300; mapaMeTpbl 3aKOHOB yTmipaBiieHus (21),
(22): T, = T; = 0,001; Tz = 0,01; p, = —100.

I[Ipn momenupoBanuu OymeM paccMaTpHBaTh
CleAyIolIne BO3MYILCHUS:

0, ¢<0,02
2,4, 0,02 <<0,06;
_ bl b bl bl bl 28
L7136, 0,06 <2<0,1; (25)
1,2, 1>0,1;
0 t <0,05;
T — b b b 2
L {2,45in(100t),t>0,05. @)

Ha puc. 1—3 mokazaHbl pe3yabTaThl MOAEIU-
poBanus CIAIIM c¢ Bo3myiueHueM (28) u pobdact-
HbIMU 3akoHamu yrmpaBieHusa (11), (12) (moka-
3aHbl LITPUXOBOM TOJICTOM JIMHUEH), pOoOACTHBI-
MU 3aKoHaMu ynpaBiaeHus (21), (22) (moxkasaHBbl
CTUIONITHOM TOHKO# nuHwueit). Ha puc. 4—6 moka-
3aHBbl pe3ysibTaThl MoaeaupoBaHusg CHIIM c Bo3-
mylueHueM (29) u pobacTHBIMU 3aKOHAMU YIIPaB-
nenusa (11), (12) (moka3aHbl IITPUXOBOM TOJCTOM
JIMHUEeN), poOaCTHBIMM 3aKOHAMH YIIpaBJICHUS
(21), (22) (moka3aHBbl CIJIOLIHONW TOHKOU JIMHUE).
Cpenu pe3yJbTaTOB MOIEIMPOBAHUS OIIYIIEHEI
rpaduKy U3MEHEHUST TOKa iy, MOCKOJBbKY OH J10-
CTaTOYHO OBICTPO MPUHHUMAET HYJEBOE 3HAUCHUE
U TIPAKTUYECKM HE M3MEHSETCS IpU HaJIuduu
BO3MYILCHUMN.

M3 puc. 1—3 cieayeT, 4TO 3aKOHBI yIIpaBJIEHUS
(11), (12), (21), (22) obecneunBatOT BHIMIOJHEHUE 11~
JIel yrpaBaeHUsT — MHBapuaHTOB (5), (6) 1 KOMITEH-
canuio BoamyiueHus (28). Ilpu cxoxXnx aMIUIUTyaAaxX
VIIPaBISIIONINX BO3ACHCTBUI 3aKOHBI YIpaBJICHUS

I |
| 1 | |
: 1010~ 4 - -~ —+ -~ - PR !
| I 1 |
| I ‘1 |
I | I‘ |
| ' E\ |
: 1000 — 47— :
| },' y : !
: :lf I te :
» y y
i 79 0,04 0,08 0,12 i

Puc. 1. I'paduku usMeHeHHs 4aCTOTHI BpauleHus
Fig. 1. Dynamics of rotor speed

Puc. 2. I'paduku u3MeHeHUd ynpaBJjeHus u,
Fig. 2. Dynamics of controls u,

Puc. 3. I'paduku u3menenus: ynpapienus u,
Fig. 3. Dynamics of controls u,

(21), (22), cunTesupoBaHHbIe cornacHo ITMA BbI-
COKOTO TIOpsiiKa, 00ECIeUYnBalOT OOJIbIIEE OBICTPO-
JIEHCTBME IIPU MEHBIIMX OTKJIOHEHUSIX 4YaCTOTHI
BpallieHUd B iepexoaHOM pexxrume. 3akoHkl (11), (12)
MPaKTUYECKU MCKIIIOYAIOT BHICOKOUACTOTHOE Iepe-
KJIIO4eHMe 3HaKa CUTHaja yrnpasiieHus (chattering-
a3 deKT) Ipu oTpadOTKEe BO3MYILECHUSI.

Bonee umHTepecHbl pe3yabTaThl MOIEIUPOBA-
HUS 3aMKHYTOM CHUCTEMBI IIPM HAJIMYUKU BO3MY-
meHus (29): u3 puc. 4 BUAHO, YTO MPU TaPMOHMU-
YECKOM M3MEHEHMM MOMEHTAa HAarpy3kKu 3aKOHBI
ynpapiaeHus (21), (22) npakTUyecKU MOJTHOCTBIO
€ro KOMIICHCHUPYIOT, B TO BpeMsl KaK IIp1 3aKOHaX
ynpaBiaeHusa (11), (12) nHabmomamTcs rapMOHMU-
yeckre M3MeHeHUs dacToThl BpaimeHus CJAIIM
C OTKJOHEHHMEeM OT 3aJaHHoro 3HauyeHus. Ilpu
9TOM rpadMKu U3MEHEHUS YIIpaBJICHUM ITPaKTU-
YeCKM UIAEHTUYHBI U OTJIMYAIOTCS TOJBKO Ha Ha-
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Puc. 4. I'pa¢uku n3MeHeHHs YACTOThI BpalleHUs
Fig. 4. Dynamicsofrotorspeed

Puc. 5. I'paduku u3mMeHeHHs1 ynpaBJeHus U,
Fig. 5. Dynamics of controls u,

600

500

Puc. 6. I'paduku u3menenus ynpapJieHus u,
Fig. 6. Dynamics of controls u,

YyaJbHOM 3Tafe — BO3HUKAIOT 3aTyXalollue KoJjie-
OaHus curHaoB ynpasiaeHus (21), (22).

3akiaoyenue

Hrak, B manHoii padbore B pamkax CTY mpen-
CTaBJIEHBI 1BA MOAX0Ja K CUHTEe3y POOACTHBIX 3a-
koHoB ympasieHuss CAIIM: MeTom cuHTe3a 3a-
KOHOB CKOJIb3SIIIETO YIIPaBJeHUs Ha OCHOBE IO-
cJIeoBaTeIbHOII COBOKYITHOCTM WMHBapHaHTHBIX
MHoroo6pasuit u ITMA.

O61mMe XapaKTepUCTUKU 3TUX MOIXOIO0B:

e obecreuynBalOT poOACTHOCTh K BHELIHEMY BO3-

MYIICHUIO;

* HCIIOJIB3YIOTCS JIJISI BEKTOPHOTO CHMHTE3a 3aKO-

HOB YIIpaBJCHUS HEJIMHEHHBIMU CUCTEMAMU;

* IS KOMIIEHCAllUM BO3MYILUEHUS HE TPEeOYIOT

CHHTe3a HabjrogaTeneil BOSMYILUEHUS U, COOT-

BETCTBEHHO, €Tr0 ONepaTUBHON OLIEHKM;

* YIOpOIIAeTCsl aHadu3 YCTOMUYMBOCTU 3aMKHY-
TOW CUCTEMBI.

CnenyeT OTMETWUTH CJEAYIOIIME PE3YIbTaThl
cpaBHeHUS 3TUX noaxonos anss CAITM:

* 3aKOHBI HE PeaJU3YIT MPUHIIUIT KacCKaaHOTO
peryaupoBanusa CIIIM;

* 3aKOHBI CKOJIB3SIIIEr0 YMpaBjeHUs TMOTEHIIU-
aJbHO MOIYT HPUBOAUTHL K BO3ZHUKHOBEHUIO
chattering-a(dekra, a 3aKOHBI, CUHTE3UPO-
BaHHbIe B cooTBeTcTBUU ¢ IIMA, He uMmerT
TaKoro HeraTMBHOTO 3 eKTa;

* IIPENJIOXEHHBIM MOAXO0H K CHUHTE3y 3aKOHOB
ckonbagiero ynpasiaenus aisg CHAIIM ynpo-
1IaeT aHaJIKU3 YCIOBUSI BOSBHUKHOBEHMUSI CKOJIb3-
SIILIETO PEeXUMa;

* 3aKOHBI, CHHTE3MPOBAaHHBIE B COOTBETCTBUM
¢ [INA, obmagator 60JbIIAM OBICTPOACUCTBU-
€M M Jydlle KOMIEHCHUPYIOT TapMOHUYECKOe
M3MEeHEHNe MOMEHTa Harpys3Ku.

CpaBHeHHUe TOJYyYEHHBIX B JaHHOU paboTe 3a-
KOHOB pobactHoro ynpapiaeHusi CIAIIM ¢ apyru-
MU 3aKOHaMM, IpeIcTaBJeHHBIMU B COBPEMEH-
HBbIX MCTOYHMKAX, OyJEeT BBIMIOJHEHO B MOCJEIY-
ouIeit padore.
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Permanent magnet synchronous motors (PMSM) are widely used in practice due to its high-energy efficiency, compact-
ness, reliability and high regulation performance. When controlling a PMSM rotor speed, the main control principle is the
principle of cascade control with Pl-regulators, which includes an external control loop for speed and two internal loops for
Stator currents along the (d, q)-axes. There are attempts to eliminate the disadvantages of this principle using for the control
laws synthesis of modern methods of nonlinear control such methods as linearization feedback, backstepping, predictive
control, sliding mode control, methods of robust and adaptive control, fuzzy and neural network control, a combination of
these methods etc. However, in most cases, the use of these methods are intended to by means of an appropriate method
to synthesize a static or dynamic set points for the standard Pl-controllers of rotor speed and currents. In this paper we
propose to consider two approaches of synergetic control theory (SCT) to construct a robust control law of PMSM: a sliding
mode control laws design by the SCT method with subsequent invariant manifolds aggregation and the principle of integral
adaptation (PIA). These approaches implement vector control and are not guided by the standard structure of the principle
of cascade regulation of PMSM. The proposed approaches simplify the stability analysis of the closed-loop system: stability
conditions consist of stability conditions of functional equations of SCT and the stability conditions for finish decomposed
system, which the dimension is substantially less than the dimension of the original system. From the results of the compari-
sons of synthesized the PMSM robust control laws, we can say that more preferable laws synthesized in accordance with
the PIA. The theoretical positions of this paper are illustrated by the results of modeling, which are showing the fulfillment
of the control tasks: the achievement of targets, robustness to the change of the PMSM load moment.

Keywords: nonlinear systems, control systems, robustness, system synthesis, sliding mode control, sliding surface, sy-
nergetic control theory, ADAR method, integral adaptation, permanent magnet synchronous motor
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ABTOMaTM3aLUUSA NPOLLECCOB 3ProHOMUYECKOU 3KCNEepTU3bl
WH(OPMaLMOHHO-YNpaBAKOLWEro NosnsA KAbMHbI NepcnekKTUBHOro camoneTa

Paccmampusaromes eonpocol agmomamu3zayuu npoyedypbl 3p2OHOMUYECKOL IKCNEPMU3bL UHPOPMAUUOHHO-YAPABAAIOUe20
noas (UYIl) s kabunbl nepcnekmueHo2o camonsema ¢ NpUMeHeHUeM MexHOoA02Ul uckyccmeennoz2o unmenanrekma. Coanram-
cUpoBanHoe couemanue aN20PUMMOE YAPAGACHUS CAMOACMOM, €20 KOMNACKCOM 000pY008AHUS U 800PYICCHUEM, 4 MAKICE
MexHON02ULl UCKYCCMBEHH020 UHmMeANeKma obecnevusaem UHDOPMAYUOHHYIO ROO0epICKY IKkunaxica camorema. Ommeuaemces
akmyaavHocms apeoHomuteckol oyenku UYII kabunsl Ha 6cex cmadusax npoeKmupo8anus u IKCRAYamayuy camonema.

Onucwiearomes ocobennocmu 3peoHomuteckol sxcnepmusol HYII kabunol, yeau u 3a0auu 3Kcnepmu3sot, @ MaKice Memo-
duku nposedenus Kcnepmu3nol. 3adauamu 3p2OHOMUHECKOU IKCHePMU3bl A8AAIOMC KOHMPOAb U OUEHKA NOAHOMbL U NPAGUAb-
HOCMU peaiu3ayuu 3peoHOMU1ecKux mpeboeaHull kK NpoeKmupyemomy camoremy u 000CHO8aHUe 803MONCHbIX nymell cogep-
WeHCMEOBAHUS IP2OHOMUYECKUX Xapakmepucmuk camosema. Ilposedenue 3peoHoMuUYeCKOl IKCRepMU3bl AGAAEMCA CAOICHOU
npobaemoll, 6KAlOUaAOWel CUCMeMOMeXHUYeCKUe, 3P2OHOMUMEeCKUe U KOHCMPYKMOPCKUe GONPOCHl, 6 HUCAe KOMOPbIX 8ANCHOE
Mecmo 3aHumarom eonpocwl evioopa cmpykmypol HYII kabunvl camosema.

Paccmampusaromces s1emenmor mexnono2uu npogedeHus 3peoHomu4eckoi sxcnepmu3nl. Ilepevucasiomes 3adauu cucme-
Mbl ABMOMAMU3UPOBAHHOU IP2OHOMUHMECKOL IKCNEPMU3bL. OUEHKA 4eA06eK0-MAWUHHO020 83aUMOelicmeus, OUeHKa Ka1ecmeda
UHpOPMAYUOHHO20 00ecneueHUs, pecUucmpayus U OUeHKa nokasamenei 3peoOHOMUKU KabuHbvl (0030p u docseaeMocms), pecu-
cmpayusn U OUeHKAa (QYHKYUOHANbHO20 COCMOAHUSA Onepamopda, Gopmaru3ayus napamempos u Gopmuposarue UHMe2paibHol
ouyenku. Cucmema aémomMamu3ayuu 3p2OHOMUMECKOU IKCnepmu3sbl 006edunsiem 6 eOUuHblll KOMNACKC UHPOPMAYUOHHbIE, meX-
HuYecKue u npoepammusie cpedcmea. OmauuumenvHou uepmotui apeonomuueckol sxcnepmusvt UYII aeasemces anpuopras ne-
onpedeaeHHOCMb UCX00HbIX danHbix. Modeau anreebpbl HeuemMKUX MHONICECME NO360AAI0M POPMAAUZ08AMb NPOUECC NPUHAMUS
PeuleHull npu npoeedeHul IP2OHOMUYECKOL IKCNePMU3bl.

Ob6cyacoaromes 6onpocsl pa3padbomKu mexHoaA02Uu AeMoMamu3upo8aHHol OUeHKU ¢ UCHOAb308AHUEM UHMEeSPANbHbIX NO-
Kazamedaeu, paccmampueaOmes 3a0a4u, cmpyKkmypa, RPUHYURbL ROCMPOCHUS NPO2PAMMHO-ANNAPAMHbIX CPe0CmE.

Onucvieaemces unmeepanvhas apeonomuueckas oyenka HYIl kabuumvr memodom anasumuuveckou uepapxuu (Analytic
Hierarchy Process, AHP). AHP kax memo0 OueHKu MHO2OKPUMEPUAAbHbIX dAbMEepHAmuUE 00CMAamo4HO U38ecmen U npeo-
noaazaem Ucnoab3oeanue AUHeUHoU @yukyuu noasesnocmu. Ilpumenenue memooa ocyuecmensiemcs 6 HeCKOAbKO 3MAN0E:
cmpyKkmypu3sayus 3a0a4u 6 eude uepapxu4ecKoi cmpyKmypol, RONAPHOE CPAGHEHUE INEeMEHMOE8 KaXNCcA020 YPOBHS, 6blHUCACHUE
Koaghuyuenmog eaxchocmu 045 31eMeHmMo8 Kaxcdoeo yposus. Ommevaemcs RPUMEHUMOCb Memoda 6 cAy4asx, Ko2oa 3a-
mpyoneHa ébi0a4a abCcoAOMHbIX OUCHOK dAbMePHAMUE N0 3A0AHHBIM KPUMEDUM.

Karwwueewvie caosa: kabuna Kunasica, uH(j)opmaquHHO-ynpaeﬂﬂiouqee noauzae, pa6ouee mecmo jnemuyuKka, 3pecoOHomMu4ecKa
JKcnepmu3sa, 3peoHomu4ecKkue mpeﬁoeaﬂuﬂ, p2OHOMUYEeCKUe nokazameau, UnmeepaibHasa OueHKa

BBenenue * anmaparHo-(GyHKINOHAIbHOI WHTETpauu

Ha coBpemeHHOM 3Tare pa3BUTHSI aBUALIMOHHOM
TeXHUKU MpobiieMa MH(POPMALIMOHHOIO obecre-
YeHUsl IKUMaxa B MPOLECCe BBIMOIHEHUS TMojeTa
MO-TMIPEXXHEMY OCTAeTCsl aKTyaJbHOW, OCOOEHHO
B CBSI3U C IIMPOKHUM BHEIPEHUEM HOBOTO TMOKOJIe-
HUS OOPTOBOrO PaguOdJIEKTPOHHOIO 00OpYyIOBa-
Hus (bPOO) nerarenbHbix annapatoB (JIA) [1, 15].

NuadopmannonHo-ypapisomas cpeaa bPOO
OTBEYAET IPUHIUIIAM:

0OpPTOBBIX LUGPOBBIX BBIYMCIUTEIbHBIX CHU-
creMm (BLUBC) um wunHGOpMalMOHHBIX KOMII-
JIEKCOB;

MoayiabHOocTU TocTpoeHust BIIBC Ha ocHoBe
€AVHOW CETU C pACIpPENeJIEHHBIMU pecypcaMu
1 BBICOKOCKOPOCTHBIMU IIIMHAMU OOMEHA;
OTKPBITOCTH apXUTEKTYPHI;

yHUDUKALIUU anmnapaTHO-MPOrpaMMHBIX
CPEICTB C BO3MOXHOCTBIO aaNTalluid K MHOTO-
(byHKUMOHANBHBIM 3a/1a4aM.

MexaTpoHHKa, aBTOMaTH3anus, ynpasienne, Tom 21, Ne 8, 2020 489



Copemennnie BPDO ¢ pazsutoit BLIBC o6mie-
ro M CHeuuaJbHOrO Ha3HayeHWs1 o0ecredyuBaloT
00paboTKy M 0OMeH JaHHBIX B KaHauax [2]:

* cucTeM OTOoOpaxxXeHHWsl MHGOpPMAllMU, BKJIIOYas
MHOTOGYHKIIMOHAJIBHBIE MHANKATOPBI (MDU),
KOJJIMMATOPHBIN MHAMKATOP, C MpeIbsBICHU-
eM uHdopMaluu ¢ 3aJaHHOW CTEeNeHbI0 WH-
TerpallMd B Pa3jnu4dHOM Buie (rpaduyeckom,
1¢ppoBoM, OYKBEHHOM), IIBETE, BPEMEHHOM
TEeMIIE;

* CHUCTEM MOJIETHOTO W TPEANOJIETHOIO KOHTPO-
st bPOO;

* VIpaBJEHUS PEKUMMOM ToJieTa C TIOMOLIbIO
OOBIYHBIX M CIelUaJbHbIX OPTraHOB yMpaBJe-
HUSA (MHOTO(PYHKIIMOHAJBHBIX MYJIbTOB, CKOM-
MJeKCMPOBaHHBIX ¢ amnmnaparypoit bPOO B Tex-
Hosioruu HOTAS).

M3BecTHO, YTO IO CBOEU CTPYKType, coaepxKa-
HUIO U hopMe MHGOPMALIMOHHAS MOJEb TOJKHA
COOTBETCTBOBATh PEKUMY I0JIeTa U TICUXO(PU3NO-
JIOTHYSCKUM BO3MOXHOCTSIM 4esioBeKka [3].

HecmoTpst Ha TO, 4TO 3TU TpPeOOBaHUS AABHO
00111eM3BeCTHBI, MH(MOPMALIMOHHO-YTIpaBsolIee
nojie (MYII) kaOuHBI COBpEMEHHBIX CaMOJIETOB
¢ o4eHb CI0XHBIM BPDO He COOTBETCTBYIOT ICU-
X0(U3MOJIOTUYECKUM BO3MOXHOCTSIM 4eJoBeKa
MO pSay MPUHIUITAAJIBHBIX MOMEHTOB [17]:

* OCTaeTcsl BO3MOXHOCTb OTKas3a armapaTHbIX
cpencte bPOO ¢ mocnenyloieit motepeit KU~
naxeM OOJBIIOTO KOJIWYECTBA TOJETHOW WH-
dbopmanuuy;

* BBICOKMI YpPOBEHb aBTOMATM3allMW TIPUBOAUT
K CHMXXEHHUIO paboueill Harpy3kKud, pas3BUTHUIO
MOHOTOHUU IKUIIAXKA;

* 0OJBIION 00bEM M aOCTPAKTHOCTb MHAYLIUPY-
€MBbIX TaHHbBIX BbI3bIBAIOT TPYAHOCTU 3aMIOMMU-
HaHUS U JEKOAUPOBAHUS MHGOPMALIUU;

* ¢ mosBiaeHueM B coctaBe bBPOYO aBTromarusu-
poBaHHbIX opraHoB ynpasiaeHUus UVYII Bo3HU-
KaeT TPaaMILIMOHHBIA BOIMPOC pacrpenesieHus
(GyHKIM MeXIy 3KUITaXKeM M aBTOMAaTUKOM.
B nocaennee Bpemsa B P® u CIIA geknapu-

pyeTcsl UCMOoJIb30BaHUE OOPTOBBIX BKCHEPTHBIX

CHUCTEM ToJieTa, obecreuynBalolIX aHalnu3 TeKy-

et mHGopMalUM M BBIPAOOTKY WHCTPYKIMI/

peKOMeHAAlUi JIETYUKY O LieJiIeCOOOpa3HbIX Aeii-

CTBUSIX JJISl CJIydasi TMOJHOCThIO paboTOCIIOCOOHO-

ro skunaxa u JIA [18].

CoOamaHcMpoBaHHOE CcoYeTaHWEe OOBIYHBIX ajl-
TOPUTMOB YTIpaBJIeHUs U TEXHOJIOTUU pacripese-
JIEHHOTO MCKYCCTBEHHOI'O WHTENJIEKTa TOJXKHO
obecneyuTh MHQOPMALIMOHHYIO TIOAJACPXKKY DKU-
maxeil JIA B LITAaTHBIX WM, OCOOEHHO, B HEIITAT-

HBIX cuTyauusx. HemraTHele cUTyallud MOTYT

BO3HUKAaTh B CHJIY Pa3HBIX IIPUUNH:

* CJOXWUBIINECS OOEBbIE YCIOBHS 3HAUNTEIBHO OT-
JINYAIOTCS OT 3aJaHHBIX B MOJIETHOM 3aJaHNU,

e HempenBHACHHAS yrpo3a (BHEIIHSSI, BHYTPEeH-
HsIsI) 3aCTaBJISICT 3KUIIaX IEPEeCMOTPETh Iep-
BOHAYaJbHYIO 3a/1a4y;

e B pesyibraTe orkasa mnoacucreM bPHO Heo6-
XOIMMO BHECTU M3MEHEHUS B OOEBYIO 3a1auy;

e JIETYMK IIEperpykeH HEeKOppeInpPOBAaHHBEIMU
WUJIW TIPOTUBOPEUYMBLIMUA TaHHBIMHM 1 UCIBITHI-
BaeT MHPOPMALIMOHHBIN CTpecC.

B 5TOM KOHTEKCTE peTpPOCHEKTUBHBIC NJaHHBIE
TOBOPSIT O CYIIIECTBEHHOM BO3pacTaHUM YKUCJIA pa-
00T, HalpaBJIEHHBIX Ha T€OpPETHUYECKOEe OOOCHO-
BaHME IIPUHIUIIOB PAllMOHAJIBHOTO B3aMMOIEH-
ctBuga 3kunaxa JIA ¢ UVII B yciaoBusix ObICTpO-
MEHSIOLIENCI 00CTaHOBKMU.

TakuM o00pa3oM, [JIsI CJIOXHBIX AHTPOMNOLIEH-
TPUUYECKMX OOBEKTOB 3ajadya SProHOMUYECKOM
oueHku MYII kabuH ocTtaeTcs akTyaabHOM Ha BCEX
CTaAUSX IIPOEKTUPOBAHMUS 1 3KCIIyaTanuu JIA.

ITocTanoBka 3a1a4yy aBTOMATH3AIUHA
apronomuyeckoii skcnepTussl MYII

B cucreme sproHoMmuyeckoro obdecreyeHus
co3fgaBaeMbIX 0OOpaslioB aBUAIIMOHHON TEXHUKHU
ocoboe MeCTO 3aHMMaeT IProHOMMUYecKasl 3KC-
nmeptusa (D). OHa mpencTaBisieT co0Oil KOM-
IJIEKC HayYHO-TEXHMYECKUX U OpPraHU3allMOHHO-
METOINYECKNX MEPONIPUSTUI TI0 OLIEHKE CTENEHU
COOTBETCTBUSI 3PrOHOMUYECKUX XapaKTEPUCTUK
MYII kabuH JIA sproHOMHUYECKUM TPEOOBAHU M.

Lenslo DD sBisieTCA MOBBILIEHWE KayecTBa U
3¢ HEeKTUBHOCTU 00pa3lOB aBUALIMOHHOW TEXHU-
KM TyTeM KOHTpPOJs peaju3allu 3ProHOMMYE-
CKMX TpeOOBaHMIi, OCHOBAaHHBIX Ha pallMOHaJIb-
HOM y4YeTe XapaKTepUCTUK orepaTopa, TeXHHYe-
CKMX CPEICTB IeSITeJbHOCTA U (paKTOPOB CPEdbI.

Tunosas mporpaMmMa DD — 3TO OpraHM3aIH-
OHHO-METOJAMYECKUI TOKYMEHT, pa3paboTaHHBIN
misa oueHku WYII kadbwn JIA m ycTraHaBiuBa-
IOlIKiA B 000OILIEHHOM BUAE LIEAW MCIBITAHUA,
BUIBI W TIepeuYeHb NMPOBOAUMBIX ITPOBEPOK M HUX
MOCJIeA0BATEAbHOCTh, YCJIOBUSI IMPOBEACHUS MC-
MMBITAHUI W OTYETHOCTD 110 HUM.

DProHOMMUYECKONM BKCIEPTU3E IOABEpPraeTcs
KabuHa 3KuMmaxa JJsi BbIOOpa TpyI 3proHOMMU-
YeCKUX TpeOOBaHUIA.

OCHOBHBIMU 3aa4yaMu DD SBISIIOTCS:

* KOHTpPOJb U OLICHKA MOJHOTHI U MPaBUJIBHOCTHU
peanu3aluu  3PrOHOMMYECKMX TpeOOBaHMIA,
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3aJlaHHbIX B HOPMATUBHOM JOKYMEHTallMW MO

SPrOHOMUKE 1 YCTaHOBJIEHHBIX B TAKTUKO-TEX-

HUYECKOM 3aJaHUM Ha oOpasell;

* 000CHOBaHME BO3MOXHBIX TYTEl COBEpIIEH-
CTBOBAHUSI 3PrOHOMMYECKHUX XapaKTEePUCTUK
obpasua.

B miporiecce DD KaOMHBI 3KMMAaXa, B TOM YUCIIE,
OLIEHUBAIOT:

* pacnpeneieHrue GYHKIUNA MEXIY IKUIAXKEM U
TeXHUYECKMMU CPeACTBAMU aBTOMAaTHU3allUU;

* cocTaB M TapaMeTpbl MHGOPMALIMOHHBIX MO-
JeJIeH;

* aJrOpUTMBI IESITEJIBLHOCTH BKHUIIaXa.
dopmanuzamnus pas3TuIHBIX 3PrOHOMUYECKUX

rokasaTeJieil MO3BOJISIET TIEPEUTH K TTOTYUYEHUIO UH-

TerpajbHOI 9PrOHOMUYECKOM olieHKU [14, 15, 20].
Takum o00pazoMm, mpoBedeHUe DB  SABISIETCS

CJIOXKHOW TIPOOJIEMOM, BKITIOUYAIOIIEN pS CUCTEMO-

TEXHUYECKMX, S3PrOHOMUYECKUX, KOHCTPYKTOPCKUX

BOIIPOCOB, CPEAY KOTOPBIX BaXKHOE MECTO 3aHUMa-

IOT BOIPOCHI BbIOOpa CTPYKTYphl MY I KaOUHBL.
Metoauka 39 UVYII cTpouTcs Ha MONTOXKEHUSIX

CHCTEMHOI0 aHajau3a, MCUXOJOTUYECKOW TEeOpUu

MpeaMeTHON MAesITeIbHOCTH, KOTOpbiE TpPeOyIoT

BOCIIPOU3BEJEHUSI OCHOBHBIX BHEIIHUX YCJIOBUM

JeATEeIbHOCTH, & UMEHHO €€ COCTABJISIONINX: MO-

TUBA, 1IeJM, KOHLENTyaJbHOW Moaean u nHopop-

MallMOHHOU CpenbL.

B MeTomukax DD ycTaHaBIMBAIOT:

* MOPSJIOK OLIEHKM TPEJACTaBAEHHbIX BAPUAHTOB;

* MOpoUEeAyphl MPOBEACHUST U3MEPEHUI, KOHTPO-
JIs1 KOJTMYECTBEHHBIX 9PTOHOMMYECKUX Xapak-
TEPUCTUK W OLICHKU JTOCTOBEPHOCTU pe3yjbTa-
TOB KOHTPOJIS;

* MOPSIOK MPUHATHUS PEIICHUI MO pe3yabTaram
DY (kaoueBoii MOMEHT MeToauku DD MUYII).
CymectBylomue mMeromuku DD MYIl umeror

OYEBUIHBIC HETOCTATKMU:

* B39 UVII oxBaTbiBaeT He BCe ITambl XU3HEH-
HOTO LIMKJIa CO3/1aBaeMOro oopasia;

e stanel 9D UVYII meTomonmormuecku, nHGOP-
MallMOHHO, MHCTPYMEHTAJILHO €J1abo B3auMO-
CBSI3AHBI;

e oTcyTcTByeT aBroMatm3anus DD MVYII (oco-
OE€HHO Ha paHHUX CTaIUIX);

* OTCYTCTBYIOT (hopMain30BaHHbIE METObI MPU-
HATHUS pelIeHn 110 pe3ysibTatam D3,

[Ipoliecc MpuHATUS pelieHUs He SIBJSIETCS Of-
HOMOMEHTHBIM akToM [4, 5]. OOBIYHO B HEM BHI-
JeNSI0T TPU 3Tana: Mouck uHdopMauuu, mocTpo-
€HUE MHOXEeCTBAa BapMaHTOB M BbHIOOpP JIyYIIETro
BapuaHTa. M3 Tpex 3TanoB HauboJblliee BHUMaHUE
TPaAUIIMOHHO yaeaseTcsl nociaeaHemy arany. [1pu-

3HaBasT BaXXHOCTh IOMCKa WMHMopMmanuu 1 ¢Gop-
MUPOBAaHUS BapUaHTOB, OTMETUM, UTO 3THU ITaNbl
yaiie Bcero He popMaaIn30BaHEI.

C onoHOM CTOPOHHBI, JOCTOBEPHOCTH M ITOJIHO-
Ta MHGOPMAILIMKU OINPEASISIOT YMCIO BapHUaHTOB.
C opyroit CTOpOHBI, BBIAEJICHNE MaJIOro YKCja Ba-
PHAHTOB U3 HEOIIPEACICHHOTO YMCia BO3MOXHBIX
Ha BTOPOM 3Talle TpeOyeT BCECTOPOHHEr0 aHaIN-
3a JaHHBIX B BUJE UTEpaTUBHOIO IIpolecca. Tor-
Ja, KaK CJIENCTBUE, Ha TPETheM 3Tare BO3MOXHO
¢dopmanbHOE cpaBHEHME JIMIIIb MaJIOTO YHUCJIa Ba-
pHAHTOB, COOPMYIMPOBAHHBIX B SIBHOM BHIE.

Takoe mpencraBiaeHME O IPOLECCEe MPUHATUS
pewieHWit B mpolenype OO onpeneasieT HeoO-
XOAUMOCTb Pa3pabdOTKU CUCTEMBbl (TEXHOJOTUU)
MOAIePXKKHU MPUHATHUS PELIeHUIT B MHOT'OKPHUTE-
puanbHoit 3agaue oueHku UVYII.

Co3gaHue W BHEAPEHHE HOBOW TEXHOJOTUU
MOXET 3HAYMTEJIbHO IOBBICUTH 3(P(OEKTUBHOCTH
MIPUHUMAEMBIX PEILICHUM.

MeTtoanl pa3padOTKH TE€XHOJOTHHA
aBroMaTuzuposannoii 9D NUYII

Cucrema aBTomaruzupoBaHHo OO MVII ka-
OMHBI caMoJieTa MpeaHa3HauYeHa I BHIITOJTHEHU S
CJIENYIOIIMX 3a1ay:

* OLIEHKH YEJIOBEKO-MAIIMHHOIO B3aUMOIEUCTBUS,
KayecTBa MH(MOPMAITMOHHOTO O0ECIICUEHU S,

* PEruCTpallMM W OLIEHKM ITOKa3aTeseil SproHo-
MUYECKOro o0Jinka KabuHbl (0030p 1 gocsra-
€MOCTb), BKJIIOUasd T€OMETPUIO pabovyero Mecra
JIeTUurKa (4JIEHOB DKMIIaxka);

* PpPErucTpallMM M OLEHKM MNoKa3aTesiell (QyHK-
LIMOHAJILHOTO COCTOSIHUS: CEPAEYHOCOCYIM-
CTOI CUCTEeMBbI, HaIpaBJeHUS B3IJIsI1a, YPOBHS
(byHKIIMOHANBHBIX PE3EPBOB;

* MOJIly4eHMsSI AOCTOBEPHO OOOCHOBAHHOIO Ma-
Tepuana s (GOpMUPOBAHUS U BbIPAOOTKU
WHXEHEPHO-TEXHUYECKUX pelleHuil mo ¢op-
MHPOBAHUIO M OTPa0bOTKe OOJIMKa KaOWHBI
BKHUTMaxa M JIOTUK B3aMMOICHCTBUS 3KUIMaxa
¢ OOPTOBBIM 0OOPYIOBAHUEM;

e (opMupoBaHUS MHTerpaabHOi oueHku MYII
B mpoluecce DD ¢ MOMOIIbIO KOMIIJeKca Mpo-
rpaMMHO-anmnapaTHbIX MOAYJICH.

HaHHas1 TeXHOJOTusl MaTepuaju3yercsi B BUIE
cucteMbl aBTomMarusauuu 5D UYTI, koTopast 00b-
eANHSIeT B eAMHBIN KOMILIEKC MHGOPMALIMOHHbIE,
IMporpaMMHBIE M TexXHWYecKue cpenctsa [7, 8.
PaccMoTprM OCHOBHBIE 3JIEMEHTBHI TEXHOJOTMU
aBToMarusrpoBaHHoit DD MUVII.
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OtnuuutensHass yepra 3D MYIl coctour
B allpMOPHOI HEONpeaeIeHHOCTH (pacblBYaTO-
CTH) UCXOMHBIX JaHHBIX [9].

Monenu anreOpbl HEYETKMX MHOXKECTB TTO3BO-
JSI0T B IIIMPOKOM CMBICIe (hOpMam3oBaTh Mpo-
mecc IpUHATHUA pemeHnid B D3D. Ilpomecc DD
B TEPMHUHOJIOTMM TEOPUMW TIPUHATHUS peIIeHUi
MOXHO TIPEACTaBUTh COBOKYITHOCTHIO

<X, C T G

rae X = {x} — MHoxecTBO BapuaHtToB UVII;

C = {c} — pacniabIBYaTble MHOXECTBa XapaKTe-
puctuxk NUVYTI;

T = {f} — pacnJibIBYaThle MHOXECTBa TpeboBa-
Huit kK ©YII TexHnyecKoro xapakrepa;

G = {g} — pacribpIBYaThie MHOXECTBa TpeOoBa-
Huit kK UYII sproHoMunyeckoro xapakrepa.

PacnibpiBUaTO€ MHOXECTBO ¢ OoIpeAcauM GpyHK-
LMeR NpUHALIEXHOCTH . @ x — [0, 1]; pacnbi-
4aTo€ MHOXECTBO ! — (YHKLUEH MPUHAMIEKHO-
ctu b, : x — [0, 1]; pacnibiB4aTOE MHOXECTBO & —
GbyHKUMEl MPUHAIIEXHOCTH 1, : x — [0, 1].

Eciu mHbopMaluioo o pealibHON CUTyalluu,
Ha OCHOBE KOTOPOI CpaBHUBAIOTCS pa3HbIE allb-
TepHATUBBI, MOXHO 3amaTb B (opMme (PyHKUMI
MPUHAIJIEXHOCTH HEYETKHMM MHOXECTBaM, TO
mojiyyaeM 3agadyy HEYETKOro MaTeMaTU4eCKO-
ro nporpammupoBanus [10] (BeIOOp Hauyulei
cTpykTypbl MYII — mocTpoeHus1 pacriablBYaToOro
MHoOXecTBa D ¢ GyHKUMENR TPUHALIEKHOCTH U p):

tp = (B (%), p(x), pg(x)) - max.

OpHako TTOmOOHBIN CITOCOO ommcaHus MHGOP-
MallMd BO3MOXeH He Bcerga. Bo3amoxHocTh ¢op-
MaJIbHOTO IIPUMEHEHUSI KPUTEPUEB 3aBUCUT OT J0-
CTOBEPHOCTH, TIOJIHOTHI, KOPPEKTHOCTU TPEACTaB-
JICHHBIX (DYHKIIMOHAJIBHBIX 3aBUCMMOCTEH (B BUIE
(GyHKUMI TpUHAAICKHOCTH).

B nmpakTuueckoMm mjaHe Ui pelIeHUs 3a7auyu
MHOTOKPUTEPUATbHON ONTUMHU3ALUU €€ HEeOoOXO-
IUMO peryiaspusuponath [11], T.e. TpaHCchOpMU-
poBaTh Ha OCHOBE TIPUBJIEYEHUS] JOTOJIHUTENb-
HOI, BHeEIIHell WHGOpPMAIMM, II0 OTHOIICHUIO
K ucxomHol 3agade. HocureneM takoit mapOpMa-
LUU IIPpU pEelIeHUM 3adady MHOTOKPUTEpPHATbHOMI
OTNTUMM3ALIMU SIBJISIETCS YEJIOBEK UJIU TpyTINa Jio-
nei — nuuo, npuHuMatoiiee pemenue (JITTP) nnun
AKCMEPTHI.

JITIP (3kcrnepThl) HEMOCPEACTBEHHO, Ha OCHO-
BE DBPUCTUUYECKUX COOOpakeHWU BBIOMpAIOT U3
00JIaCTM KOMIPOMUMCCOB €IWHCTBEHHOE pellle-

HUe, WKW peajn3yloT HEKOTOPYI0 MHOTO3TalHYIO
Mpoueaypy BbiOopa, uau GopMUPYIOT HEKOTOPHIE
¢dopmanbsHBIE TIpaBuia BetOopa [11, 12].

B mocnenHee BpeMs AJisl BBISIBJEHUST MPEAIO-
yrenuit JITIP paspabarsiBaloTcsi 4enoBEKO-Ma-
INUHHbIE (MHTEPaKTUBHbBIC, IUAJIOTOBbIE) IPO-
Leaypbl pelieHus 3aja4 MHOTOKpUTepUabHOU
ONTMMM3ALIMU C WCIOJb30BAaHNEM COBPEMEHHBIX
MHGOPMALIMOHHBIX TexHoorui [13].

Cuwurtas, ytro DD UVYII aBiusercs nejaeHanpas-
JIGHHBIM TIPOLIECCOM, MPEACTABUM TEXHOJOTUIO
OLIEHKM B BUJIE€ OTAEIbHBIX 3TAMOB (YPOBHEN).

Ha navanpHOM sTane P, (ypoBHe (YHKIIMO-
HAJIbHBIX CHelU(UKALNI) OIpeneIsaioTcs Tpebo-
BaHug K MVYII nag Bcex peXuWMoOB ToJeTa, MpU
pa3IMUHbBIX YCIOBUSIX BHelIHel oocTaHoBKU. Co-
CTaBJSIOTCS (DYHKIMOHAJNbHBIE creuuduKanuu,
KOTOpbIE AeTaJIu3UpPyIOTCd B BUAE (HOPMAJIbHOTO
onucanus (3ckuza) MYII. DToT atan HOCUT B OC-
HOBHOM aHaJIMTUUYECKUI XapaKTep.

Ha crnenyroomeM (MH(GOIOTUYECKOM) YPOBHE
(P,) Ha ocHOBaHUU (PYHKUMOHAJIBbHBIX crieludU-
KalMuii TPOBOAMUTCS MpPOLEAypa dKCHEPTHBIX Olle-
HOK MHGpOPMALIMOHHONW MOAEIN W YeJOBEKO-Ma-
IMMHHOrO MHTepdelica npu padbore ¢ UYIL. Ha
5TOM 3Tale pelapTcsS BOMIPOCH 00pabOTKU MHE-
HUH 3KCIEePTOB B cpeAe yHUBepcabHoi [TDBM.

HazoBem mpouenypoil 3KCHEepTHONW OLEHKH

mapy
P, = <PR, A>,

rne PR = {pr} — MHOXeCTBO BOIIPOCOB, MU3JIOXKEH-
HBIX B aHKeTax oueHKU UVII;

A = {a} — MHOXeCTBO 3KCIIEPTHBLIX OLICHOK,
peaiM3yIoIMX OTHOLIEHHE COOTBETCTBUS MEXIY
ajJleMeHTaMM MHoxecTBa PR u ¢opmanuzoBaH-
HBIM MHEHMEM 3KCIEPTOB B AMAJOIOBOM HMHTEP-
deiice.

Ha tpetbem (koHLENTYaJIbHOM) YypOBHE D3 (P,)
C UCMOJIb30BaHMEM MaKeTa KaOMHbBI caMoJieTa IIpo-
BOIUTCSI OLIEHKA FeOMETPUYCCKUX, CBETOTEXHUYE-
CKMX XapaKTepUCTUK, YCIOBUIl BHYTPUKAOMHHOIO
1 BHEKAOMHHOIO 0030pa, AOCSITaéMOCTH OpraHOB
yrnpasiieHus1 MYII kabuHBI B cTaTUYECKOM pPEXU-
M€ B OIEpallMOHHON cpele YHUBEPCAJIbHBIX BbI-
YUCIUTENbHBIX KOMILIeKCOB. [Tpouenypa 99 UVYTI
Ha 5TOM yYpOBHE UIACHTU(PULIUPYETCS TPOMKOI

P, = <GC, M, W>,

rne M = {m} — MHOXECTBO aJIrOPUTMOB H3Me-
peHUI, peannu3yIoluX OTHOIICHUE COOTBETCTBUSI
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MEXay a3JieMeHTaMu MHoxecTBa GC (2J€MEHTOB
MNVYII) u mHOXecTBOM W pe3yibraToB 00pabOTKU
JaHHBIX u3MepeHMit. He neranusupyst xapaxkTep
ATUX 3ajay, OyaeMm mpearnosiararb, YTO UX COBO-
KYMHOCTb OIpenesisieT HEKOTOPOe OTHOILEeHMUE,
KOTOPOE€ OIPEAeNsieT MOPSIIOK M3MEPEHUS dJie-
meHTOB UVII B hyHKIIMU BpeMeHU

w,:GC, > GCy > ...>GC, > ..GC,,

re m — 4YUCJIO IMPOLEAYyP U3MEPEHUS 3JIEMEHTOB
WNVYII nnsa BEIOpaHHONM METOOUKU D3,

Ha uyetBeproM ypoBHe DD (P;) (YpOBHE 3KC-
MepUMEHTa) IIPOBOAMTCS OLEGHKA aJIrOpUTMOB,
CTPYKTYpPBl OeSITEeIbHOCTU, 3arpy:K€eHHOCTH, pe-
3epBOB BHMMAaHU S OIlepaTopoB Iipu padote ¢c UVII
B peaJbHOM MaciuTabe BpemMeHH. B aToM cirydae
npouenypa DD MoxXeT ObITh IIpeICcTaBIeHA B BUIE

Py = <X, U, V>,

rie U = {u} — MHOXECTBO aJITOPUTMOB OLIEHKU
nokKasaTeJieil NesITeIbHOCTH olepaTopa Mpu B3au-
mogaeiicteuu ¢ UYTII;

V= {v} — MHOXeCTBO NCUXOPNU3NOJOTNUECKUX
nokasaTejieil (BKJIIOUAIOIUX XapaKTepUCTUKHU Ka-
YyeCTBa BBIMIOJHEHMS MOJETHOrO 3aJaHMs, Xapak-
TEPUCTUKHU (PYHKIIMOHMPOBAHUS CEPAECYHO-CO-
CYIVCTOW CHCTE€MBI, TPEKMHIa B3TJId1a, YPOBHS
(byHKIIMOHATBHBIX PE3€PBOB, MHTETPAJIbHBIX I10-
Kazateyeir D3), pealM3yIOLIUX OTHOIIEHUE COOT-
BETCTBUSI MEXIY dJIeMEHTaMU MHoXecTBa X (Ba-
puantoB UVYII) u sanemeHTaMu MHOXecTBa V.

TakxuM o0Opa3oM, MpeaJIoKEHHasT TEXHOJIOTHS
aBTOMaTH3allMu DD O0XBaTBHIBA€T BECh IIPOIECC
99 UVII (ot popManbHOro onmucaHus Lejaein u
3a/1a4 A0 OLIEHKM AeATEIBbHOCTU omepaTopa B pe-
aJJbHOM BpPEMEHM Ha CTEHIE MOAECIMPOBAHUS) U
CBsI3aHa C TPOMKOI OTOOpaKeHUIA:

CTeTIeHM OOYCJIOBJIEHO MHOXECTBOM pPa3JMYHBIX
BHUJIOB JOIOJHUTEIbHON nHpopMmanuu ot JITIP.

C mpakTU4ecKOW TOYKM 3peHHUs A JTaHHOU
NnpeaMeTHOM o0nactTu  (MHOTOKPUTEpPUATbHBIN
BbIOOp HAa MHOXECTBE aJbTepHATHWB-BapUAaHTOB
MNYII) nHapsmy ¢ MeTomaMHM IIOCJIeHOBaTEIbHOMN
ONTUMM3ALMK [6] MHTEpECEeH MeTOoN aHaJUuThYe-
ckoit uepapxuu (Analytic Hierarchy Process, AHP)
[11, 12, 19]. JaHHBII METOI OLIEHKN MHOTOKPUTE-
pUaNbHBIX aJbTepPHATUB JOCTATOYHO M3BECTEH M
npenmnojaraeT MCIOJIb30BaHUE JUHEHHON (yHK-
uuu nojesHoctu. [lonxon B Bune AHP cocTout us
COBOKYITHOCTH 3TaroB.

1. CrpykTtypusalus 3aJa4yd B BUAE HMepapXu-
YECKOW CTPYKTYPbhl C HECKOJbKMMM YPOBHSIMU:
LIeJIM — KPUTEPUU — aJbTEPHATHBBI.

C ¢dopManpHOM TOYKHM 3peHUS TJI00aIbHasS
1enb aertaansupoBaHa. ChopMyIMpoBaHHI # KOH-
KypUPYIOIIMX KOHEYHBbIX BapuaHToB: {S;} = (S|,
S5, .., S,}, U m YaCTHBIX KPUTEPUEB, TTOCTPOECHO
COOTBETCTBME MM B BUJE MHOXECTBA KPUTEPUEB
{K} = {Ki, K, ..., K,,} (He Bcerna cormacoBaHHbIX
MeXxay coboii M MPOTUBOPEYMBBIX). OmnpeneneHbl
mKajabl X; KaxXaoro u3 KpurepueB K;: MOCTPOEHO
OTOOpaXeHUE OLUEHOK KpuTepues E,. 3aMeTUM, YTO
MpU BBHITIOJIHEHUU BTUX ACUCTBUIM HAMU HCIOJb-
3yeTcsl HekoTopash MH(opMalusi O MpPeArouYTeH -
six JITIP nmpu popMupoBaHMM MHOXECTBA lieJiell 1
KPUTEPUEB, MPU MOCTPOEHUY 1IIKAJT KPUTEPHEB).

2. TlonapHoe cpaBHEHWE BJIEMEHTOB KaXJIO0To
ypoBH# JITTP (s3kcniepramm).

Ha mocnenyloiiem 1iare peuieHus: 9TOK 3aaa-
YM Ha OCHOBE Pa3JIMUYHOIO poja AOMOJHUTEIbHOMN
nHpopmanuu o npeanodreHusx JIIP (tuna "kpu-
Tepuil K; BaxHee kputepusi K" 1160 "Kpurepuii
K; paBHOTIpaBeH ¢ KputepreM K;") Ha MHOXeCTBE
KpurepueB {Kj} cTpOUTCS OTHOIIEHUE CPABHUMO-
CTU KPUTEPUEB T10 BaXXHOCTH S.

B AHP nipu nomapHbIX CpaBHEHUSIX B pacIio-
psixenue JIITP (skcmepToB) maeTcs mikajnga cCio-

Z= (2, 4,, 23, .
BECHBIX OIIpeIeNICHNI YPOBHS BaXXHOCTH, IIPUIEM
e KaXXJOMY YPOBHIO CTaBUTCS B COOTBETCTBUE YMC-
JI0 (CM. TaOJIUILY).
Z,: Py—> Py IlIKaja OTHOCHTEILHON BAXKHOCTH
Zy,: P, > Py
Zy: Py > Ps. VpoBeHb BaXHOCTH KomraecTeeHEOS
3HAYCHUEC
PaBHast BaXXHOCTH 1
Hpnmeﬂeﬂne aBTOMaTPBHpOBaHHOﬁ C1C) YMepeHHOe MPeBOCXOACTBO 3
A HHTeI‘paJIbHOH OHeHKH BapHaHTOB I/IYH CymecmeHHoe W CUJIBHOE ITPEBOCXOICTBO 5
3HauuTesbHOE (00IBIIOE) TPEBOCXOACTBO 7
Pa3nooGpa3ue muajoroBbIX IPOLIEAYP MHOTO-
KPUTEPUAJIBHON ONTUMM3ALMU B 3HAYUTEIBLHOM Ouenb GosbIIoe MPeBOCXONCTBO 9
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3. Bpiuucienue Kod(QOUIIMEHTOB BaXXHOCTHU
JUJIST 9JIEMEHTOB Kaxjoro ypoBHd. [IpoBepka co-
TJIaCOBAaHHOCTU cyxXkaeHuid JITTP.

Ha ocHoBe MOHSITHSI CPaBHUMOCTU KPUTEPUEB
MO BaXXHOCTU BBIBOAMTCS MpPaBujio 7, MO3BOSIO-
1ee Mo KOHKpeTHOU cTpyKType <S, K> yctaHo-
BUTb KOHKPETHYIO CTPYKTYPY OTHOILICHMS TIpe.-
nouteHus: R(K, T) B MpocTpaHCTBE OLIEHOK KpU-
tepues E,, a 3aTteM ero cyxeHus Rua Xc E,,.

4. TlomcueT KOJIMUYECTBEHHOM OILIEHKM KauyecTBa
aspTepHaTuB. BeIOOD Jy4llieil anibTepHATHUBHI.

CuHTe3 mony4eHHbIX KO3 (GUIIMEHTOB BaXKHO-
CTM OCYILECTBJsIETCS 110 hopmyJie

N
Si= X VWi,
i=

rae S, — rmokasaresib KayecTBa j-TO BAapUAHTA,;
W, — Bec i-ro kputepusi; Vj; — BaXHOCTb j-TO Ba-
pHUaHTa MO i-My KPUTEPUIO.

HocrounctBom Meroga AHP, mpusiekaromyim
BHUMaHHE MHOTHMX CIICLIAJIVCTOB, SIBJSETCS Ha-
MPaBJICHHOCTh Ha CPaBHEHME peajIbHBIX BAPUAHTOB.

OrMmeTuM, uyTo MeTon AHP MoxeT mpumeHsITh-
Ccs M B TeX cliydasix, Korma skcnepthl (uau JITIP)
HE MOTYT JIaTh aOCONIOTHBIC OLIEHKM BapuaHTOB
0 KpUTEepHUsIM, a MOJb3YyIOTCs Oosee "cmadbiMu”
CPaBHUTEJIBHBIMU H3MepeHusIMHU. B mpakTuue-
CKOM IIJIaHE OTMEUYaeTC:

* IIPOCTOTA TIOIAPHBIX CpPaBHEHWI,

HOCTb npouenypsl aas JITTP;

* OTCYTCTBHE HEMNOCPEICTBEHHOI OLIEHKM Bapu-
aAHTOB;
* ToAJepxKKa KakK KOJMUYEeCTBEHHBIX, TaK U Kade-

CTBEHHBIX ITapaMeTPOB;

* IIpOBepKa COINIACOBAHHOCTH CYXIECHMIA.

PaccMoTpuM BO3MOXHOCTb IIPMMEHEHUS Me-
TOJA aHAJMTUYECKOM HepapXuM MJis MHOTOKPU-
TepuajJbHOro BBHIOOpa pallMOHAJIBHONW CTPYKTY-
pel UVII kabunsr JIA. Crpykrypa UYII moxer
BKJIIOUATh HECKOJIBKO pabounx BapuaHTOB. HeoO-
XOIMMO II0 pe3yjbTraTaM JaHHBIX DD OIpeacInTh
HaUJIyYIIWHA.
¢ MHooxcecmeo KOHKYpUPYIOUWUX CIMPYKMYD

IIPUBBIY-

{Sl} = {Sls Sla S3}’

rae Sy, S, S3 UMEIOT CAeAYIOLUA CMBICI:

S, — crpykrypa MYII B ucrionHeHuu ¢ IByMs
MOU;

S, — crpykrypa UYII B ucnosHeHuu ¢ tpems
MOU;

S; — crpykrypa UVYII B UCNIOJIHEHUU € OJHUM
MOU.

‘ C030KynH0cmb YACMHbIX Kpumepuee
{I(j} = {Kl: KZJ K}a K4a KS’ KG: K79 KS})

rae K, ..., Kg UMEIoT cieayommui CMbICI:

K, — mnoka3aTenb KayecTBa BBIIOJHEHUS TO-
JIETHOT'O 3aJlaHus;

K, — mokasarens 3arpy3Ku Ooneparopa;

K3 — 000011eHHbI TToKa3areab 0030pa U 10-
CSITa€MOCTHU KaOWHBI;

K, — 000011eHHBIN 3KCIepTHas OLIEHKAa WH-
(bopmanmoHHO# Moaenu;

K5 — 00001LIeHHBIN 3KCIepTHAasA OLEHKA YeJlo-
BEKO-MallIMHHOTO UHTepdeiica;

K¢ — 0O0OOIIEHHbI MCUXO(MU3UOIOTMYECKUX
MOKAa3aTeb;

K; — 00OOIIeHHBI MOKa3aTelb pe3epBa BHU-
MaHMUsI;

Kgq — 000011eHHBIN NTOKa3aTelb MaplIpyTa me-
peMeleHus B3MIsaa.

HanpHedIIMA pacuyeT MHTErpajbHbIX OLIEHOK
MO aJropuTMy, MPEeACTaBJICHHOMY BbIlIE, MO3BO-
JIIeT BbIOpaTh Haunyuiuuii Bapuant UVYII.

JdaHHBIA KOMIIJIEKC oOecrneuyuBaeT NOAIEPXKKY
MPUHSITUS PEelIeHU Mo BCeMy XM3HEHHOMY 1IM-
Ky 99,

3akiaoyenue

[NpumeHeHUEM TIpeAIOXEHHON TEXHOJIOTUU aB-
ToMaTuzupoBaHHoit DD MVYII nocturaercss Meto-
Judeckoe, MHPpOpMallMOHHOE, IIPOrpaMMHOE eI1H-
CTBO 1O BCEM XU3HEHHBIM 1LIUKJIaM co3aaHus JIA.

D DEeKTUBHOCTh JAHHOIO MOAXOAAa MPOSIBISI-
€TCS B CYILLIECTBEHHOM CHMXXEHUU MaTepuajbHO-
BpeMeHHBIX 3aTpaT Ha co3gaHue MUVYII 3a cuer:

e aBTOMAaTHU3allMU Mmpoluecca DI,
e o0ecrieyeHUsI €IMHOTO OpraHM3allMOHHO-Me-

TOOMYECKOI'0 PYKOBOACTBA DD;

* ONTUMM3ALMU CTPYKTYPHOIO  IIOCTPOCHUS

MMPOTpaMMHO-aINapaTHbIX CPEACTB;

* yCTpaHEHHUSI OIIMOOYHBIX IIPOEKTHHIX pelle-

HUI Ha paHHMX CTAAUSIX IPOCKTUPOBAHMUS.
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The article deals with the automation of the ergonomic examination procedure (EE) of the Data- Control Field (DCF)
of the cockpit of promising combat aircraft using artificial intelligence technologies. A balanced combination of aircraft
control algorithms, its complex of on-board equipment and weapons, as well as artificial intelligence technologies provides
information support for the aircraft crew. The relevance of the ergonomic assessment of DCF at all stages of the aircraft
designing and operation is noted. The features of the EE of the DCF of cockpit, goals and objectives, as well as methods of
examination are described. EE are monitoring and evaluating the completeness and correctness of the implementation of er-
gonomic requirements for the designed aircraft and substantiating possible ways to improve the ergonomic characteristics of
the aircraft. EFE includes systemic and design issues, among which the important issues are the choice of DCF structure. EE
technology elements are considered. The tasks of the automated EFE system are listed: the assessment of human-machine
interaction, quality of information support, the registration and assessment of cockpit geometric characteristics (visibility
and reach) and operator’s functional state, formalization of parameters and the formation of an integral assessment. The
system combines information, hardware and software into a single complex. A distinctive feature of the DCF EF is the a
priori uncertainty of the source data. Models of the algebra of fuzzy sets allow to formalize the decision-making process
during the EE. The integral assessment by the Analytic Hierarchy Process (AHP) method is described. AHP as a method
Jor evaluating multicriteria alternatives is well known. The applicability of the method is noted in cases where the issuance
of absolute estimates of alternatives by given criteria is difficult.

Keywords: crew cockpit, information management field, pilot’s workplace, ergonomic expertise, ergonomic require-

ments, ergonomics, integrated assessment
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