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KOMIIVIEKCHASA CUCTEMA YIIPABJIEHUSA
IMPOMBIIIVIEHHBIMHA POBOTAMMU

B craTbe paccMaTpHuBaeTCs cHCTEMa yIpaBlIeHUs IPOMBIIUICHHBIME poboTamu (I1P), B TOM umcIie npenu3noHHBIMH
(IIIIP), mpencrapistonas 00beIMHEHNE CHCTEM pPa3IMYHBIX YPOBHEH HepapXwud yIpaBleHHUS B €AUHYIO (MHTETPH-
POBaHHYI0) CHCTEMY, JJACTCsl aHAIN3 CTPYKTYPHOW CXEMBI, aHAJIN3 NCXOJHOM MaTeMaTHuecKoi (hOPMYIIUPOBKH 3a-
Jladdl YIpaBJICHHS! M, COOTBETCTBEHHO, NPHHIUIIOB IOCTPOCHUS AITOPUTMOB (YHKIMOHHPOBAHUS TAKUX CHCTEM

B LICJIOM.

[IpencrapnecHHBIC HEPAPXUUYCCKUE CUCTEMBI YIIPABICHHUS MOTYT OBITh UCIOJIB30BAHBI HE TOJIBKO JIJISI CTAIIMOHAPHBIX
)5 MO6I/IHBHI:-IX HA3€MHBbIX pO6OTH3HpOBaHHBIX KOMIIJIEKCOB, HO U IJIsA YHPABJICHUA ABUKXCHUEM OAUHOYHBIX U I'PYII-
noBbIX BITJIA, mOCKONBKY ¥ B TOM, U B JPYTroM ciiydyae IJIaHupyeTcs nepeMerienune oprana [P, peanusytoriee mo-

CTaBIICHHYIO 3a/1ady, B IPOCTPAHCTBE.

Ka. ca.: nmpompimutennsiit po6ot (ITP), mpenusnonHsIi npomsiuieHHbIH poooT (ITITP), GecriioTHbIe eTaTebHbIe
anmapatsl (BITJIA), manunynstop I1P, nepapxuueckas crpykTypHast cxema yrpasienus [1P, yenoBek-oneparop
(U-O), uenu ynpapieHus, KPpUTEPUH YIIPABICHHsI, ONTHMH3ALMS YIIPaBICHUS

BBEJEHUE

B macrosmiee Bpemsi paspaboraHa oOmmpHas
KJIaccupuKanys KUHEMaTHYECKUX CXEM U KOHCTPYK-
nuil mpombinuieHHBIX po6oToB (IIP), B TOoM uymcne
npeunsnoHHbX  (III1P), coorBercTBeHHO, cHCTEM
ympasinenus 1IP, IIIIP u pasmuyHbIX TEXHOIOTUYE-
CKHAX TIPOIECCOB C WX NpuMeHeHneM, 3((eKTHBHO
paspabaTbiBaeMbIX M BHEAPSEMBIX B INPOU3BOJACTBA
CaMBIX pa3HOO0Opa3HbIX u3aenuit [1-6].

OpHako pacmMpeHre HOMEHKIATypbl MPOU3BOIU-
MBIX U3AeIHid TpeOyeT HENpEephIBHOTO COBEPLICHCT-
BOBAaHUSI TEXHOJOIMYECKOIO 00OpYyIOBaHUs, BKIIIO-
Yalomero Kak '"MeXaHuKy', TaK U BECh KOMIUIEKC
YOPaBISAIOMHUX YCTPONCTB: "3MEKTPHUKH'", 3JEKTPOHH-
KM, THEBMATHUKH, THAPABIUKH, ONTUKH U UX BO3MOX-
HBIX Pa3UYHBIX "KOMIDIEKCHpOBaHMHA" (KOMOHMHA-
ui).

CoBepIiIeHHO 0YEBUAHO, YTO 3TO OTHOCHUTCS TaKxkKe
K MPOMBILIICHHBIM PO0OOTaM M KOHKPETHO — K TIpe-
U3UOHHBIM po0OOTaM, KOTOPBIC CTAaHOBSITCA He3ame-
HUMBIM TE€XHOJOTHYECKHM O00OpYIOBaHHWEM B MPOM3-
BOJICTBaX MHKPOIEKTPOHHOW TEXHHUKH, ONTHYECKOH
TEXHUKH ¥ Ja)X€ COBEPIICHHO JaJeKOW OT TeXHUKHU
001acTH — MHUKpPOXUPYPTUU. B CBsI3M C 3TUM pa3BH-
THE U yriayOJeHrne pa3iu4HbIX HalpaBiIeHUH aHan3a
Y CHHTE3a KOH(UTIYpaLK CIOXKHBIX CUCTEM YIIpaBJie-
HUS TaKUMH TCEXHHYECKMMH OObekTamu, kak [IP
u I[P, nenpepriBHO pazBuBaetcs [7—10].

O6mme noaxonsl K ympasienuto [P npumeHnmeb
B TOM YHCIIE H K, Ka3aJloch ObI, IEPBOHAYAIBHO Jaie-
KAM OT YNPaBJICHUS CTAIIMOHAPHBIMU M MOOMJILHBIMU
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pobotamu 3amadam opranusanuu jsuxkeHust BITJIA.
Oto onpenensercs teM, yto BIIJIA mo cytu peanu-
3YIOT T€ K€ NPUHIMIIBI TOCTPOEHUS CUCTEM YIIpaBiie-
Hus. PasHuma 3akimoyaercs JHIIs B TOM, YTO B allro-
PUTMBI yIpaBieHUsl A00aBisieTcsl elie OAHa KOOpau-
HaTa, CBA3aHHAA C WX MPOCTPAHCTBEHHBIM IepeMe-
menuem [11].

B naHHOW cTaThe paccMaTpUBaKOTCS BOIPOCH! aHa-
W33 W CUHTe3a OOOOIIEHHBIX CTPYKTYPHBIX CXEM,
WCXOJHOM MOCTaHOBKHU 3aJ]aud M JIOTHUKHU YIIpaBIECHUS
TEXHHYECKUMH 00BEKTaMH, KOHKPETHO OTHOCSIIIIMHU-
cs x rpynue 1P, Ha 0cHOBE COBPEMEHHBIX IOAX00B
TEOpUH CHCTEM: C YEJIOBEKOM-OIIEPaTOpPOM B KOHTYpE
(CUM), ¢ anemMeHTaMH HCKYCCTBEHHOTO HHTEIIICKTA
(CHHN), aBromarnueckoro ympasienus (CAY) u aB-
tomarudeckoro perynupoBanus (CAP) [112].

AHAJIN3 CTPYKTYPHBIX CXEM
N NPUHIOUITIOB NIOCTPOEHUA CUCTEM
ABTOMATHYECKOTI'O YIIPABJIEHHUS
CJOXHBIMU TEXHUYECKNMHU OB BEKTAMHA

Kaaccnpuxanusi cTpyKTYpHBIX cXeM
CHCTeM YNpaBJeHHs

OOoOmieHHass ~ CTPYKTypHast CXeMa  CHCTEMBI
yHpaBJIeHUs] TPUHIUIHAIBHO JIOOBIM TEXHUYECKUM
00BeKTOM (TIporieccoM) IpejcTaBlieHa Ha puc. 1.

Uepapxuueckas CTpYKTypHas CXeMa CHCTEMEI
VIpaBJICHHUS] CIOXHBIMA TEXHHYECKHUMU OOBEKTaMU
(B TOM 4HMCIie HECKOJILKUMH OOBEKTaMH) TpEICTaBIIe-
Ha puc. 2.
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Puc. 2. O6o0mieHHas nepapxudeckasi CTpyKTypHas CXeMa CHCTEMBI YIPaBJICHUS CIIOKHBIMHI

TEXHUYECKUMU 00BbEKTaMU

Bepxnuii ypoeenv uepapxuu: Tpymnia ycTpOMCTB,
C KOTOPBIMH B3aUMOJICHCTBYET YEJIOBEK-OIEPATOp
(4-0O), sBnsromuiics riIaBHBIM JIEHCTBYIONIUM 3BEHOM
NPUHLMITMAIBHO JIIOOOH CHCTEMBI yNpaBlCHUS C Ye-
JIOBEKOM-OIIEpaTopoM B KOHTYpE YNpPAaBJIECHHUS; B CO-
CTaB JaHHOW IPYIIIbl YCTPOMUCTB BXOJAT:

— YCTpPOHCTBa CHCTEMBI OTOOpakeHHs HHQOpMa-

mun (CON), npencrasisatonieit UY-O Bcro HEoOX0mU-
MYIO B JaHHBIH MOMEHT MH(QOPMAIHIO O (PYHKIHOHH-
POBaHMU BCEU CUCTEMBI;
YCTpOICTBa CHCTEMBI OpPraHOB YIIPABIICHUS
(COY), mocpencteom kotopsix U-O HEmocpencTBeH-
HO CaM BBOJUT YNPABISIOIIAE  BO3ACHCTBUSA
B CHCTEMY.
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Cpeonue ypoenu uepapxuu:

— TpYNIBl YCTPOKCTB, NPEICTABISAIOIIUE MOICH-
CTEMBI, OTHOCSIIHNECS K KJIACCY CUCTEM C DJIEMEHTaMH
uckyccrBeHHoro uaremexra (CUN);

— TPYMNIBl YCTPOWCTB, MPEJCTABISAIOIINE MOICH-
CTEMBI, OTHOCSIIUECS K KIIACCY CUCTEM aBTOMaTHYe-
ckoro ynpasneHus (CAY), cuHTe3upoBaHHbIE U (DYHK-
[UOHHUPYIOIIUE B COOTBETCTBHU C TPAJAWUIIMOHHBIMH
METO/IaMH COBPEMEHHOH TEOPHH aBTOMATHYECKOTO
ynpasienus (TAY).

Huoicnue yposnu uepapxuu: Tpylibl yCTPOKCTB,
NPEACTaBIAIOLINE HOACUCTEMBI, OTHOCSIINECS K KJlac-
cy cucteM aBToMaTHueckoro perymuposanusi (CAP),
CHUHTE3MPOBaHHBIE W (PYHKIIMOHHUPYIOUINE B COOTBET-
CTBUM C TPAaJUIMOHHBIMH METOAAMU COBPEMEHHOMN
Teopuu aBromMaTmdeckoro perynuposanus (TAP).
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Puc. 3. O6001IeHHAs nepapxuuecKkas CTPYKTypHasi CXeMa CHCTEMbI YITPABICHUS OJTHUM 00BEKTOM

Takoe npescraBieHHe 00 HEpPapXHU YIPABICHUS
CIIO)KHBIMH OOBEKTaMH ITO3BOJISIET HUCIIOJIB30BATH €r0
HE TOJILKO JJIsI YIIPABJICHUS] HA3eMHBIMU POOOTU3HPOBAH-
HBIMH OOBekTamMu W oxuHouHbIMH BIUIA, HO U rpym-
naMud  OCCHWIOTHBIX JIETAaTeNbHBIX amnmapatoB [13,
134].

O06o00meHHast nepapxudeckasi CTPyKTypHasi cxema
CUCTEMBI YIPABJICHUS OIHUM OOBEKTOM IpEICTaBIIC-
Ha Ha puc. 3

O0001mEeHHbIe BeKTOPHBIE IPOCTPAHCTBA
MaTeMaTH4YeCKHX Mo/iesieil cucTeM ynpaBJieHHs!
NPON3BOJILHBIMH 00BbEKTAMHU

CmpykmypHasa cxema 6eKmMOpPHO20 RPOCMPAHCHI-
6a 0000WeHHOIl cucmembl YNPAGNEHUA HPEOCHas-
nena na puc. 1 u cooepaycum:

X(?), Y(f) — CcOOTBETCTBEHHO, 3aJJaHHBIA U JIEUCT-
BUTEIILHBII BEKTOPBI COCTOSIHUSI OOBEKTa YIpaBJie-
HUS;

R($) — BekTop ynpaBneHus;

Z(t) — BexTOp HAOIIOICHNS,

E(?) — xputepuil kauecTBa ynpaBieHHUS;

A(?), Q(?), F(Y) — BekTOpHI BHENTHUX BO3ACHCTBUI
Ha OOBEKT yHpaBJeHHs] U OTPAaHWYECHHA Ha yIIpaBie-
HHUE U Ha PECYPCHI.

TpanuuunonHas (Knaccudeckas) IOCTAHOBKA 3ajia-
Y{ yNpaBJCHUS 3aKII0YaeTcs B (POPMUPOBAHHU BEK-
Topa ympasienus: R(f), obecneunBaromero noctumxe-
Hue 1enu ynpasienns Y (£)=>X(f) mpu ycnosun obec-

MeYeHHsT DKCTpeMyMa IoKa3aTelsl KauecTBa yrpasJie-
Hus (kputepus) E(f): max wim min U oTBeYaromero
orpanndyeHusM A(?), Q(7), F(f), nedcTByromum B cH-
cTeMe.

Ha ocHoBe cTpykTypHOH cxeMbl (puc. 3) MOXET
ObITb  COPMHPOBAHO BEKTOPHOE  MPOCTPAHCTBO
HEePapXUUYECKON CXeMbI OTHOOOBEKTHON CUCTEMBI.

Hepapxuueckasa cmpykmypHuasa cxema 6eKmopHo-
20 HPOCHMPAHCMEA O0HOO0OBEKMHOU  cucmembl
YRpagieHus:

X(f) — 3amaHHBIA BEKTOP COCTOSHHS OOBEKTa
YIIPaBJICHUS,

Y(f) — BexTOp NMEHCTBUTEIHLHOTO COCTOSIHUAS 00h-
€KTa yIpaBIICHUS;

Z,,(1), Zqoy(t) — BeKTOPBI HAOIIOACHUS,

R‘-I-O (t)i RCOY (t)D RCI/H/I (t)’ RCAY (t)J
R,» (f) — BekTOpBI yrpaBneHus;

E,(?), Eqy(?), E.y(f) — xputepuu kadectna
yIIPaBIICHUS;

Fq.o (t)a Fcoy (t)a FCOI/I (t)a FCI/II/I (t): FCAy (t),
F..» (1), Foy(f) — BexTophl BHEMIHNUX BO3ACHCTBHIA
Ha OOBCKT YNPABICHHUS W YHPABISIONIAE CHCTEMBI
(moxcucremsl).

[IpuMeHnTEeNbHO K paccMaTpUBaeMOi CHCTEME T10-
CTaHOBKA 33/1a4Ml YNPaBICHUS 3aKIrouaeTcs B hopmu-

HAVYYHOE ITPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 1
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poBaHuu BekTOpOB ynpasienust R, (f), peanusyrommx

JIOCTHXKEeHUE 11enH ynpasienus Y (1)=>X(¢) npu ycio-
BHHW O0ecTiedeHns HIKCTPEMyMOB TIOKa3aresei (Kpure-

pueB) kauectBa ynpasieHuss E.(f) u orBewaromrmx

OrpaHMYCHHSAM M BHEIIHUM BO3JCHCTBUSAM (TIOMe-
XaMm), IeUCTBYIOIINM B CHCTEME.

B cooTBercTBHM CO CTPYKTYpHOH CXEMOM, mpen-
CTaBJIEHHOM Ha pHUC. 3, MOTYT OBITH ONpPEEIeHbl OC-
HOBHBIE HalpaBJIeHUs BbIOOpA METOI0B ONTHMHU3ALNN
paccMaTpuBaeMOll B CTaThe CIIOKHOM MepapXudeckon
cuctemsl yrpasnenus 1P (ITI1P).

BO3MOJKHBIE METOIbI OITUMU3AIINN
HEPAPXNYECKOU CUCTEMbI YIIPABJIEHUA
1P

Hepapxuueckuii ypoBeHb "'yesioBek-oneparop"

Ha paHHOM ypoBHE BCe YINpaBISIONINE JCHCTBHSA
Ry, (f) BBIIONHSIOTCS YEIOBEKOM-OIIEPATOPOM B CO-

OTBETCTBUH:

* ¢ TpeOoBaHHMSIMH (M YKa3aHWSIMH) TEXHHUYECKOU
JnokymeHTanuu Ha I1P;

* MHCTPYKLMSIMH, pa3paOOTaHHBIMHU U KOHKPET-
Horo IIP m KOHKpEeTHOro cocraBa TEXHOJIOTHYECKUX
OTIepaIuii, KOTOPBIC JIOJKHBI BBITTOIHITHCS;

* HEMIPEPBHIBHO (HEU30€KHO) HaKaIIMBAIOIIMCS
OTBITOM YeJIOBEKa-orepaTopa B TPOLECCe KOHKpET-
HOH paboThl B COCTaBE PaccMaTpHUBAEMOM (KOHKpET-
HOI{) CHCTEMBI.

HNepapxuyecknii ypoBeHb HHTEJIEKTYAJIbHOM
yactu cuctembl (CUN)

B nanHoii 3agaue (cucreme) UMEET MECTO ONTHMU-
3a1us TPAeKTOPUi ABIKEHUS pab0dero HHCTPYMEHTA,
pearm3yemMoro mocpeJCTBOM MPUBOAOB MAaHHUITYJISATO-
pa IIP (III1P), puc. 4.

Teopernueckn naHHAs 3ajadya HpPEACTaBIISIET Ha-
XOXJEHUE B TPEXMEPHOM IpocTpaHcTBe 1P Tpaekro-
PHH B COOTBETCTBUU C BEIOPaHHBIMH KPUTEPHUSIMH OII-
TuMuzanuu [145].

Bo3morkHBI crieaytomniie BapuaHThl (GOPMUPOBAHUS
JBIDKEHHs pabodero nHcTpyMeHTa [156—178]:

* Ha OCHOBE OmMbITa (HOPMHUPOBAHUS TPACKTOPHIA
(mpu HaMMYMKM HAKOIUIEHHOTO OaHKa TpPaeKTOpHUi)
JUTSL aHAJIOTUYHBIX ITPOM3BOJICTBEHHBIX 3a7a4;

* Ha OCHOBE (DOPMHUPOBAHUSI MHOXKECTBa Cllydaii-
HBIX TOYEK B TPEXMEPHOM IPOCTPAHCTBE KOOPAMHAT
I[P u nanee: merogom Monte-Kapio omnpenenutsb
MyTh JIBUKEHHUS OT TOYKH K TOYKE B COOTBETCTBUHU C

BoIOpanubivMu kputepusimu E .y, (1), Hanpumep:

— max CKOPOCTH IEpPEMEIIEHHsI OT TOUYKH K TOY-
Ke;
— min ycunus, KOTOpoe JOJDKHO OBITh obecre-
YeHO, HampuMmep, NMpH o00paboTKe Kakoi-mudo
JeTat C 3aJaHHOM YMCTOTON IIOBEPXHOCTH;

* METOJl TPEJBAPUTEIHFHOTO UMHTAIIHOHHOTO MO-
JEeTUPOBAHUS TOCJIECAOBATEIBHOIO IMOIIArOBOro Ipu-
OyKeHHs OT UCXOJHON (Ha4aJbHON) TOYKM K KOHEY-
HOM TOYKeE.

CHcTeMBI
p KOoOpIOHHAT

yo MAHHIOYVJ/JIATOPA
MasHNnDyviIiaTop
e Cxeat
/ MAHHOVJIATOPA
Pabdoamnii
/ HHCTPVMEHT
p
xo
N TpaeKTOpHSH Hzmeaune
7P \ paGo4uero
00 00 HMHCTpYMeHTa

Puc. 4. Unmoctparust popMUpOBaHUS TPACKTOPUI TBUKCHUS

HAVYYHOE [NPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 1
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Hepapxnuyeckuii ypoBeHb CHCTEM
aBTOMATHYECKOI'0 YIIPABJICHHUS OTACIbHBIMU
3BeHbAMH MaHuNyJasaTopa IIP

JlaHHas 3ajma4a MpeiCcTaBisIeT peaqu3aluio nepe-
MEIIEHUs Ka)KIoro otraeiabHoro 3BeHa IIP u3 ommon
KOHKPETHOM TOYKM B JPYIyl0 KOHKPETHYIO TOUKY
B COOTBETCTBMHU C "Kiaccmyeckoi" (HopMyImpoBKOH
3aja4u ynpasienus (cum. Boime) [19-201].

B kauectBe kpurepueB (OPMHPOBAHHS BEKTOPOB
YIpaBIeHHSI MOTYT OBITH BHIOPAHBI:

* max CKOpPOCTH, T.e. MUHHUMAaJIbHOE BpeMms Iepe-
MEUIECHUS MEXAY ABYMs 3aJaHHBIMU TOUKaMU;

* max YCKOPEHUs, pa3BUBAaEMble IPUBOJAMH;

* min OTKJIOHEHUS (TOTPEIIHOCTH) OT KpaTdaiiiie-
TO HAalpaBJIEHUS, COEIUHAIOUIET0 HAYAIbHYIO U KO-
HEYHYIO TOYKH.

Peammzanmn 3amaum  ympaBiieHHsl Ha YPOBHAX
nepapxun CUM u CAY cyniecTBEHHO pa3inyaroTcs,
a UIMEHHO:

—Ha uepapxuueckoM yposHe CHUU pemaercst MHO-
TOMepHas 3a/1a4da yIpaBJeHHs CIOKHBIM MHOTOKOOD-
JUHATHBIM OOBEKTOM, B KOTOPOH MHTETPaJIbHBIA BEK-
TOp YIpPaBJEHHs IMPEJCTaBIeH KOMIUIEKCOM ''MaTe-
MaTH4ecKu" CBSI3aHHBIX MEXIY CO0OH 4acTHBIX BEK-
TOPOB YIIPaBIICHUS;

—Ha wuepapxuueckoM ypoBHe CAY peanusyercs
KOMITJICKC YacTHBIX (aBTOHOMHBIX) 3aJad yIpaBlie-
HUs, c(hOPMYJIMPOBAaHHBIX Ha MPEABIIYLIEM YpPOBHE
(CHN) u pemraeMbIX yX€ B COOTBETCTBUU C HECBS-
3aHHBIMH MEXJIY CO0OI BEKTOpaMH yIpaBJeHuU.

Mepapxuyeckuii ypoBeHb cHCTEM
peryaupoBanust (yposenb CAP)

Ha nannom ypoBHE peanu3yeTcsi KOHEUHBIN 3Tam
BBIBOJIa pabodero nHcTpymenTa 1P B pabouyio Touky
[22, 23].

3ajava ONTUMU3ANNK HA 3TOM dTare yXe He CTa-
BUTCA, T.K. CUCTEMBI, PEAU3YIOLIUE JBUKEHUE COOT-
BETCTBYIOIINX 3BCHHEB MAaHUMYJISATOPA, YIKE SBIISTIOTCS
coctaBHbIMM YacTsimu [IP, a uMeHHO mpuBOAamMu, UX
TEXHUYECKUE XapaKTEPUCTHKH M3BECTHBI (ObICTpOICH-
CTBHE, TOYHOCTH KaK B CTATHKE, TAK U B THHAMUKE).

3AKJIIOYEHHUE

AHanus, NpoBEACHHBIN B TaHHOW cTaThe, OKa3all,
YTO 33Ja9U CO3JaHHUSA CHCTEMBI YIPABICHUS CIIOKHBI-
MH MHOT'OMEPHBIMH TE€XHHYECKUMH OOBEKTAMH THIIA
ITP (u IIITP) MoryT OBITH pelIeHbI Ha OCHOBE COBpE-
MEHHBIX MOJXOJIOB K IPOEKTHPOBAHHMIO PA3HBIX CH
CTeM: C YelloBeKOM-omepaTopoM B KoHType (CUM),
CHCTEM C 3JIEMEHTaMHU HCKYCCTBEHHOI'O HHTEJJIEKTa
(CUN), cucrem ABTOMATHYECKOTO  YIPaBJIECHUS
(CAY) u cucreM aBTOMAaTHYECKOTO PETyIHPOBaHUS
(CAP), uTO MO3BOJNMT CO3JaBaTh CHUCTEMBI yIpaBiie-

C. B. BAHIIOB, B. A. COKOIJIOB, O. B. XOMYTCKAA

HUSl TPOM3BOJICTBEHHO-TEXHUYECKMMHU KOMIUIEKCaMU
1P 0601t c10)KHOCTH.

IIpencraBneHHbIe HepapXUIecKue CUCTEMBI
YIpaBiIeHHUs] TPUMEHHUMBI HE TOJBKO IS CTal[MOHap-
HBIX W MOOWIBHBIX HAa3eMHBIX POOOTH3NPOBAHHBIX
KOMIUIEKCOB, HO U JUIA YNpPaBJICHUS JABUKEHHUEM OJH-
HOYHBIX U rpynmnoBbelXx BITJIA, mOCKogbKy W B TOM,
U B pyroM cilyyae pelaeTcs 3ajada IeJIeBoro mnepe-
metenus oprana [IP B mpocTpaHcTBe.

B craree camu o0bexTsl ynpasienus [IP (III1P)
npecTaBieHbl 0e3 ydeTa MOTPeHIHOCTe UX MeXaHH-
ki (MaHumysaTopo). OnHAKO NpH HCHOJIb30BAHUH
COBPEMEHHBIX MOAXOJ0B PACCMOTPEHMSI MAHHUITYJIA-
TOPOB Kak "HexxecTKux" M "MHOToIro(pTOBHIX", a TaK-
e CBOOOJHO MEepeMEeNIaloNINXCsl B IPOCTPAHCTBE Me-
XaHWYECKUX KOHCTPYKIMHA 3aJady MOXHO CyIIecT-
BEHHO PACIIMPUTh M PaccMOTpeTh ympasieHue 1P
B JIOOBIX peXHMax — Kak B JWHAMHYECKHUX, TaK
U B CTAaTUYECKUX C TPeOyeMOH TOUYHOCTBIO IBHKCHHUS
Y TIO3ULIMOHUPOBAHUS.

AHanmu3 TPUHITMIHAIBHBEIX 0coOeHHOCTEH, (op-
MHUpOBaHHE OOBETUHEHHOIO MaTeMaTHYECKOIro arma-
paTa u peanmu3anysi COBMECTHOTO (PyHKIMOHHPOBAHHUS
PacCMOTPEHHBIX BBIIIE MEPAPXUYECKUX YPOBHEH CH-
creM ympasieHus [IP mpencraBisieT caMOCTOSITENb-
HYI0 3a7jady, B OCHOBE KOTOPOI pacCMOTPEHHBIE BBI-
1€ CTPYKTYPHBIE CXEMBI.

Paboma evinonnena 6 pamkax eocyoapcmeenHozo 3a0a-
nusa Munucmepcmea gvicuieco obpasosanus u nayku Poc-
cuu, Homep memwvl FSFF-2020-0015.
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COMPREHENSIVE CONTROL SYSTEM FOR INDUSTRIAL ROBOTS

S. V. Vantsov, V. A. Sokolov, O. V. Khomutskaya

Moscow Aviation Institute (National Research University), Russian Federation

The article considers the control system for industrial robots (IR), including precision robots (PIR), representing the in-
tegration of systems of different levels of the control hierarchy into a single (integrated) system. There are the analyzes of
the structural diagram and the original mathematical formulation of the control task and, accordingly, the principles of con-
structing algorithms for the functioning of such systems as a whole are given. It is shown that the expansion of the range of
manufactured products requires continuous improvement of technological equipment, including both "mechanics" and the
entire complex of control devices: electrics, electronics, pneumatics, hydraulics, optics and their possible various "com-

plexes" (combinations).

The presented hierarchical control systems can be used not only for stationary and mobile ground-based robotic sys-
tems, but also for controlling the movement of single and group UAVs, since in both cases it is necessary to move the IR

unit in space to fulfill the assigned task.

Keywords: industrial robot (IR), precision industrial robot (PIR), unmanned aerial vehicles (UAVs), IR manipulator,
hierarchical structural diagram of IR control, human operator (HO), control objectives, control criteria, control optimization

INTRODUCTION

Currently, an extensive classification of kinematic
diagrams and designs of industrial robots (IR) has
been developed, including precision (PIR), respective-
ly, control systems for IRs, PIRs and various technol-
ogical processes for their use, effectively developed
and implemented in the production of a wide variety
of products [1-6].

However, the expansion of the range of manufac-
tured products requires continuous improvement of
technological equipment, including both mechanics
and the entire complex of control devices: electrics,
electronics, pneumatics, hydraulics, optics and their
possible various combinations.

It is quite obvious that this also applies to industri-
al robots and, in particular, to precision robots, which
are becoming indispensable technological equipment
in the production of microelectronic technology, opti-
cal technology and even a field rather far from tech-
nology — microsurgery. In this regard, the develop-
ment and deepening of various areas of analysis and
synthesis of the configuration of complex control sys-
tems for such technical objects as IRs and PIRs are
constantly developing [7-10].

General approaches to the control of IR can be ap-
plied, including to the tasks of organizing the move-
ment of UAVs, which seem to be initially far from the
control of stationary and mobile robots. This is due to
the fact that UAVs essentially implement the same
principles of building control systems. The only dif-
ference is that one more coordinate, associated with
their spatial movement [11], is added to the control
algorithms.

This article discusses the issues of analysis and
synthesis of generalized structural diagrams, the initial

formulation of the problem and the logic of control of
technical objects specifically related to the PIRs,
based on modern approaches of systems theories: with
a human operator in a circuit (man-machine system),
with elements of artificial intelligence (Al system),
automatic control (AC system) and automatic regula-
tion (AR system) [12].

ANALYSIS OF STRUCTURAL SCHEMES
AND PRINCIPLES OF DESIGN
OF AUTOMATIC CONTROL SYSTEMS
FOR COMPLEX TECHNICAL OBJECTS

Classification of structural schemes
of control systems

A generalized block diagram of a control system
for any fundamentally technical object (process) is
shown in Fig. 1.

A hierarchical structural diagram of the control
system for complex technical objects (including sev-
eral ones) is shown in Fig. 2.

The top level of hierarchy: a group of devices with
which a human operator interacts (here and further
English/Russian abbreviations HO/Y-O), who is the
main operating link in principle of any control system
with a human operator in the control loop; this group
of devices includes:

— devices of the information display system
IDS/COMU, presenting HO/Y-O all the information
necessary at the moment about the functioning of the
entire system;

— devices of the control tool system CTS/COY, by
means of them HO/Y-O directly introduces control
actions into the system.

102



KOMIUIEKCHAA CUCTEMA VIIPABJIEHUA IMPOMBIINJIEHHBIMHW POBOTAMU

103

Fig. 1. Generalized block diagram of the control system in any technical object (process)

Fig. 2. Generalized hierarchical structural diagram of the control system for complex technical objects

Middle levels of the hierarchy:

— groups of devices representing subsystems be-
longing to the class of systems with elements of artifi-
cial intelligence (AIS/CUN);

— groups of devices representing subsystems be-
longing to the class of automatic control systems
(ACS/CAY), synthesized and functioning in accor-
dance with the traditional methods of the modern
theory of automatic control (TAC/TAY).

Lower levels of the hierarchy: groups of devices
representing subsystems belonging to the class of au-
tomatic regulation systems (ARS/CAP), synthesized
and functioning in accordance with the traditional me-
thods of the modern theory of automatic control
(TAC).

Such an idea of the hierarchy of control of com-
plex objects makes it possible to use it not only for
controlling ground robotic objects and single UAVs,

but also for groups of unmanned aerial vehicles [13,
14].

The generalized hierarchical structural diagram of
the control system for one object is shown in Fig. 3.

Generalized vector spaces
of mathematical models
of control systems for arbitrary objects

The block diagram of the vector space of the ge-
neralized control system is shown in Fig. 1 and con-
tains:

X(#), Y(¥) — respectively, assigned and actual vec-
tors of the state of the controlled object (CO/QY);

R(#) — control vector;

Z(t) — observation vector;

E(¢) — criterion of management quality;

Fig. 3. Generalized hierarchical block diagram of a single object control system

A(?), Q(9), F(¥) — vectors of external influences on
the controlled object and restrictions on control and
resources.

The traditional (classical) formulation of the con-
trol problem consists in the formation of a control
vector R(?), that ensures the achievement of the con-
trol goal Y(#)=>X(¢) provided that the extremum of
the control quality indicator (criterion) E(f): is en-
sured: max or min and corresponding to the con-
straints A(?), Q(?), F(¢), acting in the system. On the
basis of the structural diagram (Fig. 3), the vector
space of hierarchical scheme of a single-object system
can be formed.

Hierarchical structural diagram of the vector
space of a single-object control system:

X(#) — assigned vector of the controlled object
state;

Y (1) — vector of the actual state of the controlled
object;

7., (1), Z.oy(t) — observation vectors;

RII-O (t)a RCOY (t)a RCI/II/I (t)a RCAY (t)a

HAVYYHOE [NPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 1

R, () — control vectors;

E,(?), Eqy (@), E..y(f) — control quality cri-
teria;

F‘{—O (t)’ FCOY (t)’ FCOI/I (t)’ FCI/H/I (t)’ FCAY (t)’

F..;(?), F,y(t) — vectors of external influences on

the controlled object and control systems (subsys-
tems).

With regard to the system under consideration, the
formulation of the control problem consists in the

formation of control vectors R.(¢), that secure the

achievement of the control goal Y(¥)=>X(¢), provided
that the extrema of the control quality indicators (cri-

teria) E.(#) are ensured and that meet the constraints

and external influences (noise) acting in the system.

In accordance with the structural diagram shown in
Fig. 3, the main directions of the choice of optimiza-
tion methods of the complex hierarchical control sys-
tem of the IR (PIR) considered in the article can be
determined.
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POSSIBLE OPTIMIZATION METHODS
OF HIERARCHICAL CONTROL SYSTEM OF PIR

Hierarchical level "human-operator"
At this level, all control actions Ry (¢) are per-

formed by a human operator in accordance with:

* requirements (and instructions) of technical do-
cumentation for IR;

* instructions developed for a specific IR and a
specific composition of technological operations to be
performed;

* continuously (inevitably) accumulating expe-
rience of a human operator in the process of a specific
work within the considered (specific) system.

C. B. BAHIIOB, B. A. COKOIJIOB, O. B. XOMYTCKAA

Hierarchical level of the intelligent part
of the system (AIS/CHUN)

In this problem (system), there is an optimization
of the trajectories of the working tool, implemented
by means of the drives of the manipulator of IR (PIR),
Fig. 4.

Theoretically, this task represents the finding of the
trajectory in the 3-dimensional space of the IR in ac-
cordance with the selected optimization criteria [15].

The following options for the formation of the
movement of the working tool are possible [16—18]:

Fig. 4. Illustration of the formation of trajectories

* based on the experience of forming trajectories
(in terms of the presence of accumulated data of tra-
jectories) for similar production tasks;

* based on the formation of a set of random points
in a 3-dimensional space of IR coordinates and further
using the Monte Carlo method, to determine the path
of movement from point to point in accordance with

the selected criteria E ., (¢), for example:

—max speed of movement from point to point;
— min effort that must be provided, for example,
when processing any part with a given surface
finish;
* based on the method of preliminary simulation
modeling of sequential step-by-step approach from the
initial (starting) point to the end point.

Hierarchical level of systems of automatic
control of individual links of IR manipulator

This task represents the implementation of the
movement of each individual link of the IR from one
specific point to another specific point in accordance
with the "classical" formulation of the control problem
(see above) [19-211.

The criteria for the formation of control vectors
can be selected:

* max speed, ie minimum travel time between two
specified points;

* max acceleration developed by drives;

¢ min deviation (error) from the shortest direction
connecting the start and end points.

Implementation of control task at the levels of the
hierarchy of the AIS/CHUU and ACS/CAY differ sig-
nificantly, namely:

— at the hierarchical level of the AIS/CHUU, a mul-
tidimensional control task for a complex multi-

coordinate object is being solved, in this task
the integral control vector is represented by a complex
of "mathematically" interconnected private control
vectors;

— at the hierarchical level of the ACS/CAY,
a complex of independent (autonomous) control tasks
1s being implemented, formulated at the previous level
(SAI) and being solved yet in accordance with unre-
lated control vectors.

Hierarchical level of systems regulation
(ARS/CAP level)

At the final stage, the output of the IR working tool
to the working point is executed [22, 23]. The optimi-
zation problem at this stage is no longer posed, since
the systems that implement the movement of the cor-
responding links of the manipulator are already
integral parts of the IR, namely drives, their technical
characteristics are known (speed, accuracy both in
statics and in dynamics).

CONCLUSION

The analysis carried out in this article has shown
that the tasks of creating a control system for complex
multidimensional technical objects such as IR (and
PIR) can be solved on the basis of modern approaches
to the design of different systems: with a human oper-
ator in a loop (MMS/CUM), systems with elements of
artificial intelligence (AIS/CHUM), automatic control
systems (ACS/CAY) and automatic regulation sys-
tems (ARS/CAP), that will make it possible to create
control systems for production and technical com-
plexes of IR of any complexity.

The presented hierarchical control systems are ap-
plicable not only for stationary and mobile ground-
based robotic systems, but also for controlling

HAVYYHOE ITPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 1
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the movement of single and group UAVs, since in
both cases the problem of moving IR’s operating
unit in space is being solved.

In the article, the objects under control by IR (PIR)
are presented without taking into account the errors of
their mechanics (manipulators). However, when using
modern approaches to considering manipulators as
"non-rigid" and "multi-gap", as well as freely moving
mechanical structures in space, the problem can be
significantly expanded and consider the IR control in
any modes — both dynamic and static with the re-
quired accuracy of movement and positioning.

The analysis of the fundamental features, the for-
mation of a united mathematical apparatus and the
implementation of the joint functioning of the above
hierarchical levels of control systems of IR is an inde-
pendent task, based on the structural schemes consi-
dered above.

The work was performed within the framework of the
state assignment of the Ministry of Higher Education and
Science of Russia, topic number FSFF-2020-0015.
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