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HAMPABJIEHUA AOANTAUUU U VOEHTUDUKALIUU
B UHTETPUPOBAHHbLIX ABTOMATU3UPOBAHHbBIX

CUCTEMAX YTNPABJIEHUA

DIRECTIONS OF ADAPTATION AND IDENTIFICATION
IN INTEGRATED AUTOMATED CONTROL SYSTEMS

Paccmompenvt cpeocmea u memoovl adanmayuy UHMEZPUPOBAHHLIX ABMOMATNUSUPOBAHHBIX CUCTIEM
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caua peanuzayus npoyeoyp cucmemuvl a0anmusHo UOeHMUPUKAYUY ¢ UCNOTb308AHUEM 0000 eHHbIX (ha308bIX
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The means and methods of adaptation of integrated automated control systems (IACS), object identification
procedures in the class of differential equations are considered. The implementation of adaptive identification system
procedures using generalized phase coordinates is described.
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BBenenue

B HacTtosiiee Bpemsi HH(GOPMAIIMOHHBIC TEXHOJOTHH
OKa3bIBalOT CYIIECTBEHHOE BIMSHHUE HA PAa3BUTHUE MalllU-
HOCTPOUTEIBHOM OTpaciiu, O3B0 pelliaTh KOMILIEKCHO
BOTPOCH aBTOMATH3alUU (YHKIUH YIOpaBICHUS aJMU-
HUCTPATUBHO-XO3MCTBEHHOM, MH)KEHEPHO-TEXHUUECKOH,
MPOU3BOACTBEHHO-TEXHOJIOIMYECKOM U COLMAIIbHOMN Jies-
TEJIbHOCTBIO MPEANPUATHH.

Kax cnenctBue, 11t MHOTOYPOBHEBOW CTPYKTYPBI
YIpaBIEHUS MPEANPUITHEM BBUIY CIOKHOTO XapakTepa
B3aUMOCBSI3€l CTAHOBUTCSl aKTyaJbHOM 3a/iaua MHTerpa-
LMW aBTOMAaTU3UPOBAHHBIX CUCTEM YIIPABIICHUSI.

Bei6op cpenctB unTerpanuu ACY opraHu3anyoH-
HBIMH H TEXHOJIOTHYECKHMH OOBCKTaMH JIOJDKEH o00e-
CIICYNBATh WX (QYHKIHOHAIBHYIO, HH()OPMAIMOHHYIO,
TEXHUYECKYI0, IPOrPaMMHYI0 U OpPraHMU3alMOHHYIO CO-
BMECTUMOCTb.

[Ipu 3TOM M3MEHYMBOCTb U CJIOKHOCTb XapakKTe-
pUCTHK OOBEKTOB W BHEMIHEW CPEabl, a TaKXKEe POCT
TpeOOBaHUI K TOYHOCTHBIM M TEXHHKO-IKOHOMHYE-
CKUM XapaKTEePUCTHKAM CHCTEM BIIe4eT HEOOXOmu-
MOCTb NPUMEHEHUS] NPUHILMUIIOB aJanTaluu, KOTOpbIE
[O3BOJIIOT HauyaThb HPOLECCHl HU3MEHEHUsS Iapame-

TPOB, CTPYKTYPHI CUCTEM MU YIPaBIAIOMIMNX BO3ACH-
CTBHUH CIENBIO JAOCTHXECHHUS ONTHMAJIBHOTO KadyecTBa
ympasnenus [1].

Ananraunus B HHTErpupoOBaHHbLIX
ABTOMATU3UPOBAHHBIX CUCTEMAX YIIPABJICHUSA

Bribop cpenctB unTterpanun ACY opraHu3anuoH-
HBIMH M TEXHOJOTHYECKUMH OOBEKTaMM JIOJDKEH o00e-
crieunBaTth WX (QYHKIMOHAIBHYIO, WH(OPMAIMOHHYIO,
IPOTPaMMHYI0, TEXHUYECKYIO M OPraHU3AIOHHYIO CO-
BMECTUMOCTb. [IpH 9TOM TEXHOJIOTHsI CUCTEMHOTO yIpaB-
JICHUS! TOJDKHA 00ECIIeUTh 3aJaHHbIe TEXHUKO-9KOHOMU-
YecKHe TII0Ka3aTel MPOU3BOJCTBEHHON JIESTEIbHOCTH
M BBICOKOE Ka4yeCTBO IPOAYKINH, YUUTHIBATH HTEPaTHB-
HBIN XapakTtep nporecca paspadorku MACY.

B cocra MACY BKIII04AIOTCSI CPEACTBA U IPOLEAY PBI
ajanTanuy, oOECIeUNBAIOIINEe HAKOIUIEHHE, 00paboTKy
JAHHBIX, TIOCTPOEHUE MOJEIH, IIEPECTPONKY CTPYKTYpPbI
U periilaMeHTa penieHns KommmiekcoB 3axad MACY [2, 5].

B pesynbrare perieHns 3a1a4 aganTanuyl yTOUHSIIOTCS
COCTaB M CTPyKTypa Komruiekca 3agad NACY, m3menseTcs
PETIaMEHT UX PEIICHUS.
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Hens ¢dyaxmmonupoBanus MACY moHmMaeTcs Kak
ONITHMM3AINS BENHYHHBI J(C), KOTOpas 3a1aeTcs B BUIE

J(©) = f QG OP()dT = MA{Q(, O}, (1)

[le X — BEKTOp CIy4YaifHOro mporecca, oToOpaxaro-
IIETO 3HAYEHMUsT KOHEUYHBIX mokasareneiit MACY ¢ mior-
HOCTBIO pactpenencuust P(x), ¢, — N-MepHBIH BEKTOD
mapaMeTpoB, XapaKTEPU3YIOIINIl COCTAB U B3aHMOCBSI3H
anementoB UACY; O(x, ¢) — 3amannas ¢GyHKus (Ha-
npumep, Gyukuus sppexrusnoctn MACY); M- — mare-
MaTHYECKOE OXKUIAHHE.

[TnoTHOCTH pacmpeneneHus P(X) MOJTHOCTBIO HEU3-
BECTHA, BRIOOPKA X YBEIHMUYMBACTCS B MPOLIECCE PEIICHUS
xoMIutekca 3aaad MACY.

TpebyeTcst olpe/IenuTh HapaMeTpsl (€), COOTBETCTBY-
rome ontumymy J(c).

[Tapamerpsl ¢ OOPEACIISAIOTCS U3 YCIIOBUI

V](E)sz{ch(fl C_)} = 0:

)

1005 = (5@(92, 0 50ED) S0 5))

§cg ' 8¢, T Scy

rne V O(x, ¢) — TpajuenT ciy4aiiHoro (yHKIHOHANA
O(x,c) mo c.

ANTOPUTMBI afanTaliy Mo HAOIIOJaeMbIM 3HAYCHU-
am x, ¢, V O(X, ¢) N0omKHBI 00ecTieunBaTh OnpesieicHue
OLICHKU BEKTOpA C.

B 3amade oneHkn napaMeTpoB OOBIYHO 3aJaHbl pea-
JU3AIHS CIy9aiHOTO Tporecca x(#) ¥ KpuTepuil KadecTna
OLICHMBaHMs U TPeOyeTCs HANTH OLEHKY XapaKTePHUCTHK
nporecca x(f), TaKMX KaKk MOMEHTBI pacrpe/ieNieH s, KBaH-
THJI, TUIOTHOCTh PACTIPEICIICHUS U T.]1.

Crnennduka agantauuu nHTerppoBannsix ACY 3a-
KIIFOYAa€TCsd B TOM, YTO IIPU MHTCTpAllUM BO3HUKAIOT H0O-
TIOJTHUTEJBbHBIC CBSI3M W OTPAaHWYEHUsI, KOTOPbIE U3MEHSI-
I0TCSI B pe3yJIbTaTe PeIeHHUs 3a/1a4 aJanTalHH.

Kak mpu umHTErpanmuu Ha OJHOM ypOBHE Hepap-
XMYECKOH CHUCTEMBI YIpPaBJICHUS, TAK U B MHOTOYPOB-
HEBOI cHUCTeMe OJHOW M3 OCHOBHBIX SIBISICTCS 3ajada
pacupeneneHust QyHKIHMM aJanTallud MEXAY IOJCH-
creMaMH. B MHOTOypoBHEBOII cucTeMe pacnpe/eeHne
GyHKUIMI aganTanud JOJDKHO OCYLIECTBISTBHCS KOOP-
JUHHUPYIOLICH CHUCTEMOIl Ha OCHOBE pelleHHs 3aaad
amanranuu [3].

Jns a3 exTrBHON MHTETpAH HEOOX0IMM 000CHO-
BaHHbII BEIOOD CTPYKTYPBI  COCTaBa MIEMEHTOB CHCTEMBI
agantuBHON naeHTHuKarmn (CH), BEIOOp aXropuTMOB
CH, xotopsie 00ecIeunBarOT MOCTPOSHUE MOenel pas-
JMYHBIX CTPYKTYPHI U TOYHOCTHU JUISl Pa3IMYHBIX KOMIIO-
nenroB MACY.

YunTeIBas pazHooOpasue 3meMeHToB B cocTare MACY,
B ocHOBY noctpoeruss C1 MACY moxeT OBITh TONOKEeH
MOAXOM K TUTIOBOM MIEHTH()HUKAIIIH, OCHOBAaHHBIN Ha HC-
MTOJIF30BaHUH METO/a (Da30BOM TUIOCKOCTH, TAC MCXOIHBIH
WACHTUQHUINPYEMBI Tporecc (Hampumep, MepexogHast
dbyHKIMA) HccnemyeTcss B 0000MEeHHBIX (a30BBIX KOOP-
muHatax (ODK) u mpencrasisercs B BHAE HEKOTOPOTO
HEJIMHEHHOTO COYETaHUs OTHOCHUTEIBHBIX ITPONU3BOAHBIX
OT MCXOJHOTO Tpolecca — 0000LIeHHBIX (ha30BbIX H30-
opaxenuit (ODPU). C yuetom crieruduxu MACY CU mo-
JXKET GBITI) npeacTaBjicHa KakK OecIoncKoBas aZlariTuUBHasA
cucTeMa YIpaBicHHUsS HICHTU(UKAIIMECH C STAJIOHOM —
TUIIOBOU MOJEJBIO.

Metoapl UACHTH(GHUKALUN ETCPMUHUPOBAHHBIX U~
HAMUYECKUX OOBEKTOB IIO3BOJISIIOT IOJYYHUTh MOJIEINb
o0bekTa B BHIE NUGGEPEHIMATHHOTO YPABHCHHUS JIUIID
TOT/a, KOT/Ia STAJIOHHYIO MOJEIb MOXKHO CUUTATh JIMHEH-
HOH 110 mapamerpaM. Takoe orpaHuueHne JJist OOJIBIINH-
CTBa MIPOM3BOJICTBEHHBIX 3B€HBEB MM TEXHOJIOTHYECKOTO
npolecca HeJJOIMYCTUMO, TaK KaK 3aBe/IOMO M3BECTHO, UTO
XapakTep 3aBUCHUMOCTH, HAIpuUMep, (YHKIUH BBITYCKa
MIPOIYKIIMH OT PECYpPCOB HETMHECH.

[Iporecc MoCTpOCHUS M UCIIOTH30BAHUS aJAITUBHBIX
MoJIeTie 0OBEKTOB BKIIIOYACT MOTYICHHE UCXOTHBIX JTaH-
HBIX, IOCTPOCHHUE U UCTIONB30BaHUE MOJCTICH MIPH MPUHS-
THUH YIPABICHYCCKUX PEIICHIH.

VcxonHble TaHHBIE JODKHBI 0OCCIIEYHTH TONTydeHHUE
WHPOPMAITUH, HEOOXOOMMOM I TOCTPOSHHST MOIENeH
Pa3NUYHBIX KJIACCOB M CIIOXKHOCTH. UeM rpybee Momelns,
TEM MeHbIIe HH(OPMALINU UCHIONB3YyeTCsS pH 00padoTke
HCXOHBIX JTaHHBIX, 1 HA000poT. B 3aBucumocTH oT pe-
[IIAEMBIX 337a4 TPeOyIOTCS MOAETH pa3Hoil TouHOCTH. [1o-
3TOMY Ba)XKHOH SIBJIICTCS IPOCTOTa (POPMUPOBAHUS MOJIC-
JM Pa3IMYHOI CIOKHOCTH M3 OJHOTO M TOTO K& Habopa
JaHHBIX.

HNnentudgukanus odbexkTa
B Kiacce qnddepeHInaNbHBIX yPaBHEHUH

[Ipouenyps! ucnons3zosanus moaesneit B MACY B cxe-
Max MpPUHITUS PEUICHHH JIOJDKHBI OOecreurBaTh Jua-
THOCTHKY HapyUICHHH MpPU ONEpPaTUBHOM IUIAHWPOBAHUH
W PEryJIMPOBAHUM NTPOM3BOICTBEHHBIX OOBEKTOB, PETYIIH-
POBaHMM TEXHOJIOTMYECKUX IPOILIECCOB, YIIPABICHUN Ka-
YECTBOM IPOAYKIMHU [4].

B mensix MHOTOBapHaHTHOTO HMCHOJIB30BAHHS HCXOJI-
HBIX JIaHHBIX JUIS TTOCTPOCHMS MOJENH IielecooOpas3eH
BBIOOP TaKWX aJITrOPUTMOB, KOTOpBIC OOECIIEUMBAIOT II0-
CTPOEHHE CIIOXKHBIX MH()OPMATHBHBIX MOZIEIIEH, HATIPHMED
B KJIACCE CTOXACTHUYECKHUX TU((epeHINaNbHBIX yPOBHEN
C YYETOM CYTEPIIO3UIIMOHHBIX 3aKOHOB PacIpeieIeHHs
CITy9aifHBIX MTapaMeTPOB, a TaKXKe JFOOBIX 0oJiee MPOCTHIX
MOJEJIEN.

Tun nuddepernnanbHOr0 ypaBHEHUST BEIOMpaeTCs
C y4EeTOM XapakTepa IMPOU3BOJCTBEHHOIO 00BEKTa, YTO
omnpexaenseT BIOop cooTBeTcTBYtomero O®U (tadm. 1).
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B cnyuae, eciim oTcyTCTBYeT HH(POPMAIHMS O THIIE JTa-
JToHHOTO mudGepeHINaTFHOTO YpaBHEHHUSA, KOTOpOe
COOTBETCTBYET UACHTU(DUINPYEMOMY OOBEKTY, U3 BO3-
MOXHBIX O®DU BBIOMpAIOTCS Takue, KOTOPhIE MOXKHO
aNMmpoKCUMHUPOBaTh Oojee mpocTol QyHKIHWEH mpu

OIIMHAKOBOM CpPEIHEKBAAPATUUYECKONM MOTPELIHOCTH.
Jns sToro mepen anmpokCUMaLMeR OCYLIECTBIISIETCS
Ka4eCTBEHHOE CpaBHEHHE rpadukoB BO3MOKHBIX ODU
JUIS KaXKJIOM peann3anuu y(t) ¢ menpio BeIOOpa Oomee
npocTtbix ODU.

Tabnuya 1. Ilpumeps! 1uddepeHnaNbHBIX YPaBHEeHHIl, oToOpaxkaomux pasanyasie OOU

OyHKIMA, alllTPOKCUMUPYIOLLAs JuddepennnanbHoe ypaBHEHUE,
Bun OO
(017} agexBaTHoe ODU
6(x) §=a Xx—ax =0
x() x=a ¥—ax=0
A(x) A=a i—25-0
X
p(x) p=a i-2i=0
X
85(x) Ss=a g rEre o
X
5(x) §=k+cx PR P
c c
51 §=k+ch x—ﬁ(k—f)zo
cx x
d(p) §=k+cp ,-C-_i(k_f)zo
cx x
5(85) § =k +c8s F-[(c+DE—k]=0
x
A) =k+ch kx
x( X c X — x2=0
X2 — cx?
=k + Jex
x(p) X cp __ 2 _
X —cx
x(55) x=k+cbs P
X —cx
A(p) A=k+c .k
P P X — - x2=0
X —cx
_ cx — kx
A(6s) A=k+cds _ 2 _
x(cx — x)
_ cx — kx
p(8s) p=k+cés i x=0
x(1—-o¢)
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Ecnm Momens o0bekTa MIIETCS B Kiacce JTMHEWHBIX
nudQepeHInaTbHbIX YPaBHEHUH C TTOCTOSTHHBIMH Tapa-
MeTpaMH TpU COOITIOICHIH PaBCHCTB Sy =Cc My, =C,,
MM P = C, TO pe3ysIbTaTaMu HUICHTU(UKAIINNA COOTBET-

y
CTBECHHO SBJISIOTCA CIICAYIONINE COOTHOIIECHUA:

y—C5y=O,I/IHI/Ij}—CXy=O,1/IHI/Ij}—CPy=O_ (3)

Ecnu mMonenb o0beKkTa MIIETCSl B Kiacce JMHEHHBIX
i depeHnnanbHbIX YpaBHEHUH 2-T0 Opsi/Ka BUIA

y+ay+ay=0, 4)

TO pacyeT Ko3(QPUIMEHTOB a; U d, MOXKET OBITh OCYIIECT-
BJIEH Ha OCHOBE COOTHOIICHHUH

_ Xy Xy _ Xy~ Xy\Py
al - 5 > aO - s bl
Sy Sy
(5)
_ Yy Xysyryey 9y-()?
L7 yy—y2 0 8 yi-?

OTH COOTHOMIECHHS CIEIYIOT U3 PEIICHHSI CHCTEMBI,
B KOTOPYIO BXOJSIT ypaBHEHHE (4) 1 ypaBHEHHE

y+a;y+agy =0, (6)

[Tonygennoe B pe3ynbrare AudQepeHInpOBaHHSL
ypaBHeHUS (4).

Ecnu Momens o0bekTa MIIETCS B Kiacce JTMHEWHBIX
muddepeHIMATbHBIX YPAaBHEHUH ¢ TIEPEeMEHHBIMH Tapa-
METPaMH, TO aHAJOTUYIHO (4) BMECTO TIOCTOSHHBIX Cg, C,p
uc, OyIyT NCTIOIH30BaHB! (QYHKITMH BpeMEHH, a (popMyIb
(5) BUAOUBMEHSATCS CIEAYIOIHUM 00pa3oM:

X = 25(®)
85, () (7

Xy ()8 (6)=xy ()P (1)
85, (1)

a,(t) =

ag(t) =

CoortHomteHus (7) NOIy4eHsl MyTEM PELIeHUs CHCTe-
MBI ypaBHEHUH

1 = x5

a(t) = ,
! 85, (t) 5
_ Xy(t)ay(f)_ly(t)Py(t) ( )
ao(t) = I O

TIPU yCIIOBHMH, YTO TIAPAMETPEI &, (1) U a,(t) MEHSIOTCS Cy-
IICCTBEHHO MEJUICHHEE, YeM caM Iporecc y(?).

IIpu sTOM cooTHOmEeHUs dyy K agy; d1y K aq
OYEBHUIHBI JUISl TPOM3BOACTBEHHO-TEXHOJIIOTHYECKHX CH-
CTeM U 3BEHBEB, TE CBOWCTBa 0OBEKTa(TIpoliecca) n3Me-
HSFOTCS MeJIeHHee (DYHKLIMH BBIITyCKa.

Ecim Momens o0beKTa HIETCS B KJIACCE HEIMHEN-
HBIX AuQQepeHIHaTbHBIX YPAaBHCHHH C TOCTOSHHEI-
MU TapaMeTpaMu MpH COONIONEHHWH CIEAYIOIHUX CO-
OTHOIIICHHUH:

Ay(t) =y, 65y(t) = (156, (9)

TO Pe3yJbTaTOM HJICHTU(QHUKAIMKA OyayT COOTBETCTBEHHO
muddepeHnmanbHbie ypaBHEHHs

yy—ay =0umyy -y —asy) =0 (10)

Ecimm xnace auddepeHumanbHbIX  ypaBHEHHH HeH3-
BECTEH, TO WJSHTH(HKALMS OObEKTa IPOU3BOIAUTCS MOMI-
CTaHOBKOH B (pyHKIIMIO, anmpokcumupytonryro OPU, coor-
HomleHuil, coorserctByronmx O®K, BXomsaummx B JaHHOE
O®U. AHanoruusble NpoLERYpHI MOMYHEHUS JIMHEHHBIX
W HEJIMHEHHBIX U PEepeHIMaIbHBIX YPABHEHUH C TIOCTOSTH-
HBIMHU KO3()(HUIIEHTAMI MOYKHO MPUMEHSTh U I UIICHTH-
(prkarmK 0OBEKTOB B KJIacCe CTOXacTHUeCKuX anddepennu-
IBHBIX YPABHEHMH 110 YCPETHEHHOH pean3aliu Y (7).

Hcnoab3oBanue Mojgesien
TeXHOJOTHYECKHX MPOIEeCcCOB

KoHTpomp TexmporieccoB, KOTOPBIA BEAETCs M0 Tpa-
(hugeckoif 3aBUCIMOCTH V(?, @) 3aKJII0YAaeTCs B CPABHEHUH
y(t) ¢ rpadukaMu, 0TOOPAKAIOIIUMH PA3INIHBIE COCTOS-
Hus TII. B nensx ynpouieHus airopurmMa CpaBHEHUsI rpa-
(hUIecKuX 3aBHCUMOCTEI OHM MOTYT OBITH JITHEAPH30Ba-
HbI ¢ ToMompo ODK.

Ecnu monens o0bexTa (Tporiecca) moxydeHa B Kiiac-
ce muddepeHInaNbHBIX YPAaBHEHUH, TO €€ MOXHO HC-
nmons3oBaTh B MACY mpu BbIpaboOTKE YIPaBISIONINX
BO3JICHCTBUM C y4eTOM JUHAMHUYECKUX CBOMCTB YIIpaB-
JSIEMBIX 0OBEKTOB.

Oobecnieuenne crabmibHOCTH nporiecca B MACY mo-
JKET OBITh OCYIIECTBJICHO, B YACTHOCTH, HA OCHOBE COIO-
CTaBJICHUS d)/y € VoV THE Y, ¢ MYy, — COOTBETCTBEHHO
(hakTHUecKas U TIIAHOBasl (PYHKLIUH BBITYCKa.

[IpakTryeckass peanusanys MPOLEAYP CHCTEMBI
aJanTUBHON MaeHTH(uUKauuu ¢ ucnoiab3zoBanneM OODK,
B YAaCTHOCTH, WUTIOCTPUPYETCS CIEIYIOMINM 00pa3oM.

1. IomydyeHne MOPOXKIAIONUIETO Pa3JIUYHBIE CO-
CTOSHMSI 00BeKTa AUPPEPEHIHAIBHOTO YpaBHEHUS
V+ap+ay+ay=0 g ucXonHON 3aBUCUMOCTH
y() = (C, + Cyt + C3t2)e*“’, oTtoOpaxarouieil, Hanpu-
Mep, BBIITYCK MPOJYKIUHU TPH HEKOTOPHIX CIICIHAIIb-
HBIX YCIIOBUSIX, 3aKJII0YACTCsl B HAXOXJICHUU KO3 du-

ap=A=a%a, =2=3a%a,=2=3a
IIUEHTOB c B
Mo W300pakeHWIO )(7) B TPEXMEPHOM IIPOCTPAHCTBE

¢ KOOpAWHATAMHU X, X, Y 3necy A, B u C — otrpes-
y y vy

k#, orcekaembie ODU 3aBuCUMOCTH y(f) HA OCAX ITUX
KOOP/IMHAT.
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2. Tloctpoenne muddepeHInanbHOTO YpaBHEHHS
Yy + 32y — 2y3? = 0, 0TOOPAKAIOUIETO PEIKUMBI BBIITY-
CKa MPOAYKIWU {b} HAIS TMPOU3BOACTBEHHOTO IIpoIllecca
W(t) = (at + C)b, 3axmogaercs B Haxoxaeann OPK Buma

1 = yy _ B-1

vy T 5 u nocneayromem auddepeHTupoBaHII

dAy
1o BpeMeHu —2.
dt
3. Haxoxnenwe auddepeHInanibHOro ypaBHEHUS,
MHBapUaHTHOTO K MapaMeTpy 4 UCXOTHON IMIUPUUYECKOI
3aBUCHUMOCTH y = AeP, xapakrepusyioleil, Harmpumep,
BUJI pa3JiaJIki yIPaBJIsieMOTro TEXHOJIOTHYECKOTO poLec-
ca, obecrnieunaercs Beibopom OOK tuma y, = A , x; = x,
Y
5y8
e /Lgy e

6y2

JluneapuzoBanHoe N300pakeHNHE y MHBAPUAHTHO K A

3b
U PaBHO MOCTOSHHOMY YHCIY /15y =—
4. Jluneapusauus u OmNpeJIeIeHUE TAPAMETPA G,
orapu(MHUIECKH HOPMAJIBHOTO 3aKOHA pacTIpe/IeIeHUs

1 _(lnx—a)2
W(x) - xa\/ﬁe 202 / ocymectisiorcs B ODOK
w as
tuna y, = 1/(3,, + 8, x), rie 8, = -~ 5, = d_;z_

D PeKTUBHOCT MPOLETYyp CUCTEMBI aJallTHBHON
naeHTU(UKAIINE 00YyCIOBIIEHa BO3MOXXHOCTBIO JIHHEa-
pH3aLUN HCXOIHBIX 3aBUCHMOCTEH, KOHTPACTUPOBAHUS
oTtkioHeHn B ODK a1 ompeeneHHbIX MmapaMeTpos,
MOCTPOCHUSI MOJeJeH, WHBAapUAaHTHBIX K HEKOHTPO-
JUPYyEeMbIM TapaMeTpaM, a TakkKe YHHBEPCAIbHOCTHIO
O®K u mpoueayp NOCTPOCHUS Ha UX OCHOBE Mojeiei
Pa3IMYHBIX KJIACCOB, B TOM 4HCIe Kjiacca auddepeH-
OUaJIbHBIX ypaBHeHI/Iﬁ, KOTOPEBIE APYTUMH U3BCCTHBIMU
METOZaMH HE MOTYT OBITh MOJyYeHBl. DTH PE3yJIbTaThI
ONpeNeNAloT LeNeco00pa3sHOCTh IOCTPOCHHS Ha OC-
HoBe nporenyp OPK — ODU tunosoil, aganTUBHOIM
CUCTEMBbI MJICHTHU(HUKAIMH, ACHCTBYIOIEH MPU MPOEK-
THPOBAaHUU U (QYHKIMOHUPOBAHUHU Pa3IMUHBIX KJIACCOB
Moneneit UACY.

Bbubanorpadguyeckuii cnucox

1. ®eodanor A.H., bapanos H.E. O630p pa3Burus
ACY mpom3BOACTBOM H THIIOBBIE PUCKH BHEIPECHUS CH-
crembl. CoBpeMEHHasl HayKa: aKTyaJlbHbIE MTPOOIEMBI Te-
opun u npaktuku. Cepust: EcTecTBEeHHBIE 1 TEXHUUECKHE
Hayku. 2019. Ne 3. C. 116-119.

2. AmmaroB J[.A. Ilpumepsl peanu3anyuy UHTETPHU-
POBaHHBIX CHUCTEM yIpaBieHus // MexayHapouHblil cTy-
JIeHYeCKUH HaydHbIi BecTHUK. — 2019. — Ne 6. C. 41-45.

3. KanuranoB A.B. OcoOeHHOCTH HCCIIEI0BAHUS
CaMOOPIaHU3YIONIUXCS aalTUBHBIX cucTeM // BecTHHK
MITY «Crankun» — 2016. — Ne 4(39). — C. 109-112.

4. Kamuranos A.B., [Tonos A.Il., ®eopanor A.H.
WurerpupoBaHHble IPON3BOACTBEHHBIE crcTeMbl // CBa-
pouHoe npou3BoAcTBo. — 2019. — Ne 7. — C. 53-56.

5. Eropos FO.IL., ITsarako A.U., Eropos JI.I1. O0e-
CIIeYEeHHE HaJIeKHOCTH WHTETPHPOBAHHBIX ABTOMAaTH3M-
POBaHHBIX CHUCTEM CHELMAILHOTO Ha3HAUCHUSI HA dTalax
MIPOCKTUPOBAHMSL. // ABTOMATH3aIUs MIPOLIECCOB yIpaBie-
Hust. — Ne 4 (50) 2017. — C. 5-13.

References

1. Feofanov A.N., Baranov N.E. Review of the
development of automated control systems by production
and typical risks of implementing the system. Modern
science: actual problems of theory and practice. Series:
Natural and Technical Sciences. 2019. No. 3. pp. 116-119.

2. Alpatov D.A. Examples of implementation
of integrated control systems // International Student
Scientific Bulletin. — 2019. — No. 6.pp. 41-45.

3. Kapitanov A.V. Features of the study of self-
organizing adaptive systems // Vestnik MSTU Stankin. —
2016. — Ne 4(39). — pp. 109-112.

4. Kapitanov A.V., Popov A.P., Feofanov A.N.
Integrated production systems // Welding production. —
2019. — No. 7. — pp. 53-56.

5. Egorov Yu.P., Pyatakov A.l, Egorov D.P.
Ensuring the reliability of integrated automated systems
for special purposes at the design stages. / Automation of
management processes. — No. 4 (50) 2017. — pp. 5-13.

Mewrkos Banepuii I'ennadbeguy — KaHja. TeXH. HayK, JIOIL., 0L Kaeapbl aBTOMAaTH3NPOBAHHBIX CHCTEM 00padoT-
ku uH(popmarmu u ynpasieraus PI'BOY BO «MI'TY « CTAHKWH»

mkt3@mail.ru

Meshkov Valeriy Gennadyevich — candidate Sc. of Engineering, docent, associate professor at the sub-department
of «Automated information processing and management systems» of MSUT “STANKIN”

mkt3@mail.ru

Kongpnuxm unmepecos: aBTop 3asBisieT 00 OTCYTCTBHU KOH(INKTa HHTEPECOB.
Conflicts of Interest Statement: The author has no conflicts of interest to declare.

12

BectHuk MI'TY «CTtaHkuH» Ne 3 (62), 2022



AUTOMATION AND CONTROL OF TECHNOLOGICAL PROCESSES AND PRODUCTIONS

VIK 62-50:004.057.8 PJI. ITymkos, C.B. EBcraduena, A.D. CexpmoB

R.L. Pushkov, S.V. Evstafieva, A.E. Sedmov

PA3SPABOTKA MAPAMETPUYECKOIO LIUKITA OBEPABOTKU OETAJEN
TUNA TEJNA BPALLEHUA CO CNOXHbIM NPOPUIIEM

DEVELOPMENT OF A PARAMETRIC CYCLE FOR PROCESSING
ROTATION BODY TYPE PARTS

B cmamve paccmampueaiomes ocobennocmu pazpabomku napamempuiecko2o yukia 0 0opabomxu demaieu
muna mena epawjenus. Cvoem mamepuana ¢ no8epXHOCMuU 0emanu 0Cyujecmeaisaemcs 3a Heckonvbko smanos. Koumyp
KOHEUHOU 0emaiu ONUCuleaemcs noivzosamernem nHa sizvike G-xooa. Ilapamempuueckuil yuri, HANUCAHHBII HA A3bIKE
BbICOKO20 YPOBHS, NPUHUMAEN 8 KAYecmeae napamenpos nolb3068amens UHPOpMayuio 0 KOHmype KOHeUHOU 0eman,
mexHonozudeckue ocobeHnocmu 0bpabomu. B ciyuae neeosmosicnocmu 6bl00pKU MAMEPUANA 3020MOBKU, YACTb
KOHMypa agmomMamudecku uckaiovaemes uz oopabomxu. Ilposedeno mecmuposanue paspabomanno2o yuxid.

The article discusses the features of the development of a parametric cycle for processing parts such as a body of
revolution. Removal of material from the surface of the part is carried out in several stages. The contour of the final
partis described by the user in G-code language. The parametric cycle, written in a high-level language, takes as user
parameters information about the contour of the final part, technological features of processing. If it is impossible to
select the workpiece material, a part of the contour is automatically excluded from processing. The developed cycle
was tested.

KoroueBble cjioBa: ynpasistionias porpaMma, napaMmeTpudeckuii nukin oopadotky, cuctema UITY, cTaHOK, sS3bIK

BBICOKOT'O YPOBHSI.

Keywords: part-program, parametric cycle, CNC, machine-tool, high-level language.

BBenenue

CoBpemennsie cucteMbl UITY 1omkHBI 00ecnieunBaTh
HE TOJIBKO BBITIOJIHCHHUE CBOUX (pyHKHI/IOHaJ'lBHBIX BO3MOX-
HOCTEH, HO M NPEAOCTABUTH IOJIb30BATENI0 MAKCUMAIIb-
HOE YUCII0O MHCTPYMEHTOB JIJIsl yIOOHOH paboThl M UHTE-
rpaiuu cucteMmbl YIIY B mpou3BOACTBEHHBIN Mpolece
Oosiee BrICOKOTO YpoBHs [1-3].

Jleranp THIa Tesia BpallleHUs He BCeria MOXHO o0Opa-
00TaTh 3a OJIMH MPOXOJI PEKYIIEro HHCTpyMeHTa. OOBIYHO
00paboTKa mpeIcTaBIsIeT COOO0H, TIOCIOHHOE CHITHE MaTe-
puana. Kaxnplii mpoxon pesua npudimkaer oopadarsiBae-
MYIO 3aTOTOBKY K pa3Mepam jeraid. [IporpaMMuct Bpyd-
HYIO OIMCHIBACT NIEPEMEIICHNSI HHCTPYMEHTA C IIOMOILIBIO
G-Ko/1a, PacCYMTHIBACT ITPOMEXKYTOUHBIE KOOPIUHATHI TO-
YeK, YUUTBIBasI IIPUIYCK HA YNCTOBYIO 00pabOTKY, 4TO 3a-
HUMaeT OOIBIIIOE KOJTHYCSCTBO BpeMeHH. J[JIst cokpamieHus
BpPEMEHH Pa3pabOTKH YIPABIIONICH TPOTPaMMBbI, YMEHbB-
IICHUS YMCIIa BO3MOXKHBIX OITHOOK, YIPOIICHUS TECTUPO-
BaHUA (B 00IIeM ciydae B TIPOTpaMMe MOXKET OBITH OITH-
caHa He TOJBKO 00paboTKa KOHTYpa, HO M MOCIEIyomas
00paboTka mpoTodek, 00padoTka Ha TOPIEBOI TTOBEPXHO-
CTH IWJIMHIpPA W T.JI.) MOKHO HCIOJNB30BaTh MapaMeTpu-
YEeCKHUH IUKII 00pabOTKH CIOKHOTO MPO(HIIS AeTaIH THTIA
Texa BpamieHus. B 3Tom cirygae monb3oBarens pa3onBaeT

BECh KOHTYP Ha NMPSAMOJIMHEHHBIE MM KPYTOBbIE yJacTKH,
BBOJUT HEOOXOTUMBIE MapaMeTpbl 00pabOTKH U BBI3BIBA-
eT IMKJI TOKapHOW 00pabOTKM B OCHOBHOI yIpaBIIAIONICH
mporpaMMe. PacueT KoOpIuHAT TOUEK MEpeMEIleHHs pe-
JKYIIIETO MHCTPYMEHTAa pean3yercss BHyTpu nukia. Ox-
HUM U3 IPEUMYIIECTB LIUKJIA SBISIETCS OMMCAHNE KOHTYpa
JUTSL TIOCTIEAyIoIIel 00paboTku Ha si3bike G-Kona U sI3bIKa
BBICOKOTO ypOBHS [4].

Cxema padoThl HUKJIA

Cxema pa0oThl UKIA MPEACTAaBICHA HA PUCYHKE 1.
ITonp30BaTenp, COMIACHO YEPTEXKY, OMUCBIBAET KOHTYP
Jeranu Juisi 00padotku Ha si3bike G-kona. [Ipu sTOM KOH-
Typ ONHUCHIBAETCS KaK COBOKYMHOCTb JIMHEMHBIX M KpYy-
TOBBIX 2J1eMeHTOB. MH]opMaIus o KOHTYpe COXpaHseTCs
B (aiine. 3aTteM 3TOT (ailyl TOCTYIACT B YTHIIUTY, KOTOPAst
npeoOpa3yeT OMMCaHHBIA KOHTYpP B MAaCCHB JITaHHBIX, pa3-
6uBas BeCh KOHTYp Ha 3JIEMEHTAPHbIE YIaCTKH — IIPSIMO-
JMHEHHBIE W Kpyrosble. B MaccuBe OymeT comepikaThCs
nH(pOpMAIS 0 KayKIOM 3JIEMEHTE: HadaJIbHAS U KOHEUHAs
TOYKa JIEMEHTA, TUI IEMEHTa — HPSMOIUHEHHbBIN HITH
KpyroBoi. Eciau aneMeHT KpyroBoil, TO IOIOJIHUTENBHO
OyzmeT cozepKaTbCsi paguyc OKPYKHOCTH, HAlpaBICHHE
repeMeneHus — 10 WU IPOTUB YacoBOM cTpenke. Daiin
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Puc. 1. Cxema paboTsl nukia 00pabOTKK AEeTaIH THIIA TeJla BPAICHHUs

C OMUCaHNeM KOHTYpa B BUJE MAaCCHBA IIEMEHTOB COXpa-
HSICTCS W 3aTE€M ITOIKITIOYAeTCs B KaueCTBE MOIIPOTrpaM-
MbI K OCHOBHOMH ympasistomieil nporpamme. Mexons u3
OTIFICAHMS JIEMEHTOB B CAMOM ITMKJIE PaCCUUTHIBAIOTCS
HE0OXOMMMBIEC BEIHYMHBI MEPEeMEIIeHUI 0 KOOpAWHA-
TaM z U X, HeoOXOOMMBIe ISl BEIOOPKH CJIOS MaTepua-
JIa 32 YKa3aHHOE KOJIUYECTBO IPOXOI0B B COOTBETCTBUHU
¢ KOH(Urypamuei KoHTypa JIeTalu.

AJITOPUTM PadoThl HUKJIA
OcHoBHast ujesi padOThl anropuTMa 3aKIIYaeT-

Cd B TOM, YTO KOHTYP MOXKCT OBITh p336I/IT Ha 3JICMCH-
TbI, IPU 3TOM Ka)K}ILIﬁ QJICMEHT MOKET MpPpUHAIJICKATDh

K OJHOMY M3 TPEX THUIOB: NMPSIMOJHUHEHHBIN 3JIEMEHT,
napajjieabHbld OCU Z, NPSIMOJIMHEHHBIN 3JEMEHT, He-
napajijieJbHbli OCH Z, KPYyroBod ayieMeHT. B nukie
OTIpEeIIeTCs, KaKOM THII 2JIeMEeHTA SBISETCS TeKYIIHM
U B 3aBHCHMOCTH OT 3TOTO 3aIlyCcKaeTcs Ha OTPabOTKy
COOTBETCTBYIOIIASA YacTh anropuTMa. OTAenbHBIN HHTE-
pec MpeCTaBISIIOT 3JIEMEHTBI, KOTOPbIE HE MOTYT OBITh
00paboTaHbl IpH MOCICAOBATEILHOM ChEME MarepHa-
JIBI, TAKUE KaK KAaHABKH, IPOTOYKH U T.Il. DTH AJIEMEHTHI
JIOJDKHBI aBTOMATMYECKH HCKJIIOYaTbcss U3 00paboTKH
JAaHHBIM I[IMKJIOM W B JalIbHEHIIeM JJ0pabaThiBaThCs
C TIOMOLIBIO CIENNaTN3UPOBAHHBIX LIUKIOB 00paboTKM
9THUX 2JIEMEHTOB (pHuc. 2).

AJroput™ paboTHI ITUKIIA PEICTABIICH HA PUCYHKE 3.
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ol |

B R R ]

Puc. 2. VckiroueHne 311eMEHTOB KOHTYpa U3 00paboTKH
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Puc. 3. Anroput™ paboThI IuKIa 00paOdOTKY IETaH THIIA TEJIA BPAIICHUS
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B npomecce paboTel nukiIa KOHTYp TPOBEPSETCS Ha
MOHOTOHHOCTh. ECIIM TOYKa KOHTypa pacIlolloKeHa Ha
OTHOM YPOBHE WJIM BBIIIE MPEABIAYIICH OMOPHON TOYKH,
TO DJEMEHT OTBEYaeT TPeOOBaHMIO MOHOTOHHO BO3pac-
TAIOIIETO KOHTypa W MPOUCXOAUT 00paboTka (hacOHHOM,
KOHMYECKON WM IWIMHAPUYECKOM moBepxHOCTU. Ecnu
HIDKE — CJICAYIOMINI JIEMEHT He OTHOCUTCS K MOHOTOH-
HO BO3pacTarolieMy KOHTYpy. B aTom ciydae mpoBepsieT-
€51 KOKIBIH TIOCTEMYIONTNH NieMeHT KoHTypa. Koopaunara
AJIEMEHTa KOHTYpa, JJIs1 KOTOPOTO KOOpJAWHATA TOUKH IO
ocH X Oymer OoOJbIlle WJIM paBHA TEKYIICH KOOpAWHATE,
OyzeT B3sTa JJIs1 ONPECICHHUS KOHCUHOW TOYKH IepeMe-
LIeHHs MHCTpyMeHTa. TakuM 00pa3oM UrHOPUPYIOTCS Ka-
HABKH, MPOTOYKH U T.I. THIT TOBEPXHOCTH JIsi 00paObOTKH
BBIOMPACTCS aBTOMATHYCCKH 34 CUCT TAHHBIX, XPAHSIIIX-
Csl B CTEHEPUPOBAHHOM MAaCCHBE.

HCXO}IHLIe JAaHHBbIC ITUKJIA

Jlis pacdyera nepeMenieHnii pexyIiero HHCTpyMeH-
Ta B IIUKJIE HEOOXOAMMBI JaHHbIE TAPaMETPOB 3ar0TOB-
KM ¥ KOHEYHOH neranmu. [eoMeTpHyecKue mapaMeTpbl
3aroTOBKHU IpeJACTaBlIeHbl auamerpoM diameter u -
Ho length 3aroroBku. TeXHONOTHYECKHE MapaMeTph
00paboOTKM BKJIIOYAOT B celsf pabodyro momady it
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Puc. 4. TexHomorudeckne mapamMeTpsl IUKIA 00paboTKH
JIeTaJIM THIIA Tella BPAIICHUS

BCEX BHUJOB nHTeproysinui feed, mpumyck Ha 9MCTOBYIO
00paboTKy pp W BeJWYMHY DIIyOMHBI Bpe3aHus width
(puc. 4).

JlaHHBIC IUKIIA, BBOJMMBIC TOJIb30BATEIIEM:

Kontur — MaccuB JaHHBIX TEOMETPUUCCKHX Mapame-
TPOB KOHTYPA, HOIKIIOYACTCS K LUKITY;

length, diameter — anuHA U THAMETpP 3aTOTOBKH, MM;
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Puc. 5. UuTepdeiic 111 BBOAA JaHHBIX MTOJIb30BATEIIEM
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width — rmyOuHa Bpe3aHus, MM;

Pp — TPUITYCK Ha YHCTOBYIO 00pabOTKy, MM;

feed — pabouas mogava I BceX BUIOB MHTEPIIONS-
LU, MM/MUH;

tactics — TakTUKHA 00paOOTKH (BIOJIb OCH Z, TIEPIICH-
JUKYJSIPHO OCH Z, APaJIIEIbHO KOHTYPY)

Xstart, Ystart, Zstart — HyseBast KOOpJMHATa 3arOTOB-
KM 1O OCH X, Y U Z COOTBETCTBECHHO, MM.

Jlist ynoOcTBa BBOJA JaHHBIX I10Jb30BATENEM He-
o0xoauM crieranbHbid naTepdeiic (puc. 5) [5, 6]. B 3a-
BUCHMOCTH OT BBOJMMOIO [apaMeTpa I0JIb30BaTEII0
BBIBOAUTCS KOHTCKCTHAs CIIpaBKa. BBeI[eHHI:Ie JaHHBbIC aB-
TOMaTHYECKH COOMPAIOTCSI B CTPOKY BBI30Ba IMKJIA C yKa-
3aHHBIMU MapaMeTrpamu [7, 8].

IIporpamMmmHuas peaau3anusi MHKJIA

CTpyKTYpHO LUK 00pabOTKM COCTOMT U3 CIEeIyIO-
IMX YacTed: rnpeoOpazoBaHHe MH(POPMALUHM O KOHTYpE
Jietaian, o0paboTka KOHNYECKOH ITOBEpXHOCTH, 00paboT-
Ka [UJIMHAPHUYECKON MOBEPXHOCTH, 00padoTKa (hacoHHOM
TIOBEPXHOCTH, MIPOITYCK KAaHABOK U IPOTOYEK.

[Tonb30BaTenb ONMUCHIBACT JKEIAEMBIH KOHTYP JICTAIH
B OTJeIbHOM (paiisie Ha s13b1ke G-KoA. 3aTeM TaHHBIE STOTO
(aiina cuuTHIBarOTCA W Mpeodpa3yroTcs B MaccuB ((par-
MEHT KOJla TTOKa3aH Ha JTUCTUHTE 1), KOTOPBII COXpaHIETCs

Puc. 6. Cxema 00pabOTKH TIOBEPXHOCTH AETAIIN
THIIA TeJa BPAICHUs

B OTHeNbHOM (aiine. [ ynoOcTBa HCHONB30BaHUS YTH-
nuTa, 00ecreyrBaroIasi KOHBEPTALMIO JaHHBIX BCTPOEHA
B cuctemy UITY «AxkcuOMA Kontpom» [9, 10].

Janee B 3aBHCHMOCTH OT IIOJYYEHHBIX JTaHHBIX
KOHTypa M BBEJICHHBIX II0Jb30BaTEJEM YCIOBHH 00-
pabOTKM pacCUMTHIBACTCS KOJMYECTBO W BEIMYHMHBI
MPOXO0/I0B, HEOOXOIUMBIX Il 00pabOTKM ONMMCAHHOTO
KOHTypa. Becb KOHTYyp nIeTanum MOXHO pa3JeluTh Ha
OTJIeIbHBIE IEMEHTHI, KOTOpble OyAyT MpPEnCTaBIsAThH

Jluctunr 1. IIpeoOpazoBaHne TaHHBIX KOHTYPa B MacCHB

std::ifstream file(name contur);
for (int i = 0; 1 < 6; i++) //OTKpEIBAEM CTPOUKY
{
file.getline (text, 50);
for (int j = 0; text[j] != '\0'; J++)//paccmaTprBaeM CUMBOJ IO
//ouepenn
{
if ((text[j] == 'G") || (text[]] == 'g"))
{
if ((text[j + 1] == '9') && (text[j + 2] == '1")) // GOl
{
arr[i][0] = 1;
3= + 2;
}
if ((text[j + 1] == '9') && (text[j + 2] == '0")) // G90O
{
arr[i][0] = 2;
j=3 + 2;
}
//
}
//
}

BectHuk MI'TY «CtaHkuH» Ne 3 (62), 2022
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Jluctunr 2. @parMeHT IporpaMMHON peaTi3aii

if ((line[jj1([3]1!=0)&(line[jj]1([2]!=0))
31[31/width) ;

//Econ M Z, W X HE paBuu 0O

{ step = floor(-linel[] //KonmuecTBO WAroB IO OCKU Z

step X=((step*width)/(-1line[jj][3]/1line[jj]l[2]))/step;

for (kk=£ff;
{
for (hh=0;
{
level=level+line[hh] [2];
}
G90 GO0 X=0.6*diameter
G91 GO0 Z=-width;

kk<step; kk++)

hh<=9j-1; hh++)

PpP)
G90 GO0 X=0.6*diameter;

level=0;

G91 GO0l X=-0.l*diameter-

(diameter/2-level- (kk+l) *step X-

U3 ceds MUIHHIPUIECKHEe, KOHNYEeCKHEe WK (DaCOHHBIC
MOBEPXHOCTU. B 3aBUCHMOCTH OT THIIA MOBEPXHOCTH
(ompenenseTcs MO MaHHBIM MaccuBa) OyIoeT TOIKIIO-
4aThCs Ta JTMOO WHAs BeTKa ajrOpuTMa.

Ha pucynke 6 u nmucTiHTe 2 IMOKa3aHa peann3aius 00-
pabOTKH KOHUYECKOH TOBEPXHOCTH.

TecTupoBaHue padoThl HUKJIA

B pamkax TtectupoBaHus pazpabOTaHHOTO KA ObI-
JIK PaCCMOTPEHBI TPH Pa3IMYHBIX JETaJIM THUIA TEJla Bpa-
mienust (puc. 7). [IpuMep BbI30Ba IUKIa 00pabOTKH TIO-
BEPXHOCTH JICTAJIU TIOKA3aH B JUCTUHTE 3.

B mepBBIX JBYX CTPOYKAX OMHUCAHO TOAKIIO-
YeHHWE K OCHOBHOW YIpaBisIONIeH mnporpamMme He-
MOCPEJCTBEHHO MOANPOTPaMMBEl IUKIa 00paboTKHI
noBepxHoctH neranu (TurnCycle.nc) m maccuBa mas-
HBIX, cojiep)aliero WHGOpPMAIUI0 O KOHType jera-
au (TestDetalMassivl.c). B Hagane ympausromieit
MpOrpamMMbl OINHKCHIBAETCS 3aroTOBKA, BhIOMpaeTcs
MHCTPYMEHT W YKa3bIBAIOTCS TEXHOJOTHYECKHE TIa-
paMeTpsl 00paboTku. BEI30B HKIa OCYIIECTBIACTCS
CJIeYIONIMM 00pa3oM: T0Jb30BaTeNb B CHEIUATBLHOM
unrepdeiice (puc. 4) BBOAUT mapaMeTphl 175 00paboT-
KM, CTPOKa BBI30BA LIMKJIA ABTOMAaTHYECKH CO3JAETCs
MOCJIe HaXKaTusi Ha KHONKY «[IpuHATEY.

Jluctunr 3. [Ipumep BbI30Ba MKIa 00PaOOTKHU JCTAINA B OCHOBHOH YIIPABIISIOLICH TPOrpaMMe

#include "TurnCycle.nc"
#include "TestDetalMassivl.c"
G18 G90 G15 G191 G71 G72 G172
G53 G153 G193 G64 BRISKCUT2DF
obpaboTka)

#workpiece (1, 2,

T7 MO6

256, 0, 80,

MO3 G18 S1000 F1000

M30

TurnCycle (100, 80, 4, 2, 0, O,

G272 G94 G97 G49 G40 GOO G800 G98

// Crpoxka Ges30macHoOCTM (ToKapHas

100, -40, -40, -100)

0);
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BriBoabI

Hcnonb3oBaHue mnapaMeTpUYECKOro IHKIa obpa-
OOTKH CIIOKHOW MOBEPXHOCTH JAETalld THIA Teja Bpa-
LICHUS TTO3BOJISIET 3HAYUTENLHO YIIPOCTUTh U YCKOPHUTh
pa3paboTKy yHpaBISIONIMX MPOrpPaMM, COKPaTHTh KO-
JMYECTBO OMIMOOK, TECTUPOBAHUE, 3a/1a4y KOH(HUTYpH-
pOBaHMS TapaMETPOB LHKJA NPH MPUMEHEHUH MOJIb-
30BaTeNIbCKOro nHTepdeiica A BBOA JaHHBIX IUKJIA.
B nmkiie pazpabotaHbl pa3inyHble CTpaTernn o0padboT-
KU KOHTYpa, KOTOpPbIE MOTYT NPUMEHATHCA B 3aBHCHU-
MOCTH OT THIIa AeTanu (BbEIOMpaeTcs MoJb30BaTelieM).
Kontyp aeranu onuceiBaercs npu nomoiu G-koja.
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YIK 658.51:681.516.75

H.E. bapanos, A.H. ®eodanos
N.E. Baranov, A.N. Feofanov

NOCTPOEHUE ABTOMATU3UPOBAHHbLIX CUCTEM YINPABJIEHUA
nPOMN3BOACTBOM C UCIOJIbSBOBAHUEM METOAOB

AOANTUBHOIO YNPABJIEHUA

CIM SYSTEMS DESIGN BASED ON ADAPTIVE CONTROL METHODS

Paccxwampueaemc;z 1n00Xx00 K nOCMpOEeHUIo asmomamu3uposaniblx Cucmem ynpaeileHus npouseodcmeww Ha ba-

3€ Memooo8 adanmueHoO20 ynpaejiernus.

Approach to Computer Integrated Manufacturing System design based on adaptive control methods is described.

KiioueBble ciioBa: ABTOMAaTU3UPOBaHHAs CUCTEMA YIIPABJICHU ITPOU3BOACTBOM, ONTHMAJILHBII a)laHTPIBHLIﬁ PETYIIATOP

Keywords: Computer Integrated Manufacturing System, optimal adaptive regulator

B ycioBusix ObICTPO MEHSIOMIEHCS BHEUIHEH cpefbl,
a TaKoKe BIMSHMS TUHAMHUKH BHYTPEHHHUX (DAKTOPOB Mpe-
NpUATHS, 3a/ada aJanTaluyd aBTOMATH3MPOBaHHBIX CH-
creM ympasnerus npousBoactBoM (ACYII) mpuobOperaet
0CcOo0yI0 aKTyambHOCTH [1].

[Tponecchl, mpoTeKaroue B MaIIHHOCTPOUTEIHHOM
MIPOM3BOJCTBE, ITO/IPA3yMEBAIOT B3aMMOJEHCTBHE OIle-
MEHTOB, P KOTOPOM H3MEHSETCSI COCTOSIHUE TIPEIMETa
MIPOM3BOJCTBA B IPOIECCE M3TOTOBICHMS HM3zenus. Ta-
KHM 00pa3oM, COBpEMEHHasl IPOU3BOACTBEHHAS CHCTEMA
MIPEICTaBIsIET CO00H COBOKYMHOCTH CIIOXKHBIX IHHAMH-
YECKHUX ITOJICUCTEM, BBICTYNAIOIINX B KAUECTBE OOBEKTOB
YIpaBJICHUS.

[Iporiecc ynpaBieHUsI OCYIIECTBIACTCS KOMITJICKCOM
YCTPONCTB, MPU3BAHHBIX OIIEPATHBHO PEearupoBaTh Ha U3-
MEHEHHE MPOM3BOACTBEHHON CHUTyallMd M BBIPAOATHIBATh
COOTBETCTBYIOIINE BO3ACHCTBHS HA €€ SIEMEHTHI, UCXOIS
U3 YCJIOBHH HEOOXOIMMOCTH JIMKBHJIAIIMU PAcCOIIacoBa-
HUSI MEXK]Ly COCTOSIHUEM YIPaBIsieMOro 00bEKTa U €ro je-
JIAeMBIM COCTOSTHHEM, OTPaHHYEHHEM BPEMEHU U pecyp-
COB, HEOOXOJJMMBIX Ha MpPUBEJICHUE 00bEKTa yNpaBICHHS
B 3aJJaHHOM COCTOSIHUE.

Jlnist peanuzanuy yka3aHHOH 3a/1a41 He0OX0IMMO pas-
paboTarh KOMIUIEKC COOTBETCTBYIOIIMX MaTeMaTHYECKHX
Mozelel u Metonuk [1].

Maremarudeckoe MOJEIUPOBAHHE, OCHOBBIBAIOIIEE-
Csl Ha aKTyaJbHOW MH(pOPMAIMU O PEATbHBIX TEXHOIOTH-
YEeCKHX Ipoleccax U pabore peaibHbIX 00OBEKTOB, HAIILIO
CEerojiHs IIUPOKOE NMPUMEHEHHE B PA3IMYHBIX 00IacTsX
HayKH U TEXHUKH [2].

OJHaKo NOCTPOEHUE aIEKBaTHON MaTeMaTHYeCKOM
MOJIEIN MAJIs YIPaBJIAIOMEH CHCTEMbl HEBO3MOXKHO
0e3 MPUBJICYCHUS IKCIIEPUMEHTAIBHBIX JAHHBIX H3-32
60TBIIOTO PAa3HOOOPAa3Ms BO3MYIIIAIONINX BO3ICHCTBHH,
M3MEHSAIOIUXCS B npouecce padorel. Hampumep, ma-
TeMaTndeckas MOJelb Mpolecca MeXaHooOpaOoTKu

JIOJDKHA YYUTBHIBaTh HE TOJNBKO JWHAMHYECKHe (Chilo-
BbIe) (DaKTOpBHI, HO M YIpYrHe U MmiacTudeckue nedop-
MaIuy B 30HE pe3aHMsl, BUOPALNN, BIUSHUE TEIUIOBBIX
(hakTOpOB, N3HOC NHCTPYMEHTA, CTPYKKOOOpa3oBaHHUeE,
HacTpoiiky obopynoBanus Ha pasmep [3]. Kommencu-
poBarh Ciy4aiiHble M3MEHEHHUS TEXHOJIOTMYECKHX Ia-
paMeTpoB, HaNpUMep, KoiaeOaHns MPUITyCKa U JIOKATb-
HbIE M3MEHEHHs CBOMCTB MaTepHalioB, B YaCTHOCTH,
JIaeT BO3MOXKHOCTB IIPUMEHEHNE METO/10B a/IallTHBHOTO
yIpaBlIeHUs, MO3BOJAIOMUX (OPMHUPOBATH YIIPaBIISIO-
MKe BO3JEHCTBUS NIPU U3MEHEHUHU NTapaMeTPOB 00BbEK-
Ta yNpaBJIeHUs U YCIOBHH ero GyHKITMOHUPpOBaHUS [4].
IIpruMepoM MOXKET CIIY’KUTh MCIIOJIb30BaHUE aJallTHB-
HOTO peryisiTopa MpH yIpaBICHUHU ABHKECHHEM pabo-
Yero opraHa TEXHOJIOIMYECKOTO pobora 1o Tpedyemoii
TpaexTopuu [5].

B coBpemeHHbIX cucTeMax yHpaBiIeHMs BUI U Iapa-
METPBI PETYNISATOPOB ABTOMATHYECKH MOIU(PUIMPYIOTCS
B 3aBHCHMOCTH OT II€JIM KOHKPETHOTO JIBH)KEHHS U YC-
JIOBUH, B KOTOPBIX OHHU (DAKTHYECKU OCYIIECTBIISIFOTCS.
Hacrpoiiku peryssiTopoB ompeaensoTcs Judo HabopoM
QITOPUTMOB ¥ TIpaBHJI, c(hOPMYIMPOBAHHBIM pPa3padOT-
YHKOM Ha 0a3e MMEIOIIErocs OIbITa, JIN00 Ha OCHOBAHUH
3HAHMH, HAKOIUICHHBIX CaMOM MalIMHOW B MpoOLEcce aHa-
JIM3a ee NpeAeCTBYIOIUX AeHCTBHI [6].

PaccMoTprM TOnX0/1, OCHOBAaHHBIH Ha HCIIOJIB30Ba-
HHHM aJITOPUTMA YIIpaBIeHUS Ha 0a3e ONTUMAIBHOTO a/1all-
THUBHOTO PETYIISATOPA C IIOJTMHOMHAILHBIM IPHOJIMKEHNEM
BBIXOJIHBIX NApaMETPOB [7] B pa3sIMUIHBIX MOJU(DUKAIINSIX.

CxajisipHblii  ONTHMAJILHBIH AJaNTUBHBIA pe-
ryasaTop. PaccmarpuBaercst 3ajada KOHCTPYHPOBAHHS
ONTHMAJIBHOTO PETyIsITOpa Ul CKaSIPHOTO IIpoliecca
x = x(t, u), THE t — BpEMs, u — YTIPABIAIOIICE BO3/ICH-
ctBue (ympasienue). [Ipomecc x mpeacTaBisieT coOoif
paccoracoBaHnue MeKIy 3aJaHHOW M BBIXOJHOW BEJINYH-
HOW perynupyeMoro o0bekTa. JJaHHbII Mporiece sBaseTCs
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CIIO)KHBIM HEJNWHEHHBIM, TTOIBEPKEHHBIM BO3MYIIICHHUSM,
IIOCTPOEHUE €r0 aJeKBATHOM MaTeMaTHYeCKOM MoJenu
BEI3BIBACT 3HAYUTEIEHBIC TPYIHOCTH.

B xauecTBe KpUTEpHs ONTHMAIBHOCTH JJIS PEIICHUS
3a[1a9l KOHCTPYHPOBAHUS ONTHMAIBHOTO PETYIATOpA BHI-
OoupaeM (yHKIOHan oboOmenHoi padorelr (POP), mo-
CKOJIbKY B JAHHOM CIJTy4ae CyIIECTBECHHO YIPOINACTCS Ha-
XOXKJIEHUE ONMTUMAIBHOTO yrpaBieHus [8]:

ty
ty
1—1Vt +1f tdt+1 u2+u§"dt
—Zs(y) > Q) > P )
0

0

V3(ty) = alxz(ty) + azxz(ty),

Q1) = Bix*(t) + Box* (1),

37ech X = Z—’:, k, a;, f;, — 3anaHHBIC TIONOKXUTEIbHBIC KO-
3 PUIEHTHI, 1, — LHKJI YHPABICHHS.

HanbGonee yHuBepcalbHBIM aJTOPUTMOM ONTHMH-
3auuu no GOP sBnsieTcss anropuT™M ¢ MPOrHO3UPYIOIIEH
Mozenbto [8]. Ero cyTh COCTOMT HE B TOYHOM pELICHUU
JIBYXTOUEUYHOH KpaeBou 3a/1aui, BO3ZHUKAIOLIEH TPY MUHU-
Muzanuyu kputepus (1) mpu ycroBUM ONMCaHWS PETYIH-
pyemoro mporieccaB Buae X = f{t, x, u), a B ONpeAeICHAN
TPaHWYHBIX YCIOBHH B MOMEHT BPEMEHH / C ITOMOIUIBIO
TPOTHO3UPYIOMIEN Moeny Buaa X, = fit, x, u)|, _ .

WccnenyeMblil CKaIsIpHBII IPOLECC X JaKe MPH €ro
CTOXACTHYHOCTH C OTPAHMUYCHHBIM CIIEKTPOM MOXHO aIl-
IIPOKCUMHPOBATh HAa KOPOTKOM IIPOMEXYTKE BPEMEHH
nmosMHOMOM creriern N: X (t) = Zizo aiti. 3T0 KBH-
BAJICHTHO OMHUCAHUIO CKAJIIPHOTO MPoliecca CUCTEMOM JIn-
HelHbIX U depeHInaTbHBIX YpaBHeHUH nopsaka N + 1:

X = Ax + Bu,

0 Ey] »_ : 5
0 0],3_(0,...,0,1) )

x = (X1, Xp o) Xyg1) '

=

31ech X — BEKTOp, COAEPKAalMil OJMHOMHAILHOE
TpUOMKEHHE MPOILIECCa M €10 TPOM3BOAHbIE, X,(0) =a, , -
- k!, k=1, N;u — cxansipHoe ynpasJjeHHE, paBHOE HYIIO
JUIS IPOTHO3UPYIOMIEH MOJIENH; £, — eIMHNYHAs MaTpH-
ua nopsiaka N.

C yuerom (2) TepMUHANbHAsI U MHTETpabHasi YacTH
@®OP (1) mpumyT BHI:

Vs (ty) = alxlz (ty) + azxzz(ty)v
Q(t) = Bixf(t) + Box3(0), 3)
Mogenb peryiupyemMoro nporecca B BUa€ NOJIMHOMA

(T.e. B BUAC TUHEWHOW CHUCTEMHI (2)), CTPOUTCS C TIOMO-
LIbI0 METOJIOB PErPECCHOHHOTO aHalK3a B TEUCHHE Oue-

pemHOTO IUKJIa PaboOTHl PETyIHPYeMOro oObeKTa Mo pe-
3yJITaTaM U3MEPEHUsI BBIXOJHON BeIMUUHBL. [lonydyeHHas
[IOJIMHOMHUAJIbHAsl MOJIEb UCIIOB3YETCs B KAUECTBE IPO-
THO3UPYIOLIEH AJIs1 ONIPEEIIEHUs ONITUMAJIBLHOIO yIIpaBJie-
HUS Ha CIIEAYIOMIEM IIUKIIE pabOoTEHI.

MHoromMepHblii ONITUMAJIbHBII aalITUBHBIN pery-
JISITOP. AJITOPUTM TIOCTPOCHHUS aJJallTUBHOTO PETYIATOpa
1t 00BbeKTa, uMeroIero M BXofoB U /N BBIXOJ0B, TOT K€
cambid. [To pe3ynbraTaM u3MepeHust CUrHaja Ha Ka)aoM
BBIXOAE€ CTPOUTCA NOJIMHOMUAJIbHAA MOACIIb. B xauectBe
BEKTOpa COCTOSIHUSI MHOT'OMEPHOTO 00BEKTa paccMaTpH-
BAeTCsl BEKTOp, KOMIIOHEHTAMH KOTOPOTO CIyKaT MOJ-
BEKTOPBI, XapaKTePU3YIOIINE MOJIMHOMHAIBHOE TPHOIIH-
JKeHHE U3MEpsieMOro Ha KaXkKJoM BbIXozie nporecca. Torna
MaTeMaTuiecKkasl Moeslb IPUMET BUJT

X = AX + Bu,
XT=[xI, xJ, .., X3, u'=[w, Uz .., upyj,

A, 0 .. 0 (B,
a=| o U=
0 0 Ay By

0 0 0]

Be=lo o 0/

bkr bz - biml

Ijie BEKTOp X, MaTPUIlbl A,, B, IMEIOT pa3MEPHOCTH, OIIpe-
JIeJsieMble 110 pe3yibTraTaM U3MEPEHUS! BBIXOJHON BEJINYH-
HBI Ha [-OM BBIXOJIE.

B kauecTBe KpuTEpUs ONTUMAIBHOCTH [UIsI KOHCTPYHU-
POBaHMS ONITUMAJILHOTO PETryJIATOpa Takke Bo3bMeM OOP

1
1=-x"Qx| +
2 t=t,
) ty 4)
+ Ef [XTQ.X + u"K*u + ul K~u,,]dt,
0

e O, Q) — HEOTPHUIATENLHO ONPEIEIICHHBIE MATPHIIBL,
a K — MONOKUTENIEHO ONpe/IeICHHAs!.

Korma ®OP (4) mpencraensier codoit cymmy DOP,
paccMaTpUBABIIUXCS JIJISL CKAIIPHOTO CIIydYas, 3alicaH-
HBIX JUIS KQXKIOTO BXOJa, MATPHIIBI UMCIOT BUJT

Qo = diag (o', a? .., aV)
Q, = diag (', B% .., BY)
ak = diag (af, af, 0, .., 0),
B = diag (B, B¥, 0, .., 0),
K = diag (kyy Ky s Kap).

ITonaras matpuny K eIMHUYHOM, [TOJy4YUM YIIpaBiie-
HHE JUIT MHOTOMEPHOTO O0BEKTa B BH/IC B3BEILICHHOHN CyM-
MBI YIIPaBJICHUH, BBIPA0ATBIBAEMbIX CKAJISIPHBIMH PETYJIs-
TOpPaMH, YCTAHOBJICHHBIMH Ha Ka)KJIOM BXOJIE.
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Vcnonp30BaHme ONTHMAaIBHOTO aIalTHBHOTO PETyJIs-
TOpa JAHHOTO TUIIA MOJKET TIO3BOJIUTH IOCTPOUTH CHCTEMY
YOpaBICHUS TI0 IPUHIHAITY «ISPHOTO SAIIHKa» MPU HEI0-
CTaTKe 3HAaHUU O (PU3MKE OOBEKTA yIIPABICHHS.

Crnemyer OTMETHTD, YTO MPEACTABICHHBIN MMOIX0X HE
paccMaTpuBaeT MEPapXUUECKyI0 CTPYKTYPY YIpPaBICHHUS
MIPOMBIIIJICHHBIM HPEATIPHSTHEM.

Oc0o0EHHOCTBIO TaKOW CTPYKTYpHI SIBISETCS COue-
TaHUE ICHTPAIN30BAHHOTO YIPABICHUS CHCTEMOH C JIO-
KaJIbHBIM YIPAaBJICHUEM OTACIBbHBIMH O6’I)6KTaMI/I. (DyHK-
LMK YIPAaBICHUS pa3[eIeHbl MEXIYy BEPXHHM YPOBHEM
yIPaBJIEHUsI, KOTOPBIH Pean3yeT aJITOPUTM II100AILHOTO
YIPAaBICHUS CUCTEMOM, U HUKHUMU YPOBHSMM, KaKJbli
13 KOTOPBIX peIIaeT 3aJaudl YMpaBICHUS ONpPEeICHHBIM
MIOZIMHO)KECTBOM OOBEKTOB B COOTBETCTBHHU C YIPABIISIO-
LIUMU JIEHCTBUSIMU BEPXHETo YpoBHs [9].

OcHoBHast cxeMa (OPMHUPOBAHHS HEPAPXHUU YITPaB-
JICHUECKUX 3a]au CIIEAYyIoIlas: pPelleHne 3aJa4l BEepXHe-
rO ypOBHsI ONpenenseT LUelnu A 3a/1ad HUKHETO yPOBHS
1 MIPUBOJNT K OCYIIECTBICHUIO HH()OPMAIOHHBIX OTlepa-
Ui, B TOM 4Hciiec (UHAHCOBBIX. YIIPABISIONINE PEUICHNUS,
HETIOCPECTBEHHO CBSI3aHHBIC C U3MCHEHHUSMHU B IPOIIECCE
MIPOU3BOJICTBA, TO €CTh YCTAHOBICHUE MOCIIECI0BATECIHHO-
CTH OTepaIiii ¥ NX HHTEHCHUBHOCTH, OTHOCSATCS K HH3IIIE-
My YPOBHIO.

Penrenne mpoOeMpl Ka)xI0ro ypoBHs TpedyeT Mmoiy-
YeHHsT HOBOW WH(POPMAITUH O COCTOSTHUU CHCTEMBI K MO-
MEHTY Haudayia pa3pabOTKH COOTBETCTBYIOIIETO PEUICHUS.
Hepapxus cuctembl 3a1a4 yIpaBlIeHUs] B ONPEAEICHHON
CTETICHH ONpEAETsieT HEepapXHUecKyl0 CTPYKTypy WH-
(hopMaLIMOHHO-YTIPABIAIONICH CHUCTEMBI. Pemenne mpo-
Onem Oosiee BBICOKOTO YpOBHS, KakK MPaBUIIO, OTHOCUTCS
K (yHKIUsIM Oosiee BHICOKMX YpOBHEH B OpraHH3alldOH-
HOH CTPYKTYype.

Hepapxudeckue CUCTEMBl YIIPaBICHUS MOTYT OTIU-
4aThCs APYT OT Jpyra KOMOWHAIMEH CBSI3ei MEXTy MOJICH-
CTeMaMi U COCTAaBOM IIOACUCTEM B 3aBUCHMMOCTH OT HUX II0-
BCIACHMUA. (DyHKLII/IOHI/IPOBaHI/Ie CUCTCMbI pacCMaTpuBacTCs
NMPUMCHUTEIIBHO K HA3HA4YCHHUIO MOJACUCTEMBI BEPXHETO
ypoBHs. DYHKIIMOHUPOBAHNE MOACUCTEM KaXI0TO YPOBHS
CTPYKTYpPHPOBaHO TaKUM 00pa3oM, 4TOOBI YJOBIETBOPSTH
LIEJISIM TIOJICUCTEM BEPXHETO YPOBHSI 10 OTHOIIEHUIO K HUM.
Kaxnast 13 mojcucTeM Ipu pelieHu’ 3a1ad caMoyIIpaBiie-
HUS ONIPEAENIeT CBOU BO3MOKHOCTH Ha TIAHOBBII NEPHO],
ucronb3ysi Oonee noctoBepHyto uHpopmanuoo. C ydeTom
9THX BO3MOXKHOCTEH pelIaeTcs 3aja4a corIacoBaHUs MOJI-
CHCTEM HIDKHETO YPOBHSI JIJIsl BBIIIOJHCHHUS 33aa91 MTOICHU-
CTEMBI BEPXHEro ypoBHs. Ecim perreHne Takoi mpoOieMbl
HEBO3MO)KHO, TO MEXKIY ABYMS COCSTHIMH YPOBHIMH BO3-
HUKaeT KOH(IMKTHAs CHTyaIus, KOTopas MPUBOAUT K pe-
IICHUIO 3a]1a49X TIePETIaHUPOBAHIS B MTOACHCTEME BEPXHE-
TO YPOBHS, TO €CTh K TIepepacipeae’IeHHI0 PECypCOB HITH
HM3MEHEHHIO 3HAYEHMH YHpaBIsIoIIME BO3neHCTBUA. Ecnu
9Ta mpobiaeMa pa3permMa, TO YIpaBIsSiomee BO3ICHCTBHE
BBIJTACTCS HA TTOJICHCTEMBI HIDKHETO YPOBHS, KOTOpPBIE pe-
IAFOT CBOU TPOOJIEMBI U T. [I.

Vipasndoomye BO3IEHCTBUS B KaXKIOW M3 IOICHU-
CTEM TO3BOJISAIOT PEHIMTH 3aJady MOICUCTEMBI BEPXHETO
ypoBHs. TakuM o0pa3zom, OymyT OmpeaeieHbl 3TaJOHHBIE
3HAYEHUS BBIXOIHBIX IEPEMEHHBIX KKIO0H U3 MOICUCTEM,
OTHOCHTENIBHO KOTOPBIX JIOJKHA PEIaThCs 3a/a4a onepa-
THUBHOTO YTPaBICHUS NPU BO3ACHCTBHH BHEITHUX BO3MY-
LICHUH Ha OJCUCTEMbI HIKHUX YPOBHEH. B aTOM cityuae
HEOOXOIMMO PacCMOTPETh BOMPOCHI TOYHOCTH (DYHKIHO-
HUPOBAHUS UCCIIEAYEMOM HEPAPXUUECKON CUCTEMBI.

i adekTuBHOrO peleHus 3aga4l MHOTOKPHTE-
pHaJIbHON ONTUMM3AIMH B IEPBYIO 04Y€peab HEOOXOIMMO
MOCTPOUTH aJIeKBaTHYI0O MaTeMaTH4ecKylo Mojeib, ¢ Mo-
MOII[bIO KOTOPOH KOTOPYIO 3aTE€M HY>KHO ONTUMHU3HPOBAThH
yIpaBJIeHUE HA Ka’KIOM U3 YPOBHEH, IPEABAPUTENIBHO BbI-
OpaB Ju1s 5TOr0 HanbOoJIee MOIXOASIINN METOI.
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YK 004.942

C.[. Ionsixos, B.A. BeicTpukoBa
S.D. Polyakov, V.A. Bystrikova

NMPUMEHEHUE KOMIMJIEKCHOIO METOOA KBAJIMMETPUU
NMPU OLEHKE LUN®POBOW 3PEJIOCTU NMPEANPUATUA

APPLICATION OF THE COMPLEX METHOD OF QUALIMETRY
IN ASSESSING THE DIGITAL MATURITY OF AN ENTERPRISE

Tpuseden ananusz cucmem OUACHOCHIUKU U OYEHKU YPOGHSL 3PEOCIUL NPOMbIULIEHHO20 npeonpusimust. 1Ipednodicen
2UOKULL NOOX0O K OYEHKe YPOBHSL YUDPOBO20 PA3EUMIUSL NPEONPUSIMUSL ymeM a0anmayuu MoOeu 3peiocmu OpeaHu3ayUuoH-
noeo ynpaenenus npoekmamu (OPM3) na ocroge npumenenust KOMNIeKCHO20 MEmooa K8AIUMempuu, mMemooos dKCnepm-
HOU OYEHKU U IUHETHOT HOPMATUAYUU C YYemOM SHAYUMOCHIU KANCO020 HANPAGIIeHUs (Ce2MEHma) pazeumust yugpoeozo
npeonpuUsmusl.

The analysis of diagnostic systems and assessment of the maturity level of an industrial enterprise is given. A flexible
approach to assessing the level of digital development of an enterprise is proposed by adapting the Maturity Model of
organizational project management (OPM3) based on the use of a comprehensive method of qualimetry, expert assessment
methods and linear normalization, taking into account the significance of each direction (segment) of the development of

a digital enterprise.

KaroueBnble cjioBa: L[I/I(l)pOBOG OpeanpusaTuC, YpoBEHb 3pCIOCTH, MOACIb OLCHKHU, METOA KBAJIMMCTPHUU.

Keywords: digital enterprise, maturity level, assessment model, qualimetry method.

WHTeHCcHBHOE pa3BUTHE CPEACTB HMH(OPMATH3ALUH
U cucTeM MH(OPMALMOHHON MOICPIKH KUZHEHHOTO [IHK-
Jla U3/IeNUi MPEAINoaraeT Mo3TanHoe BHEAPSHUE HOBBIX
nu(POBBIX TEXHOJIOTUH W WX KOMIIOHEHTOB B HWH{Qpa-
CTPYKTYPY U TPOU3BOJCTBEHHYIO CpEIy COBPEMEHHOIO
npennpusaTs. HoBas mudposas cpena opraHu3aiuu mpu-
3BaHa 00ECICYUTh BBICOKYIO MPOU3BOMUTEIBHOCT TPyIa
COTPYAHUKOB MPCANPUATUSA, CYIIECTBCHHOC IMOBBIIICHUE
KayecTBa OCOOEHHO TEXHUYECKH CIOKHBLIX W3JEIHi, 00-
€€ CHUXXCHHUEC CTOMMOCTH HX XU3HCHHOI'O IIMKJAa U I10-
BBIIICHHE KOHKYPCHTOCIIOCOOHOCTH MPOMYKIMH Ha POC-
CHUICKOM U 3apy0eXHOM PBIHKAX.

YenenrHoe npUMEHEHHE ITU(PPOBBIX KOMIIOHCHTOB Ha
MPSANPUATHN TPEAINONAracT CyIMICCTBCHHBIA €ro 3azei
B 00JIaCTH BHEAPCHUS B OPraHU3AIUN CUCTEM aBTOMAaTH3U-
POBAHOTO TPOCKTHPOBAHUS, YIPABICHUS MTPOH3BOICTBOM,
MIPOMBIIIJICHHOW aBTOMATH3alUH, CUCTEM HWH(pOPMAIMOH-
HOU TIOJUICPXKKH BCEX 3TAITOB KU3HEHHOTO IMKJIA U3/ICIHH,
BKITFOYAsl: CHCTEMBI YIPABICHUS NAHHBIMH 00 W3ICIHH,
pecypcamMy OpraHW3alliHd, B3aUMOJICHCTBHS C MOTpeOUTE-
JISIMA U TOCTABIIUKAMH KOMIUICKTYIOIMX U MaTepUalioB,
CHCTEMbl MHTETPUPOBAHHON JIOTMCTHUYECKOM TOICPIKKH,
BKJTFOYAsT KOMIUIEKC CHCTEM MOICPXKKU MOTpeduTerneil Ha
JTare TEXHUIECKOU HKCIUTyaTalluy U3/, MaTepHaibHO-
TEXHUYECKOTO CHAOKEHHUS M PEMOHTA U3/ICITHIA.

B cBsI3M ¢ M3TIOKEHHBIM MOXHO TOBOPHTH O Pa3BHU-
TUHU TPEANPHUITUS B KOMIJICGKCHOM KOHTEKCTE MPHUMeEHe-
HUSI TPAIUIIUOHHBIX U COBPEMEHHBIX CHCTEM YIPABICHHS

JKM3HEHHBIM IIMKJIOM M3JEIUHA 1 HOBBIX IN(POBBIX TEXHO-
Joruil. B ucroprueckoM KOHTEKCTE AJ1s1 KOHKPETHOM opra-
HHU3aLUH yKa3aHHbIC TEXHOJIOTUN UMEIOT Pa3HyIO CTCIICHb
BHEJPEHNsI U MHTerpanuu. [ pa3iIudHbIX 3aMHTEPECo-
BaHHBIX CTOPOH MOXET MOTPeOOBaThCs KOMILIEKC HEoO-
XOIUMBIX TPOIEAYP JHATHOCTUKH HHU(MPOBOH 3pEerIoCTH
HPEANPUSTHSI.

V3 n3BECTHBIX CHCTEM OIICHKHM Pa3BUTHA IPEAIpH-
SITUSI MOYKHO BBIIENUTS [1]:

— MOJeNnb 3peyoCTH OPTraHU3aIMOHHOIO YIpaB-
nenust npoexramu (OPM3) amepukanckoro MucTHTyTa
ynpasieHus npoekramu (PMI);

—  METOMIOJIOTHIO OLIEHKH 3pEeNIOCTH KOMIAaHUU B HC-
MIOJIb30BaHUH TEXHOJIOTUH HH(POPMALMOHHOTO MOJIEINPO-
Banus 3nannii (BIM, BenukoOpuranmust);

—  METOMOJIOTHIO OLIEHKHU 3pPEIOCTU KOMIAHUU B HC-
MOJIG30BAHUH TEXHOJIOTHI OEpexkIIMBOTO IPOU3BOICTBA
(GBM — miio0anbHbIi CpaBHUTENBHBINA aHAIN3, MTpUMe-
HseMblii komnanuei Toyota Engineering Corporation).

Crenuamuctsl MOCKOBCKOH — IIKOJBI  yIpaBIEHHUS
«CKOJIKOBO» B CBOEM paboueM JIOKJIa/Ie KOPIIOPATHBHOTO
00ydeHHs1 CBOIT BBIOOp JIENAr0T Ha METOIOJIOTHH OLCHKH
3peOCTH KOMIIAHWH B yIpaBieHu# mpoekramu OPM3 [1].

Oramonnas Monens OPM3 (puec. 1) [1] Brumouaer
CJICYIOINE KOMIIOHEHTBI: 5 YpOBHEH 3pelocTd Ipo-
m3BogutTenbHOCTH Tpemnpuatust (Ad hoc — cmydaii-
ueiii, Defined — 6a3oBbrif, Managed — ympaBisieMBIH,
Integrated — wunTerpupyemsrnii, Optimized — ontmmu-
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3UpyeMBIil) U 15 KITIOUeBBIX KOMITOHEHTOB (CETMEHTOB) CO-
BPEMEHHOTO TIPOM3BO/CTBA [1]: enuHOE MHPOPMAITHOHHOE
npoctpancTBo npeanpustus (EIM); mudposoe moaenmpo-
BaHME W ONTHMH3AIMS MPOLECCOB U MPOTYKTOB KOMIAHUHT
(DM); xoHBepreHIus: MUQPPOBOro M (PU3NUECKOTO B Pa3-
pabareiBaemom mponykre (DT); xopropatuBHas WHHOBa-
nuoHHas cucteMa u akceneparop (CA); cucremMaru3arsi,
HaKOIJICHHE U 3aIlUTa HeMaTepuanbHbIX akTHBOB (HMA)
U UHTEIUIeKTyanbHOi cobctBerHocTH (IAS); 1tmbpoBoit
pesepc-umxuHUpUHT (DRE); agmuTuBHOE NPOM3BOACTBO
(AM); sHeproddPpeKTHBHOCTH MPOM3BOACTBEHHBIX MpE-

npustaid (EE); BBIXOI MOACHCTEM CHCTEMBI yIpPaBICHUS
nHpopmanmei npennpustuii (PDM, MES, MDC) Ha aBTo-
MaTU3MpOBaHHEIE paboune Mecta (APM) mpou3BOACTBEH-
HBIX ygacTkoB (CAM); mpom3BOACTBEHHAs CHCTEMa C pa-
OOTArOIMMMHU TEXHOJOTHSIMU OEPEKIIMBOTO MPOU3BOJICTBA
(L); madposoe ympasnenue soructuxoir (DL); Tparchep
texnonoruii (TT); kpocc-otpacneBas xoomepanus (CIC);
MapTHEPCTBO ¢ oOpaszoBarenbHbMU Twiathopmamu (EDU);
npodeccrHoHaIbHOE yIipaBicHue npoekTamMu (PM).

[IpumeHeHre MoJETM OCHOBAaHO Ha CONOCTaBHU-
TEJIbHOM aHaJlM3e Ha OCHOBE JTAJIOHHBIX IOKazaTelei
(ObenumapkuHre) uMGPOBOrO Pa3BUTHUS IPEIMPUSTHSL.
Yka3aHHBIN MOAX0] MOKHO paccMarpuBarh Kak nudde-
PEHIMAIBHBIA METOJI KOJTMYECTBEHHOW OIIEHKH KauecTBa
nponykuuu (kBanumerpun) [2]. JduddepenunanbHbiii
METO/]I XOPOILIO PabOTaeT MPH COMOCTABUTEIILHON OLICHKE
JIBYX MJIM HECKOJIbKHX aHaJOTMYHBIX 00BEKTOB HCCIIEN0-
BaHMsI 10 OTPAaHUYCHHOMY YHCITY HCCIEyEeMbIX CBOHCTB,
HalpuMep, JBYX aHAJOTHYHBIX IPOHM3BOACTB 110 3Ta-
JIOHHOH IIKaje, IPEICTaBICHHON B BHJE LUKIOTPaMMEI
(puc. 2) [1].

OnHako Mofenb TpeOyeT CyIIeCTBEHHOW TOpadOTKH
IIPU OLICHKE COOTBETCTBUS MMOTPEOHOCTSM PA3INYHBIX 3a-
MHTEPECOBAaHHBIX CTOPOH, B TOM YHCJIE KOHKPETHBIM 3a-
Ka34uKaM WJIM TTOTEHIMAIBHBIM IOTpeOuTessiM. Moxenb
HoTpeOyeT ONpeleNeHHON a/lanTaliy IpH OLEHKE COOT-
BETCTBUSI TPEOOBAaHNUSIM HOPMATHBHBIX JTOKYMEHTOB, €CIIH
Takne TpeboBaHUS OyayT pa3pabOTaHBI W YCTAHOBIICHBI,
WM 1oTpedyeTcs y4eT CHenu(UKN IPOLyKINN KOHKPET-
HBIX TIPOU3BOZICTB MM TIPOU3BOICTBEHHBIX 00BbEANHEHNUI.

Fhdenia gahaadn
FUAE s
T Iy Tt WADIH L
T T e o T el
Tl T P e ¢
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Puc. 2. [fukinorpaMma CpaBHEHHS ABYX aHAJIOTHYHBIX ITPOM3BOJICTB MO STAIOHHON IIKajie
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Wnage ToBOpsI, B 00IIeM cirydae, MOTYT MPAMEHSATHCS HE
BCE KIIFOYEBHIC KOMIIOHEHTHI (CETMEHTHI) IPOM3BOICTBA
WA X MaKCUMaJbHbIC 3HaYeHU. MaKcHMaIbHbIC 3HaUe-
HUSL YPOBHEH Pa3BUTHSA MPEANPHATHS MOTYT OBITH Orpa-
HUYCHBI MX JIOTyCTUMBIMH 3Ha9eHUAMH. [Iprdem 3TH 3Ha-
YEeHHS MOTYT OBITh HE TOJNBKO LEIBIMH, HO U APOOHBIMHU
grcaamMi. KoMriekcHoe cpaBHEHHE pPa3IHMYHBIX IPOHU3-
BOJICTB, @ TAKXKE UX CIICIU(HKA [T0 OTHOIICHUIO K CErMEH-
TaM Pa3BUTHS MOTYT MOTPeOOBATh 0OOOIICHHON OLCHKU
UG POBOro Pa3BUTHS MPESAIPUATHS C YUECTOM 3HAYUMOCTH
KaXKJIOTO CETMCHTA €r0 Pa3BUTHS.

[Tonxon k aganTanuu U q0pabOTKE ITATIOHHONW Mojie-
JIM BO3MO)KEH Ha OCHOBE MPUMEHEHUS HE TOJbKO audde-
PEHIIMATBHOTO, HO ¥ KOMIUIEKCHOTO METO/Ia KBaJTMMETPUU
[3], a Takke HM3BECTHBIX METOAOB HKCHEPTHOM OIICHKH
U TIOJTyYCHUS HOPMAJIM30BAHHBIX 3HAUCHUN CBOICTB 00B-
ekra [4].

[Ipy TNpUMEHEHWU YKa3aHHOTO IMOJXOAa 3TaJOH-
Hyto Mozenbs OPM3 1ieniecooOpa3Ho NpeicTaBuTh B BHIC
CTOJIOUATOM AMArpaMMBbIL, TE IO OCH aOCIIUCC PACIIOIOXKe-
HBI CETMCHTHI Pa3BUTUS MHU(POBOTO TPEANIPUATHS, a IO
OCH OpIMHAT YPOBHHU €r0 H(POBOTO pa3BuTHs (puc 3, rae

¥ pobHH DEIBNTAR NpeaNPHATHA
(5
4

]

P, — 3HaueHWe ypOBHs Pa3BUTHSA NPEINPUATHS, | — HO-
Mep CerMEHTa €ro pa3BUTHs). AJANTalHsl MOJICIH MOXET
OBITh OCYILECTBIICHA C YYETOM 3HAYUMOCTHU KaXKJIOI'0 CeT-
MEHTa pa3BUTHI NU(POBOTO MPEANPUATHI Ha Oa3e mpu-
MEHEHUs], HallpUMep, TAKAX METOI0B SKCIIEPTHOH OLICHKH,
KaK MEeTOJ OSKCIIEPTHOIO DPAHXHPOBAHMS, METOI HEIO-
CPEJICTBEHHOW OIIEHKH WJIM METOJI TIapHBIX CpaBHEHUH [4].
B pesynbrare npuMeHeHHUs 3TUX METO/OB ONpeesseTcs
KOMIIJIEKT BECOBBIX KOI(PUIIMEHTOB, KXKAbIH U3 KOTOPBIX
MOCTaBJICH B COOTBETCTBUE OIPEICICHHOMY CErMEHTY
pa3BuTHs npeanpusaTus. CerMeHTH, MONyYUBIINE BECO-
BbIe KOO(PUIMECHTHI NPEIeNIbHO MAJIBIX 3HAYEHUH, MOTYT
OBITh MCKJIFOUEHBI U3 ATaJIOHHOM MOJCIIN. I[OHYCTI/IMI)IC
3HAUEHUs] YPOBHEW pPa3BUTHSI MOTYT YyCTaHaBJIMBAaThHCS
B HOPMATHBHBIX JIOKYMEHTaX B 3aBUCHMOCTH OT KOHKDPET-
HBIX LEJICBBIX MOTPEOHOCTEH OIEHKU WM C HCIOJB30-
BaHMEM IPOTIOPIMOHAIBHBIX 3HAUYCHNI ypOBHEH 3HauM-
MOCTH (BECOBBIX KOA(D()MIIMEHTOB) CErMEHTOB Pa3BUTHS
npennpustys. [IpuMep aganTHpoBaHHON MOJENN OLEHKH
Pa3BUTHSI IPEIIPHUSTUS PE/ICTaBIeHa Ha PUCYHKE 4, r1e
P.. ~— 3HavueHWe YpOBHS Pa3BUTHSI NPEINPHITHS, | —

ioon
HOMED CETMEHTA €T0 pa3BUTHA.

&

i 2 3.4 & A T

)

T i

CarmssThi pAaZEMTHRA NPBanEATHA

Puc. 3. DranonHast MoJeNb OLECHKH Pa3BUTHUS MPEATIPHUITUS

¥ poniin palMTHA NpegnpERTEA
Pia

5

LS}

i 2 34 K 8

r B9

-

11 12 5
CanianTsl pRIBUTHA NpaanpuaTHR

n 13 14

Puc. 4. [Tpumep ananTUpoBaHHONW MOJENH OLIEHKU PA3BUTHSI IPEAIPUSITHS
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Tabnuya 1. lllkajga 1 KPUTEPUH OLEeHKH BTOPOIr0 HANPABJIEHUS PA3BUTHUS MPeINPUATHS

YpoBeHb .

S LeneBbie KpUTEPHH MPUHATHS PEIICHUN [Ikana oneHKH
Ad hoc Hanuame 6510K-CXeMbl, ONIPeNesIonet ON3HeC-POIECChl MPETTPHUSITH 1
Defined  |IIpucyTcTByrOT (hyHKIIMOHAJIBHBIC MOJICIU IIOTOKOB pAa0OT U TaHHBIX 2

Managed ObecrnieyeHO B3aNMOAEHCTBHE C opraHmaLEI/Iev”I, yKe mfe}omeﬁ H?IIO)KI/ITGHI)HBIG 3

PE3yABTATHI OIICHKH TMPOIIECCOB M0 CO3MaHHON 00001IeHHON TUBPOBOI MOAETH
Integrated BosMoxHOCTE amantanuu NPOU3BOXCTBA ¥ CTPATervi MPEANPHATHA Ha OCHOBE 4
CTaHJIAPTHBIX MIPOIIECCOB M MOJIEIICH MTPONU3BOICTBA

Optimized Hanuuue nndpoBoro 1BoWHMKA OpraHUu3aiyu, HH(POBOI MOJIEIN COBEPIICHCTBOBAHUSI 5

6H3HeC-HpOHeCCOB W IMTPOTOTUITUPOBAHUSA TEXHOJIOTMYCCKUX IMTPOUECCOB NPEATIPUATHA.

JluarHocTuka ypoBHSI Pa3BUTHSI MPEANPHUATHS MOXKET
OBITH OCyIIECTBIIEHa KBaJIM(UIIMPOBAHHBIMH CIELINAIIHU-
CTaMHU WM SKCIIEPTaMH Ha OCHOBE cOopa HEOOXOAMMBIX
JITAaHHBIX IIPU MOHMTOPHHIE TPEINPHSATHS IO Harpasiie-
HUSIM (CerMeHTaM) ero pasButus. Bes nHpopmanms s
(opMHUpPOBaHMS IIKAJIBI OIIEHKH YPOBHSI PAa3BHUTHS Tpe.-
MIPUSTHS TI0 COOTBETCTBYIOIIMM CETMEHTaM IIpHBE/ICHA
B noknane «CkonkoBo» [1]. Hampumep, mo Bropomy Ha-
npaBJieHuIo pasButus npeanpusatus «L{udposoe mone-
JMPOBaHNE OM3HEC-TIPOLECCOB M TEXHOJIOTHYECKHUX ITPO-
LIECCOB KOMITAHUM IIKAJIbI OLICHKN U IIEJIEBBIX KPUTEPHEB
TIPUHATHS PEIICHUIA PeACTaBIeHBI B TabmuIe 1.

JlocTmKeHne KPUTEPUEB 10 YPOBHIO 2 HEBO3MOXHO
6e3 mocTmxeHus TpeboBaHHWI MO YPOBHIO 1, a MOCTIKe-
HHUE KPUTEPHEB TI0 YPOBHIO 3 HEBO3MOXKHO 0€3 JOCTIKe-
HUSL TpeOOBaHUH MO ypoBHIO | U 2 W T.o. 10 ypOBHA 5.
[Tpumep OLIEHOUHOHM JUarpaMMBbl Pa3BUTHUS MPEIATPHUATHS
MpeCTaBJIeH Ha PUCYHKE 5, r/e Pm— OIICHMBAEMOE 3Ha-
YEHUE CETMEHTA.

JIns KoppekTHOTo ompeneneHus 000OIIeHHOTo 3Ha-
YEHMSI YPOBHS DPa3BUTHUS NPEANPHUATHS CYIIECTBYIOIIAs
1IKaJja OIEHKHU JOJDKHA OBITh MpHUBENEHA K eAUHON 0e3-
pa3MepHOU 1IKalie, TaKOM Mpollecc U3BECTEH 110 Ha3Ba-
HHUeM HopManu3anus (HopMmupoBanue). Haubonee mpen-

YpoBEHW PAABKTHR NpEaNPUATHA

P 4

MOUTUTENBHON SIBNIsICTCS JIMHEHHas HopManuzaius [4],
MO3BOJISAIONIAsl MPUBECTH 3HAYECHHsS CBOWCTB OOBEKTOB
K eIMHOW Oe3pa3MepHOH IIKajle U IUara3oHy OT HyJIsl 10
€AMHULBL.

Jnst peumieHuss 3agadd  JIMHEHHOW HOpMalU3aluu
OIpENeNIACTCS. BEKTOP OLEHEHHBIX 3HAU€HWH YpOBHEH
passutus npeanpustus P, Hopmanu3oBaHHble 3Haue-
HHUs yPOBHEH b,, 3aBUCAT OT BEIMYMHBI MHTEpBana [P, .
P, ] ¥ MOTYT OBITb ONPEIETIEHBI TTO (ﬁopMine 1 ¢ yuetom
MaKCUMU3ALUU PACCMaTPUBAEMbIX 3HAYEHUH.

_ Pz _Emin 1
b= (1

imax imin

IMockonbky P, = Piou’ P.

imin = 0 It MUHUMAJIBLHOTO
3HaYeHusl OleHkH, a P, = P, = — JONyCTHMOE 3Ha-
YeHHWE JUIS aJaNTHPOBAHHON MOJENIM OIICHKH Pa3BHTHUS
TIPEANPHUATHSA, TO HOPMAIM30BAaHHBIC 3HAYCHHUS MOTYT
OBITH OMpeIeNeHbI CIEAYIOINUM 00pa3oM:
IIpu Pl.ou< P,,,, HOPMAIM30BaHHOE 3HAYEHHE OymeT
BBIYHCIISITHCS 10 (hopmyre 2.

P
p, = o @)
P

ioon

3 3 4 B & T @&
P P [P ™ P

& 0 1913 13 1

[

CarmenTn pasauTHA Np&anNpARTER

Puc. 5. JluarpamMma OLIEHKHM pa3BUTHS [IPEIIIPUITHS

BectHuk MI'TY «CtaHkuH» Ne 3 (62), 2022

29



ABTOMATU3ALIMA U YIIPABJIEHUE TEXHOJIOTMYECKUMMU ITPOLIECCAMU U ITPOU3BOJCTBAMUI

Ilpu P, > P,,  HOPMAIH30BaHHOE 3HAYEHUE JIOJDKHO
oy oon

Ot P, =P. . ab. =1
ioy idon i
BeImosHeHNEe MOCIETHETO YCIOBUSI HEOOXOANMO IS
HCKJIIOUCHHUS B3aMMHOTO BIIMSHUS OLICHUBACMBIX yPOBHEH
CErMEeHTOB JpyT Ha Apyra Ipu 0000IIeHHON OIICHKH YPOB-

HS Pa3BUTHUS IPEIIPUATHSL.

P
K, =b=—"
Pi()on

)

ITockonbky B hopmyrie 2 [/ BbIYUCIEHUS b, UMeeT-
Csl OLICHEHHOE M HOPMAaTHBHO yCTAaHOBJICHHOE 3HA4YCHUE,
TO B COOTBETCTBUHU C IOJOKEHUSMM KBaJTUMETpHU [2]
W CTaHJapTU30BAaHHBIM OIIpe/elieHneM KauecTsa [S] Hop-
MaJlM30BaHHOE 3Ha4YeHHeE b, ABJIAETCA OUEHKOH K. ypOBHs
PasBUTHUS NPEIIPHUSITUS IO COOTBETCTBYIOIEMY Hallpas-
nenuro (popmyna 3).

O0001IeH b YpOBEHb LU(PPOBOTO pa3BUTHS Hpe-
npuaThs K, MOXET OBITh ONpEJENeH C HCTIONb30BAHUEM
Cpe/IHEB3BEIICHHON apu(METHIECKONW OIIEHKH KOMIIIEKC-
HOTO METOJa KBIMMETPHUH 110 (hopmye 4,

Ky=D Ko, 4)
i=1

e K, — OLEHKa i-r0 CETMEHTa (HaNpaBIeHus) Pa3BUTHS
TIPEIPHUATHS, (0 — BECOBON KOA(PPHUIIMEHT i-TO CETMEHTa
Pa3BUTHS MIPEATIPUATHS.

IIpenokeHHBII MOAXOJ HA OCHOBE KOMIIIEKCHO-
rO METO/a KBAJIMMETPUU K OLICHKE YPOBHS LU(PPOBOTO
pa3BHUTHS TpeAnpUsATHs oO0nagaeT OOJbIIEeH OIEeHOY-
HOI THOKOCTBIO MO CPAaBHEHHIO C 3TAJIOHHOW MOJAENBIO
OPM;, NOCKONBKY TIPEATIONAraeT HATMYHE IOy CTUMBIX
SHAYCHUU OLICHNBACEMBIX YPOBHCHU 110 KAXKXIOMY CETMCH-
Ty ¥ OOOOIIEHHOTO YPOBHS Pa3BUTHS IMPEANPHUSITHS.
JlomycTuMble 3HAUE€HUs YPOBHEH pa3BUTHSA oOecredu-
BAarOT BO3MOXHOCTb YCTAHOBJICHUA NPECANNOUYTUTCIIBHBIX

LEJIEBBIX NOKa3aTesaed sl pa3jiM4yHbIX KaTeropuil mo-
TpeOuTenel pe3yinpTaToB OIEHKHA. B KadecTBe Takoro
moTpeOuTeNasT MOXKET OBITH caMO TpeanpusaTHe (OmHA
CTOpOHA), KEJAIOIIee YCTAaHOBUTH IUIAHUPYEMBII ypo-
BEHB IIEJIEBON 3perocTu B obiacTu MU(POBBIX TEXHO-
JOTUIl U CPOKM AOCTHIKECHHS ITOTO YPOBHA. 3aKa3uMK
WIN TOTEHIMAIBHBIA MOTPEOUTENb MPOTYKIIMH MOXKET
YCTaHaBIMBATh B KOHKYPCHOM JOKYMEHTALUU AOIYCTH-
MBI ypOBeHb LU(GPOBOTO PA3BUTHS HPEATPUATHS IJIs
MPOBEIEHUsT KOHKYPCHOTO 0TOOpa opraHu3anui (BTO-
pas ctopona). OpraHu3zanuu IO HE3aBUCUMOM OIEH-
K& ypOBHS LU(POBBIX BO3MOXXHOCTEH OpraHU3aIMi
U cepTHU(UKAIMK MOTYT pa3padarbiBaTh TpeOOBaHMUs
W HOPMaTUBHBIE JJOKYMEHTBHI [ Pa3IMYHBIX KaTeropui
MPOMBIIIICHHBIX TPEANPHUATHH U MOCIEIYIONETo Ipo-
BEJICHHS OLIEHKH COOTBETCTBUS 9TUM HOPMATHBHBIM J10-
KyMEHTaM (TPeTbs CTOPOHA).
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V.V. Filatov, M.V. Chumaeva, K.S. Afonin

NMOCTAHOBKA 3A0AYUN MOCTPOEHUA MOAETN LU®POBOIO
YMNPABJIEHUA UCINONHUTENBbHbIM ABUTATENEM NOCTOAHHOIO
TOKA C BO3BbYXAEHUEM OT NOCTOAHHbLIX MATHUTOB

STATEMENT OF THE PROBLEM OF A DIGITAL CONTROL MODEL
CONSTRUCTING OF A DC EXECUTIVE MOTOR WITH EXCITATION

FROM PERMANENT MAGNETS

Coszoanue mooenu yugpposo2o ynpasienus 0gueamenem HOCMOIHHO20 MOKA € 030VIHCOCHUEM OM NOCHOSHHbIX
MASHUMO8 Peanu308aHO HA OCHOBE A0EKEAMHOU UMUMAYUOHHOU KOMNBIOMEPHOU MOOEIU UCNOTb3YEMO20 08uUeanie-
7151, Umumayuonnas Mooens no3goisiem nocmpoums (hazoeyo mpaekmopuio 05t KOHKPemHO20 3HAYEHUs. YPAGIIsio-
ujezo so30eticmeust u,, 6 pasosoti niockocmu (n, M_). Chpopmynuposana 3adaua onpeoenenus ynpasiaouezo 603-
deticmeus U, COOMEEMCmeyIoue20 3a0anHoll hazo6ou mpaekmopuu Ha azo6om nopmpeme.

The creation of a digital control model of a DC motor with excitation from permanent magnets is implemented on
the basis of an adequate simulation computer model of the motor used. The simulation model allows you to build a phase
trajectory for a specific value of the control action u, in the phase plane (n, M_). The problem of determining of the
control action u,, corresponding to a given phase trajectory on a phase portrait is formulated.

KaroueBnle cjioBa: HHq)pOBOC YHOpaBJICHUC, IBUTAaTCIIb MMOCTOAHHOIO TOKa C BO36y)KZ[CHI/I€M OT ITOCTOSAHHBLIX Mar-
HUTOB, UMUTAlITUOHHAA KOMIBOTEPHASA MOACIIb, YIIPABIIAIOLICC BO3HCﬁCTBHe, (1)330321;{ TPACKTOpH, (1)8.3OBBII71 MOPTPLT.

Keywords: digital control, DC motor with excitation from permanent magnets, simulation computer model, control

impact, phase trajectory, phase portrait.

VYnpaBneHne JBWKEHHEM padodynMx OpraHoB CoO-
BPEMEHHOTO METAJUIOPEKYIIETO CTaHKAa OCYIIECTBIISET
aBTOMATHUECKas CHCTEMa DPEryJIHpyeMbIX MHOTOJBUIa-
TEJIBHBIX 3JIEKTPONPUBOJOB. DTa CHCTEMa MPEACTaBISIET
000 CIIOKHBIN 2TIEKTPOMEXAaHUIECKUN KOMIUIEKC C MPO-
TPaMMHBIMH CBSI3IMH, COIEPKaIlUil 3JIEMEHTHI pa3Iny-
HOW (pM3MYECKON MPHUPOBI U YIPABISEMbI C TOMOIIBIO
IU(POBBIX AIEKTPOHHBIX cpencTB. [ToaTomy nocTpoenue
W peanu3alys Takoi cuctemMsl TpedyeT pa3paboTKu COOT-
BETCTBYIOIIUX MOJIEJIel BCEX AJIEMEHTOB U aJITOPUTMOB
yIpaBlIeHHs ¢ y4eToM cBsizeit [1].

VcrioTHUTENbHBIM YyCTPOWCTBOM B IEKTPONPUBO/IE
SIBJISIETCS NEeKTpoABuUrarens. [IpuBosa riaBHOTO JBHKE-
HUS CTAaHKA, KaK MPaBHUIIO, KOHCTPYUPYETCS HA OCHOBE
acuHXpOoHHOTO aBurarels (AJl). DIeKTponpUBOILI ITO-
Jlauu, TpeOyroIne BEICOKOH TOYHOCTH M JUHAMHYECKOH
rHOKOCTH, cojiepXar Ooyiee MPOCTHIE B YIPaBICHHUH
neuratenu noctosaHoro toka (JI1T), kak ¢ amekTpo-
MarHMTHBIM BO30YKICHHEM, TaK U ¢ BO30YXJIEHHEM OT
MMOCTOSTHHBIX MarHuToB (TTTM).

[Tpn MozennpOBaHUHN IEKTPONIPUBO/IA KAK CHCTEMBI
ABTOMATHUYECKOTO YIPABJICHUs J[BUTATENh pacCMaTpUBa-
eTCs B KaueCcTBE OCHOBHOTO 00BEKTa ympaBieHH [2].

CMBICT yTIpaBICHUS ABUTATENIEM CBOAWTCS, MO CyIIIe-
CTBY, K TIEPEBO/LY €TI0 M3 OAHOTO YCTOHYMBOTO PabOUEro co-
CTOSIHHSL C OTIPE/ICNICHHBIM BEKTOPOM BBIXOHBIX HEPEMEH-

HBIX B 33IaHHOE JPyroe. DTOT MPOLECC OCYILIECTBISIETCS
IyTEM COOTBETCTBYIOILETO M3MEHEHHUSI BEKTOpPA BXOIHBIX
ynpasistromux Bozaeiictsuil. s AIIT ¢ snexkTpoMaraut-
HBIM BO30YK/ICHHEM — 3TO BEKTOP YIPABISIOIIUX Hapsi-
wennit UT= (U, U), e U, — HanpsukeHne Ha 00MOTKe
skops, U, — HampsskeHue Ha OOMOTKE BO30YXKICHHS.
st AJL 510 Bekrop (f;, U, le), rjie f; — 4acToTa NUTAIOIIEro
HaIpspKeHUs (CHHXpOHHAs yactora), U e JICHCTBYIOLIEE
3Ha4YeHHe (pazHOro HaIpsHKEHHs! HA OOMOTKE CTaropa.

Lenp ynpapiieHUs] MCIIOJHHUTENBHBIM DJIEKTPOJIBHU-
ratejieM 3aKIIouaeTcss B MOJYUYEHUH OIPEeIEHHBIX
TEXHOJIOTMYECKUX MapaMeTpoB. JlJsi JOCTYKEHHS 11U
(hopmynupyercs 3a1aua ONpeAeIeHns 10 33 aHHbIM 3Ha-
YEHHSIM BBIXOJHBIX MEPEMEHHBIX AICKTPOJBUTATENS CO-
OTBETCTBYIOIINX 3HAUCHHUH yIPaBISIOMINX BO3ICHCTBHUIH.
B kadecTBe BBIXOAHBIX NEPEMEHHBIX, B 00IIEM cilydae,
paccMaTpuBarOTCsl IEKTPOMArHUTHBI MOMEHT Ha Bally
aBurarens M,, CKOpoCTh BPalleHUs POTOpPa 71 ¥ yToJl Mo-
BOpoTa poropa O.

[ToBrimenne 3pPekTHBHOCTH PabOTHI COBPEMEHHO-
TO 3JIEKTPONPHUBOAA JAOCTHUTACTCS MPUMEHCHHEM CHCTEM
UQPPOBOTO yIpaBiIeHUI. ITO TpedyeT Haamdus nudpo-
BBIX MOJEJEN WCIIONHUTENBHBIX IBHTrareiieii. B obmem
cirydae Takas IuQpoBast MOJIENb JOIDKHA CBA3BIBATH BEK-
TOp 3HAUEHHUH BBIXOJHBIX IIEPEMEHHBIX C BEKTOPOM 3Ha-
YEHUH yNPaBISIOINUX BO3AEHCTBUI.
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B cBs3u ¢ 3THM BO3HWKAaeT 3amada CO3JMaHWSA LUQ-
poBoif Mozenu, KoTopass MOXKET OBITh pelreHa Ha OCHO-
BE a/IeKBaTHOM MMUTALMOHHOM MOJENN MCIIOJIb3YEMOTO
JIBUTATEIS B HAHOOJIee MOIXOAAIIeH MPOrpaMMHON Cpejie.
Jns pemreHust momoOHBIX 3agad yNPaBICHHUS DJICKTPO-
MEXaHWUYECKHUMH CHCTeMaMu BecbMa d(h(EeKTHBHA Mpo-
rpamMHas cpena NI MultiSim [3]. Coderanue mpoCThHIX
uHTEPEIHCOB, aITOPUTMUUICCKH COBIAIAIONIUX CO MHO-
TUMH HMCHOJB3YEMBIMH CCTOJAHSA MPOrpaMMHBIMU IIPO-
JyKTaMu, 0oraroil OMOIMOTEKH MOAEICH AIICKTPUICCKIX
" JJICKTPOHHBIX 3JIEMCHTOB M CPaBHUTCIILHO HEBBICOKOM
CTOMMOCTH CIICJIajii MPOrpaMMy BEChbMa IPUBJICKATCIIb-
HOW JyIsl Hay4yHO#H paboThl. BO3MOXXHOCTH YHCIEHHOTO
MOJICTUPOBAHUSL  DJICMCHTAPHBIX  3JICKTPOTEXHUYCCKUX
YCTPOWCTB Ha CXCMOTCXHHYCCKOM YPOBHE U HAJIHUUC
B MPOrpaMME THUIOBBIX OJIOKOB, BBIMOJHSIOIIUX MaTeMa-
TUYECKHE OINepanuu (CyMMHPOBaHUS, WHTCTPUPOBAHUS,
YMHOXKCHHSI, JCICHHUS U Jp.) MO3BOJISIFOT MOJICIUPOBATH
MIPOIIECCHI TTPe0o0pa3oBaHus ICKTPOMATHUTHON SHEPTUU
B MCXaHWYCCKYI0 HAa YPOBHE MMHUTAINU AHATHTHICCKHUX
COOTHOIIICHUH, COCTABJICHHBIX MO0 (PU3NICCKUM 3aKOHAM.

[IpoBeneHne BUPTYaBHOTO SKCICPUMCHTA HAa MMHU-
TaIlMOHHOW MOJIENH B Tporpamme Multisim sBisieTcs Ha-
IJSIIHBIM, OJTU3KUM K PeabHOMY (PH3HUYECKOMY TIPOIECCY,
Omaromapst BOSMOXKHOCTH OTOOpasKeHHS Ha dKpaHEe MOHU-
TOpa CXEMBI HCCIIEAYeMOTO YCTPOMCTBA M KOHTPOIBHO-
M3MEPUTENBHBIX TPUOOPOB, TEpEIHNE TAHEIH KOTOPBIX
C KJIaBUIIAMH W PYKOATKAMH YIPABICHUS MaKCHMAaTbHO
MPUOMIKEHBl K WX TPOMBIIUIEHHBIM aHajoraM. A BO3-
MOXKHOCTh UMITOpTa JAHHBIX U3 MultiSim B TporpamMMbI
Microsoft Excel n MathCAD obecrieanBaeT perieHne 3a-
Jla4d yTIPaBICHHUS C TOMOIIBIO CO3IaHHBIX NMUTAIIMOHHBIX
MoJIelieii Ha COBPEeMEHHOM HU(POBOM YPOBHE.

AHanmuTHYeCcKnit 0030p CyIIECTBYIOUINX B IPOTPaMM-
HOW cpene NI MultiSim WMUTAIMOHHBIX MOJENeH pas-
nuyHoro tuna asurareneit (AJl, AT, ATTTM) no3Bonun
pa3paboTarh aJIrOPUTM PEIICHUS CPOPMYITUPOBAHHOM 11e-
JIeBOM 3a/1aun ynpasieHus [4].

1. Crpowutcs MareMaTudecKas MOJICb TBUTATEIIS.

2. Crpoutcs ajeKBaTHas yIpaBisieMas WMHUTAIHU-
OHHAsl MOJICITb JIBUTATEJIsl, IIO3BOJISIOIIAS OMPENENIATh €ro
XapaKTePUCTUKH.

CesiicTi Mapar e pecTaE |
| EkESEwLS Br e | = = —
“_-I[” nir Ay Browl SfathCLD E
A [T Emonmusarg |
r LA RETHE 1 TOER|
= U100 | YT =
; | aiz) TL : LY.
xf—";:;".-:.'.'{.: | Momers | " Foaia | 'rlpll;illiuﬂl.:ul hiu
' BEAFETE | . PaMEET | gl
B BENHNOM Brmwne| L | | 'l"'li'““""-"l ; i ptuond 1 .'I.I'.i n ]
| By L
.. . _E‘-
i |
yIER BRI yupaRto oo |
no hr:‘ wH ] o5 T ST IETE

3. TlpoBomuTcs TapaMmeTpH3alysi WMHUTAIHOHHON
MOJICITH TI0]T KOHKPETHBI IBUTATEIb.

4. C moMOMIBI0O UMHUTAITMOHHBIX MOJETCH CTPOSAT-
Csl ceMeicTBa MyCKOBBIX XapaKTEPUCTUK MPH 3HAYCHUAX
YIPaBJISIOMIUX BO3JAEHCTBUN M3 OXKUAAEMOTO JIMaria3oHa
UX U3MCHCHUSI.

5. Ilo cemelicTBaM NyCKOBBIX XapaKTEPUCTUK CTPO-
SITCSA CEMENCTBA MEXaHUYECKNUX XapaKTECPUCTUK HUCIIOJTHU-
TEJIbHOTO ABUTATels M0 KaXJA0W W3 YIpaBJISAIOIIUX Hepe-
MCHHBIX.

6. Ha ocHOBaHMM MAacCHBOB KOOpPAMHAT IOMY-
YEHHBIX CEMEHCTB MEXaHWYECKHUX XapaKTepUCTUK MO-
ryT ObITb mocTpoeHbl B mporpammax MathCAD wnu
Excel TOBEpXHOCTH BBIXOJHBIX ITIEPEMEHHBIX B pac-
CMaTpUBAEMBIX JUAla30HAaX M3MEHEHUs YIPaBIISIONUX
BO3JE€HCTBUMN.

7. s momydeHus obOiacTell ynpaBisieMOCTH 10
KaXI0M BBIXOJHOW IEPEMEHHOW B COOTBETCTBUU C Ipa-
HUYHBIMH YCJIOBHSIMH YCTOHYMBOH paOOTHI JBUTATEINS
OTIPENSIISAIOTCS. UX TPAaHWYHBIC MOBEPXHOCTH. [Ipu sTOM
HEOOXOIUMO BBIOPaTh OBEPHUTEIBHBIA, TEXHHYCCKU pe-
aNM3yeMbI Il JAaHHOTO THIIA JBUTATENCH, MHTEPBAJ
PETYTHPOBaHUs, BHYTPU KOTOPOTO OYAYT OIPENEIATHCS
3HAYEHUS YTPABIAIONINX EPEMEHHBIX. BHYTpH 3THX TO-
BEPXHOCTEH 3aKIIFOYEHBI TPEXMEPHBIE MPOCTPAHCTBA, KO-
TOpBIC SBIIIOTCS OOJACTAME YIPABIIEMOCTH 110 KayKIOH
BBIXOJJTHOW NIEPEMEHHOM.

8. TIlpencraBneHHBIE MacCHBaMH TIOBEPXHOCTH TIO
Ka)KJ0M BBIXOJHOH NEPEMEHHOMN aNlpPOKCUMUPYIOTCS O-
JTUHOMAaMHU.

9. Taxum o6pa3oM cozmaeTcs UQpoBas MOIEIb UC-
MOJTHUTENHEHOTO 3JIEKTPOABUTATEIIS.

[anee Ha OCHOBE 3TOM MOJENM pewiaeTcsl 3ajgada
OTIpeNieNIeHUsT 3HAUeHHs YTPABIAIONIETO BO3ACHCTBHA
(BeKkTOpa ympaBISIONIMX BO3ACHCTBUI) MO 3aaHHBIM KO-
opaMHATaM pabodveii TOUKH.

IIpennaraemblii aqrOpuT™M peHIeHUS 3aJa4d MOYKET
OBITh peajn30BaH Ha 0a3e MPOrPaAaMMHBIX KOMIUIEKCOB
MultiSim 10, Microsoft Excel u MathCAD, obnanarouux
BO3MOXXHOCTBIO TPAaHCIAIUU IMMPOMEXKYTOUYHBIX PE3YyJIbTa-
TOB M3 OAHOM mporpammsl B apyryto. Cxema aaropurMa
IpeCTaBlIeHa Ha PUCYHKe 1.

Puc. 1. O6mas cxema pemeHus 3a1aqy OTpeIeIeHUs 3HAYCHNH BEKTOpa YIIPaBICHUS
B 00JIaCTH YIIPABISIEMOCTH MCIIOIHUTEIIBHOTO JBUTATEIs
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[IpuBeneHHbI aIropuT™M MO3BOJISIET MAaKCHMallb-
HO aBTOMATH3UPOBATh ITPOMEKYTOUYHBIE MPOLETYPBI IS
OTIpezieTICHUs TPeOyeMbIX KOHEUHBIX PE3YIbTaTOB.

B namHO# paboTe pacCMOTpPEH ITOATOTOBHTEIHHBINA
9Tanm peann3anuu MU(POBONH MOAENN YNPABICHUS J(BH-
rarejieM MOCTOSHHOTO TOKa C BO30Y)KIEHHEM OT IOCTO-
SIHHBIX MarHUTOB, KOTOPBIM 3aKIJIIOYAETCS B IOCTPOCHUU
UMHUTAIMOHHOW KommbioTepHO Moxaenu JIITM u B mo-
CTAaHOBKE 3374y YIIPABJICHUS.

VYopasnenue JAIITM, kak npaBuiio, oCyLECTBISIETCS
1o [emnu AKops HanpsbkeHreM U . B kauecTBe BBIXOAHbIX
MePEeMEHHBIX ISl TOCTPOCHUs U(PPOBOI MOJEIH yIIpaB-
JIeHUsI YJOOHO paccMaTpuBaTh AJIEKTPOMArHUTHBIH MO-
MEHT Ha BaJly JIBMrarens M, u CKOpoCTh BPAIEHHs POTOpa
n (cm. puc. 1).

bbi1 BeIOpan Hanbosee y100HbIH ¢ TIO3ULNI IIEKTPO-
MEXaHHKH BapHaHT pean3alii MaTeMaTu4eckol Mojienu
ANIEKTPOMEXaHMYECKOTO peoOpa3oBarelsi. 3a OCHOBY B3si-
Ta MaTeMaTH4yecKas HENOCPEACTBEHHas CXEMOTEXHUYe-
cKasi MojieNb B Buze cucteMsl (1)—(4). [5]

4y ()= R, 1,(0) + Ldi,(0/d1+ Ky, (i,)Q0): (1)
Koy (0,)i,(0) = J5 Q0 dt Py Q1) ~ My (1) =0 ()
e, (1) =K, (i) Q(2); (3)

M5 (1) =K, (i,)i, (1) 4)

Maremarmgeckast moaens 1T ¢ Bo3OyxaeHrem oT mo-
CTOSIHHBIX MarHuToB (1) — (4) siBsieTcs] HeMMHEHHOM, HecTa-
LIHOHAPHOH ¢ BHYTPEHHEW 00PaTHOH CBS3BIO0 TI0 TOKY SIKOPSL.
Cucrema (1)~(4) aHATUTHYIECKOTO PEIICHUS HE UMEET.

Jlyis masnbHe#en paboThl 1esrecoo0pasHo mpeodpaso-
Barhb ypaBHeHus (1) u (2) B ypaBHeHHs cocTostHUA (5), (6).

diy(0)/dt==R, /L, i,() = Ky, (i,)/ L, A0+ L,u, (1): (5)

dQ(t)/dt =(K (iy)] Ty )iy (1) =By [ J5 Q) =1/ Ty Mgy (1) (6)

OTH ypaBHEHHUSI TaKKe HE MMEIOT aHAIUTHYECKOTO
pemenus. OpnHako MocTpoeHue (a3oBBIX TPACKTOPHH,
SIBJSIFOLIIMXCS pelieHneM ypaBHeHuit (5), (6) B IuIOCKOCTH
(aszosbIx KoopauHar (i, (f), C(f)), MOXHO pean30BaTh Me-
TOZOM MMHTAMOHHOTO KOMITBIOTEPHOTO MOJAEIHPOBAHUS
U TPOBE/ICHHS BBIYHMCINTEIBHOTO IKCIEPHMEHTa Ha CO3-
JIAaHHBIX IS 9TOH eI MOJIEIISX.

[TomyueHHBIC B pe3yabTaTe BHIYUCIUTEIBHOTO KC-
MepUMEHTa IUHAMUYCCKHE XapPaKTEPUCTHKU (BBIXOJ-
HbIE TIEpEMEHHBIE NBUTATeNs n(t) u M(t)) No3BOIAIOT
MOCTPOHUTHh MacIITaOWPOBaHHBIC PEIICHUS CHCTEMEI
(1)~(4), T.e. TpaekTopun B $pa3oBoi mI0CcKOCTH (M(1),
n(t)). Ha pucynke 2 mpexacraBieHa ¢a3zoBas TPaeKTo-
pus, TIOTyYeHHAs HA MMHUTAI[HOHHOW MOJEIH BBICOKO-
MOMEHTHOTO JIBUTATEIIS ITOCTOSTHHOTO TOKa ¢ BO30OyKe-
HHEM OT IMOCTOSTHHBIX MarauToB. [lapameTpsl Momenn

COOTBETCTBYIOT IapaMeTpaM PeajbHOTO ABUTATENs TH-
na YIIC6 [6].

CocTaBneHHBI W3 3TUX TpaeKTOpwuid (a3oBEIM TMOp-
Tper (puc. 3) SIBISETCS OCHOBOHM I PEUICHHS 3a/1aud
HAaXOXKJICHHUS BO3MOXKHBIX 3HaYEHHH YIPABISAIOIIETO BO3-
nevicteus u (f). Ha pucynke 3 (a3oBbie TpaeKTOpHH COOT-
BETCTBYIOT HAIPSKEHUSIM:

1—U,=10B;2—U,=20B;3 —U,=30B;
4—-U,=40B;5—U,=50B.

]
81, Hw
=

a it} LMl B ROD

TR

Puc. 2. Homunansnas tpaexropust T
tuna YIIC6 mpu U, = 27,1 B

W Hm

§ 200 490 660 B0 10p0 1200 Y400 1600

it, ol smpi

Puc. 3. ®asossiii noprper AT Tuna YIIC6

B kauecTBe KOMITbIOTEPHOM MMHUTALMOHHON MOJAETH
MpHUHATA pa3paboTaHHAs B POrpaMMHOUN cpene Multisim
noHas umMuTanuonHas moxenb JIIIT ¢ Bo3OyxaeHneM ot
MTOCTOSTHHBIX MarHUTOB [7]. Monens mocTpoeHa Ha 0ase
ypaBHeHHi (5), (6) ¢ yueToM ypaBHEHUS CBS3U (4) U BBI-
pakenwus nepexona (7).

n(t)=(30/7) (1) @)

Cxema 3To1 MOJIEH TIPEACTaBICHA Ha PUCYHKE 4.
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Ua La Ra A6 A9
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2.23mH — 2
875mQ Ea
v IC=0A I+ N _C) ~ WK
+ Vi
C) 271 ! 1VIV -j—o 1VIVOV
- 0 ovov
0 0 I+
-+ 18 A10
1
2 mt beta =1
A11 WK 1kQ
L 1Y Mem beta +
x X 1vivov C) 0.003517 V 0
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1VIV OV Xz Jsum | P iy - n
13 + s
A8 Y domega Yy X (D' |omeea D
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Puc. 4. Cxema nonnoit umurannonsod mogenu JAIIT
¢ BO30Y)KICHHEM OT IMOCTOSHHBIX MarHUTOB B ITPOrpaMMHOM cpene MultiSim

B uMuTalMOHHON MOJeIH (YHKIMIO HCTOYHUKA Mar-
HHUTHOT'O MMOTOKA ITIOJIFOCA OCYIISCTBISIET OMOIMOTECUHBIH
ook POLY (Polinomial Source).

Jnst 1pakTHYeCKOro JalbHEHIIEro HCIIOIb30BaHHs
Mozenu Obula IpoBeAeHa mapaMerpusanus monenu. Ha-
cTpoiika 610ka A8 (POLY) BBITIONHEHA HA OCHOBE JKCITe-
PHMEHTAJBHBIX JaHHBIX KaK JOCTATOYHO TOYHBIN BAPHAHT,
b0 B TEPBOM MNPHOIMKEHUN PEATbHOH 3aBHCHMOCTH
K,[(i,) B BHIE NTUHEHHON (yHKIMH. KOOpZ[I/IHatI‘bI JIBYX
Touek K, (0) I/I,IleaHE:HOFO xomnoctoro xona u K, (i, ) pe-
’KMMa HOMHHAJIBHOM HAarpy3KH ONPEeNeIsSUTICh PACUCTHBIM
ITyTeM Ha oCHOBe BhIpaxeHuil (8)—(10). [8]

KM (IaHOM) = Ea HOM/QHOM > (8)
Ea HOM Ua HOM Rala HOM * B; (9)
IaHOM :BJHOM/UQHOM :RHOM/UHHOM’A‘ (10)

i, o0/ mm
VoL R

400 8

r

HpI/I 9TOM AJIsA UACAJIBHOT'O XOJIOCTOr0O XoJ1a:

E,=U, I,=0; an
nX.I/IH. =ny = nHOMEaX/ELZHOM . (12)
BrraucanrensHbIi OKCIICPUMEHT BBITIOJIHAJICS

B 3TOM CiIy4ae AJisi KOHKPETHOH KOHCTPYKIHH MpPeod-
pasoBarens B COOTBETCTBHH C LENAMH M 3aJa4aMHi MO-
JIeTUPOBAHHS.

B kagecTBe (U3NUECKOro aHAJIOTa MPH MapaMeTpH-
3allMd MOJIENIU MPUHAT BhIcCOKOMOMeHTHbIM JIIT Tumna
YIIC6, mpuMeHsAeMbIil B CTAHOYHBIX JIEKTPONPUBOIAX
nmonad. Ha pucyHke 5 mpuBeneHbI pe3yibTaThl BHPTY-
aJBHOTO JKCIEPUMEHTa Ha OCHOBE MOJHOW MMHTAIH-
ounoit mozgenu JIIT ¢ Bo3OyxeHHEM OT MOCTOSHHBIX
MarHuTOB.

b

[F]
-
)

f. o | X 7. BN E
& | ¥ I i INN. Cddids B L]

[
_{g
T\

s (LN

{i % n3

Puc. 5. Bpemennbie 3aBucuMoctH 7(t), M(t), Mg, (¢), AT tana YIIC6 npu u, = 27,1 B
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[Tpu mpoBeneHNN BUPTYATIbHOTO HKCIIEPHIMEHTa MOJe-
JIMPOBAJIMCH: TIPOLIECC MPSMOTO MycKa JBUTATENs B XOJIO-
CTOM PEXHMME NMPH HOMMHATBHOM 3HaY€HMH Hanpsokerus U,
Ha OOMOTKE SIKOpSI, BKIIOYCHHE BHENIHEH Harpysku My, (7)
(cTymeHuaToi GyHKIWHN) U €€ TOCIeAyToIIee OTKITIOYCHHE.

Mo’HO czienaTh BBIBOJ, YTO BBIXOAHBIC NIEPEMEHHBIC
neurarens n(f) u M,(f) alieKBaTHO OTPAKAIOT IUHAMH-
YeCKHe U CTaTMYeCKUe TPOLECChl, BbI3BAHHBIC YIpPaBIIs-
fouuM BoszelictueM U (f) U BHENIHUM BO3MYIIEHUEM
My (7). OdeBuaHO, YTO MOJENb MO3BONSAET UCCIENOBATH
JMHAMHUKY MEXaHMUYEeCKOW M 3JIEKTPOMarHUTHOM COCTaB-
JISIFOIMX €AMHOTO Mpoliecca mpeodpa3oBaHusl.

Bribpannas mopmens JIITM  sBnsieTcs OTKPBITOH,
yAOOHO# [Ist MOTU(HUKALIAIN 101 KOHKPETHBIC 3a/1a4d MO-
JIeTUPOBAHUS.

Ha ocHoBe 3TO#f Monenu, MCHONB3ys MICI0 CKBO3-
Horo MmogpenupoBanust MultiSim 10 — Microsoft Excel
— MathCAD B miponiecce ynpapJeHUsI, YacTHas 3ajava
YIpaBJIeHUSI MOXKET ObITh chopMyaHpoBaHa Kak 3ajada
OIpPE/IENCHIS 3HAYCHHS YIPAB/ISIOICTO BOSACHCTBISA U,
COOTBETCTBYIOIETO 33JaHHOM (Da30BOW TPACKTOPHH Ha
(asosom moprpete B (hazoBoi miIockocTu (n, M,). ABTo-
MaTu3alnusl PeleHus 3TOW 3aJauyd IpEeICTaBIsieT COOO0H
peanmzanuto mudpoBoit Mogenu ynpasieHus JI1TM.
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VIIK 004.89

K.B. llommna, N.C. Bacerauna, A.O. [TapmuH,
P.A. Anemxo, P.A. Boponmnos, T.b. TropGeeBa
K.V. Shoshina, I.S. Vasendina, A.O. Parshin,
R.A. Aleshko, R.A. Vorontsov, T.B. Tyurbeeva

PA3SPABOTKA METOOUKU ABTOMATU3NPOBAHHOI'O OMNMPEQENEHUA
3ABOJIOYEHHOCTU TEPPUTOPUN APXAHIEJIbCKOWU OBJIACTU
HA OCHOBE IMNYBOKUX HEMPOHHbLIX CETEU

DEVELOPMENT OF A METHODOLOGY FOR THE AUTOMATED
DETERMINATION OF THE SWAMPINESS OF THE TERRITORIES
OF THE ARKHANGELSK REGION BASED ON DEEP NEURAL NETWORKS

H3znooicen cnocob onpedenenust 3a00104eHHOCMU MEPPUMOPULL ApXaHeenbeKou 001acmu Ha 0CHO8e 2lyOOKUX
Hetiponnvix cemetl. Ilpusedeno peutenue 3a0auu gvloeneHus 3a00104eHHbIX MEPPUMOPULL HA OCHOBE OAHHbIX CHYM-

HUKOBOU CbeMKIU.

A method for determining the swampiness of the territories of the Arkhangelsk region based on deep neural
networks is outlined. A solution to the problem of identifying wetlands based on satellite imagery data is given.

KnwoueBble ci1oBa: 3a00JI04CHHEIC TEPPUTOPUN, CIYTHUKOBBIC CHUMKH, FJ'Iy6OKI/Ie HGﬁpOHHHe CCTHU, MCTOJIMKaA,

AJITOPUTM.

Keywords: wetlands, satellite images, deep neural networks, technique, algorithm.

BBeagenue

bonora SBASIOTCS BaXXHBIM MPUPOIHBIM PECYPCOM.
OHu, Kak ¥ Jec, MO INPaBy Ha3bIBAIOTCS «JIETKUMHU»
IJIaHETHI, MOMIoIas O0JIbIIOE KOTHUECTBO YIIEPOIHO-
TO ra3a M BbIAEIAA KHCIopod. bonoTa ABisA0TCS 3KO0II0-
TUYECKON CPEeNoU IJIsl MHOTUX PACTEHUH U JKMUBOTHBIX.
OnHako 3HA4YMTENbHBIE 3a00J0YEHHBIE TEPPUTOPHUH
MOKHO HCIOJIb30BaTh 00Jiee pallMOHAIbHO, HApUMED,
nepeaB UX B 3€MJENOIb30BAHUE WIIM BbINAC CKOTA.
Yacrto 3a00104CHHBIE TEPPUTOPHUH 3aTPYIHSIOT JOCTYII
K JIECHBIM pecypcaM. AKTyaibHas mH(poOpMaIus o 3a-
OOJIOYEHHBIX TEPPUTOPHUSLX HEOOXOAMMA Il KOHTPOJIS
JIeSITENIBHOCTH B OTHOLIEHUHM BOJHO-OOJIOTHCTBIX yTO-
nuii [1-5].

Pa3paboTka METOAMKN aBTOMAaTU3UPOBAHHOTO OIpe-
JienieHus 3a00J04E€HHBIX TEPPUTOPHIL 110 JaHHBIM CITYT-
HUKOBBIX CHHMKOB C BBICOKOM TOYHOCTBIO ITO3BOJIHUT
COXPaHWUTh TIPUPOIHBIE PECYpChl M TOCTPOUTH OITH-
MaJIbHBIC TIJIaHbI IO PA3BUTHIO TEPPUTOPUI ApXaHTeib-
CKOHM 00JacTH, YTO OIPEENseT aKTyalbHOCTh HCCIIE/IO-
BaHUs. J7I1 CBOEBPEMEHHOTO OTCJIC)KHBAHUS JAaHHBIX
0 3200JI0YEHHBIX TEPPUTOPUSIX OBUIO MPUHATO pEIICHHE
HCIIONb30BaTh JaHHbIE CIYTHUKOBOM CBEMKH ApXaH-
TeNbCKON 001acTh U pa3padboTaTh MPOTrPaMMHBIA MOITYITh
B cBoOOnHO pactpocTpansemoit [ IC mo nux aBroMaTH3u-
poBaHHOIT 00paboTKe.

OCHOBHBIMH 3TallaMu, HEOOXOJMMBIMHU JJIsI OIIpesie-
JIeHUs 3200JI0YEHHBIX TEPPUTOPUIT IIPU MTOMOIIN JTaHHBIX
JIUCTAHITMOHHOTO 30HaupoBaHus 3emin (J33), sBIstoTCS:

1) pa3paboTka TeXHOJOTHH HETPEePBIBHOW 00paboT-
KU JAaHHBIX CHyTHHKOBOﬁ CbCMKH, BKIIHOYAKOIIAsA BBI60p
n300pakeHnH, co3JaHNe BEKTOPHON MacKH BOAHO-00I10-
TUCTBIX YTOAMNH HA KOHKPETHYIO TEPPUTOPUIO;

2) pa3paboTka apXUTEKTypbl TIyOOKOH HEHpPOHHOI
ceTH W ee 00ydyeHue, BKIIIOUasi MoJ00p mapaMeTpoB JUis
ABTOMaTHU3MPOBAHHOTO OTIpE/IeNICHNs 3a00I0YEHHBIX Tep-
PUTOpPHUIL;

3) paspaborka nporpammuoro moxyis B 'IC QGIS,
BKJIFOYasl HHTETPALMIO Pa3padOTaHHON HEHPOHHOI ceTH.

Janee monpoOHO ONMIIIEM KaKIbIi JTarl.

HO.]Iy'-leHI(Ie H MOAT0TOBKA MCXOJAHBIX JaHHBIX

B wccrenoBaHWHM WMCHONB30BAUCH  CITyTHUKOBEIC
CHUMKH ¢ KocMHYecKoro anmapara Landsat 8. M300pasxe-
HUS C BBIOPAaHHOTO KOCMHYECKOTO ariapara BKIIOUAIOT
MYJBTHCIICKTPaIbHEBIC TaHHBIC, II03BOJITIOMIE () heKkTHB-
HO pemIaTh IOCTaBICHHBIE 3amaud. HeoOXommmo Takke
OTMETHTH OOJBINON ¥ PETYISPHO MOIOIHICMBI apXWB
JTAaHHBIX CO CITyTHHKA.

[TonmyyeHHBIE CHUMKH TPOILIH TPOLEAYpPYy TpenBa-
pUTETHHON 00pabOTKM W MOATOTOBKU IS TeMaTHIECKON
uHTEepHpeTanuu. s mogadn n300paXeHNs B HEHPOHHYIO
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ceTh OyZIeT NCIOTB30BaThCsl CTAHAAPTHEIN (opMar «pngy.
Jns ero co3manus HEOOXOMUMO BBIOpaTh 3 KaHaia, KOTO-
psie coctaBaT RGB-kommo3ut. Kanan 4 xopormio moaxoant
TUTSE OTIPEZIETIsisl PACTUTEIHHOCTH, a Ha KaHajlax 6 U 5 Xopo-
110 BU3YaJTU3UPYETCS BBIICICHHUS TETIa OT 3a00JI0YCHHBIX
Tepputopuii. BenencTBue yero mis nanpHe#en paboThl
HCIOJIB30BAINCEH KaHaJbl 6, 5 u 4, n1Ba OMWKHUX HHOpa-
kpacubix (BUK) u kpacHblif cooTBeTcTBeHHO. I[IpmmMep
MOJYYEHHOTO M300pa)KeHHsI IPE/ICTABICH HA PUCYHKE 1.

[Tocie 00pabOTKH CHUMKOB OBLITH BBIACICHBI 00JIACTH
¢ GostoTamu it 0OyueHUsI HeWpPOHHOU ceTH. [laHHas WH-
dbopmanus conepxkutcs Ha kapre OpenStreetMap (OSM),
KoTOpasi OecIuIaTHO pacnpocTpaHsercst B cetu VHTepHeT
u co3jaercst cuiaMu JoopoBoibleB. OSM comepkuT Tar
natural=wetland, KoTOpbIif XpaHUT HHPOPMALIUIO O BOIHO-
OOJIOTUCTBIX YTofbsiX B ymoOHoM ¢opmare. [Tocie obpa-
6otku ciost B QGIS, moyuniu BEeKTOpHBIN ci10¥ ¢ 6010~
TaMU, IPEICTABICHHBIN HA PUCYHKE 2.

Puc. 1. [Ipumep KOCMHUECKOTO CHUMKA
3200JI0YEHHON TePPUTOPHU

st mojauyn CHUMKOM B HEHPOHHYIO CEThb UX Ipell-
BapUTEIbHO HApE3aTM Ha HM300paKeHUS MpPU ITOMOIIN
ckpunra Ha si3pike Python. ITpumep momydeHHBIX CHUIMKOB
MIpeACTaBJIeH Ha pucyHKe 3. Jlanee paccMOTpuM pa3padoT-
Ky MOJIENTH TTyOOKO HEHPOHHO CeTH IS BBIACTICHUS 3a-
OOJIOYCHHBIX TEPPUTOPHI.

Pazpa0oTka Mozen UIs onipe/ie1eHusI
Y4aCTKOB 3200104¢HHOCTH TEPPUTOPUH

ABTOMAaTH3UPOBAHHOE ONpPEEICHIE 3a00I04EHHOCTU
TEPPUTOPHHU TI0 JAHHBIM CITyTHHUKOBOM CBEMKH IIpejiara-
eTCsl MOCPEICTBOM Pa3pabOTKU MOZAENH, HCIOJb3YyOMIEeH
JUISl HACTPOMKH TIapaMeTpoB caMOOOy4YaeMble alrOPUTMbI
Ha OCHOBE TEXHOJIOTH NIyOOKMX HEHPOHHBIX ceTed. 3a-
Jlava BBIJICJICHUS] HA KOCMHUUYECKOM CHHMKE Y4acTKOB O0OJIOT
OTHOCHTCSI K 33/1a4e cermenTanun. [lonoOHas 3a1a4a pans-
IIe peragack MOpQGOIOTHYECKUMH METOIaMH 00pabOTKH

Puc. 2. BexkropHslii cioii ¢ 0ogoTamMu

- = - - =
E = - - =

L] L] L] L]

Puc. 3. [Ipumep mOArOTOBICHHBIX U300pasKCHHIA
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Puc. 4. [Ipumep map nzoOpakeHnit B 00ydaromeil BEIOOPKe:
4acTh KOCMHYECKOTO CHUMKA W Macka O0JIOT TepPUTOPUH

n300paxeHuit [6, 7], OCHOBaHHOW Ha aHAJH3E TOJIBKO SIp-
KOCTHBIX XapaKTePUCTHK CHUMKOB B HECKOJIBKHMX KaHaJlax,
B COBOKYITHOCTH C SKCTIEPTHON OIEHKOH MPHHAIIC)KHOCTH
BBIJICTICHHBIX OOJlacTel K meneBoMy Kiaccy Ooxot. Ipu-
MEHEHHE B COBOKYIHOCTH TAaKHX TEXHOJOTHH IITyOOKHX
HEWPOHHBIX CeTeil IS 3a/1adM CeTMEHTAINN, KaK CBEpTKa,
MYJIUHT ¥ TOBBIIAIONIAs JTUCKPETU3ALMS TTO3BOJISIOT CO-
YeTaTh HE TOJIBKO SIPKOCTHBIC XapaKTEPUCTHUKHU, HO U TEK-
CTypHbIE, OOBbEKTHBIC MTPU3HAKA HA KOCMHUYECKOM CHHMKE
CO 3HAHUSIMHU AKCIEPTa, 3aJOKECHHBIMU B 3apaHee MOATO-
TOBJICHHOW MacKe OOJIOT TEPPUTOPHH B Ka4eCTBE YIEOHOTO
obpasma.

B KkagecTBe apXUTEKTypHl TIIyOOKOW HEHPOHHON
ceTu B mojnenu ucnoib3oBaiack U-Net, kotopas paHee
HEOJHOKPAaTHO IOKa3bIBaJla BBICOKHE PE3YNbTAaThl INPH
BBIJIEJICHUY OOBEKTOB JPYroro TUIAa Ha KOCMMYECKHX
cHuMKax [8]. JlaHHas apXWUTEKTypa M3HAuyalbHO pas3pa-
OoTaHa s 33/1a4M CErMEHTAlMH U Haubosee yCHelHo
CHpaBisieTcsi MIMEHHO ¢ OMHAapHOM cerMeHTalueH, K Ko-
TOPOW OTHOCHTCSI 3ajiada BbIIEJICHUsI OOJIOT Ha Teppu-
topun. Ilpu HeBbICOKOI TpeOOBAaTENBLHOCTH K 00BEMY
00y4aromux JaHHBIX MOJIEIM Ha OCHOBE APXUTEKTYPHI
U-Net ObicTpo 00y4atoTCsi ¢ BHICOKUM Kaye€CTBOM, JIO-
CTaTOYHBIM JUIS MCHOJIB30BAaHMSI TAaKUX MOJENIEH B Mpo-
W3BOJICTBEHHBIX PEIICHHSIX.

B kauectBe oOyuarormieil BBIOOPKH ISt MOJIENHN CeT-
MEHTAlMu OOJIOT TEPPUTOPUM Ha NPEABIAYIIEM JTare
TIOATOTOBKH JIAHHBIX OBIIM OpPraHU30BaHbI MAphI: TPEXKa-
HaJIbHOE N300paKECHNE «HApe3aHHask 9aCTh KOCMUYECKOTO
CHMMKa» — OJHOKaHAJIbHOE M300payKCHUE «Hape3aHHas
YacThb MacK{ OOJOT TEppUTOpPHH ApXaHreiabckoi oOIa-
cti» (puc. 4).

Pasmep nzo0pakennii B mapax BeiopaH 224x224 k-
ceJist Kak Hanbosee ONTUMANIBbHBIN C TOYKH 3PEHUS 3aTpaT
BBIYMCIIUTENBHBIX MOIIHOCTEH IMpH OOYYEeHHH MOJIEINH.
O0BeM MOATOTOBICHHON BRIOOPKH cocTaBmi 436 map u30-
Opa’keHWi, TO3BOMUBINUI MOIYYHTH JTOCTATOYHBIA pe-
3y/bTaT TPU HEBBICOKOW MPOJOIKHUTENLHOCTH OOy4eHHS

mozenu. Ilocie HeCKONBKHMX 3KCHEPHMEHTOB OIBITHBIM
MyTeM BCIO BBIOOPKY paszienwin Ha OOydaromlylo M Te-
CTOBYIO B mporiopiuu 9:1, TakuM 00pa3oM, OT/AaB 3HAYH-
TEJIBHYIO YacTh JUIA OOYYEHUsI, YTO IOBBICHIIO KaueCTBO
cermenTanuu. KoppekTHocTh pabOThl MOjENM THpH Cer-
MEHTAllMd MOXKHO OLICHWTh Ha HEOONBIIOM OO0bEME BbI-
6opkn. Taxke 171 MOBBIMIEHHUS KauecTBa OOy4EHHs MO-
Jien ObLTa TIPOBE/IeHa ayTMEHTANs! TaHHBIX: TOBOPOT OT
0° mo 35°, BepTHKAIBPHOE M TOPHU3OHTAIBEHOE OTPAKECHHUE
¢ BeposaTHOCTHIO 0,1 1 0,5 COOTBETCTBEHHO.

[Iporecc HEmocpenCcTBEHHO OOyYeHHUs MOJENTH HEeH-
POHHOI CETH MOMUMO aBTOMAaTH3MPOBAHHOW HACTPONKU
BECOBBIX KOA(PQPHUIIMEHTOB CETH 3aKJIOUajCs B OMITUPH-
YECKOM I10JI00pe MapaMeTpoOB MOJEIH: KOJTUYECTBO 3IOX
oOyueHHsi, pa3Mep MHHHU BBIOOPKH, BBIOOp (yHKIMK
omuOKY, BHIOOP METOAA ONTHMHU3AIMH, CTApPTOBAasl CKO-
poCTh OOy4eHHsI MOJEIH, BHIOOp (YHKIMH aKTUBALUH
B CBECPTOYHBIX CJIOAX. Yacrtb napaMeTpoB, TAKUX KaK 4YUC-
JIO KaHaJOB Ha BXOJIE M BBIXOJE, pa3Mep sijiep CBEPTOK
1 TIO/IBBIOOPOK ObLIA OIpe/esicHa UCXOIS U3 MPUMCHCHHS
ApXMUTEKTYypbl HEHPOHHON CETH B aHAJIOTMYHBIX 3a/1a4ax,
NPUBEIIINX K ycrexy. Tak 3HaueHus: YHCIIO KaHAJIOB Ha
BXOJI€ PaBHO 3, a Ha BBIXOJE 1, TaK KaK Ha BXOJ MOCTYyIIa-
10T TpeXKaHaJIbHbIe n300pakenns B popmare RGB, a BbI-
XOJIOM SIBJISIFOTCSI MAaCKH OOJIOT € OTHMM KaHajioM. Pa3zmep
s7pa CBEPTKHU ISl KaXK0TO CBEPTOYHOTO ciost 3x3, a st
CJIOEB TIO/IBBIOOPKH M TTOBBIIIAIOIICH AUCKPETH3ANH 2X2.

B mpouecce sMmmuprueckoro mogdopa napameTpoB
Mozenu ist GPUHATBHOTO 00yUYeHHUST OBUTH MCIIOIb30BAHBI
CJIETyTOIIHE MTapaMeTphl: HavyalbHasi CKOPOCTh «1e-4», u3-
MEHsIeMasl B Ipoliecce 00yUeHHUs aIrOPUTMOM ONITHMH3a-
LIUH; aITOPUTM onTuMu3annu Adam, BoOpaBIImii JTydime
cBoiictBa anmroputmMoB AdaGrad u RMSProp, crroco6HbIi
paboTarh ¢ PEAKMMH TpaJUeHTaMH B 3aJadax C 3allyM-
JICHHBIMH JAHHBIMH, YaCTO IIOKa3bIBAIOLIMH XOPOIINit
pe3yabTar Ui OONBIINHCTBA 33/1a4; (DYHKIMS aKTUBALUH
B cBepToUHBIX cliosix ReLU; pasmep mMunu BbIOOpKH 30;
YHCIIO ATIOX IS 00y4ueHHs 4.
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BerpauBanue o0yueHHOI MoaeH
B IIPOrPAMMHBIN MPOAYKT

B pesynsrare oOydeHHas MoOIenb HEHPOHHOH ceTH
MIO3BOJISIET IIPOBOJUTH ABTOMAaTU3UPOBAHHOE OIpeEselie-
HHUE 3a00JI04EHHOCTH TEPPUTOPUM IO JIaHHBIM CITyTHH-
KOBOW ChEMKH Ha TMPUMEPE TEPPUTOPUN APXaHTEIbCKOU
obmactu. anHas moxens Obuta mHTEerpupoBana B [MIC
QGIS xaxk oTnenpHBIN MIarud. B pazpaboTranHoM miarnHe
MOYKHO yKa3aTh JTUPEKTOPHIO C (hailiiaMu Jyist OTIpeIeIeHHs
3200JIOYEHHOCTH U JAUPEKTOPHIO JIJISI BBITPY3KH pe3yJibTa-
Ta 00pabOTKH MOZEINBIO, NPECTABISIEMOM B BHJIE MacoK
C BBIJICJICHUEM PAcCIOJIOKEHUEM OOJIOT Ha TEPPUTOPHH.
Jnst umMriopta HeoOXOJMMBIX OMOIMOTEK MCIIOIBH30BAIACH
BcTpoeHHas obonouka Python mis padoter — OSGeodW
Shell. nst pa3spabotku uHTEepdeiica rarnHa Obuia MpH-
MeHeHa O6uOnrorexa QT. Buemnuii Bux pazpadoTaHHOTO
TUTarvHa NPUBE/ICH Ha PUCYHKE 5.

[ bmampwiectoms b

e - IR | TGt o BT e

it ™ (Al R i’ O T il

Puc. 5. Dxpan mnaruaa B QGIS

[Ipn 006paboTke KOCMHYECKUX CHUMKOB 3a00J10-
YEHHOU TeppUTOPUHU ApXaHTenbCcKoi obxactu (puc. 6)
OBIT TIOTyUYEH pe3yabTaT, IPEJCTABICHHBIM Ha PUCYH-
ke 7 (HWKHSSA CTpOKAa) B CPaBHEHHWH C MackKaMu 00-
JOT TEPPUTOPUU M3 OTKPBITHIX HCTOYHHKOB (BEPXHSAS
CTPOKa).

Pesynsrar 00paboTKM KOCMUYECKIX CHUMKOB BH3Y-
aJbHO MHTEPHPETUPYETCS, TPAHUILBI OOJOT OIpeessi-
I0TCS, MPUCYTCTBYIOT HE3HAUUTEJbHBIE BOPOCHI OEbIX
nsiTeH B Macke. [lorpenrHocTn MOXKHO CKOPPEKTHPOBATh
nmpu I[aﬂbHefI].HHX HCCIICAOBAaHUAX MYTEM MCIIOJIB30-
BaHHs 00JICC TOYHBIX MACOK MPH JOOOYUYCHHH MOJCITH
HEWpOHHOU ceTH u e€ TOHKOW monctpoiike. CKOPOCTh
00pabOTKN CHUMKOB ITO3BOJIUT OITIPEACISATH 3a00JI04YCH-
HOCTb JJOCTaTOYHO OOJBIIUX TEPPUTOPHH B IpHEMIIe-
MbI€ CPOKH W ITPOBOAMTH CPABHHUTEIbHBIH aHAIU3 CO-
CTOSIHUS OOJIOT.

BriBoabI

Pa3zpaborana MeToqMKa M aJrOPUTMBI ABTOMATH3H-
POBaHHOTO OIpeAeIeHUsT 3a00J0YEHHOCTH TEPPUTOPHI
ApXaHTeNbCKOM 00JacTH MO0 KOCMHYECKAM CHHMKaM Ha
OCHOBE ITyOOKHMX HEHPOHHBIX CETEH, MMO3BOJISIOMIAs 00-
pabaTpIBaTh OONbIINEe 00BEMBI HHPOPMALINN 0€3 yJacTus
JKCIIepTa/deoBeKa.

Pa3paborana m oOydeHa MoOIENb IS OIPEICIICHUS
YYacTKOB 3200I09€HHOCTH TEPPUTOPHHN Ha TIpHMepe ApXaH-
TeJTECKON 00JIacTH Ha OCHOBE MOTU(HUITMPOBAHHON apXHUTEK-
Typbl HelipoHHOU cetr U-Net, 103BOJIAIOIIAs YUUTHIBATh HE
TOJIBKO SIPKOCTHBIE XapaKTEPUCTUKH KOCMUYECKOTO CHHMKA,

Puc. 7. Pe3ysnbrar 00pabOTKH CHUMKOB MOJICJIbIO, HHTETpUpOBaHHO# B rutarud QGIS
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HO M TEKCTYpPHO-OOBEKTHBIE, YTO MO3BOJIIIIO B aBTOMATHYe-
CKOM peXHME CO3/1aBaTh Macki OOJIOT MECTHOCTH.

Ha ocHoBe pa3paboTaHHOM METOOWKH pa3paboTaH
MOJYITb aBTOMAaTH3WPOBAHHON 00pabOTKH KOCMHYECKHUX
CHHUMKOB, KOTOPBIH 00€CIIeurBaeT MOATOTOBKY BEKTOPHBIX
KapT, MO3BOJLIOIINX OLIEHWBATH COCTOSHHE 3a00JI04YCH-
HBIX TePPUTOPHI, IPHHUMATh MEPBI U1l COXPAHEHHS KO-
CHCTEMBI ApXaHTeIbCKOI 00IacTH.

PazpaGoTanHble MeTOOMKAa M HHCTPYMEHTAJIbHBIC
CpeacTBa MOr'yT OBITH MCITOIb30BaHbI JJIA TEMATHYCCKOT'O
nemrprupoBaHusl 3a00I0YCHHBIX TEPPUTOPHH U TIPHMe-
HUMBI JUIsl TEPPUTOPUN CO CIOXKHBIMU IIPUPOAHO-KIUMA-
TUYECKHMHU yCIOBUAMH, IuIomaasio 6omnee 5 000 ra.

baarogapHocTtu
Paboma evinonnena npu gunarcosoii noddepacke Poccuii-
cKk020 nayunozo gonda u [lpasumenscmea Apxaneenvcroil oona-
cmu npoexm Ne 22-11-20025.
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VIK 621.791.722

B.C. Teragenko, C.O. Kypamxua
V.S. Tynchenko, S.O. Kurashkin

MMUTALUMOHHOE MOAEJIMPOBAHUE MNMPOLIECCA
ANEKTPOHHO-NTYYEBOWU CBAPKU B YCTAHOBMUBLLEMCS PEXXUME
AnA OTPABOTKU TEXHOJTOMMYECKOIO NPOLIECCA

SIMULATION MODELING OF THE PROCESS
OF THE ELECTRON-BEAM WELDING IN STEADY STATE
FOR TESTING THE TECHNOLOGICAL PROCESS

Ha cecoonsuunuii oenv, npu ompabonike mexHonOSU4eCcKo20 npoyecca U NOAy4eHUst Ka4eCmEeHHbIX HEPAZbeMHbIX CO-
eOuHeHul OJis1 HOBbIX U30eIULl U NPU 0OHOGIEHUU 000PYO0BAHUsL NPOU3EOOUMCSl NOUCK NAPAMEMPO8 NYMeM NPOBe0eHUs.
HAMYPHBIX IKCNEPUMEHTNOE, YMO AGIAEMCA MAMEPUATLHO U PECYPCO3AMPAmHbIM. B dannoti pabome asmopamu npogede-
HO UMUMAYUOHHOE MOOETUPOBAHUE NPOYECCd ANeKMPOHHO-TYHe6ol CéapKu uzdenus uz mumarosozo cniasa ¢ COMSOL.
B pesynomame 0ns ompabomxu mexnonio2udecko2o npoyecca Oviiu 3a0aHbl RAPaMempbl U NOIYUeHbl ZPAGUKU pacnpedere-
HUsL MeMNepamypbl Ha NOBEPXHOCHIU U30ETUSA, KOMOPbIe CEUOCMETbCMBYION 0 O0CIUICEHUU BbLOBUAEMbIM MPEeOOBAHUIM
CBAPHO20 WA — WupuHa 2 Mm, blcoma 1 mm.

Now, when working out the technological process and obtaining high-quality one-piece connections for new products
and when updating equipment, the search for parameters is carried out by conducting full-scale experiments, which is
financially and resource-intensive. In this work, the authors carried out simulation modeling of the process of electron beam
welding of a titanium alloy product in COMSOL. As a rvesult, for the development of the technological process, parameters
were set and graphs of the temperature distribution on the product surface were obtained, which indicate that the requirements
of the weld were reached - width 2 mm, height 1 mm.

KaroueBrnlie ciioBa: MOJCIIMPOBAHUC, CKOPOCThb CBAPKH, TEXHOJOI'MYCCKUEC MMaPAMETPhI, SJICKTPOHHO-JIYUCBasA CBap-

Ka, 3H€KTp0HHLIfI ITYyYOK.

Keywords: modeling, welding speed, technological parameters, electron-beam welding, electron-beam.

BBeaenue

OnexkTpoHHO-nmyueBass cBapka (DJIC) mnomyuuna
LIIMPOKOE PACIPOCTPAHEHHE B PA3IUYHBIX OTPACIAX
MamuHocTpoeHus [1-3]. Bonpmime TexHoJIOrHYecKue
Bo3MoxkHOCTH DJIC nocTurarorces 3a c4eT BO3MOXKHOCTH
rUOKOro ympasieHUs mporeccom: (1) peamusyemMocThb
UMIYJIBCHOTO PEKHUMa CBapKH, (2) BO3MOXKHOCTH Iepe-
MEIIaTh MY4YOK IO MOBEPXHOCTH CBApHBAEMOI0 H3e-
JIUSL C TOMOINBID OBICTPOACHCTBYIOMICH OTKIIOHSOMICH
CHUCTEMBI 110 JIIOOOMY CIIO)KHOMY KOHTYpY. Y3KHil 1IOB,
MapajuieIbHOCTh €T0 TPAHUI[ U Mayasi MPOTSKCHHOCTh
30HBI TepMuueckoro BiusHus (3TB) oOycnoBiamuBaror
HE3HAUUTEIbHBIC JIMHEWHBIC W YIJIOBBIC Iedopmarimu
CBapUBAaCMBIX H3ICITHA.

YeranoBku st DJIC kak 0OBEKT aBTOMATH3AIAH TIPETI-
CTaBITIOT COOOH CIIOXKHBIN KOMIUTEKC [4, 5], B KOTOPBIIA BXOIAT
AMEKTPOMEXaHNYECKHE MaHUITYIIITOPBI, BAKYYMHOE 000pyIIo-
BaHHME W MOIIIHOE YHEpreTHIecKoe o0opynoBanme. B HacTos-
1ee BpeMsi pa3BUTHE CPEICTB aBTOMATHIECKOTO YIIPABICHHUS
nporieccoM JIC ocyrmecTBiIsieTcsl Kak Mo MyTH COBEpIICH-

CTBOBaHHs1 JIOKAJIHBIX PETYIISITOPOB, UCIIONB3YEMbIX IS CTa-
OuTM3aIMy 1 YIpaBIeHHs OT/CTBHBIX ITapaMeTpoB MPoLiecca,
TaK U TI0 IyTH CO3/IaHHSI KOMIUIEKCHBIX CHCTEM YIIPaBJICHUS,
OCYIIIECTBIISIIOIINX B3aMMOCBS3aHHOE PETyIMPOBAHME Mapa-
METPOB TIpoliecca ¢ LEbo (POPMUPOBAHHS KaYeCTBEHHOTO
CBApHOTO coe/MHEHMs. TaKye aBToMaTu3upOBaHHbIE CUCTEMBI
[6, 7] naroT BO3MOXHOCTb TOHKOH PEryIMpOBKU MOIIHOCTH,
(hOKyCHPOBKH 1 MOJIOXKEHHS JTy4a HA TIOBEPXHOCTH U3/IEIIHIS.
Pazmepsl, koH(pUrypanus 1 KauecTBo (POPMHUPOBAHUS
mBoB 1ipu DJIC onpenenstoTcess yCTOWIHBOCThIO, (POPMOit
W pa3MepamMH NapoBOrO KaHajla CBApOYHOW BAaHHBI, KOTO-
pBIC B CBOIO OYEpEeb 3aBUCAT OT MOITHOCTH, 3(p(heKTHBHO-
TO paguyca, yIiia CXOOUMOCTH JIyda, TOJIOKEeHHS (poKaIb-
HOTO IIATHA Jy4a, IPOCTPAHCTBEHHOTO MOJIOKEHUS CTHIKA,
TEIUTO(PU3NUECKAX CBOMCTB METAJIA i CKOPOCTH CBapKH.
ABtopamu pabot [8—10] mpoBOAMIOCE MMHTAIHOH-
Hoe MonenupoBanue B cpeae COMSOL c niensio ncceno-
BaTh BIISIHUS W3MEHCHUS MOITHOCTH Ha PacIpeesICHHs
TeMIepaTrypHoro mois. B pabote 3amaBaimich TOK Jiyda,
YCKOpSIONee HANpPsHKEHHE M CKOPOCTh CBApPKH, OIHAKO,
M3MEHSUICS TOIBKO TOK JIyda, B TO BpeMs Kak OBLIO 3aja-
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HO ONTHMaJIbHOE 3HAYEHHE CKOPOCTH CBAPKHU IS IAHHOTO
W3NS, a YCKOpsIolee HarpsbkeHne 0pi10 paBHO 30 KB
COIIACHO MACIIOPTY IEKTPOHHO-TYYeBOH ITyLIKH.

Lenpto maHHOW paOOTHI SBISETCS OTpPabOTKa TeX-
HOJIOTHYECKOro Ipolecca C 3aJaHHBIMH IapaMeTpamMu
(CKOpPOCTH CBapKH, TOK JIy4a, YCKOPSIOIIEe HAMPSKCHUE)
JUIS TIOTY4YeHUs CTaOMIIBHOIO Ka4ecTBa CBApPHOTIO IIBa H3-
JIeNUi M3 TUTAHOBOTO CIUIaBa MPH 3JIEKTPOHHO-ITYUYEBOI
cBapke. ABTOpaMu NpeyiaraeTcst MpoBeAeHHE MOACIUPO-
BaHus npouecca JJIC B ycTaHOBHUBIIEMCS PEXKUME B Cpe-
ne COMSOL niist ipoBepku 3h(HEeKTUBHOCTH MOIXO0A.

Bepuduxanus MaTemMaTudeckoi MoJea1u
IyTeM HMHUTALHOHHOI0 MOAE/JIHPOBAHUSA
B cpene COMSOL Multhiphysics

B kauecTtBe MOIIHOCTH, KOTOpas 3aJaeTcsl B JaHHOU
paborte, mpuHsTA yAeIbHAs MOIIHOCTE (BT/cM2), mo3BOIIS-
IOIasl PACCYMTATh MOIIHOCTh 3JIEKTPOHHOTO JIy4ya B 3aBU-
CHUMOCTH OT ero auamerpa [11]:

U-1
Q2 = dz (1)

T-—
4

rae d — IuaMeTp dNEKTPOHHOTO JIyda; / — TOK JIEeKTPOH-
HOro Jy4a; U — ycKopsifoliee HalpspKeHHe.

Torna kaxk 1pu BO3AE€HCTBUU B UMITYJIbCHOM PEXKUME,
MOIITHOCTS (2) MOYKHO BBIYHCIIUTE CIEIYIOIAM 00pa3oM:

0=1-U-f1 @)

rae [ — BeJIMYMHA TOKA B UMITYJIbCE, f — YacToTa cleo-
BaHHWA UMIIYJIIBCOB, T — MJIMTECJIBHOCTH UMITYJIbCA.

B kauectBe 00pa3siioB isi CO30aHUsT MOJICNH ObLIN B3sI-
ThI [IPOMBIIILICHHBIC 00Pa3Iibl, U300PAKESHHBIC HA PUCYHKE 1.

IepBas yacTh u3eNMs MOKa3aHa Ha pUCYHKe 1a v mpen-
CTaBIsIeT COOOI MOJBIH IMITMHAD U3 TUTaHOBOTO cruasa (Ti-
4Al1-3Mo-1V) BeicoToii 80 MM U JUCKOM B BUJIC KPBIIIKHU 1~
ameTpoM 76 MM, TommuHON 12 MM. BTopas 9acTs usnenus,
M300paKeHHAs Ha PUCYHKe 10, mpeacTaBisieT coO0H Tarke
LIJIMHIP, TOJBKO C OTKPBITON HWKHEH 9acThiO U OTKPBITOH
BEpPXHEH 4acThlo, HA KOTOPOH NPHCYTCTBYET MOJIOCTb JIs
JIFICKA B BUJIE KPBIIIKH, TJI€ TOJIIMHA CTEHKH, B/IOJb KOTOPOH
OyneT MpOM3BOANTRCS CBapKa, ropsiika 3 Mm. [otoBoe u3ne-
JIMe TIPEACTABIIIET COOOH KOPITYC JUIS ABUTATEIIS.

MonenmpoBanue OyJeT TPOBOUTHCS B IUIATGOpMe ISt
YHCIIEHHOro MoienupoBanus [ 12—15]. Ha nepBonauaisHOM
sTane ObUI pa3paboTaH ACKU3 MPEIIoIaraeMoro Kopiyca
JBHTaTens. [0TOBBII ACKU3 MPE/ICTaBIIECH Ha PUCYHKE 2.

Ha cnemyromem mare ObUTH 3a/aHBl TEXHOJOTHYE-
CKHe TapaMeTpbl TpeOyemoro pexkuma (MOIIHOCTH 95
BT, cropocTh cBapkm 1,2 cm/c), a Takke ONTHMAJIHHBIC
3HAYEHUS] BPEMEHH BBOJIA U BBIBOJIA IEKTPOHHOTO JIyYa,
MTOJTyYCHHBIE aBTOPAMH B TPeNbIIynux padorax [16—-19].
Bb1OpaHb! 30HBI HarpeBa M 3a7iaHa TPACKTOPHUS ABHKEHHS

Puc. 1. 3aroToBka, rue:
a — 4acCTb nepBasI n3aciui, 6 — Y49acCTb BTOpaSI U3aciaust

ayda. OCHOBHBIM TpeOOBaHHEM SIBJISETCS MOJIyYEHUE Tpe-
OyeMOoro cBapHOro 11IBa, @ UMEHHO DTyOMHA MIBA JOJKHBI
OBITH paBHa | MM, IIKPHHA 2 MM.

11}
=30

L]
L]
4
hisl

(4]

Puc. 2. Dckus roroBoro usnenus
IIpH noMoly BeTpoeHHoro Moxynss CAD

Pesynbrarel MoOAenMpOBaHUS MPEACTABIECHB Ha
pHUCyHKe 3.

Kak BuaHo w3 pucyHka 3, Temmeparypa H3AEIHS
B OKOJIOLIIOBHOI 30HE CBapHOIO 1IBa pPaBHOMEpHA, 3TO
000CHOBAHO TEM, YTO IIPEeIaracéMble MOJIEIH JJIsl BEIYHC-
JICHUSA PACHpeAesICHUs TEeMIEpaTypbl YUUTHIBAIOT TEKY-
H1yI0 TEMIEPATYpPy B IIPOLECCe CBAPKH, UTO NPENATCTBYET
HeperpeBy B 30HE CBAPHOTO IIBA.

Takum 00pa3zoM, OCHOBBIBAsICh Ha IOJNYYEHHBIX pe-
3yJbTaTax MOJAEIMPOBAHUS U HA PUCYHKE 3, MOXKHO CyAUTH,
YTO BBIJIBUTa€MbIC TPEOOBAHUS K pa3MepaM CBapHOTO II1Ba
BBINOJIHSIOTCSI, @ TAKIKE O MPUMEHUMOCTH MPEIaraeMbIX
MojieJIel U METO1a.

ITIpoBeneHne HATYPHBIX IKCIEPUMEHTOB

Bepudukanns moaxona, NpeyIO’KEHHOTO aBTOPAMH,
OCYIIECTBIIIACh HA IKCIEPUMEHTAIBHOM CTCHIE SJICK-
TPOHHO-JIy4€BOM CBapku. B pacropsbkeHuu aBTOpOB IS
peanu3anuy IPOeKTa NMEETCS CIeyIoIee 000pyIoBaHNE:

1) DOmexrponHO-TyueBas mymika (DJIA-60/60).

2) VCTOYHHK YCKOPSIOUIETO HAMPSDKEHUS, TI03BOJIS-
formii paborars B penenax ot 30 go 60 kB.
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Puc. 3. Dckn3 roTOBOTO M3ETHS P TOMOIIN
BcTpoeHHoTo Monyist CAD

3) VYnpasnseMbli 2JIeKTPHYECKHH TPUBOZ BBICOKOTOY-
HOTO MO3UIIMOHUPOBaHUs U1t MaHuIysitopa (ASDA-B2).

4) BakyymHas Kamepa C CHCTEMOH BaKyyMHPOBaHUsL.

5) TypOomonekynspHas oTkadHas cuctema MT-
Turbo 65D/0/8 KF40M MTM.

6) Cucrema nuddepeHnnanbHON OTKAYKH BO3LyXa.

7) BaxkyyMHBII 3aTBOp C 3JIEKTPOMAarHUTHBIM PHUBO-
oM ISO63.

Jns ynpasnerns DJIC mpuMeHsieTCS TPOMBIILICH-
uerid kommeioTep UNO-2484G-7532AE, ¢ unTepdeiicHoit
wratoit BBoma/BeiBoma nHpopmanuu PCI-1710 u ¢ pa3s-
emamu RS-232 mns ynpasieHus.

Jlis  TOATBEpKAEHHUSA PE3ylbTaToOB, IPOM3BEICHA
cBapka obpasiia Ha nmeroreiics ycranoBke JDJIC, BeImon-
HEHa I[IPU CIIEIYIOINX PEKOMEHTyeMbIX TEXHOJIOTHIECKUX
napaMmeTpax pekuMa CBapKu: — TOK GOKycupoBku — 139
MA, TOK cBapku 67 MA, yCKOpsolllee HampspkeHue —
29,8-30 kB, ckopocth cBapku — 1,2 M/c, paccTOsSHUE 10
MecTa cThika — 60 MM.

[Tpu cBapke TpeOOBajIOCh OOECIEUUTH CIEAYIOIIUE
pasMepbl CBapHOrO IIBa: BbICOTa (IIyOWMHa mpoBapa) —
1-1,5 MM, mmmpuna 2 (£0,3) Mm.

Puc. 4. O6pazen guraress mocie dJIeKTPOHHO-TYYeBOM
CBAapKH Ha IPE/ICTaBICHHOM 000pYI0BaHUHI

Ha pucynke 4 noxasano usnenue B pesynsrare OJIC
Ha NMEIOIIEHCsT yCTaHOBKE.

[locne cBapku 1O PEKOMEHIYEMbBIM TEXHOJOTHYE-
CKHM TIapaMeTpaM ObUT HpOW3BEIEH MeTajutorpaduye-
CKHH KOHTPOJIb U 3aMephl IIMPHUHBI CBAPHOTO IIIBA U TITy-
OmHEI porutaBieHus (Taodm. 1).

Kak BuHO 13 pe3yasraroB 3aMepa, MOyYeHHbIN cBap-
HOI IIIOB COOTBETCTBYET BBIIBUIaCMbIM TPEOOBAHHSM.

3akJjoueHne

B manHOit paboThI aBTOpaMu OBIITO IPOBEACHO UMHU-
TAllMOHHOE MOJEJIMPOBAaHHE IpoLEecca EKTPOHHO-IY-
YeBOH CBapKH JUCKA C IMIMHAPOM U3 TUTAHOBOT'O CILIA-
Ba (Ti-4Al-3Mo-1V) B COMSOL Multiphysics. Takum
oOpa3oM, ObuTa oTpaboTaHa MpeaiaracMasi TEXHOIOTHSI
MOZIEJINPOBAHUS VISl OTy4eHUA P HEKTHBHBIX TEXHOIO-
THYECKUX MapaMeTPOB MPH AIIEKTPOHHO-ITyYEBOM CBapKe
KOHCTPYKIIMH a3pOKOCMUYECKOr0 Ha3HAYCHHUSI.

[To pesynbratraM MojenvpoBaHMsi ObLI MOJNYYEH pe-
JKHM CO CJIETYIOIIMMH TEXHOJIOTMYECKHMH MapaMeTpaMu:
CKOPOCTh CBapKH 1,2 cMm/c, TOK Jiyda 67 MA, YCKOPSIFOIIIEe

Tabnuya 1. Pe3yabraThl MeTAJLIOTPaduIecKOro KOHTPOJISI

['my6una poBapa, MM

Iupuna mBa, MM

doto

1,2

2
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Hanpsbkenue 30 kB, Tok doxycuposku 139 MA, obecrre-
YHBAIOINI 3a/laHHBIC TPEOOBAHHS K pazMepaM CBApHOTO
IIBa: MIUPHHA — 2 MM, BBICOTa — | MM.
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POBOTbIl, MEXATPOHUKA
N POBOTOTEXHUYECKUE CUCTEMbI

VJIK 004.021

10.B. ITonypaes, M.M. Crebynsinun, [[.JI. Knumos, A. XKoxapa

Y.V. Poduraev, M.M. Stebulyanin, D.D. Klimov, A. Johara

AITTOPUTM ABTOMATU3ALUNUN CMEHbI PEXXUMA OBUXEHUA
AK3O0CKENETA AnA PEABUITUTALUMU HWXKHUX KOHEYHOCTEM
C NcnoJib30BAHUEM ONEPALIMOHHOU CUCTEMbI ROS

ALGORITHM FOR AUTOMATING THE MOVEMENT MODE
CHANGE OF A LOWER LIMB REHABILITATION EXOSKELETON
USING ROBOTIC OPERATING SYSTEM

BHedpeHue CEPBUCHDbIX p060mu3up08aHHbzx KOMNN1EeKCo8 60 6CeM MuUupe SA6IAemci npuopumennbiM Hanpaejie-

HUeM MOMOPHOU peaburumayuu OOIbHbIX C NOPANCEHUEM YEeHMPATbHOU HepsHot cucmembl. OcobenHO WUpoKo uc-
HONB3YIOMCSL POOOMbBL-IK30CKeNeNtbl OJisk PeaDUIUMAYUY HUNCHUX KOHEYHOCME, KOMOpble OaiOm 603MONCHOCHb 60C-
CMAaHoB8UNL CNOCOOHOCTIb NEPEOBUSAMbCL IOOSIM ¢ NAPanie2uell Uz-3a mpasmvl CRUHHO20 MO32d.

DK30cKenenvl 0ObIYHO GbINOTHSION 3APAHEe 3ANPOSPAMMUPOBAHHBIE OBUNCEHUS], UHULUUDYEeMble NePEKTIOYaAmesIMU
wu damuuxamu. Tlonvsoeamenu (Oanee — ITunomol) Mo2ym ocyuiecmeisine moibKO 02PAHUYEHHbII KOHMPOb MPAeKmo-
PulLL O8UIHCEHUSL HOR U CKOPOCTBIO X00b0ObL, UmMobbl uzbedcams npensmcemesuil. B omoti cmamve npedcmaesneno mooenuposa-
HUe 0BUICEHUSL DK30CKeNema OISl peaduIumayil HUMCHUX KOHeYHOCmell ¢ UCNOTb308anuem onepayuonnol cucmemuvt ROS.

C nomowvio cumynssmopa Gazebo mooens 3K30cKeema oOnucbl8aemcesi ¢ UCNONb308AHUEM S3bIKA NPOSPAMMUPO-
sanusi Extensible Markup Language (XML) ¢ ¢popmame Unified Robot Description Format (URDF). Kpome moeo,
6 0anHOLL pabome npednazaencs CReYuaibHulLl aneo0pUmm O AGMOMAMUIAYUL CMEHBL PENCUMA OBUINCEHUS IKZ30CKe-
Jlema 6 3asUCUMOCIY Om NOKA3AHULL 6HEUHE20 UHGOPMAYUOHHO20 YCMPOUCMEA.

The introduction of high-tech robotic complexes operating in biofeedback is apriority in the motor rehabilitation
of patients with lesions of the central nervous system all over the world, especially the exoskeleton robots for the
lower limbs which offer the potential to restore ambulation to individuals with paraplegia due to spinal cord injury.

However, exoskeletons often rely on preprogrammed gait, initiated by switches, sensors, and/or EEG triggers.
Users (pilots) can exercise only limited independent control over the trajectory of the feet, the speed of walking, and
the placement of feet to avoid obstacles. In this paper, the simulation of the movement of the exoskeleton lower limbs
for rehabilitation using the Robot Operating System (ROS) is presented.

Using Gazebo, the model of the exoskeleton is described using Extensible Markup Language (XML) programming
in the Unified Robot Description Format (URDF). More over, this work proposes a special algorithm to automate the
change mode of the movement of the exoskeleton depending on an external sensor.

Katouesnie cioBa: ROS, monenmpoBanne, Gazebo, 9K30CKeNeT HIKHUX KOHEYHOCTEH, peadminTannonHas pooo-

ToTexHnKa, XML.

Keywords: Robot Operating System (ROS), simulation, Gazebo, lower limbs exoskeleton rehabilitation robotics,

Extensible Markup Language (XML).

BBegenue

B nanHoi#l paboTe MBI Oynem HCIOJIB30BAThH OIle-
pauuonHyro cucteMy ROS u cumymsatop Gazebo mns
MOCTPOCHUS MOJEIH SK30CKeNeTa I peabHIHTaluu
HWKHUX KOHEUHOCTEH, KOTOPBIl epeMeniaercs u B3a-
UMOZEHCTBYET ¢ OOBEKTaMH 110 aHAJOTHH C «YMHBIM

JIOMOM», B 3aBUCUMOCTH OT JaHHBIX BHEIIHETO MHQOP-
MaIoHHOTO ycTpoicTa. Llens mpenmaraemoil cucre-
MBI — 3aMEHHUTbh CTAHJApPTHOE PYYHOE YTPABICHHE
JBUKCHUEM IHJIOTOM, KOTOPBIH OOBIYHO HCIIONIB3YEeT
JUTSL 3TOTO KHOIIKM Ha pydKaxX 3K30CKeJNeTa, Ha aBTOMa-
TU3UPOBAHHBIN PEKUM MEPEMEIIECHUS SK30CKeIeTa JIIs
TUIIOBBIX JIBHKCHHH.
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AKTyaJ'lLHOCTL U MpaKkTH4YecKasi moJjie3aHOCTh
ABTOMATHU3allUd CMEHBI PEKUMA IBUKECHUSA
IK30CKeJIeTa HUKHUX KOHeYHOCTel

AKTyalqbHOCTh M TPAKTHYECKasl IMOJE3HOCTh aBTO-
MaTu3alui CMEHbI PeXKHUMa JIBUKEHUS pacCMaTpUBACMO-
ro BU/Ia 9K30CKENIeTa OINPEeIISeTCs] TPEMSI OCHOBHBIMH
(bakropamu:

e moBbicHUE 3PHEKTUBHOCTH U HAICIKHOCTH HUC-
T10JIb30BAHUSI DK30CKEJIETa HIDKHUX KOHEYHOCTEIH;

®  YIy4IICHHUE MCHXOJIOTHYESCKOTO COCTOSHHUS TTHITO-
Ta B TIPOIIECCE ABMKCHUS TIPH peaOuInTaIN;

®  HKOHOMHYECKAs LEeIeCO00Pa3HOCTb.

B ciiygae 00BIMHOTO PYYHOTO yIPaBICHHUSI TUIOT 10J-
’KEH yJIep)KHBATh PABHOBECHEH BBIHYK/ICH OCTAHABINBATh
JBIDKCHHE JUTS CMEHBI pexKuMa IBrKeHus. [Jist 3Toro uc-
MOJIB3yeTCsl HA0Op KHOIMOK Ha pydYKax 9K30CKeJeTa WIIH
CIELHANBHBIC Yachl, KOTOPHIC MOIKITIOYCHBI K C MTOMOILBIO
Bluetooth-coenunenus. JlaHHbIN BapuaHT HEYIO0OCH, 0CO-
OEHHO KOT/Ia MUJIOT JIOJDKEH U3MEHSTh PEXKUMBI JIBHKECHHSI
JUiss 00X0/la MPEMSITCTBHS. ABTOMATU3UPOBAHHAS CMEHA
PEeKUMA JIBUKEHHS TO3BOJISIET BBIMIOJIHSTH TAKHE MepeMe-
HIeHust ObICTpee U HaJIeIKHEE.

Kak cneactBue, 3TO yiydlIaeT U TCHXOJIOTHYECKOE
COCTOSIHME MWJIOTA IPU HKCIOJIb30BAHUH JK30CKeJeTa.
Hekoropble 0K CMYMIAIOTCS, KOIJIa OCTAHABJINBAIOTCS,
U HE MOTYT JIBUTATHCS, HO C TIOMOIIBIO aBTOMATH3UPOBaH-
HOM CHCTEMBI OHH YyBCTBYIOT ceOs OoJiee yBepeHHO.

[Tu0T MOXKET apeH/10BaTh K30CKEJIET Ha ONpe/IeIIeH-
HBIH CPOK BMECTO TOTO, YTOOBI MOKYIATh YCTPOMCTBO HIIH
HCIIONIb30BaTh €ro TOJbKO B OOJIbHHIIE, OH MOXET B3STh
€ro B apeHjy M HCIOJb30BaTh JOMa. A 3a CYeT aBTOMa-
TH3AIIMU CMEHBI PeXKHUMa JBHKCHUsI IK30CKeNIeTa BHYTPH
JIOMa THJIOT YBEJIWYUT aKTMBHOE BPEMsI €ro MCIOJIb30Ba-
HUSI, YTO CIENIaeT mpolece peabmiuTanuu oosnee 3¢ dek-
TUBHBIM U, KaK CJIEJCTBUE, COKOHOMHT JICHBI'H U BPEMSI.

Opuenrup 2
OpuenTup 1

MOZEJIb OK30CKEIETa

HOCTpOQHﬂB MO/1€JIM IK30CKeJIeTa
peaﬁnﬂnTaunn HUKHUX KOHEYHOCTel

CHauanma MBI CIPOCKTHPYEM MOJETHh JK30CKeNeTa,
OTIpeieNB HEOOXOIMMBbIE IAPHUPHI U 3BEHBS (OCHOBHEIC
KOMIIOHEHTHI MOJIENT po0O0Ta), a TaK’Ke MOJETb «YMHOTO
JIOMay, CONEpPIKAIIYI0 MPEMATCTBHUA. 3aTeéM MBI BBOAUM
B MOJI€JIb BHEIIIHEE HHPOPMALIMOHHOE YCTPOHCTBO — CIie-
muanbHei T gatanka LIDAR (HOKUYO).

UroObl yHpaBIsTh IBHKEHUEM IIAPHUPOB, ObLIA HAITH-
caHa yIpaBJolIas mporpaMma (CrenuambHbIN «y3em» [1])
Ha si3bIke mporpammupoBanust Python [2], uyroObl npescra-
BUTH BCE 5 TUITOBBIX PEKUMOB JIBIKCHUS PeaOMINTAIIMOH-
HOTO 9K30CKeJIeTa HIDKHUX KOHEYHOCTEH: JBWKEHHE Ipsi-
MO — HEPEeX0/1 B TIOJIOKEHUE CUJISI — TIEPEXOJL B ITOJI0KEHHUE
CTOSI — IOJIbEM I10 JIECTHHUIIE — CITYCK I10 JieCTHULE [3].

o curnany narunka LiDAR sk30cKener MoeT onpe-
JICJIUTH THIT CJIETYIOIIETO MPETISITCTBHS ¥ OIPE/IENsITh Heo0-
XOZIMMBII PEXKXHM JIBFKEHUSI JUIsl 00X0/1a 3TOTO MPETISITCTBHSI.

Cumynsinust COIEpXKHUT MOJIENIb IK30CKeNeTa B BHU-
Jie MOOMIJIBHOTO po0OTa, KOTOPBIH B3aMMOJEHCTBYET CO
BUPTYaJIbHBIM MHUPOM, ITPEACTABISIIONIMM COOOH «yMHBIN
nmom» (puc. 1).

UTOOBI CIIPOSKTHPOBATh MOJIEITh, TOJKEH OBITH OIpe-
JereH ¢aiin (.xacro) ¢ HCIOoIb30BaHUEM s3bIka XML, ko-
TOPBIN TIpeICTaBISICT POPMY U KOMITOHEHTHI MOJICITH, IOM
¢ mpensTcTBusIME 1 gatauk LiDAR.

Monens moboro pobora, mpencraBreHHOro B ROS
u Gazebo, ¢ yka3aHHEM €ero 3BeHbEB, MIAPHUPOB, COSIMHSIIO-
X 3TH 3BEHBS, M TPAHCMUCCHH, KOTOPAsl OIMCHIBACT OTHO-
IICHUS] MKy HCTIOJTHUTEIIFHBIM MEXaHN3MOM U IITAPHUPOM.
Monens sK30ckeneTa (puc. 2) MocTpoeHa 1Mo 7 3BeHbsM [4-0]:

1 — waist_link xak Tanus 9K30CKeneTa;

2 — RU link xak mpaBoe 0enpo 3K30cKeneTa;

3 — LU _link kak jeBoe Oeipo 3K30CKeeTa;

4 — RD_link kax rnpaBasi HO)KKa 3K30CKeJIeTa;

Opuentup 3

Puc. 1. Mozens 5K30CKeneTa B3anMOASHCTBYET CO CKOHCTPYHPOBAHHBIM MUPOM
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Puc. 2. ]_HapHI/IpLI " 3BCHbs MOJCIN pea6I/IJ'II/ITaLII/IOHHOI‘O 9K30CKeIeTa HIDKHEH KOHEYHOCTH

5 — LD _link kax neBasi HOXKa 9K30CKeIeTa;

6 — RF _link kak npaBasi cTynHs 9K30CKeIeTa;

7 — LF _link kak sieBast CTyIHS 9K30CKeJeTa.

M 7 mapuupos [4, 5]:

1 — RU_joint: coenuuenne Mexay waist_link u RU
link (oBOpOTHBIN MapHUD);

2 — LU joint: coeannenne Mexxay waist link m LU
link (moBOpOTHBIH mapHUP);

3 — RD joint: coenqunenne mexay RU link u RD
link (TToBOpOTHBIH mapHUp);

4 — LD joint: coenunenne mexxay LU link u LD
link (ToBOpOTHEIH IIapHUP);

5 — RF joint: coennnenne mexmy RD link m RF
link (purcupoBaHHEIHA MapHUD);

6 — LF joint: coemmaenmne mexay LD link u LF
link (pukCUpOBaHHBIN HIAPHHD).

7 — UP_joint: AOTOJHUTENBHBINA [IAPHUP, KOTOPbIHA
JaeT BOSMOXKHOCTB IepeMeaTh MoAeib o ocu Z (pu-
3MaTHYECKUH IIapHUP).

Kpome TOro, CymecTByIOT BHPTyaJbHBIE 3BEHBS
W HIapHUPBI, HeoOxoxumble juts miaruHa (libgazebo ros
control), mpenocrapisiembiii Gazebo, Haromuil MomeIH
BO3MOKHOCTb II€peMeIaThest 10 ocu X U ocu Y B JIUHEH-
HOM M YITIOBOM HANpaBJICHUSX. Mbl MOXXEM KOHTPOJIHPO-
BaTh JIBMYKEHUE MOJICIIH B 3THX HAIIPABJICHHUSX C [IOMOILIBIO
KJIaBHATypbl KOMIIbIOTEpA.

Taxoke ObUTH 100aBIICHBI OPUEHTHPBI HaJl BCEMH IIpe-
ISITCTBUSIMH, KOTOpPBIC THJIOTY HEOOXOIMMO HPEOOJIETh.
Harpumep, no6asuinm opueHTHp | Haja cHIEHHWEM, Ha KO-
TOPOM IMUJIOT OYJIET CHJIETh B 9K30CKeJIETe, OPHEHTHUD 2 HaJl
HavaJbHOM TOYKOH MOIbeMa MO JISCTHHILE, U OPUCHTHD 3
Ha/Jl Ha4aJIbHOM TOYKOH CITyCKa I10 JIECTHHUIIE KaK ITOKa3aHO
Ha pUCYHKE 1, IJIe paccTosiHIE MEXK/Ty OPHEHTHUPOM H JIaT-
YUKOM OTJIMYAETCSI OT OAHOTO MPEISTCTBUS K IPyTOMY.

Ha ocHoBe curnasia nardmka, Onpenessifomero pac-
CTOSIHUE MEXJTy SK30CKEJIETOM M TPEMSATCTBUEM, MOXKHO
OIPENeNTUTh THI NPEMATCTBHSA, ¢ KOTOPBHIM CTOJKHETCS
MIHJIOT, M TIOJXO/ISIIYIO CHCTEMY JBHIKCHHUS IK30CKeETIeTa.

MecTo UK IoMeneHre, B KOTOPOM OyIeT XOIUTH ITH-
JIOT C 9K30CKEIIETOM, 000PYIOBAHO ITUMH IIPEIATCTBUAMH
C COOTBETCTBYIOLIMMH OPHEHTHPAMH, KOTOpBIE YCTaHAB-
JIMBAIOTCS B ITOTOJIKE TIOMEICHHS Ha 3aJaHHOW BBICOTE.

Uro Kacaercsi UCIHOIB3YEMOro JIaTdnKa, TO 3TO JIaT4nuK
LiDAR (HOKUYO), xoTopblii HCHIONB3yeTCs LISl OOHapysKe-
HUSI TIPETISITCTBUH M OTIPE/ICNICHHS] PACCTOSIHIS MEXKTY JIaTdH-
KOM M NIPETSITCTBUEM TTPH TTOMOIIIH JIa3epHOTo Jyya. [larank
HaIpaBJIeH B HAIIPABJICHUH OCH Z (4TO OPUECHTHPBI, UCTIONB3Y-
eMBIe JIIS pacueTa pacCTOSHUS MEK/Ty HUM U IaTYHKOM, pac-
TIOJIO’KEHBI HETIOCPEACTBEHHO Haj dK30ckeneToM). OOBIYHO
nanpHOCTh oOHapyxkennst LIDAR (HOKUYO) cocrasisier
180 rpamycoB, HO B MozienH TpeOyeMBIii poriecc OOHapyKe-
HHS TIPOUCXOMIUT TOJIBKO TOPU3OHTAIIBHO M HEIIOCPEACTBEHHO
HaJl MOZICIIBIO, ¥ [TO3TOMY HaM HY>KEH TOJIBKO OJJMH JIA3EPHBIH
Jyd OT JIaT4HKa, YTOOBI CYNTATh PACCTOSHUE MEXJIY aTdH-
KOM M OPHEHTHPOM (BCE HapaMeTphl JaTINKa MOYKHO Peslak-
THpOBaTh yepes miaruH (aitma LIDAR (HOKUYO).

OToT THI AaT4Wka OBUT BBIOpAaH M3-3a €r0 MpPOCTO-
THl TPUMEHEHHS W oOpamieHus B paboueir cpeme ROS
u Gazebo, a ¢ Ipyroi CTOPOHBI, OH BBLICP)KUBACT YAAPHI
U BUOpAIMH, YTO BaXKHO, TAK KaK MPOEKTHpyeMasi MOJeib
npeJicTaBisieT co0oi IByHOroro podora [5].

AJITOPUTM yIIpaBJIeHHUS MO/IeJIbI0 IK30CKeIeTa
JUIS1 peaduaIuTalluM HUKHUX KOHEYHOoCTel

[Tocne mocTpoeHHst MOJIEIH C UCTIONB30BaHUEM (aiiiia
XML wmb1 MmoxxeMm onpenenuts daitn Python (.py) u Hanu-
carh aJrOpPUTM YIPaBJICHHS MOJEIBIO M B3aUMOACHCTBHS
C OKPYKAFOIIMMHU 00bEKTaMH.

Uro0bl yNnpaBiiTh JIIOOBIM IIAPHUPOM, MBI JIOJDKHBI
MIPWIOKUTH HEOOXOMMOE yCHIINE K TpaHcMuccuu. Mme-
ercsi 4 TpancMuccuu [4], IO TPAaHCMHCCHM Ha KaXKIbld
TTOABIYKHBIN IIApHUP:

1 — tran_RU s ynpasnenus RU _joint;

2 —tran_LU nust ynpasnenunst LU _joint;

3 —tran RD g ynpasnenus RD _joint;

4 — tran_LD nuist ynpasnenunst LD _joint.

Kak MBI roBopun paHee, 9K30CKEIET UMEET 5 PEKU-
MOB JIBI)KEHUS, U IO curHanmy narunka LiDAR ompenerns-
€T THN CIIEIYIOUIET0 MPENATCTBUS U TPeOyeMbIH peKHM
JUTSL TIPEOIOIEHUST 9TOTO MPEMATCTBHSA. B 3aBucuMocTH oT
curHana ot LiDAR, MBI MOXXeM MOCBUIATh OMpPEACTICHHOE
yCHiIMe Ha KaKIOW IMIapHHUP B KaXKABI MOMEHT, YTOOBI
MMHUTHPOBaTh TpeOyeMoe [BIKCHHE AJISI HPEOIOTICHUS
OIIPEAEIEHHOTO IPETATCTBHUS.
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Hampumep, mocme 3amycka cpemsl ROS u BhI3OBa
TaKeTa, coIepIKamero Bee (aitel, HeoOXOAUMBIC TS 3a-
IMyCKa CIPOCKTHPOBAHHON MOIENH, TBIDKCHHEM MOICIH
MOYKHO YIIPaBJISATb.

Korma Monenb mpoxoauT moz opueHTHpoM Ne 2, maTduk
LiDAR oOHapy>KHBaeT 3TOT OPUEHTHP U PACCUUTHIBACT pac-
CTOSTHHE MEX]Ty MOZIENTBIO 1 OpreHTUpOM Ne 2. COOTBETCTBEH-
HO THUIT TIPETISITCTBHS, C KOTOPBIM CTOJIKHETCSI ITHJIOT, Onpe/e-
nsieTcst (B TAaHHOM CITy4ae 3TO «IOMHATHCS MO JISCTHHUIIEY).
B momonHeHHe K COOTBETCTBYIOIIEMY DPEKHMY JBIKCHHUS
9K30CKEJICTa, PACCUUTHIBACTCS AMILTHTYIA 3TOTO JBYDKCHUS,
KOTOPYIO HEOOXOIMUMO TIepeaTh KaKIOMY IIapHUPY B COOT-
BETCTBHH C Pa3MepaMH IPEOI0JICBAEMOrO PEMSTCTBHUSL.

3akiaouenne

B sTOoM mccnenoBaHuu OBUIO MPEACTABICHO aBTOMa-
TU3UPOBAHHOE U3MEHEHHUE PEeKUMa JIBUKEHUS dK30CKee-
Ta HIKHUX KOHEYHOCTEH JUIsl peabuiInTalnny ¢ UCIob30-
BaHueM BHelHero garyuka LiDAR.

Monens Obuta onpenenena XML-ckpuntom u peann-
30BaHa B cpene Gazebo. Omnpezenens TpeOyeMble TpaeK-
TOPHH JJIs1 KAXKJIOTO IIapHUPa B 3aBUCHMOCTH OT CHUTHAJIA
JlaT9uKa ¥ OMPEICIIEHHOTO MPESTCTBHSL, KOTOPOE JI0JDKHA
00XOTUTH MOJIETTb.

Kpome Toro, cumynsius Gazebo mosnesHa ajst BU3ya-
JIM3alUK JIBIDKCHUS IPOTOTHIIA 3K30CKeneTa. B 3akiroue-
HHE MOXKHO CKa3aTh, YTO HOBAs MOJIEIb, CMOJIEIIMPOBAH-
Has B Gazebo, MOJKET TTOJOUTH TSI CO3/IaHUs yCTPOUCTBA
JUTS1 TPEHUPOBKH XOZBOBI.
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A.A. 3eneHckuit
A.A. Zelensky

KOMMJIEKCHASAA METOONOIMMA CUHTE3A BEbICTPOOEUCTBYHOLLUX
AOBEPEHHbIX CUCTEM YNPABJEHUA OBUWXXEHUEM NMPOMBILUNEHHbBIX
POBOTOB U MEXATPOHHbIX CUCTEM

COMPLEX SYNTHESIS METHODOLOGY OF HIGH-SPEED TRUSTED
INDUSTRIAL MOTION CONTROL SYSTEMS OF ROBOTS
AND MECHATRONIC SYSTEMS

YacTb ll. MeTogonornm cuHTesa noacucTeM AoBepeHHOM
NamMATb-LEHTPUYECKON CUCTEMBI YNpPaBreHus1 ABMXEHUeM*

Part Il. Methodology of synthesis of subsystems
of a trusted memory-centric motion control system

YIK 681.5.07

Hccnedyemces npobnema cunmesa noocucmem ynpasiens O8UNICEHUEM PeaibHO20 8DeMeHU NPOMBIUITIEHHBIX POOOOE
u MexampoHHvIx cucmem. A paoa noocucmem ynpasienus (OmMHOCAUWUXCA K UHIMEIEKIY ATbHOMY U UCHOTHUMETbHOMY
0110KY) cneyughurka namAmv-yeHmpu4eckoll apxumexknypsbl Cmasum 3a0a4y i OmKpbleaen 603MOACHOCIU pa3spadbom-
KU WU NPUMEHeHUs. HOBbIX, bonee dghghexmueHbix mamemamuueckux mooenei. Cunmes noocucmem UHMEIEKMYATbHOZO
ON10KA U CEA3AHHBIX C HUM nOOCUCHeM O10KA 04YBCEIEHUs COOMBEMCMEYen PeuleHuio npsmMoll (RPOeKmHot) 3a0ayu,
m.e. 3aKN0YAemCsl 6 ONPeOeeHUU COCMABISIOWUX INEMEHMO08 (N0OcUcmem), 00ecneuusarowux 3a0antble Napamempol Cu-
cmembl ynpasnenus ((PyHKyuoHambHo2o 6ioka). Memoodonoaust cunmesa noocucmem UCHOTHUMENbHO20 OIOKA 008ePEHHOU
cucmeMbl YnpasieHuisi PeaibHO20 6PEMEHI COOMBEMCMEYen CIPYKMYPHO-NAPAMEMPUYECKOMY Wil NAPAMEMPULECKOMY
CUHme3y, 8 pe3yibmanme Komopo2o Onpeoensiencs CmpyKmypa 00beKma u Haxo0amcst SHAUEHUs NApamempos COCMagisi-
WX ee JNEMEHNO8 MAaKUM 00pazom, unmoodsl ObLIU YOOBIEMBOPEHbL YCI08UsL 3A0AHUS HA CUHME3 (MEeXHUYeCKO20 3a0aHUSL).

The problem of synthesis of real-time motion control subsystems of industrial robots and mechatronic systems
is investigated. For a number of control subsystems (related to the intelligent and executive unit), the specifics of the
memory-centric architecture poses a task or opens up opportunities for the development or application of new, more
efficient mathematical models. The synthesis of the subsystems of the intelligent block and the related subsystems of
the sensing block corresponds to the solution of a direct (project) task, i.e. it consists in determining the constituent
elements (subsystems) that provide the specified parameters of the control system (functional unit). The methodology of
synthesis of subsystems of the executive unit of a trusted real-time control system corresponds to structural-parametric
or parametric synthesis, as a result of which the structure of the object is determined and the values of the parameters
of its constituent elements are found in such a way that the conditions of the synthesis task (technical task) are satisfied.

KiioueBble ci10Ba: METONOJIOTHS, CUHTE3, YIIPABJICHUE JIBYKEHUEM, TIPOMBIIIIIEHHBIH pOOOT, MEXaTpOHHAs CHUCTe-
Ma, MHTEJUICKTYaIM3allnsl, HCIIOJHUTEIbHBINA OJIOK.

Keywords: methodology, synthesis, motion control, industrial robot, mechatronic system, intellectualization,
executive unit.

QJIECMCHTOB, HaAWITy4lINUM 06pa30M O6€CH€‘H/IBaIOIHI/IX
(i)yHKIII/IOHaJ'IBHOCTB CHUCTEMBbI YIIPABJICHUSA.

BBenenue

[Tocne ompeneneHust B KadecTBE ONTHMAJIBHOM ITa-
MSATB-IICHTPUYCCKON apXUTEKTypbl CHCTEMBI yIPABICHHS
JIBIDKCHUEM B PEAITEHOM BPEMEHH HEOOXOANMO BBITIONTHE-
HHUE CHHTE3a MOJCUCTEM, O00pasyIoIINX CHUCTEMY YIpaB-
JIeHus, T.€. pa3pabdoTKa MaTeMaTHYeCKUX MOJENeH st
TIOICUCTEM YIIPABIICHHS U OIPEJICIICHNE UX TPAKTHUCCKON
peanu3anuy B BUAE (yHKIMOHAIBHBIX OJIOKOB, MOAYJICH,

Komrutexe Tpe©GoBaHuUil K KOHEUHOMY PE3yJIbTaTy CHH-
Te3a CUCTEMBI YIIPABICHUS M K IPOMEXKYTOYHBIM Pe3yIib-
TaraMm (Ha JTare ONMpEeNeNICHUs apXUTEKTYphl WM JTare
CHHTE3a IOJCHCTEM YIPaBJICHHS JBHKCHHEM) HEH3MEH-
HBIL. DTO (PYHKLHOHAIBHOCTB, PEAIU3YEMOCTb H JI0BEPHE.

Cocrasmsronye (QyHKIIOHATBHOCTH CHCTEMBI YIIpaBIe-
HFS FI3BECTHHI | 1 |: TTOTHOTA, KOHPUTYPHUPYEMOCTB X THOKOCTB.

*Yacrp 1. MO}ICHI/I peuICHUA npoGneMm 1 KOMIUJICKCHAs1 METOAOJIOTUA CUHTE3a CUCTEM YIIPABJICHUSA IBUKECHUEM ITPOMBIIIIJICHHBIX

po6OTOB M MeXaTpoHHBIX cucteM cM. B Ne 2 (61), 2022.
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DyHKIMOHATBHOCTH CHCTEMBI YIIPABIICHHS TAKKE OPE/IEIs-
€TCsl KaK KOMIUIEKTHOCTh pealM3aiil (hyHKIHH, 3aaHHBIX
B IpoOJIEMe CHHTE3a CHCTEMBI YIPABICHHSL.

Peanmu3yeMoCcTh — TOHATHE, KOTOPOE OIpENeNsieT
BO3MO)KHOCTh TPAKTUYECKOTO OOECTeYeHusT (yHKIHO-
HaJIbHBIX CBOMCTB MMEIOIUMU TEXHUYECKHUMHU CPEJCTBA-
MH. YCIOBHE PpEaM3yeMOCTH YIPABICHHs JBIKCHUEM
(dbopMyIUpyeTcst B TePMHUHAX JTHTEIBHOCTH IMKJIA YIIPaB-
JICHUS, CIOKHOCTH OOBEKTa YIpPaBICHHUA U OBICTPOICH-
CTBUSA CUCTEMBI YIIPABJICHUA.

JloBepue (ypoBeHb JOBEpHs) K CUCTEME YIIPABICHUS
[2] — crenenp yBepeHHOCTH B HaJ@KHOM (DYHKIIMOHUPO-
BaHUKU CUCTCMBI YIIPABJICHUA B 3aJlaHHBIX YCJIOBUAX, 3a-
BHUCSIIAs OT (PyHKIMOHAIBHON Ha/Ie)KHOCTH U MH(pOpMa-
LIMOHHOM 0E30MacHOCTH.

Ha oTane cuHTesa mojcucTeM yrpasieHUs] K KOMIUIEK-
cy TpeOoBaHMH J00aBISIETCS ApXUTEKTYpPHOE OrpaHHye-
HHE: CTPYKTYpPHBIC SJIEMEHTHI JOJDKHBI COOTBETCTBOBATH
BBIOPAHHOH MaMATh-LIEHTPUUECKOH ApXUTEKTYpE CHCTEMBI
yrpasienus. CliejoBaresIbHO, CHHTE3 MOJICUCTEM YIIpaBJie-
HUSL JIBIDKCHHEM PEalTbHOTO BPEMEHH JIOJDKEH 0a3MpoBaThCS
Ha OnoKax M (PyHKIMOHAIBHBIX MOJIYJAX, OIPEICIICHHBIX
B KOHIIENITYaJIbHOW MOJIETIH CHCTEMBI YIIPABIICHUS JIBIKE-
HHEM B PEaJbHOM BPEMEHH C MaMATh-LIEHTPUUECKOH apXu-
TekTypoir. CormacHO C(OPMHUPOBAHHOW KOHIICTITYaJIbHON
MoyierH [3] MIMEroTCs CleyIomue (GyHKIOHAIBHEIE OIOKH:
SIPO, WCTIONHUTENBHBIA OMOK (00pa3oBaHHBIA MOIYISMA
MHTEPIOSIINY, Pa3rOHA-TOPMOXKEHHS, IKBHANCTAHTHOM
KOPPEKILNHY, TPEABAPUTEIILHOIO TPOCMOTpA, TpaHchopma-
LA ¥ Jp.), HHTEIUIEKTyaIbHbIA ONOK (B KOTOPBIA BXOIWUT
YeJIOBEKO-MAIIMHHBINA MHTEep(deiic M KOMITIEKC MOTyIeH Ha
0a3e UCKYCCTBEHHOW HEWPOHHOW CETH), OJIOK O9yBCTBIICHHUS
(pa3nu4aHbIe MOYIM OTYBCTBIICHUS M PEOOPA30BATEIH CHT -
HAJIOB), & TAK)Ke KOMMYHHUKAIIMOHHAS CETh U O0IIast TaMSTh.

Jlng wactu moxcucTeM, paboTa KOTOPBIX IMPOUCXOIUT
0e3 EeCTKOW MPUBS3KH K PeaJbHOMY BPEMEHH U He Tpely-
eT 00paboTKH OOMNBIIMX 00BEMOB JJAHHBIX, JUISl KOTOPHIX HE
npesronaraeTcsi pa3paboTka WM HCIIONB30BAHUE OPHIHU-
HaJIbHBIX MaTreMaTHYeCKUX MOJIENIeH, CUCTEMHBIE U TEXHHU-
YecKue TpeOOBaHWSI K pealiM3aliy (pOopMyIHpPYIOTCS YKe
Ha dTarle ONPEIENICHUs apXUTEKTYPbl CHCTEMBbI YIIPABIICHHSI.
K umciy Takux oJicucTeM OTHOCSTCS SIIpO CUCTEMBI YIIPaB-
JICHHMSI, a TaKoKe o0Iast MaMsITh 1 KOMMYHHUKAIIMOHHAs CETh.

Jlis psina moicucTeM yNpaBieHUs cnenuduka Ia-
MSATB-IIEHTPUYECKOM apXHUTEKTYpbl CTaBUT 3a/ady WM
OTKPBHIBAET BO3MOXKHOCTH Pa3padOTKH WIIM NPUMEHEHHS
HOBBIX, Oosiee 3()(PEKTUBHBIX MaTeMaTHYEeCKUX MOJEICH.
K uncity Takux mMoAcCHCTEM YyHpaBieHUs, TpeOyIomux
pa3pabOTKN WM NPUMEHEHHS HOBBIX MAaTEMaTHUECKHX
Mozened, OTHOCATCA (YHKIMOHAIBHBIC MOIYJH, YIpaB-
JICHWE KOTOPBIMH CBSI3aHO CO 3HAYUTENBHBIM 00BEMOM
BBIUHMCICHUH W OCYIIECTBISIETCSI B PEalbHOM BPEMEHH.
3TO MOIYNH WCHOJTHUTENHFHOTO OJIOKa (KpoMe peryisTo-
POB HCHIOJIHUTEJIBHBIX YCTPOHCTB, AJIs1 KOTOPBIX XapakTe-
PEH MHUHHMAJIbHBIA 00BEM BBIMOIHIEMBIX BBIUMCICHUI),
a TaKkXKe BCE MOYJIN MHTEIUIEKTYyaJIbHOTO OJIOKa.

MeTo10/10rusi CHHTE3a MOACHCTEM
HHTEVIEKTYyaJabHOro 0JI0KA 10BePeHHOI
CHCTEMBbI yIIPaBJIeHUs IBUKeHHEM

[TomcucTeMsl HHTEIUIEKTYaIbHOTO OJI0Ka TOBEpEH-
HOM CHCTEMBI yOopaBJICHHUA PCAJIbHOI0 BPEMCHU SABJIA-
I0TCSI UHCTPYMEHTApUEM DPELICHUs KOMILIEKCHOM Ipo-
O6eMbl MHTEJUICKTyalW3allli  yHpaBieHus. [pymnmsl
3a/1a4, (GOPMHUPYIOLIMX ATy KOMILUIEKCHYIO IMpoOiemy,
OTPECISAIOTCA MPUOPUTETAMH TEXHOIOTHYECKOTO pas-
BUTHSI B YCJIOBUSX 4-0H IMPOMBIIIJICHHON PEBONIONNH,
a TakXe HMEIOUUMHUCS OTpPaHUYCHUSIMH, CBSI3aHHBI-
MU C YPOBHEM TEXHOJOTHUYECKOTO Pa3BUTHUS CTPaHBI
U crienu(UKol ee BHEIIHEIKOHOMHYECKOTO M T'€OTI0IH-
TUYECKOTO MOJOXKEHHS. YKa3aHHbBIE TEXHOJOTUUYECKHUE
OTPAHUYECHUS CBS3aHBl C HMMEIOUIUMCS OTCTaBaHHEM
CTpaHbl B OTAEIBHBIX CEIMEHTaX MOJIYNPOBOJHUKOBOM
MPOMBIIIICHHOCTH, YTO OOyCIaBIMBaeT MEHBIIWUN ap-
CEHaJI CPEJICTB /IS JIOCTH)KEHUS TIOCTABICHHBIX LEIeH
10 ynpasieHHIo JBWKeHneM. Criennpunka BHEIIHEIKO-
HOMHYECKOTO M TeOMOIUTHICCKOTO TONIOKeHUsT Poccun
3aKJTI0YaeTCs B HAIMYUU OTPAHUYCHHUH B 00CCICUCHUH
UMEIOIIUXCST TOTPEOHOCTEH B BBICOKOTEXHOJOTHYHOM
OBICTPONIEHCTBYIOMICH AITEKTPOHHO-KOMITOHEHTHO 0a3e
3a CYeT UMIIOpPTa U3 HEeIPYKECTBCHHBIX CTPaH — JIHJIEe-
POB B 00JaCTH MOTYIPOBOTHUKOBOH MPOMBIIITICHHOCTH
1 TIPOU3BOJICTBE OOOPYHOBAHMS JJIsI M3TOTOBICHUS IO-
JYTIPOBOIHUKOB.

Ilon uHTENIEKTYyalbHOCThIO UCKYCCTBEHHOW CHUCTE-
MBI TOHUMAIOT [4, 5] ee aBTOHOMHOCTH U aJJalTUBHOCTb.
Bricokass cTenmeHb aBTOHOMHOCTH Pa0OThI MCKYCCTBEH-
HOM CHCTEMBI ITO3BOJISIET €l CAMOCTOSITEIILHO IMpUHUMATh
peleHus B paMKax cBoeil QyHKIMOHATIbHOCTH. Bo3MoOK-
HOCTB aJlallTalilui K USMCHAIOIUMCH YCIIOBUAM BHEIITHEH
Cpenpl MpH SKCITyaTallud HMIIM HU3MEHSIOIMUMCS yCIIO-
BUSIM CaMOW JKCIUTyaTallUM IO3BOJISIET UCKYCCTBEHHOM
cucteMe 00ydaTbcs M IMPOJIOJDKATh (YHKIIMOHHPOBATD.
Ilon wmHTemnexTyanusanued MOHUMAETCA IMpolecc Io-
BBIIIEHUSI CTENEHU HHTEJUIEKTYaJbHOCTH TEXHHUYECKOH
CUCTEMBI.

K uncny Hanbosee 3HaYMMBIX TPYIII 33124 HHTEIUICK-
TyaJu3alMy yIpaBJiIeHUs], KOTOpble HEOOXOIMMO peliaTh
JUIsl OBBIIIEHUSI KAUe€CTBA YIPABIECHUS, OTHOCTCS:

1. TloBbimieHHE TNPOM3BOAUTEIBHOCTH  OOBEKTOB
ynpasieHus (IPOMBIIUICHHBIX pOOOTOB, CTAHKOB H JIPYTHX
MEXaTPOHHBIX CUCTEM) 3a CUET WHTEIUICKTYaIU3alMU T10/-
TOTOBKM Npou3BoAcTBa. Ha mpakTHke 3TO mpeacTaBiser
co00¥ BKITIOUEHHE B COCTAB MHTEIUICKTYaIbHOTO OJI0Ka HE0O-
XOIMMBIX TTOACUCTEM (Ha 0a3e MCKYCCTBEHHBIX HEHpPOHHBIX
ceTeil), YIpaBISIONINX MO3UIIMOHIPOBAHIEM, YCTaHOBKOW,
MEKOTICPAIIMOHHBIMI TIEPEMEIIICHISAMH | [IP. OTCPAISIMHI
TIOTOTOBKH TIPOMU3BOJICTBA C BBICOKHM OBICTPOACHCTBAEM
u 0e3 yJacTHs WM ¢ MAUHAMAIBHBIM YYacTHEM YellOBEKa.
OnHoit 13 HanboIiee BOCTpeOOBAaHHBIX 3a/1a4d B TAHHOH TPyTI-
TIe SBICTCS 3a/1a4a PUBS3KN Oa3HMCHBIX CHCTEM KOOPAWHAT
Ha OCHOBE TEXHUYIECKOTO 3peHU [6].
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CremyeT OTMETHTH, YTO TIOTEHITHAI POCTa TIPOU3BO-
TUTETEHOCTH O0BEKTOB YNPABICHUS 32 CUET WHTEIIICK-
Tyall3allid YIPaBICHUS TEXHOJOTHYECKHUX OMNepannit
00paboTK WM pabounx MEepeMeNeHU CyIeCTBEH-
HO MEHBIIE, YeM B CIydae MOATOTOBKH IPOM3BOJCTBA.
DTO CBSI3aHO C TEM, YTO CKOPOCTH 00OpabOTKH M pado-
YuX TEpEeMEIIeHUI OrpaHuyYeHbl He OBICTPOACHCTBHEM
ynopaBJICHHUA, a TEXHOJIOTMYCCKUMU BO3MOXHOCTAMU
(ckopocThio pe3aHus, Achopmaru 00padaTHIBAEMOTO
M3MIeIs, MTHEPIIMOHHOCTHIO 00BEKTa YIPaBIEHUS U Jp.).

2. Peanmzanms ynpaBieHHss Ha OCHOBE 00pabOTKH
00IbIINX 00BEMOB JJTAaHHBIX U3MEPEHHI COCTOSTHHS YIIPaB-
JIIEMOTO OOBEKTa: IMOJIOKEHUS, CKOPOCTH, TEMIIepPaTyphl
u ap. YacTHBIMH 3amadaMu, OTHOCSIIMMHUCS K JTaHHOM
IPYIIIe, SBJISFOTCS 3a/1ada MYyJIBTHCIICKTPAIbHON 00paboT-
KH ¥ aHAJIN3a XapaKTePUCTUK OJHOMEPHBIX JIaHHBIX C JIaT-
YHKOB U CEHCOPOB, a TAKXKE 3aJlaya KOMIUICKCHPOBaHUs/
CIIUSIHUS pa3HOPOJIHBIX JaHHbIX [7, 8].

3. TloBblimieHHWE Ka4yeCcTBa YEIOBCKO-MAITUHHOTO
B3aUMOJICHCTBYS, T.C. IOBBIIICHHEC CKOPOCTH pPabOTHI
YeJI0BeKa-omepaTopa, CHIKCHHE KOJIHYECTBA OMIHMOOK,
MOBBIIICHHE CKOPOCTH OOyYeHHsS W YIydlICHUE YC-
noBuit paboTel omeparopa. OMHON M3 YaCTHBIX 3ajad,
KOTOpBIE JOJDKHBI PemIaThCsl B MHTEIICKTyabHOU CH-
cTeMe VIpaBICHHS, SBISETCA YIpaBIcHHE Korabo-
PATUBHBIMH POOOTOTEXHHYECKUMH KOMIUIEKCAMHU Ha
OCHOBE METOJI0B OECKOHTAKTHOTO paclo3HaBaHUA ICH-
cTBUi yenoBeka [9—11].

4. Peanmm3anus amanTHBHOCTH B TIPOIECCe yIIpaBIIe-
HUS IBIDKEHHEM HCXOIS M3 TEKYIIETO TOJIOKEHHS U CKO-
pocTr pabodero oprana WM MPU PELICHUHN TPAHCTIOPTHOM
3a7a9n TIpH TIEPEMEIICHUN MEXaTPOHHOW CHCTEMBI B Bapu-
ATUBHOM OKPYKCHHH 11€XA, 3aKPBITOro IMOMECIICHUA UK Ha
OTKPBITBIX MIPOCTpaHCcTBaX. YacTHOMU 3a/1aueid, OTHOCSIIECH-
csl K TAHHOM TpyIIIe, SBISIETCS 3a7a4a HHTEIUIEKTYaIbHOTO
TUTaHUPOBAHUA TPACKTOPUHN JABHMKCHUA HCIIOJHHUTCIBHBIX
MEXaHHU3MOB pO6OTOTeXHI/I’-IeCKI/IX 1 MEXAaTpPOHHBIX CUCTEM
B pe3yJIbTare BOCCTAHOBIICHUS TPEXMEPHBIX ClIeH (Ha OCHO-
Be SLAM u np.) [12, 13].

5. Pacmmpenue (QYHKIIMOHATPHOCTH H KadecTBa
OCCKOHTAKTHBIX H3MEPEHUH W JAPYrHMX TEXHOJOTHIl He-
pa3pyIIaOIIero KOHTPOJs (GU3NIECKUX OOBEKTOB Ha OC-
HOBC WHTEJUICKTyaJIM3allui u3MepeHuil. Ha mpaktuke
WHTEIUICKTYaTH3alusl H3MEPCHAN O3HAYaeT MPUMCHCHUC
HCKYCCTBCHHBIX HEWPOHHBIX CETCH ¢ TIIyOMHHBIM Ma-
IIMHHBIM OOyYCHHEM, CIIOCOOHBIX B PEabHOM BPEMEHU
OCYIIECTBIISITH KOHTPOJIb TIOJIOKCHHS, CKOPOCTH U APYTHX
mapaMeTpoB (HU3NIECKOTO 0OBEKTa O€3 BHECCHHS H3MCHE-
HUH B €ro cocTosiHue. YacTHoi 3a1aueil, UMEIOILEH Ccylie-
CTBCHHYIO MPAKTUYECKYIO0 3HAYNMOCTD, SBJISICTCS 3a/1ada
KOHTPOJISI KaueCTBa CBAPHBIX IIBOB W COCIMHEHUH METO-
JaMH Hepa3pyIIaromiero KOHTPOII Ha OCHOBE TITyOHHHOTO
obyuenns [14].

Vka3zaHHBIC BBIIIE TPYMIBl 33/1ad HHTEIUICKTyaIn3a-
UM YTIPABJICHUS XOPOIIO KOPPETHPYIOTCS C TEXHOJOTHU-
YECKUMH MTPUOPUTETAMH, (HOPMHUPYIOITIMHUCS WU TIPHOO-

peTaoIMMI TOMIUHHPYIOIIEE 3HAUYCHNE B YCIOBHAX 4-0if
MIPOMBIIIICHHONW peBomorr. K d9uciy ocoOeHHOCTEH,
OTIPEACISIONNX (PYHKITMOHHPOBAHNE SKOHOMUKH B yCJO-
BUSIX 4-01 IPOMBIIITICHHON PEBOIIOIHH, CIIEAYET OTHECTH:

1. TlepcoHanm3amuio MOTpeONICHUs, CBSI3aHHYIO
C TIepeOpUCHTAIINEH TPOU3BOJICTBA HA SJMHUYHOE U MEJl-
KOCEpUITHOE MPOM3BOJICTBO, TPEOYIOUIYIO paJUKalIbHOTO
COKpalleHUs] BPEMEHH MOATOTOBKH IPOM3BOJCTBA. JTO
MOXET 6BITI: JOCTUTHYTO HECKOJBKUMH CHOCO6aMI/I, KO-
TOPBIC MOT'YT MCIHOJIB30BaThCA KaK MO OTACIBHOCTHU, TaK
Y KOMIUIEKCHO, B TOM YHCJIE: 33 CUET MHTEIUICKTyaIn3aliu
TIO/ITOTOBKH ITPOM3BOJICTBA;HA OCHOBE IEPEX0/1a K UCTIONb-
30BaHUI0 HEMEXaHMYECKHX, MaJIONHEPIIMOHHBIX, OCCKOH-
TaKTHBIX M HEPa3pyLIAONUX PabOUYHMX, HM3MEPHUTEIBHBIX
Y SHEPreTUYCCKUX MAIIMH U UX KOMIIOHCHTOB.

2. ABTOMAaTH3aIMIO W POOOTH3AIMIO B HATpaBIIC-
HHUH CO3/1aHMs OE3JIOAHOr0 Mpou3BoacTBa. OCHOBOM JUIs
peaymzanuu O0e3III0IHOTO TPOU3BOICTBA SIBISCTCS HHTEI-
JICKTyalu3aIisl CUCTEM YIIPABICHUS, T.C. HAJCICHUEC WX
aJaNTHBHOCTHIO M ABTOHOMHOCTBIO. PoOoTm3amust u aB-
TOMATH3aLUs IPOM3BOACTBA TPEOYeT pa3BUTHS KOIUTa00-
PATUBHBIX TEXHOJOTHH M JPYTUX TEXHOJIOTHH YEIOBEKO-
MAaIIMHHOTO MHTepdeiica, 00SCIICINBAIOIIIX MTOBBIIICHUE
3¢ (GEKTHBHOCTH B3aUMOACUCTBHS YeJOBEKa-omeparopa
C MHTEIIICKTYalTbHBIMU CHCTEMaMH YIIPaBICHHUS.

3. Pabotry ¢ O0ompIIMMHU TaHHBIMH, HECHCTEMATH3H-
POBaHHBIMH, HETIOJIHBIMU U Pa3HOPOIHBIMHE. {715 BBITION-
HEHHUS TaKWX PabOT B peajbHOM BPEMEHH HEOOXOANMO
MCTIONB30BaTh HCKYyCCTBEHHBIC HEHPOHHBIC CETH, CTPOSI HA
MX OCHOBE CHCTEMBI MAIIMHHOTO 00y4YeHus 1 OoJee CIoxk-
HBIE CHCTEMBI HCKYCCTBEHHOTO HHTEIICKTA.

Ha pucynke 1 mpuBeieHa cxema CHHTE3a MOJICHCTEM
MHTEIJICKTyaJIbHOro Ooka ¥ ONOKa OYyBCTBICHHUS, CO-
OTBETCTBYIOIIAsl PEIICHUIO TPsSMON (TPOESKTHOM) 3aaa4m.
[TpyMeHNTENBEHO K CHHTE3y CHUCTEMBbI ynpapieHHs ((DyHK-
IIMOHAJILHOTO 0JIOKA B COCTaBE CUCTEMbI YIIPABJICHHs) TIPsi-
Masl 3a/1a4a 03Ha4aeT OTpe/IeIeHHE COCTABIISIONINX 2JIEMEH-
TOB (TIOZICUCTEM), 00ECTIEUHNBAIONINX 3aJaHHBIC TapaMeTPhI
cucTeMbl yrpaniieHus (GpyHKIMOHAIBLHOTO OJIOKa).

AJITOPUTM CHHTE3a TOJCHCTEM HHTEIIEKTYaIbHOTO
0J10Ka BBIIVISITUT CIIETYIOMINM 00pazoM:

1. ®dopmynupoBaHHEC KOMIUICKCHOW TPOOIEMbI HH-
TCIUICKTYaAITM3aIMN  YIIPABICHHUS [[BIDKCHHEM B pPEalbHOM
BPEMECHH UCXOJIS U3 aKTYallbHBIX TCHJICHIIUI Pa3BUTHS TIPO-
M3BOZCTBA M MPHOPHUTETOB HAYYHO-TEXHOJIOTMYECKOTO pas-
BuTHs Poccum [15] B ycnoBusix 4-0il IpOMBIIIIEHHON pe-
BOJIFOITMM W PEATM3YIOIICHCS B ee paMKax IH(pOBH3AINH
MIPOU3BOJICTBA, a TAKKE 3HAYUMBIX ITPOOJIEM Pean3yeMOCTH
yIpaBiieHUs (B YaCTHOCTH, B KOHTEKCTE 3a/1a4 MOBBIIICHUS
OBICTPOACHCTBHS [UIS YIIPABICHUSI B PEATbHOM BPEMEHH ).

2. OmnpenesneHne TPy 3a/1a9, B COBOKYITHOCTH CO-
OTBETCTBYIOIINX KOMIUICKCHOH TpoOieMe WHTEIUICKTya-
JU3aIMA YIIPABJICHAS ABIKCHUEM B PEaIbHOM BPEMEHH.

3. @opMHupOBaHHE pPETMPE3CHTATUBHONH BBIOOPKH
YACTHBIX 3a/1a4 MHTEIUICKTYaTU3al[iH yIIPABICHHUS, OXBa-
TBHIBAIOIICH BCE TPYMIIBI 3a/1a4, OTIPE/ICICHHBIE T1. 2.
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4. Pemrenme cOpMyIHPOBAHHBIX YACTHBIX 3a1ad
U OINPEACNICHHE B PE3YJbTaTe HTOTO PEIICHUS COBOKYII-
HOCTH IOJCHUCTEM, HEOOXOAMMBIX Ul BCEX paccMaTpHBa-
eMBIX YaCTHBIX 3a7ad. DTOT HAOOp IOACUCTEM MHTEIUIeK-
TyaJbHOTO OJI0Ka, a Taxke OJI0Ka O9yBCTBJICHHUS (B YacTH
MOJICHCTEM, CBSI3aHHBIX C MHTEIUICKTYaJbHBIM OJIOKOM),
SIBIISIETCS 0a30BBIM ISl PEIIEHUs] KOMIUIEKCHOW Tpooiie-
MBI UHTCJUICKTYaJIM3alluu YIIPaBJICHUA IBHXKXCHUEM B pE-
AJIbHOM BPEMCHU. PaCIHI/IpeHI/Ie, JAcTanun3anusa UJin yTod-
HeHue Habopa MOoACUCTEM — JKCIIEPTHAs 3a/1a4a, KOTopast
pemaercsi Mo Mepe HaKOIUICHHUS OIbITa CHHTE3a CHUCTEM
yIpaBJIeHUsl JIBHKEHUEM C Pa3IMYHBIMHU 3a1a4aMu, (hop-
MYJIUPYEMBIMH JIJIsl MHTEJUIEKTYaJIbHOTO OJIOKa.

MeTon0J10rHsl CHHTE3a MOCHCTEM MCIOJHUTEIbHOIO
0J10Ka 10BePEeHHON CHCTEeMBbI YIIPABJICHUS JBUKEHHEM

MeTononorus CUHTE3a MOACUCTEM HCIOIHUTEIBHO-
ro OyioKa JOBEPEHHOW CHCTEMBI YIIPABICHUS PEaIbHOTO
BPEMEHH COOTBETCTBYET CTPYKTypHO-NapaMeTpUUeCKO-
My WIH TapaMeTpudeckoMy cuurtesdy. CTpyKTypHO-Ta-
paMeTpUUYECKUil CHHTE3 — 3TO MpoIlecc, B pe3ysbTare
KOTOPOTO OIIPENENsIeTcs] CTPYKTypa 00beKTa U HaXOAT-
Csl 3HAYCHUS NTAPAMETPOB COCTABISIOIINX €€ IIEMECHTOB
TakuM 00pa3oM, 4TOOBI OBUIN yHOBJIETBOPEHBI YCIOBHUS
3aIaHus Ha CUHTE3 (TeXHUYIecKoro 3ananus) [16]. Omim-
qHe TapaMeTPUUIECKOTO CHHTE3a OT CTPYKTyPHO-TIapame-
TPUUECKOTO 3aKIFOYACTCA B TOM, UTO JUISI HETO CTPYKTY-
pa mMozenu (PUKCHUpPOBAHA M HE M3MEHSETCS B MPOLECCE
cUHTEe3a. B pesynbrare M3MEHSIOTCS TOIBKO MapaMeTpsl
U TOMCK B IPOIECCE CHHTE3a OCYILECTBISETCS B MPO-
CTPAHCTBE aPaMETPOB.

[TpuMeHUTENbHO K CUHTE3Y MCIIOJIHUTEIBHOrO OI0Ka
B COCTaBE CHCTEMBI YIPaBICHUS CTPYKTYPHO-TIapaMeTpu-
YEeCKHUI CHHTE3 03HAYAEeT, YTO OCYIECTRISACTCS yTOYHEHUE
CTPYKTYpbI (Habopa 1mojcucTeM — (yHKIHOHAIBHBIX MO-
JyJle W3 4uciia JOCTYIHBIX JJIs UCTIOIb30BAHMS), & TaK-
JKEe OIPECIISIFOTCS TTapaMeTphbl MOJICHCTEM, HEOOXOIUMBbIE
JUISL peanu3aliiy 3aaHHbIX (DYHKIMOHAJIBHBIX CBOMCTB.
JUis pelieHus! TUMOBBIX 3a/ad CHHTE3a, KOIAa COBOKYII-
HOCTb IOJICUCTEM Yy’Ke U3BECTHA, 3a/1aua CHHTE3a YIIPoIla-
€TCs U MOXKET UCIO0Ib30BaThCsl MApaMETPUUECKUI CUHTE3,
3aKJIIOYAIOIIUICS B ONPEEIEHUH apaMeTPOB MOJCUCTEM
(HOMEHKJIaTypa IapaMeTpoB, AHana3oHbl U3MEHEHUH, 3a-
JIEP’KKH, TPOTOKOJIBI OOMEHa JaHHBIMH U T.1.).

KiroueBoii cocTaBisitolell METOJONOTUN CTPYKTYp-
HO-TIAPaMETPHUYECKOTO U IAPaMETPHUUECKOTO CHHTE3a SIB-
JISIeTCSI ONIpeieieHNe HEeOOXOMMOTO U JOCTATOUHOTO KOM-
IUIEKCa TTOJICHCTEM, M3 KOTOPBIX OyneT (opmMHupoBarhCs
(«cobmparbesdy) UCTIOMHUTEIBHBIA OJIOK.

Jist hopMupoBaHUs yKa3aHHOTO KOMIUIEKCa IIOJICH-
CTEM CIIeyeT UCIIOIb30BaTh MOIXO0/, BKIIOYAOMINI B Ce-
0s1 1B€ B3aNMO/IOTIONHSIONINX COCTABIISIOIIIE:

1. CTpyKTypHBII aHaIH3 CyMICCTBYIOIINX ITPOMBIII-
JICHHBIX POOOTOB, CTAHKOB M APYTHX MEXaTPOHHBIX CHCTEM
C IETbI0 BBISBICHUS OrPaHUYEHHOIO KOMIUIEKCA IIOJCH-

cteM ((pyHKIIMOHATBHBIX MOIYIIEH), U3 KOTOPHIX (popMHpY-
I0TCSI NCTIOJHUTEIIBHbIE OJIOKM NX CUCTEMBI YIIPABICHHUSI.

AHanmM3 CyIIECTBYIOIIMX IPOMBIIUICHHBIX POOOTOB,
CTAHKOB M JIPYTUX MEXaTPOHHBIX cUcTeM [ 1 7-23] moka3bIBaeT,
YTO B MCITOJIHUTEIIEHOM OJIOKE CUCTEMBI YIIpaBJICHUA 0OBIYHO
MPUCYTCTBYIOT CJICTYIOIIHE TTIOACHCTEMBI ((yHKIMOHATIBHBIC
MOJTYJIN): HHTEPIIONATOP, MOIYIIb PA3TOHA-TOPMOKEHHS, MO-
JlyJIb SKBUJMCTAHTHONU KOPPEKLIMH, MOAYIIb IIPEABAPUTEIILHO-
O IPOCMOTPA, MOIYIIb TPAHC(HOPMALINH, PETYIATOPBI UCIIOI-
HUTEJbHBIX YCTPOICTB, a TakKe MOMYNb 0€30MacHOCTH.

2. OrmpeneneHre COBOKYNHOCTH (DYHKIMHA U 3aja4
YIpaBJICHUs, peau3yeMbIx mojacucreMamu ((yHKIHO-
HaJIBHBIMUA MOJIYIISIMH), oOecrieunBaronii Tpedyembie
(yHKIMOHAIBHBIE CBOICTBA HCIOJIHUTEIBLHOTO OJIOKA CH-
CTEM YIpaBJICHUs AJIsl MAKCUMAJIbHO IIUPOKOH HOMEHKJIa-
TYpBI 3384 CHHTE3a.

Baxneiiieit (yHKIMeH cHCTEMbl yIpaBIIeHHs JBHKe-
HHMEM, HETIOCPEACTBEHHO BIMAIONICH Ha KavyecTBO (hopMo-
00pazoBanusl Ha 00padATHIBAIOIINX CTAaHKAX MIJIM TOYHOCTH
BOCIIPOM3BOJICTBA ITEPEMEILECHNS B IPOMBIIIICHHOM po0oTe,
SBISIETCS] OTPabOTKa TPAaeKTOPHH pabodero opraHa Ha OCHO-
BE MH(OpPMAIINH, 3aJJaHHOI B yIPABIISIONIEH porpaMme.

CrangapTHbIi HAOOp 3a/1a4 MOATOTOBKU JAaHHBIX, pe-
[IaeMBIX CHCTEMOH yTpaBlieHHs, BKIodaeT [18]: mpuse-
JICHNE KOOP/IMHAT y3JIOBBIX TOUCK TPACKTOPHUHU U3 TEKYILEH
JIOKJIBHON CHCTEMbl KOOPAMHAT B CHCTEMY KOOpAMHAT
oceit obopymoBanus (poborta, cTaHka W Jp.), Tpeodpa-
30BaHUE CIAWHUIl W3MEPEHUS, NEPEeCcUeT OTHOCHUTEIBHBIX
pa3MepoB B aOCOTIOTHBIC; pacdyeT mapaMeTpOB JTMHEHHOM,
KPYTOBOH (BMHTOBOI) MHTEPIOIALNY WIN HHTEPIOJISAILNN
CIUIAHaMH{; MOCTPOEHUE SKBUJIMCTAHTHBIX TPAaEKTOpUI
JUIsL KOPPEKIMH JAIMHBI M Pagnyca 00padaThIBarOIIETO HH-
CTPYMEHTA; PEAIPOCMOTP TPACKTOPUH ISl TIOMCKA U3JI0-
MOB 1 pacyeTa )IO]'IyCTHMOﬁ CKOpPOCTHU ABUIKCHUSA,; paCcuy€T
YYaCTKOB Pa3roHa-TOPMOKEHHSI.

Hapsay ¢ 3agagaMu MOATOTOBKHM JAaHHBIX (YHKIHU-
OHAJbHOE HA3HAYCHHE HCIOIHUTEIBHOTO OJOKa TakKke
BKJTIOUAET YIIPABJICHNE BHEIIHUMH yCTpOiicTBaMHU (B 4acT-
HOCTH, IPUBOJIAMH).

[IpuBeneHHbI BbIIE KOMIUIEKC (yHKUMH M 3a-
Jlad yOpaBJICHUS Ul WCIIOJHHUTEIBHOTO OJIOKa MOXKET
OBITH peayM30BaH COOTBETCTBYIOLUIMMHU IOACHCTEMaMH.
[Tpu sTOM 4acTh QyHKIMHA M 33734 YIPABICHUS MOTYT
ObITH 00BEMHEHBI B paMKax oiHOH nogcucteM. K uncimy
MOICUCTEM HCTIOJIHUTEIBHOTO 0JI0Ka, 00eCcIIeunBaroInX
HeoOXoauMbIil Habop (YHKLUIl yIpaBiIeHUs, B YAaCTHO-
CTH, OTHOCSATCS: NapaMeTpHUecKasi HHTEPIOJSAIIMOHHAS
MOICHCTEMa TEOMETPUYECKOTO CIVIAXXKMBAHUS CKBO3HOW
CHCTEMBl IUIAHHUPOBAHUSI HENPEPBIBHOW TPAaEKTOPHUU
MepEeMEeIICHNS; TUHAMUYCCKHI MOJYyNb, pealnu3yIonIni
JIBYHAIIPaBICHHbBIN aJTOPUTM CKaHUPOBAHUS, OOBEANHS-
IOMKH (QYHKIUIO YNPaBiICHHUS pPa3rOHOM/TOPMOKEHHEM
U (QYHKIHUIO IPEIBapUTEIBHOTO IIPOCMOTpA; MHapame-
TpUUECKasi MHTEPIOISIMOHHAS MOACHCTEMA PEaTbHOTO
BPEMEHH; MOACUCTEMBI MPSAMBIX U OOpPaTHBIX KWHEMATH-
YeCKHX MpeoOpa3oBaHmii U Ap.
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BriBoabI

Ha ocHOBaHWMH IPOBEICHHOTO B CTaThe aHATN3a MOXK-
HO CIETaTh CIIEAYIOIINE BHIBOIBI:

1. AnropuT™M CHHTE3a MOACHCTEM HHTEIUICKTyallb-
HOro Onoka BKIIO4aeT B ceds: (opmymupoBaHHe KOM-
IUIEKCHOW TPOOIEMbI MHTEIJICKTYyaTU3alid YIPABICHU
ABMKCHUEM B p€aJIbHOM BPEMECHU UCXOAA U3 aKTyaJIbHbBIX
TCHJICHHI/Iﬁ Pa3BUTHA POU3BOJACTB, ONPCACICHUC T'PYIIIT
3a/1a4, B COBOKYITHOCTH COOTBETCTBYIOIINX KOMIUICKCHOMI
po0JIeMe HHTEUICKTYaIN3alluH YIIPABICHUS IBUKCHUEM
B PeabHOM BpEeMEHHU; ()OPMUPOBAHKE PEIIPE3CHTATHBHOM
B])I60pKI/I YaCTHBIX 3aJa4 HWHTCIUICKTyaJIM3aluu YyIipaB-
JICHHSI, pEIIeHUE CQHOPMYIHUPOBAHHBIX YACTHBIX 3a]ad
U OTIPEIICIICHUE B PE3YJIBTATe ITOTO PEIICHHSI COBOKYITHO-
CTH TOACHUCTEM, HEOOXOAUMBIX IS BCEX paccMarpHBac-
MBIX YaCTHBIX 3aJ1au.

2. Meromonorusi CHHTE3a MOJACUCTEM UCTIOTHUTEITh-
HOTO OJIOKA JIOBEPEHHOW CHCTEMBI YIIPABICHUSI PEaTbHOTO
BPEMEHH COOTBETCTBYET CTPYKTYPHO-ITAPAMETPUICCKOMY
WA TIapaMETPHUCCKOMY CHHTE3Y, B PE3YIIbTaTe KOTOPOTO
OTIpENEeNSICTCS CTPYKTypa 00bEKTa U HAXOMSTCS 3HAYCHUS
IapaMeTPOB COCTABIIAIONINX €€ AJIEMEHTOB TaKUM 00pa-
30M, 4TOOBI OBUTH YIOBJICTBOPEHBI YCIOBHUS 3alaHUs Ha
CHHTE3 (TEXHUYECKOTO 3aaHHS).

PaGoTra BbImoJiHeHA MpHU MoAaep:kke MuHoOpHay-
ku Poccun B paMKkax BBINOJHEHHS rocyIapcTBEHHOIO
3aganust (FSFS-2021-0004).
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VIIK 004.5

10.B. UmoxuH, A.A. Tomopua
Yu.V. Ilyukhin, A.A. Toporin

OB30P PELLEHWUN B OBJIACTU PACNPELOEJIEHUA 3A0AY
MEXAOY KONNTABOPATUBHBLIM POBOTOM U YEJITOBEKOM

REVIEW OF SOLUTIONS IN THE FIELD OF TASK ALLOCATION BETWEEN
A COLLABORATIVE ROBOT AND A HUMAN

Ilpeocmasnen 0630p cyuecmsyioumux Memooos u aieopummos pacnpedeieHust 3a0ad MedHcoy Yel08eKom U KoLld-
bopamueHsIMU pOOOMAMU NPU CO30aAHUU KOIADOPAMUBHBIX NPOU3BOOCMEEHHBIX AueeK. Onucansl u nPOaHaIU3uUposa-
Hbl MeMOoOblL pacnpedeneHusl, OCHOBANHbLE HA YYeme 603MOICHOCMEL Yell08eKd U KOLLaOopamusHo20 poboma, mMemoobl,
8 OCHOBE KOMOPBIX CBOUCMBA COOUPAEMBIX U30ENULL U PAOOYE20 NPOCMPAHCIMEA, A IMAKIHCE KOMNIIEKCHbIe MemoObl, Y4l
mbleaiowue Kaxk 0COOEHHOCMU A2eHMO8 KOIIADOPAMUGHOU A4elKU, MAK U 8eCb NPOU3BOOCMBEHHBII NPOYECC 8 YETOM.

A review of existing methods and algorithms for the allocation of tasks between humans and collaborative
robots in the creation of collaborative production cells is presented. Allocation methods based on taking into account
the capabilities of a human and a collaborative robot, methods based on the properties of the assembled products
and the workspace, as well as complex methods that take into account both the characteristics of the agents of the

collaborative cell and the entire production process as a whole are described and analyzed.

KaroueBnble ciioBa: KOJ'IJ'Ia60paTI/IBHBI€ pO60TBI, pacopeacyacHue 3aaa4, COBMCCTHAA pa60Ta.

Keywords: collaborative robots, task allocation, collaborative work.

BBegenue

OO0bennHeHne KOTHUTHBHBIX HABBIKOB YEIOBEKA U €T0
JIOBKOCTH COBMECTHO CO CITOCOOHOCTBIO pOOOTOB HEYTO-
MHMO, TOYHO 1 OBICTPO BBITOTHSITH TPeOyeMble IBUKEHUS,
B COBOKYITHOCTH C WX BO3MOYKHOCTBIO K ITOBTOPSIEMOCTH
MPOU3BOAUMBIX ACHCTBUN CO37a7l0 HOBOE HAIpaBIICHUE
B pOOOTOTEXHHKE, TIOJIyYHBIIEee HA3BAHUE KOJLIa0OpaTUB-
Hasi pOOOTOTEXHHUKA.

KomnaboparusHbie poOOTHI (KOOOTHI), BHEIPEHHBIC
Ha MMPOU3BOACTBO, MO3BOJIAIOT YMCHBIIUTH HArpy3Ky Ha
Y€JIOBCKA W IMOBBICUTH IMPOU3BOAUTECIBLHOCTL Tpyda, 4YTO
B pPE3y/lbTare MOXKET NPUBECTU K YIYUIICHUIO Ka4yeCTBa
W3TOTOBJIIEMOH ITPOTYKIIUH.

Kak u3BeCTHO, TEpMHUH «KOOOT» BIIEPBBIC OBLT HC-
monk30BaH B padbote [lemkuna u Konreiira [1] u o3Hauan
MpsIMOE B3aMMOJICHCTBUE MEXy POOOTOM M UEIOBEKOM
B BBIJICIICHHOM pa0o4yeM MpOCTpaHCTBe. B Hamboee
MPOABUHYTOM BapHaHTE KOOOT — 3TO pOOOT, KOTOPEIi
CIOCOOCH TIOHMMAaTh HAMEPEHHS CBOETO KOMITAaHBOHA
(rommaboparopa) u IpeaCKa3bIBaTh €ro IeHCTBUS, YTOOBI
COOTBETCTBYIONINM 00pa30oM aIaliTHPOBATh CBOC TIOBEIE-
HUE W OKa3bIBaTh TIOMOIIb MTPHU PEIICHUH CaMBIX Pa3HBIX
3amadq [2].

WHTepec pa3pabOTYMKOB W HCCIEqOBaTeNIed K BO-
IpocaM TIOCTPOEHHUS MTPOU3BOJACTBEHHBIX Komadbopa-
THBHBIX SYEEK JOCTAaTOYHO BBICOK. B pabote [3] omu-
CaHO B3aUMoOJeHicTBHE poOOTa M YeloBeKa B Mporecce
COBMECTHOH OILIGHKH MONHpOBaHHOH fAetanu. CoBMecCT-

HOW MpoBepKe U MAJICTHPOBAHHIO aBTOMOOMIIBHBIX
MOIITUITHUKOB Y€JI0BEKOM M pOOOTOM MOCBAIIeHA pado-
Ta [4]. [IpumeHeHne poOOTOB B BHINIIEOTTUCAHHBIX pado-
Tax 00yCJIOBJICHO MOCTEIIEHHBIM HAKOIICHUEM yCTaJo-
CTH YeJIOBEKa B MPOIECCE BBITOIHEHUS OJIHOOOPa3HbBIX
paboT. Ocob0 OCTPO ATO 3aMETHO MPHU BBINOTHEHUH
cOopouHbIX omepanuii. B pabore [5] mokazaHO MOBBI-
MEHNUE MMPOU3BOAUTCIBHOCTH U CHUIXCHHUE YCTAJIOCTH
YeJioBeKa MPU COBMECTHOM ¢ poOOTOM cOOpke Kabeib-
HBIX cucTeM. J[Jis MOBBIMICHUS SPTOHOMUYHOCTH pabo-
4yero nporuecca cOOpKM KOMIIOHEHTa KOPOOKH Iepesaad,
aBTOPBI PabOTHI [6] YCTAaHOBUIU POOOT, OMOTAIOIIHIA
nByM cOopiiukaM. B paborte [7] onucana coBmecTHas
¢ poboToM cOOpKa JBHraresieil s Tpy30BbIX aBTOMO-
Owuielt, oOecrmednBaroniasi MOBBIIMIEHHE YPrOHOMHKH,
ruOKocTH U KadecTBa cOopku. B padore [8] poboT npu-
MEHSIETCS JUIsl IPEJCKa3aHusl IIOBEACHHS YeJIOBEeKa MPH
pa30opKke CHCTEMHBIX OJIOKOB.

Brenpenue kommabopaTuBHOTO poboTa TpedyeT Tia-
TENBHOTO aHAJN3a CYLIECTBYIOLICH Ha MPOM3BOICTBE CH-
TyaluH C LENbI0 ONMpPEeNeNICHUs PallMOHAIBHOCTH €ro Hc-
MOJIL30BaHUS. Pe3ynbTarTsl MPOBEICHHOTO aHaIM3a MOYKHO
UCIIONB30BaTh JUIS IOUCKA TAKOTO pacipeaeeH s o0s3aH-
HOCTeil MeXTy KOOOTOM H 4eJIOBEKOM, KOTOPOE MO3BOJIUT
CIUTAaHUPOBATh WX paboTy TakUM 0Opa3oM, 4TOOBI B TeEp-
CIIEKTHBE YIyYIIUTh IPOM3BOJACTBEHHBIN IPOLECC KaK 10
BPEMEHH, TaK U 10 TPyAo3aTparaM.

B crarbe peub HIET O CyHIECTBYIOIIMX PEIICHUS
B BOIPOCE pacIpeleNeHns 3aJad MEXAY YeJIOBEKOM
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1 K0OOOTOM B COCTaBe KOJUTA0OpAaTHBHON TPOM3BOICTBEH-
HOM SYEHKH.

PaGoTra BbImoJiHeHa MpHU Moaaep:kke MuHoOpHay-
ki Poccnn B pamkax BbINOJHEHHSI TOCYIapPCTBEHHOTO
3aganus (FSFS-2021-0004).

Pememm, B OCHOBE KOTOPBIX
BO3MOKHOCTH Y€JI0BCKa U p060T2

Pa3paboTke MeTona pacrpeneneHus 3a1ad Ha OCHO-
BE€ MCCIIC/IOBAHMS M OIUCAHUSI BO3MOXKHOCTEH 4YeJloBeKa
u pobora mocesiieHa pabdora [9]. AHanM3 HAYMHACTCS
¢ pa30MeHUs] TEXHOJOIMYECKOro mpolecca COOpKH Ha
3ajJia4n, KOTOpble TpeOyeTcs paclpeneiauThb. 3aTeM JUIs
Ka)XXJI0M 3aJja4un omnpenensiercs, TpedyeTcs JIn JUisi ee BbI-
TIOJIHEHHMS OJJHA U3 YHHKAJIBbHBIX CIIOCOOHOCTEH YesloBeKa
wim pobora. Ecim takue 3a1a4u UIMEIOTCS, TO OHU OJJHO-
3HAYHO, HO CYOBEKTUBHO PACIIPEACISIIOTCS MEXIY 4eio-
BEKOM U poOoToM. [Ipy 3TOM BO BHUMaHHE IPHHUMAIOTCS
SPrOHOMHYECKHE TOKa3aTeId W XapaKTepHbIE OCOOEH-
HOCTH BBITIOJTHEHUs onepauuu. Harpumep, 3amada ycra-
HOBKM TIOJIINIHAKA B KOJECO MOXKET OBITH BBHINOJHEHA
YEJIOBEKOM, OJHAKO IIPH PACCMOTPEHUH XapaKTEPHOU
0COOEHHOCTH, T.€. €€ YacTOE BBITIOJIIHEHUE, TIPHHUMACTCS
peleHue o ee pacrpeaereHnn podoty. OcranpHble 3a1a-
M OLICHNWBAIOTCSI COIVIACHO OOBEKTHUBHBIM ITOKAa3aTEIIsIM:
BPEMEHHM BBIITOJHEHHUS, JOTIOJHUTEILHBIMA HHBECTHIIUS-
MU M KaueCTBOM BbIIIOJMHEHUS onepaunid. Kaxxnas 3anaua
IIPU 3TOM PACCMATPHBACTCSA C TOUKU 3PEHHS HECKOIBKHX
KPHUTEPUEB U UX XapaKTEPHCTHK (HAIPUMEp, KPUTEPHA —
pacronokeHne 00BEKTOB B pabodeil 30HEe U WX XapakTe-
PHCTHK — PACIOJIOKEHBI JIM 3TH OOBEKTHI YIOPSII0UEHO,
HEYMOPANOYEHHO 0e3 MEePEKPBITHS WIN HEYHOPAI0UCHHO
C TIEPEKPHITHEM).

B paGore [10] npemiokeH MOaxo/ K pacipeneIeHuo
3a7a4 Ha OCHOBE BO3MOYKHOCTEH y4acCTBYIOIINX B COOPOU-
HOM TIpOLIECCe areHTOB, 0COOEHHOCTEI COOMpPAeMBbIX U3Jie-
JIMU ¥ YYUTBIBAIOLIMH TEKYIYIO II03Y YEJIOBEKA B IPOLIECCE
cOOpKHU JJIsl CBOEBPEMEHHOTO TiepepaciipeieieH s 3a1a4
MEXIY YEJIOBEKOM M POOOTOM C IIETIbI0 YMEHBIICHHS pa-
Ooueii Harpy3ku Ha uenoBeka. [Ipemnaraemas cTpykTypa
CHUCTEMBI COCTOUT W3 YETHIPEX MOJYJICH: IEKOMII03UTOpa
3aj1a4, OLEHIIMKA BO3MOXKHOCTEH, OLCHIINKA YPTOHOMH-
KH 1 MOAYJIsl pactipenerneHus 3a1a4. Momyib JeKOMIT03H-
MM pa30uBaeT BCe 3a/ladM Ha I0/3a]a4d, a Te, B CBOIO
odepesb, Ha dJIEMEHTapHbIe 3a1adu. Hampuwmep, 3amada
«B3aTp 1 nepenecTn 00bEKT» pazOdUBaeTCs Ha MOA3aIAYH
«B3are» u «llepenectny, a 3anaua «B3sTe» — pacnangaer-
cs1 Ha a1eMeHTapHble 3a1auu «[lepemecTuThCs K 00bEKTY»
n «CxBatuth 00bekT». [IpH 3TOM Kakias sneMeHTapHas
3aj1a4a OIMCHIBACTCS TPeMsl KilacCu(HUKaTopaMyu — HE00-
XOZAMMOCTh y/iepKaHHs 00bEKTa, KOHTAKT C OKPY)KaIOIIH-
MH 00bEeKTaMHU W THIT IBIKeHHUSA. Ha ocHoBe kimaccugu-
KallUK KaKJIOM 3JIEMEHTapHOM 3aJauyd yCTaHaBJIMBAIOTCSA
TpeboBaHUS K ee BhINONHEeHnI0. Hanpumep, ecnn 3amada
MIPEATONaraeT KOHTAKT ¢ 00bEKTOM OKPYKaIOIIEH Cpeibl

TIPH IBWKCHUH TI0 OTIPEICIICHHON TPaeKTOPHH, TO JOJIK-
HBI OBITH BBIITOTHEHBI TPEOOBAaHHUA K TOUHOCTH JBIDKCHHUS
U TIpUKJIafbpIBaeMoMy ycriauio. Ha ocHoBaHMM TpeOoBa-
HUH, YCTAaHOBJIEHHBIX AJIs1 Ka)KA0M 3JIEMEHTapHOH 3a1a4H,
a Taoke nHpopMaruu 00 yJacTBYIONIMX B COOpKe areHTax
(MaKCUMAaITbHBIN yIepKUBAaeMbIl BEC, TOUHOCTb, CKOPOCTh
u T.}Z[.) " UCIOJIB3YEMBIX O6’I)eKTaX, OLICHIIUK BO3MO>XXHO-
CTeH BBIYUCIISIET CHOCO6HOCTB arcHTa BBIITOJIHUTH 3a1a4y,
COCTOAIIYI0 M3 N MOA33/1a4, KOTOpPhIe, B CBOIO OYepelb,
COCTOAT U3 M DJIEMCHTAPHBIX 3ada4y, IMpU YCJIOBUH, YTO
areHT CBOOOICH. ATEHT CIOCOOCH PEIIMThH 3a/ady, eCiu
OH MMEET BO3MOXKHOCTh PEIIUTH BCE DIIEMEHTApHEIE 3a/1a-
9yu ¥ noazagadu. OUEeHIIUK Y)PTOHOMHUKH OIIEHUBAET MOJI0-
JKCHHE Tejla YeJIOBEKa BO BPEMsI MPOBEACHUS COOPOUHBIX
orepanuil ¥ pacCYMTHIBACT PaOOUyH0 HArpy3Ky, KOTOPYIO
UCTIBITHIBACT YCIIOBEK MPH BBIMIOTHEHUH KaXKIOH 3a/1adu.
Pe3ynbTarhl OLEHIIMKOB MOCTYIAIOT Ha MOIYJb pacipe-
JIeJIeHHsl 3aJlad, KOTOPbIA B 3aBUCUMOCTH OT Pe3ysbTara
paboTHI OICHINKA BO3MOKHOCTEH, €CIIM OIICHKA MPOU3-
BeJICHA OJIHO3HAYHO, IepeacT 3a1ady JIu00 podoTy, oo
4yenoBeKy. Ecim OlleHKa HEOMHO3HadHA, paclpeieicHue
OCYIIECTBIIICTCS Ha OCHOBE BBIBOJIA OIICHIIMKA DPTOHO-
MHUKH. YUHUTHIBACTCS W Harpy3ka Ha desioBeka. Eciu oHa
0oIpIIIe TOIyCTUMOTO MTOPOTa, 3a/1a4a IIOpydaeTcs pOOOTY.
B nporuBHOM ciyuae 3anady pemaet yenosek. [Ipu atom
MOJYITb pacTIpEeICIICHISI CIICANT 3a TEM, YTOOBI YeTTOBEK HE
BBITIOJTHSUT TTOCIIEOBATEIEHO HECKOJIBKO 3a7a9 W MEHSET
TIOPSIIOK CIICOBAHMUS 33134, €CITH 3TO BO3MOJKHO.

Pemienusi, B 0CHOBe KOTOPBIX CBOIiCTBa
co0upaeMbIX U3/Ie/IHii U Pafoyero NPOCTPaHCTBA

Pabora [11] HampaBiieHa Ha ONMHCAHUE CTPYKTYPBI
JUISL AMHAMHYECKOTO pacIpe/eieHns 3a1ad Ha OCHOBe (-
3MYECKHX CBOWCTB KOMIIOHEHTOB, XapaKTEPHUCTHK 3ajad
M COBMECTHOM paboueii o0sacTy yesnoBeka u kodora. Jlan-
Has METOZOJIOrHs pa3paboTaHa Ul IpeoOpa3oBaHuUs yikKe
CYIIECTBYIOIIMX PYYHBIX COOPOYHBIX SUEEK W MpeBpallle-
HUSI MX B KOJuTaboparuBHble stuekiku. HaunHaercst mporecc
pacrpeiesieHHs TakXKe C JIEKOMITO3UIIUH TEXHOJIOT H4ECKO-
TO Ipoliecca Ha dJeMeHTapHbIe 3a1aun. Kaxmas 3amaua
OLICHMBAETCS 10 6 KPUTEPHSIM, C IIOMOIIBIO KOTOPBIX OTIpe-
JIeTSIeTCS BOBMOXKHOCTh €€ aBTOMATH3alMH C ITOMOIIBIO
poboroB. Kpurepun ciemyromue: ($pu3mdecKkue xapaxre-
PHCTHKH COOMPaeMBIX YacTel (BeC, XPYMKOCTbh, YI0OCTBO
3axBara W YyBCTBHTEIBHOCTb); YIOOCTBO MOHTaxa (IO-
ITyCK, HamlpaBiieHue cOOpKH); CHaOKeHHE (PacIIOIOKEHUE
coOupaeMbIX JeTalieil Ha pabo4eM MecTe, PacCTOSIHUE OT
MecTa B3STHUS JCTaIM O MeCTa ee YCTAaHOBKH); Oe3omac-
HOCTB (ONAacHOCTb JUIS YesloBeKa pabodero HHCTPyMEHTa
poboTa, OMaCHOCTh COYZIApEHHUs B 30HE TOJIOBHI U IIEN);
HEOOXOAMMOCTh CKPEIUICHUS JeTalleld; Mpo4ne orepa-
N (BBIpaBHUBAaHWE; (UKCHPOBAaHUE, HEOOXOIMMOCTH
JIOTIONTHUTEIBHOTO 00opynoBanns). Kaxmslii Kputepui,
KaK yKa3aHO BBIILLE, ONPENENACTCS C yYeTOM HECKOIbKHX
NPU3HAKOB, & KayKABIH NPU3HAK OLICHMBACTCS 3HAYCHHEM
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B YCTaHOBJIEHHOM Iwamna3one. Hampumep, ecim cobmpae-
Masi IeTajbh BECHT MEHbBINE | KT, T.e. TaKyIO JeTaib poOoOT
B COCTOSIHHU TIepeMelarb, TO mpu3HaKk «Becy kputepus
«DPu3ndeckne XapaKTEPUCTHKH IeTajeil» OICHUBAeTCA
MaKCHMaJIbHBIM 3HaueHHEM, paBHBIM 4. [Tocie ompenene-
HUS 3HAUEHUM BCEeX MPU3HAKOB JJIsl KOHKPETHOM 3a/1a4u,
BBIYHUCIISIETCS 3HAUCHHE KPUTEPHs, XapaKTepU3yloliee
MMPOCTOTY aBTOMATHU3WUPOBAHHOTO PCUICHUA 3aaaydud I10
JIAaHHOMY KpuTeputo. UeM Bblllle 3HAUEHUE KPUTEpPUS,
TEM JIETYC aBTOMATU3UPOBATH I[aHHLIﬁ mnmpounecc ¢ 1mo-
MOIIIbI0 KOOOTOB. 3aTeM pPacCUMUTHIBACTCS KOHCUHBIN
1OKa3aTelib, PaBHBI OTHOLIEHUIO CYMMbl 3HAYCHUH,
MOJIYYEHHBIX MO KaXJIOMYy KPHUTEPHIO K MaKCHMaJIbHO
BO3MOXKHOMY 3HAUEHHIO. DTOT KOHEYHBIM IMOKa3arelb
XapakTepu3yeT BO3MOXKHOCTh aBTOMAaTHU3UPOBAHHOIO
pelieHusT KOHKPETHOM paccMarpuBaeMoil 3amaun. [lo-
MHMO STOTO, TPOU3BOJUTCS aHAINU3 BPEMEHU PaOOTHI
4eJioBeKa W poOoTa B mpolecce cOOPKH C IETbI0 MU-
HUMH3AIUU JUTUTEIBHOCTH TPOCTOEB. PaccmarpuBas
MPOIIECC paclpeAcIICHHs 3aa4d B ICJIOM, MOXHO 3aMme-
THTb, YTO OH MPOUCXOIUT IO CICAYIONMEMY aJITOPHTMY.
[IpoBepsieTcss OKOHYAHUE PEIICHHS 3aa4H, U, SCITH OHA
OKOHUECHA, OTIPEICNSIeTCS TMOTCHINAN PEIICHUs CIeIy-
foteit 3apagn podorom. Ecnu on 60mbie 70%, To mpo-
BepsieTCs AOCTYITHOCTh po0OTa, W, €CIH OH JIOCTYIICH,
TO 3aJa4a pacmpeneinsercs podoty. Bo Bcex ocTambHBIX
CIydasx, 3a/lady pelraeT YeIOBeK.

Pabora [12] mampaBieHa Ha cO3TaHUE MOJCIH
pacmpeneneHus 3aa4 MKy YeJIOBEKOM U IBYMS KOJI-
J1abOpaTUBHBIMU pOOOTaMU, TIPEIOIaraonmas MakCcH-
MH3ALHAI0 BO3MOXHOCTEH Ka)KJIOT0 areHTa U MUHUMH-
3aI[MI0 BPEMEHH BBINTOJIHEHUS Iporecca cOOpOIHOIt
omepanuu. Pacmpenenenue HauwmHAETCS C pa3OUeHUs
BCEro mpoiiecca COOpKH Ha dIeMeHTapHbIe «(HYHKITHO-
HaJbHbIE JEUCTBUN», KAXKI0€ U3 KOTOPHIX KOAUPYETCS
crenuaibHbIM o0Oo3HaueHueM, Hampumep, «HR» —
MOJHATHE O0BEKTa M €ro IMmepeMeleHue B IMO3UIIHI0
¢ IpyOBIM TOMTYCKOM. 3aTeM JJIsi MHOTOKPHUTEPHATbHON
OLCHKHU MPHUOPUTETA BBIIIOJIHEHHNA arCHTOM 3aJa4u UC-
MOJB3yEeTCsl aHAIUTUYECKUH CeTeBOW IMpolece, Co-
CTOSIIUEI U3 4 Y3JIOB, OTPAXKAKMUX PYHKIHOHAIBHOE
JnelcTBUE, 0COOCHHOCTH coOMpaeMol dYacTtu, Tpebo-
BaHUS K arcHTY, COBOKYITHOCTh arcHTOB JIJIsS BBIMOJ-
HeHus. KaIplil y3ell BIUSET HAa COCCIHHE, MMOITOMY
OIICHKA OCYIIECTBIACTCS IIYTEM UTEPALUOHHOIO IOJ-
0opa ONTHMaJIBHOTO, C TOYKH 3pPCHHS O00CCICUYCHUS
TpeOoBaHU, areHTa, HambOoJee IMOAXOMAMICTO s
BBITTOTHEHUS 3aJla4il. 3aTeM, UCXO/s U3 Ha3HAYCHHBIX
MPUOPHUTETOB areHTaM, a TAK)Ke BPEMEHH BBITIOTHCHUS
3a7a4d KaXXIbIM arcHTOM, OCYIICCTBIISCTCS PE3Yib-
THpYIONIee pacrpeneneHue 3amgad. Kaxmoe QyHKIHU-
OHAJbHOE JICHCTBHE B CIMCKE MPUOPHUTETOB Ha3Hada-
eTcsl NMPUOPUTETHOMY areHTy. Eciu mpuopuTeTHbIN
areHT HEJOCTYIEH, TO AeiCTBHE OyAeT BO3JIOXKEHO Ha
BTOPOTO TPHOPUTETHOTO areHTa W Tak jgajiee. Ecim
BCE areHTHI HEJOCTYIIHBI, AeHICTBIE HA3HAYAETCS arcH-

Ty C CaMbIM paHHUM BPEMEHEM 3aBEPIICHHS 3aJadH.
Jisi MUHMMM3alun BPEMEHH LIHUKJIa U MUHUMHU3AIUU
Ha3HAYCHUS 3aJaHUH HEMOIXOMASIINM arecHTaMm Hc-
MOJIb3YeTCS TeHETUYECKHUH aJITOPUTM.

KommuiekcHble MeTOABI pacnpeaejeHus 3ajaaqd
MEKAY Y€JT0BEKOM U pOﬁOTOM

B pa6ote [13] mpencraBieH KOMIUIEKCHBIH METOA pac-
[IpeleNIeHUs 3aad, COCTOSIUI U3 7 maros. Bo-nepsbix,
OCYILECTBISCTCS MPEABAPUTEIIBHBIN aHAIN3 MOTEHIHAIA
MOCTPOCHUS KOJITAOOpaTUBHOM sueliku. OIieHKa OCHOBaHa
Ha aHaJU3€e 3a7ad MO0 MATH KOMIUIEKCHBIM KPUTEPHUsM, 3a-
TParuBaroLIMM BOIIPOCHI 0€30MACHOCTH M SPTrOHOMUKH, Ka-
4ecTBa MPOIYKIMH U SKOHOMUKH. Harpumep, BbIsicHsIeTCS,
CYIIECTBYIOT JIM SPrOHOMHYECKUE MPOOJIeMBbI, CBS3aHHbIE
C TIO'bEMOM TSDKECTH, HEYJOOHBIC ISl YesIOBEKa I03bI,
€CTb JIM ONACHOCTH IUIOXOTO KayecTBa MPOIYKLIUH. 3aTeM
MIPOBOIMTCS TOAPOOHBIN aHANIN3 TEKyIIeW CUTyalld Ha
MIPON3BOACTBE. BXOMHBIMU JaHHBIMHU SIBIISIFOTCSI OCOOEH-
HOCTH IMKJIa COOpKH, cpefHee BpeMs COOpPKH, 3aTparhl
Ha oIuIaty Tpyaa u T.1. Pacripenenenne 3agad MexIy de-
JIOBEKOM M POOOTOM OCYIIECTBISIETCS C MCIONB30BAHHEM
ITOPUTMA PACTIPENEIICHUS NEITEIbHOCTH YeIOBEKa U PO-
6ota (Human-Robot Activity Allocation — HRAA). Pas-
OueHne NIeT MOCPEICTBOM NMMPUMEHEHNS K KaX/I0H 3a1ade
YETBIPEX MTOKa3aTesel: nHaekca Texunueckoi oneHku TEL,
WHJIEKCa OleHKH Oe3omacHocTh u 3pronomuku SEEI, nn-
nekca orneHku kadectBa QEI m mHmekca 3KOHOMHUYECKOM
ounenku EEIL Ilpu 3ToM BaXHBIA (aKTOp — 3TO YUET KaKk
CHJIBHBIX CTOPOH, TaK M OTPaHMYCHHUN YEIOBEUYECKHX pe-
CYypCOB M pecypcoB poboToB. OkoHYATEIbHOE M O0IIee
pacripefiefieHne 3afa4  SABIACTCA PE3yNbTaToM PabOTHI
ITOpUTMa M TIPEJCTABISIET COOONH HMHAEKC OKOHYATEINb-
Hoit oueHku FEI. MHnekc MokeT mpuHMMaTh 3HaY€HUE
«H» — 3amaga BHIMOTHAETCS UCKITIOUUTEIBHO YEIOBEKOM,
«R» — uckirountensHo podorom, «H mimu R» — B paBHO#
CTEINEeHU YeJIOBEKOM M poborom, «H + R» — uenoBexom
¢ yuactueM pobora. Te 3a1aun, B KOTOPBIX MH/EKC OKOH-
YaTeIbHOM OIIEHKH IpeJIIoiaracT UCIoJIb30BaHne podoTa,
OLIEHUBAIOTCS C 1I€bI0 pacueTa BpeMEHH, KOTOpOoe MOoTpe-
OyeTcst poOOTY Ha BBHINOJIHEHHE JTAHHOHM 3aJa4u. JTO BbI-
MOJHAETCS. OJHUM M3 ABYX METOMIOB: C HUCIOJIB30BAHUEM
g poBoit Mozesu (1M(pOBOH ABOWHHK) MIIH C UCTIONB30-
BaHneM ko3¢ uiuenToB. [TocKoIbKy a1 BApHAHTOB, Te
nnaeke FEI = «H wim R» BO3MOXHBI pa3Hble BapuaHTbI
MIOCJIEI0BATEILHOCTH COOPKH, TO paccMarpuBaioT M = 2N
crieHapueB, npudeM N — KOJIMYECTBO 3aj]ad, WMEIOMINX
BBIIICOTMCAHHBINA MHJIEKC. Jlanee onpenessioT onTHMalb-
HBII IUKJI COOPKH, OCHOBBIBAACH HA MUHUMH3ALUH 00IIIe-
TO BpeMEHH NHKJIa COOPKH, C YIETOM OTpaHHICHUI COOpKH
W IMarpamMMsl ['aHTa uId KaXI0r0 M3 BOSMOKHBIX CIICHA-
pues. IlocnenHuM 3TanoM sIBISETCS OKOHYATEIbHBIN aHa-
JM3 SKOHOMUYECKOH LeNIeCO00Pa3HOCTH Pa3INIHbIX CIie-
HapHeB, TIOCKOJbKY HE BCEIna CIEHApHH ¢ HaHOOIBIINM
COKpAIlIEHHEM BPEMEHH COOPKH SBISETCS ONTHMAlIbHBIM
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1 He TpeOyeT AOTONHUTEIBHBIX ACHEKHBIX 3arpar. [Ipu-
MephI pacipeeeH s 3a1a9 [0 JaHHOH METOIOJIOTHH H €€
6ornee moapoOHOE 00BsICHEHNE TTPUBECHE B [ 14, 15].

B pabore [16] ommcanpl OMMOKK TpPU HOCTPOSHHH
KOJUTAOOPAaTHBHBIX SYEEK, KOTOPhIE MPUBOISAT K HEONTH-
MaJbHOMY PaclpeesieHHI0 00S3aHHOCTEH, MOpPyYaeMbIX
poboty u yenoBeky. Cpear HUX HCIOJIB30BAHUE TOJBKO
KaueCTBCHHBIX KpHTEpHEeB 0e3 KOJUYECTBCHHBIX Olle-
HOK; HCIONB30BaHHUE CIHUIIKOM OOIIMX KPUTEPUEB, HE
YUUTHIBAIOIINX Ba)KHBIE XapaKTEPUCTUKU CHUCTEMBI; pac-
CMOTpPEHHE KPUTEPHUEB PaCIpe/IeeHuUs, KOTOpbIe He Tpu-
BEAYT K ONTUMAJIBHBIM PEIICHUSIM; MOTBITKA MOTHOCTHIO
aBTOMAaTH3MPOBATh CUCTEMHBIN aHAIU3 U paclpeesieHue
3aj1a4; aHaJIN3 ¥ MOMBITKA JEKOMITO3UIIUK COOPKH Ha He-
a/IeKBaTHOM YPOBHE JIeTaIN3al1; OrpaHUYCHHUE KOJIHYe-
CTBa PEXKUMOB COBMECTHOH PabOTHI.

B pa6ore [17] npeanoxkeH moaxo/] K MOBBIIICHUO (-
(DEeKTUBHOCTH KOJUTaOOPATUBHBIX POOOTOTEXHHUUYECKHX CH-
CTEM 4epe3 YHpPaBIEHUE UX COCTABOM HAa OCHOBE BBIINOJI-
HSIEMBIX YJIEHaMH KOMaHAbI QyHKIUI 1 00beMOB padoT.
Crasurcs 3a1a4a (popMHpOBaHUS HEOAHOPOIHON KOMaH-
IIBI KOOOTOB, CBOZSIIASCS K PENICHUIO 3a/1a9d ONTHMHU3a-
MU B CMBICTIC MHUHUMH3AIMX 3aTpaT KOJUIA0OPaTHBHOM
PTC, 3aBucsammux or 00beMOB PadOT KakI0TO BHIA, Ha-
3HAYEHHBIX KOOOTaM ¥ 3HauCHHUH 3(H(HEeKTHBHOCTH JAHHBIX
KO0OOTOB, HANPHMEp, BPEMEHHU BBHIITOTHECHUS HA3HAYCHHBIX
00BeMOB padoT.

B paborte [18] paccmaTpuBaroTCst IPUHIAIIEL POPMU-
pOBaHUS KOJTAOOPAaTHBHON POOOTOTEXHUIECKON CHCTEMBI
1 METOJBI KOJJICKTUBHOTO PACIpeICICHNUS 3319 CPEAN ee
ydacTHUKOB. [loka3aHo, 4TO MOCTAaHOBKA 3a7a4d YIIPaB-
JIEHUSI areHTaMu KOJUTa0OpaTHBHON SYSHKH HarlelieHa Ha
nouck 3(HeKTUBHBIX IEHCTBUI y4aCTHUKOB Ha BCEX JTa-
max paboTsl, KOTOpBIE OBl 0OECTIEYNBATN MAKCHUMHU3AIIIO
¢dyHkMoHana. B cuily HEMMHEHHOCTH M HEIOCTATOYHO-
CTH anpHoOpHON MH(OpPMAIMK ISl pacrpeaeieH s 3a1aq
MEXAy YYaCTHUKAMHU KOJUTAOOpaTUBHOM sSYEHKH Tpejyia-
raercs UCIOJb30BaTh UTEPALIOHHBIC METOABI.

3akiouenne

AHanmi3 CymIeCTBYIOIIMX pelIeHUd B obnactu mo-
CTPOEHUSI METOJIOB U AJTOPUTMOB pacIipe/ie/ieHus 3a1a4
MEXy YEJIOBEKOM M KOJUTADOPAaTUBHBIMH POOOTaMH I10-
KazaJl, YTO 3TH PELICHHs HalleJIeHbI Ha CyIECTBEHHOE 00-
JierdeHue paboThl YeJI0BEeKa U JIOJKHBI OBITh OCHOBAHBI HA
OLICHKAX [0 MHOTHM KPUTEPHUSIM BO3MOXHOCTEH poborta,
YeJioBeKa 1 0COOCHHOCTEH MPOU3BOICTBEHHOTO IpoLiecca.

B GonpmmHCTBE CBOGM MpeliaracMble METOIBI pac-
NpeessIoT 3a1a4y TOJIBKO OJHOMY U3 areHTOB HPOU3BOJI-
CTBEHHOTO Iporecca. [Toka He MOIHOCTHI0 U3YYeH BOIIPOC
pacupezeneHns 3a1a4 I COrIaCOBAaHHOTO, OTHOBPEMEH-
HOT'O MX BBITIOJTHEHHS KOOOTOM M YEJIOBEKOM, OTCYTCTBYET
paccMoTpeHne cenn(puIecKUX KOJUTaOOpaTHBHBIX 3a1ad.

B paccMOTpeHHBIX HCCIENOBAaHMAX OTMEHaeTcs He-
00XOAMMOCTh PACIPENENICHUS 3aad MEXIYy YeJIOBEKOM

1 KOOOTOM € y4ETOM TNPOLIECCOB U SIBJICHUI, MPUBOASAIINX
K CHIDKEHHIO pab0TOCTIOCOOHOCTH YeTIoBeKa Ha KOPOTKUX
M JUINTEIBHBIX IPOMEXKYTKAX BPEMEHH, CBSI3aHHBIX CO
CTapEeHUEM, HECUACTHBIMHU CIIy4assMU U YTOMIISIEMOCTBIO.

OTKpBITO OcTaeTcs mpodieMa onpeeIeHIs KPUTEPHEB,
Ha OCHOBE KOTOPBIX JIOJDKHO MPOM3BOJIUTHCS Pacipe/ieiieHue
00513aHHOCTEH areHTOB KOJUIAOOPATUBHOM IPONU3BOACTBEH-
HOll suedikm. Ilepen paspaboTdnkaMy KOTaOOPATHBHBIX
POOOTOTEXHMYECKHX CHUCTEM CTOMT aKTyalbHas IpoOiema
co3nanusi Hanbosee 3P QeKTHBHOrO MeToAa pacipeeeHus
3a71a4 MKy YYaCTHHUKAMU KOJUTAOOPATUBHOM SUCHKH.
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VIIK 004.021

Beppo Comap, A.H. Tumodeen
S.M. Berro, A.N. Timofeev

CUCTEMA PEABUITUTALUN MUKPOMOTOPHbIX
BO3MOXHOCTEN YEJIOBEKA. MOOENTMPOBAHUE
U YNPABINEHUE OOUWHOYHOW CTEMEHU CBOBOAbI

REHABILITATION SYSTEM OF HUMAN MICROMOTOR CAPABILITIES.
MODELING AND LOOP SHAPING OF SINGLE-DOF

IIpeonosicena nosas Konyenyus peadurumayuOHHoU CucmemMbl, NPU3BAHHAA NOMOYb Tuyam be3 kucmell 60ccma-
HOBUMb MUKPOMOMOPHYIE 603MONCHOCHU. MUKPOMAHUNYIAMOP 6CMPOEH 8 NPome3sbl U YNpasiaemcs Onepamopom
(/IBK), umo no3eonsem cucmeme 6bINOIHAMb MOYHbIE 08UNCeHUA. [N cucmemul 8bINOIHEHO MAMEMAMULECKOe MO-
Oenuposanue. Ilocmpoen aneopumm ynpagienus 4eno8eko-mauunHot cucmemoi. Mooenuposanie blnoaHeHo Ol
obecneuenus cnocobnocmu JIBK ycnewno konmponuposams nonodicenue UHCmpyMeHma ¢ noOMoubIo Mol cucme-
Mol Jlokazana cnocobnocms cucmemsbl 00CMUSams C60e20 HAZHAYeHUs ¢ COOM00eHueM MexHudeckux mpeboeanu
6 udeanvHulx yenosusx. Ilo pezynomamam mMooenupo8anusi OaHvl peKOMeHOAyul no 00YYeHUI0 NOIb3068ameis OAHHOU
cucmemoi.

A new rehabilitation system is proposed for significant restoration of microbial capacity. The micromanipulator
is built into the prostheses and is controlled by an operator (upper-limb amputee), which allows the system to perform
precise movements. Mathematical modeling was performed for the system. The algorithm for controlling a human-
machine system was constructed. The simulation is performed to ensure the upper-limb amputee s ability to successfully
control the position of the instrument using this system. The ability of the system to reach its destination in compliance
with technical requirements in ideal conditions has been proven. Based on the simulation results, recommendations
for training the user of this system are given.

KuaroueBble ciioBa: cucreMa peaOMIMTAIMH, MUKPOMOTOPHBIE BO3MOKHOCTH, MTPOTE3UPOBAHKE, JHI[ 03 KUCTEil

(JIBK), amanTuBHast oropa, 4eI0BeKO-MalliHHAsI CHCTEMA, CUCTEMA YITPABIICHUSI.

Keywords: rehabilitation system, micromovement, prosthesis, upper-limb amputee, adaptive support, Human-in-

the-loop, control system.

BBengenue

[Tpore3bl BepXHMX KOHEYHOCTEH MOXKHO pas3/iesIuTh
Ha JIBE€ OCHOBHBIC KAaTETOPUM B 3aBHCUMOCTH OT CHCTe-
MBI ynpasienus. [lepBasi — 3To MpoTe3bl ¢ MUTaHUEM OT
TeJsa, 0OBIYHO MCHONB3YIOUINE CHCTEMY yrpasieHus bo-
yaeH-TpocoM. Takasi cucrema nepenaer JBWXKCHHS M CH-
JIBI, TEHEpUpyeMble B OCHOBHOM MBIIIIAMH IUIeYa, Ha
KOHIIEBBIE YacTH MpoTe3a (B OONBIIMHCTBE KPIOKH). BTo-
poit — OHOHMYECKHE MPOTE3bl, HCIOJIB3YIOLIHE dIEKTPO-
MHOrpapu4ecKie CUTHAJIBI (MEKTPOMHUOTpadHIeCKUit
9IIEKTPO) VISl YIIPABICHUS TEPMHUHAIBHBIM yCTPOHCTBOM
npotesa [1]. Takue npore3pl 0OBIYHO UMEIOT YEIOBEKO-
NMONOOHYI0 KHCTh, IATh MAaJbLEB, BKIIOYAs ITOTHOCTHIO
(byHKIMOHATNBGHBIA Oompmon mamer [2]. B amekrpommo-
rpadMUecKUX CHUTHAJaX €CTh MH(OPMAIH, MO KOTOPOit
CIeLHAJIbHbIE AJITOPUTMBI MOTYT OINPEACNISATH Hamepe-

HUs nosb3oBarens. CucreMa 3JIeKTPOMHOTpadUIecKoro
YIPaBJICHUSI HCIOJB3YEeT CYIICCTBYIONIYI0 HEPBHO-MbI-
HIeUHYI0 cucTeMy (KyabTst). st 9Toro HeoOXomum anro-
pUTM 00y4YeHHUS PAcIIO3HABAHMSI, B KOTOPOM HM3BIIEKAIOTCS
OIIpe/IeIeHHbIC XapaKTePUCTHKN CUTHAJIA U HCTIOJIB3YIOT-
Cs1 17151 yIIpaBIICHUS] TEPMUHAIIBHBIM yCTPOMCTBOM IIPOTE3a
[3]. B HEKOTOpBIX cioydasx MHEPLHUAIbHBIN H3MEpPUTEIb-
HBII MOJYJIb MOKET OBITH pa3MEIIeH Ha HOTE IT0JIb30Ba-
TEJISl ¥ MCTIONIb30BATHCSI COBMECTHO C CHCTEMOH 3JIEKTPO-
MHOTPA(QUIECKOTO YIIPABICHHS IIPOTE30M C HECKOJIIbKUMHU
cTeneHsMu noABwxHocTU [4]. B mocneanue roasl pas-
paboTKa cHCTEM YIpaBiIeHHs B 00JIAaCTH MPOTE30B ObLIa
HAaIpaBJIEHbl Ha COBEPIICHCTBOBAHUE aITOPUTMOB cOOpa
M KIacCU(UKAIMH TAaTTEPHOB 3IEKTPOMHUOTpAPUIECKAX
CUTHAJIOB JJsI OOJiee TOYHOTO BBITOJHEHUS JKETAEMBIX
IBIkeHNH. B omHOM mccnemoBannu [5] O6buT ompoOoBaH
HOBBII MeTon 00paOOTKM CHUTHAJOB C HCIIOJIH30BaHHUEM
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CIIEKTpaJIbHBIX NPU3HAKOB C MCKYCCTBEHHOM HEHpPOHHOMU
CEeTBIO /IS KITaCCU(PHUKAINHU 17 PON3BONBHBIX TBUKCHUI
IO ANIEKTPOMHOTPaPUISCKUM CUTHATIAM.

Brutn mpecTaBiieHs! M IpyTHE CTIOCOOB! TOBBIICHHS
YOpaBIIeMOCTH TpoTe3a. B mccienoBarensekoil padore
[6] mpennoxxena cTpykTypa perpeccuu Ha ocHoBe [ayc-
COBCKOTO IPOIecca A1l HENPEPHIBHOTO MPOTHO3UPOBAHUS
COCTOAHHUA OTCYTCTBYIOIINX KOHEUYHOCTEHN IIyTEM HCKITIO-
YUTEJIBHOTO JIEKOJIMPOBAHUS JBUKECHUIN OTCYTCTBYIOIIMX
KOHEYHOCTEH U3 HENOBPEXKIEHHBIX KOHEUHOCTEH. B apy-
TOl MCCIIeI0BaTENbCKOM paboTe [7] paccMaTpuBaIoCh Uc-
II0JIb30BAHUC JIBI/I)KeHI/Iﬁ KYJIBTU 1JIs1 3aMCHBI MBIIIEYHOMN
AKTHBHOCTH B KQ4Y€CTBC BXOAHBIX KOMaH/, JIJIs pa3pa60TKM
Oosiee €CTECTBEHHBIX M MHTYUTHBHO IOHSTHBIX METOJIOB
ynpasieHus. meromnyecss KoMMepUecKue NMpoTe3bl BCE
el1e HeJJOCTaTOUHBI JUISl JOCTHIKESHUSI I€TTMKATHBIX JIBHOKE-
HUI ¥ TOYHOCTH YE€I0BEUECKON pyKkH. bruoHHueckue pyku
Bce ele 00ecreunBaoT MEHBIIYIO CHITy aKTUBALUH, YeM
kprouku [8]. Camble nepenoBblie MPOTE3bl B OCHOBHOM BbI-
TIOJTHSIOT 33/1a4¥ 10 3aXBaTy U MEPEMEIICHUIO 0OBEKTOB,
ITO3TOMY KPFOKH C TIPUBOZIOM OT TeJIa CIIIe SIBIISTIOTCS OoJee
MTOJXOASAIINM BBIOOPOM JUIST MHOTHX TIOJIb30oBareneid [9].
CrocoOHOCTH BBITIONHATh MHUKPOIBIDKCHUS W MaHHITY-
JUPOBATH HHCTPYMEHTAMH C BBICOKOH TOYHOCTBIO JANICKO
HE WHTETPUPOBAHEI B MPOTE3HI pyK. ViMest orpaHNYeHHEBIE
1 HeyOemTUTEeNbHBIC Pe3yNbTaThl, necnenoBanue [10] m3y-
gano pabory JIBK ¢ moMomipio TeXHUKH MUKPOIBIKEHUS
1 BPEMEHH, HO C UCIOIB30BAaHUEM KPIOKA C TIPUBOOM OT
TeJxa BMECTO IEKTPOMEXaHWIECKOTO MPOTe3a.

YenoBek B KOHTYPE — 3TO TEPMHH B 00JIaCTH CHCTEM
«YEIIOBEeK-MaIlInHaY, Koraa (U3udeckas CHCTeMa IOJIHO-
CTBIO WJIM YaCTHYHO KOHTPOJIHPYETCS YeTOBEKOM-OIepa-
TOPOM C MOMOIIBIO Pa3IUYHBIX CPEACTB BBOJA. B Takux
CHCTeMaxX 4YeJOBeK HaONIomaeT 3a BHIBOAAMHU CHCTEMBI,
4TOOBI TIOJIyYUTh BCIO BXKHYIO HH(OPMALUIO U IPEIpPH-
HSTh COOTBETCTBYIOLIME JCHCTBUS. DTa KOH(PHUIYpaIus
npenacTapisieT co0oil 0OpaTHYIO CBSI3b MEXIy TUHAMH-
YeCKOH CUCTEeMOH W YeJOBEKOM-OIepaTopoM (KOHTPOII-
nepom) [11]. B naHHO# cTaThe MccaeqyeTcsl MHTErpanus
JIBK B KOHTYp ympaBieHHs IpelaraeMoi peaduinTamnu-
OHHOM CUCTEMBI JUIs IepeMEIeHUs] HHCTPYMEHTA C BBICO-
KOW TOUHOCTBIO.

Kparkoe onucanue
npeIaraeMoii cucTeMbl peadHINTAIUH

IIpennaraemslii mpoTE3 OCHALIAETCS MHOTOCTEIEH-
HBIM MaHUITYJISTOPOM C aJaNTUBHOI ONMOPOii, BHIMOIHEH-
HOW C BO3MOXXHOCTBIO (DHKCAIIUM HA HEMOJBUKHBIX 00b-
€KTaX OKpYy»XKaroIlel cpe/ibl.

[Iponecc mepemMernieHus MHCTPYMEHTA pPa3JeseTcs
Ha (a3bl NPEIBAPUTEIHLHOTO TPyOOro M KOHEYHOTO TOY-
Horo jBikeHus. Ha mepsoii ¢daze JIBK cBoeit kynbreit
CBOOOTHO IEPEHOCHT TPOTE3 C MHCTPYMEHTOM K 001acTH
IIEJIEBOTO 3aBEPIIAIOIIETO TOYHOTO MBIKEHU. Ha BTOpOi
(aze mpore3 ¢ MHCTPYMEHTOM OMHUpAacTCs Ha padoduit
CTOJI WJIM WHBIC OKPYXKAIOIIUE TPEAMETHl U MHCTPYMEHT
¢ TpebyeMoif TOYHOCTBIO MEIJICHHO MOIBOIMTCS K IIelie-
BO# Touke. Hampmmep, XBOCTOBUK MHHUATIOPHOTO BHHTA
BBOIUTCS B Pe3600BOE OTBEPCTHE COOMPAEMOTO IIPHOOpa.

OnHOI W3 aNbTEpPHATHBHBIX PeajM3aliy Ipeasiarae-
MO KOHIIETIINHU peabnIHTAIIMOHHON CHCTEMBI IIPHBOINT-
cs1 3D-monens mpoTe3a co BCTPOSHHBIM MaHHUITYISTOPOM
Ha a/IaNTUBHOM omope (puc. 1).

Jlis mepemerieHus OOMBIINHCTBA BUOB HHCTPYMEH-
TOB C 3JIEKTPOIIPUBOIOM, HAIIpUMEP, BUHTOBEPTA, TOCTa-
TOYHO MAHMITYJISITOpPA C TPEMS CTEHECHSIMH MOJBIKHOCTH.
A WMEHHO, BBIIBMKEHHE BIOJb MPOAOJBHONH OCH TIPO-
T€3a M KauaHHe OTHOCUTENBHO JIBYX IOIEPEYHBIX OCEH.
IIpu mepemernieHNH ¢ OJJHOTO MeCTa Ha JIpyroe, Ipu Jao-
CTHKEHHH MECTa ONOP MOTYT OBITh OTIYLICHBI U 3aTeM
3aKpeIUIEHbl Ha HYXKHOH BbICOTE€ HHCTpyMeHTa. CMEHHbIE
MHCTPYMEHTBI YIEPKHBAIOTCSI aHTPOIIOMOP(HOH KHUCTBIO
WK pabOYNM 3aXBaTHBIM YCTPOWCTBOM, U aJIalITCPhI B BU-
ne OailoHeTHBIX coequHeHuil obecneunsaror JIBK BO3-
MOXHOCTb JIETKOM CMEHBI 3aXBaTHOTO YCTPOMCTRa.

B nanHOW cTaTbe IpeAcTaBicHA TOJBKO KHHEMa-
THYECKasi CXeMa peadMINTAIMOHHON CHUCTEMBI ¢ OTHOM
CTENEeHbIO MOJBMKHOCTH, KaK MOKAa3aHO Ha PHUCYHKE 2.
OCHOBHOH KOpIyC 3 COEIMHEH C MPUEMHOW TUIb30U
2 4yepe3 CUIOMOMEHTHBIM AaTyuk 4 ¢ OJHOW CTOPOHBI
U ¢ pabounM opraHoM 12 Takke uyepe3 CHIOMOMEHTHBIN
JIaTUUK 5 ¢ Apyroil CTOpoHbl. MaHUMyIATOP ¢ OAHOM cTe-
MEHBIO MOABIKHOCTH yAEpKHUBAET OCHOBHOH kopmyc 3
HA OCHOBAaHMH |, UMEIOIIEM YEThIPE ONOPHI U TOPMO3HOM

Puc. 1. O6muii Buj npengaraeMoit cucreMsl: 1| — runb3a, 2 — MaHUIYJISITOp, 3 — pabouunit opras,
4 — aJganTUBHBIE ONOPHI, 5 — HMHCTPYMEHT
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Puc. 2. Kuaemarndeckas cxema MaHHHyJ'IS[TOpHOﬁ CHUCTEMBI C OZ[HOﬁ CTCIICHBIO ITOABUKHOCTH

MEXaHU3M € OIHUM JBurarenem 9. Ympyras noasecka 10
COeNMHSAET OCHOBHOMU KopIryc 3 ¢ ocHOBaHUEM 1. OHa sB-
JSeTCs LEHTPOM BpAllaTelIbHBIX JIBH)KEHHH OCHOBHOTO
KOpITyca OTHOCHTEIBHO OCHOBAHMS MOJ BO3ACHCTBHEM
MaHunyniaropa. Kpome toro, 6aifoneTHbIe amanTepsl |1
no3BossttoT JIBK serko MeHATs paboumii oprad 12.

VYmpyras moasecka 10 3amensieT ruOkne mapbl, Kpe-
IUTCS MEXKAY OCHOBHBIM KOPITyCOM H OCHOBaHHEM.
OH BBITIONTHEH B BHJIE paMKH U3 YIIPYTroro Marepuania (1mo-
JuMepa Win OpOH3BI) € JOKAIbHBIMU HaJpe3aMH U J0My-
CKaeT ¢ HeOOBIINM COMPOTHUBICHUEM ITOBOPOTHI OTHOCH-
TEJIBHO MOIMEPEYHBIX 0CEeH MPOTe3a U CMEIIEHUE BAOJIb €T0
IIPOAOIBHON OCH.

I"aiixa 7 JIMHEUHBIX aKTYaTOPOB COCJUHEHBI C OCHOB-
HBIM KOpIycoM 3 4epe3 nedopMHUpyeMble 3BEHbS C Hal-
pe3aMu 8 11 BO3SMOXKHOCTH KOMIIEHCAIIMU HENPSIMOJIH-
HEHHOCTH.

JIBurarens 6 yepe3 BUHT-TaiiKy 7 W pa3Bsi3Ky 8 obe-
CIEYMBAET MOCTYNATENbHOE IBUKEHHE B HAIIPABJIEHUU OCH
+X U co371aeT Ha OCHOBHOM KOpIIyce 3 KPYTSIUI MOMEHT.
3a cuér sroro ynpyras noasecka 10 msrubaercs B TOUKe
‘B’, mo3BossitoT pabodemMy oprany 12 n 0CHOBHOMY KOpITy-
cy 3 coBeplIaTh BpalaTeIbHOE JBIUKEHHUE BOKPYT OcH Y,
nepecekass Touky ‘B’. B mpenenax MukporepeMerieHui,
KpHBasi TPAEKTOPHU PabOUYero KOHIla HHCTPYMEHTA MOXKET
OBITh ANMPOKCUMHUPOBAHA TPSIMOM JIMHHUEH.

B nmanHO# peaOMIMTAIIMOHHOW CHCTEME YIpaB-
JICHUE MHUKPOMAHUIIYJIATOPOM MOXET OCYIIECTBISTh-
cs MO0 CUTHAJIaM OT CHJIOMOMEHTHOTO JaT4MKa, ycTa-
HOBJIGHHOTO MEXJIY THUIb30M M OCHOBHOM KOPITyCOM.
Kpome Toro, BHemHee ycTpOHCTBO, TAKOE KakK Ieallb,
JPKOMCTHK, KHONKHM HJIM TOJIOCOBBIE KOMAaHIBI, MOXET

HCIIONIB30BAThCA B KauyeCTBE BXOMHOro curHajia. Cuio-
MOMEHTHBIN JIaTUMK, PACIOIOKECHHBIH MKy pabounm
OpraHOM M OCHOBHOM KOPITYCOM MHKDPOMAaHHUITYJISITOPa
JUIs1 00eCTIIeYeHNs CIIIOBOI OOpaTHOM CBS3HM C CHCTEMOM
yIpaBIeHHS.

MaremaTn4eckoe MojieJIMPOBaHHe
CHCTeMbl PeaduJIHTANUH

Mogens mpeayiaraeMoil peadMINTAIMOHHON cHcTe-
MBI C OJIHOW CTENEHBIO IMOJBHIKHOCTH MpPEACTaBJICHA Ha
pucynke 3. Mojenb MeXaHHYECKOro HMIIEJaHca PyKH
uenoBeKka ocHOBaHa Ha moxenu Botira [12], rne m, b,
¥ k, — mapameTphbl UMIeJaHCca, 0003HAYAIONINE MaCCY,
JnemidrupoBaHHue U )KECTKOCTh OCTATOUHON KYJIBTH COOT-
BETCTBEHHO. 3HAUE€HHE KECTKOCTHU ks 3aBUCHUT OT THIIA
JaT4yuKa, pacliiojlo)KE€HHOTO MEKIY T'MJIb30U U KOPITyCOM
npore3a. Macca Tena mporesa, pabodero oprasa u Jo0oi
NPUKPETJIEHHON Harpy3ku IIpeJCTaBlieHa B Macce 7.
[IpuBon (nBHrarTesnb MOCTOSIHHOTO TOKA) C MEXaHH3MOM
BUHT-TaliKa IMPHCOCTUHSIOT K KOHIIEBOMY YCTPOMCTBY
W 3aKpeIusIioT Ha Oasuce npote3a. Macca MaHUITYISITOpA
¥ OCHOBAHHMSA NPEJICTaBJIEHa B BUJIE MAcChl /,. YCHIUE
F, co3naercs JMHEHHBIMM NEPEMEIICHHAMH MEXaHH3-
Ma BHHT-Talika M IPHKJIAAbIBAETCS K pabodyeMy opray.
Cnna MexaHHM3Ma TakKe MpPUKIAIbIBACTCSI K OCHOBa-
HUIO MPOTE3a, TaK KaK Ha KaXJ0e ACHCTBHE €CTh PaBHOE
¥ TIPOTHBOTIONIOKHOE TPOTHBOAEHCTBHE. XKecTkoCTh £,
MIPEACTABIISIET HEKECTKOE COSANHEHHNE MEKAY phlYaraMu
(HMKHME 9acTH HOKPBITHI TPOTHBOCKOJIB3SIIIIUM MaTepH-
ajoMm) u pabouuM ctoioM. B ¢aze TOYHOTO IBHIKCHHS
aIaNTHBHBIC PHIYATH MOTYT CKOJB3UTH MOJA ACHCTBHEM
CHJIBI MEXaHHU3Ma.
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Puc. 3. Mozenp peaOMINTAIIMOHHON CHCTEMBI C OHOM CTETIEHBIO TIOABIKHOCTH

B mpennaraemoil KOHCTPYKIINH peadbHIUTAITHOHHON
CHCTEMBI TIOJIOKEHNE X, OJDKHO PEATTN3OBBIBATLCS B PE-
3yIbpTaTe BpAIIAaTENbHOTO IBI)KEHHUS, a HE JHWHEIHOro.
OjiHaKo M3-3a ATOTO HEOOJIBIIOTO JMala30Ha nepeMele-
Hus (MUKPOIBIDKEHHUS) MepeMelieHne pabodyero opraHa
(MM MHCTPYMEHTA) MOXET OBITh aNMpOKCUMHPOBAHO
KaK JIMHEHHOE.

B 3T0i#1 Mozenu BXOJHOW CUTHAJ, aKTUBUPYIOLIUMI
OIMH MPHUBOJ, TEHEPUPYETCS BHEUIHUM YCTPOWCTBOM,
TakUM Kak Mefanb WIN JKOMCTUK. MeXaHU3M BHUHT-
raifika nepenaeT KpyTSIIMI MOMEHT [BHUrarens Ha
cuity F,. ManunmynaTop ¢ OJQHOW CTENMEHBIO MOIBUK-
HOCTH PAaCIIOJIOKEH MEXJy OCHOBAHHMEM M KOPIIyCOM
npore3a. Kondurypauust cucremsl ykasbplBaeT Ha TO,
YTO HArpy3ka Ha MOTOP NPEJCTaBIsET co00i 00beau-
HEHHe KopIlyca Ipore3a U pabodero oprana ¢ J000#
MPUCTABKON MHCTPYMEHTA K HEMY, IOMUMO OCHOBAHHUS
mporesa.

Ha pucynke 3 pasmeproctu {L;i=a, b, c,d, s} —
(uKCHpOBaHHBIC BEKTOPHI, a {Xj; j=a,b,c,d,m} —mepe-
MeHHBIE BeKTOpbL. [Tonoxxenne pabodero oprana (MHCTpY-
MeHT) X ;110 OCH X OTIPENENAETCS CIIEMYFOIIIM o0pazom:

s afx]+afx] ®

IIpuBenenuie B AeiicTBUE JBUTATEISI TOCTOSHHOTO TO-
Ka U3MEHSET JIMHY X ., KOTOPBIA ONPEENAETCS:

s =]+ o] @

[epenarounast QpyHKIHsI CKOPOCTH SKOPSI JBUTATEIs:

Q (s
H,(s)= 2208) 3)

E(s)
roe: £ — HAIps’KCHUC AKOPsS ABUTATCIIA; Qm — CKO-
poOCTh SAKOps ABUrareys, u, — MNEPeAaToOvYHOC OTHO-

WIEHHE MEXAaHH3Ma; U, — IMEePEIaTOYHOC OTHOUICHHE
penyKTopa; \y — YroJ moJbeMa pe3b0bl; (¢ — yTroi Tpe-
Hus; d — cpeaHuil quaMerp pe3bObl; R — CONMPOTHUB-
JIEHHe SAKOps ABUraTens; L, — WHIYKTHBHOCTH SAKOPS
JBUTATENS; f, — KOOPDHUIHMEHT TPEHHS CKONBKEHUS Ha
nste; J,, — NPUBEIEHHBIH K Baly JIBUraTels MOMEHT
WHEPIIUU CUCTEMBI; B — BA3KOCTHBIH KOd()(PHUIIHEHT

neMIIpupoBaHUS TBUTATEI.
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H3meneHne nonoxeHus: paboyero oprana IPOUCXOJNT B Pe3yJIbTaTe CMEIICHHST MEXaHU3Ma TT0CJIC BKJIIOUCHHS JIBU-
rarenst. [lepenarounas GyHKIMs MOIOKeHNsT pabodero opraHa:

Xa(s)

H, (s):

H = 4
=55 @)
m,mymys® +b,m,m,s* +((k, + 2k, ) m,m, +2k,m,m,)s* +2b,k,m,s* +((2k, + 4k, ) k,m, +kym, ) s> +b,k,k,s +k Kk, +2k k,J,
m m,m, +m mm,)s® +(b mm +b,m.m s+ k, +2k )mm, +2k,m m, +(k, +k )mm, +kmm +kmm st +(2b km +b,km, +b.k,m 5
a""h"h a""teh a ""'b"th a b s b b b s alc ab"""h a b e

+((2Kk, +4k, ) kym, +k J,m, k,m, +k k,m

b"a

+ ko ke,m, +

ym, +(k, +k))

Cucrema H, COIEPXKHUT TONBKO NAPAMETPhI MEXaHH-
YECKHX IEMEHTOB Mozeni. OTKINK cuctemsl H, Ha CTy-
IIEHYaTOM BXOJHOM CHTHAlle TOMOTaeT MOHATh AUHAMUKY
MOJIENIM TP BHIOOPE PasIUUHbIX 371eMeHToB. Hampumep,
3HaYeHHE JKCCTKOCTH k| 3aBHCUT OT THIIA HCIIONIb3YeMOTO
naT4vka. B ciydae MCrosb30BaHus MHPPAKPACHOTO JaT-
4KKa 3HAYCHNUE K, PABHO HyIII0. B TO BpeMs Kak HCIIONb30-
BaHHE CUJIOMOMEHTHOTO JIaTYMKa MPECTABICHO 3HAYCHH-
€M JKECTKOCTH, CBI3aHHBIM C XapaKTePUCTUKAMH JaTYhKa
(manpumep, k=7 * 10’N/m [15]).

Cucrema ynpasjenns 1 ¢GopMHpoBaHHe KOHTYPOB

Lenbro 1aHHOM CUCTEMBI YIIPABIEHUS SIBIISETCS «JIe-
JIMKaTHOE W TOYHOE MEpeMEIlleHne MHCTPYMEHTa U3 Ha-
YalbHOU TOYKA B 33TaHHYIOY.

IMociie gocTrkeHHWS 3aJaHHOW TOYKH (0OBEKTa)
pBIUard OTIYCKAIOTCSA W TPOTe3 (PUKCHUPYETCS Ha Ke-
JIaeMOH BBICOTE, TOCIIEC YeTO HaunHaeTCs (pa3za TOYHOTO
nexenus. Ha stom srane JIBK koHTponupyer nosno-
KEHUE MHCTPYMEHTA, IPH 3TOM €T0 KYJIbTS COCAMHEeHA
¢ b330 mpore3a. C MOMOIBIO YCTpOiCcTBAa BBOZIA
JIBK mnopaer cursan, OpUBOASIIMI B AEHCTBUE NPU-

)5 +(b,k,k, +b,k K, )s+k Kk, +2k kK, +k &k,

BOJ MaHUNTYJIATOpPA. I/IHCprMeHT HAQYUMHACT OABUTATHCA
B )KE€JIa€MOM HaIpaBJICHUHU K 3a7aHHOU Touke. [Tpu 3TOM
nmenHo JIBK omnpenenser HampaBieHUs ABIKCHUS
" BBIINIOJIHCHHUC 3a1a4.

Ha pucynke 4 mnpuBeneHa OJOK-CXeMa CHCTEMBI
YIpaBJICHUs C JIByMsl KOHTypaMu OOpaTHO#l CBs3U, KOTO-
past IBJIsIeTCS Pa3HOBUIHOCTBIO CUCTEMBI «UEIOBEK B KOH-
Type YIpaBieHUsS». BHYTpPeHHUI KOHTYyp yIpaBIEHUS
CKOPOCTBIO COAEPKUT CMOJICTUPOBAHHYIO IUHAMUUYECKYIO
CHUCTEMY C PEryasiTOpoM U JaTUUKOM ckopocTu. Bo BHem-
HEM KOHType ympasieHus nonoxenuem JIBK craHoBuT-
Csl 4acThIO CUCTEMBI ymnpaBieHus. UenoBeueckoe 3peHUE
MPEIOCTABIISICT MO3TY YeJIOBEKa-oIeparopa HH(HOPMAILHIO
00paTHOH CBSI3M O TOJOXKEHUH, CKOPOCTH W OPHEHTAINH
UHCTPYMEHTA, [JI€ JaTYUKOM, 3aMBIKAIOIIUM KOHTYp HOJO0-
JKEHHMs, BBICTYTAIOT [NIa3a YesoBeka. Mo3r — 3T0 HEHpOH-
HBIII KOHTPOJIJIEP, KOTOPBIA UCIONIB3yeT CBOM KOIHUTHB-
HbIC (DYHKIIMH JJIsI OLICHKU TEKYIETO COCTOSHHS CHCTEMBI.
OTa OLICHKA HCTIONIB3YETCs JUIsl OTPEEIICHNUS TEKYILEeH 1mo-
TPEHIHOCTH TOJIOKEHUSI HHCTPYMEHTA OTHOCUTEIBHO 3a-
nanHoi Touku. JIBK omnpenensieT onopHyo CKOpOCTb UH-
CTpYMEHTA U NEPENAET C IOMOILBIO YCTPOHCTBA BBO/IA BO
BHYTPEHHUI KOHTYP YIIPABICHUSI.
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Puc. 4. biok-cxeMa cuCTEMbI «4EJIOBEK B KOHTYPC YIpaBJICHUA

JUTS peaOMIINTAIIHOHHON CHCTEMBI C OTHOM CTETIEHBIO TIOABHKHOCTH

A. Hoeanvnas modenv uenosexa 6 cucmeme

C nomomipio 3penuss JIBK ompenenser mpo-
CTPaHCTBEHHBIE XapaKTepPUCTUKH (monoxenune
U OopueHTauus) W cBoiicTBa (pa3mep, Qopma, Mmare-
puan) ueneBoro oObekTa [16]. C momompO JaH-
HOW OOpaTHOW CBSI3M MpoOIleCC TEHEepalUH YIPaBiIs-
IOIIETO CHTHAJla MO3TOM MOXKHO MPEACTAaBUTH B BUJC
[N -perynaropa. Ha ocHOBaHMHM TOrO, 4TO B Ka)Zbli
MomeHT BpemeHu JIBK MoxeTr ompenensite Tekyllee
MTOJIOXKCHHE HWHCTPYMEHTa (KO3(PQUIMEHT IIPOIIOPIIHO-
HAJIBHOCTHN), HAPSIAYy C MPEABLIYIINM ITOJIOKEHNEM (KO-
(G UIUEHT WHTETPUPOBAHUS) U OYIyIIAM TTOJIOKEHUEM
(kordpdurmenT nuddepeHTIPOBaHUS), KOTOPHIC ITOIY-
YafoTCsl MyTEM HAOIIOACHMS 32 IMOJIOKEHHEM U CKOpO-
cteio mHCTpyMeHTa. C apyroi croponsl, JIBK Taxxe,
BEPOSITHO, OyJeT KOHTPOIUPOBAThH ITOJIOKEHNUE HHCTPY-
MEHTa aHAJOTMYHO 3aJaye YNpaBICHUS TPAHCIOPTHHIM
CPENICTBOM, TJI€ OIEpaTrop OIICHWBAET PACCTOSHHUE [0
JKEJIaeMOT0 TOJIOKEHHS, 3aTEM COBEPINACT IepeIBIIKE-
HUE C MaKCHMaJbHOI CKOPOCTBIO, & MPH MPUOIMKEHHH
K [eJTH 3aMeAJIAeTCs, OKa MHCTPYMEHT HE JOCTHTHET
HKEJIaeMOTO MOJIOKCHHS

CeHCOpHBIE PELEenTOpbl 0CTaTOYHON KyJIbTH, pacro-
JIOKEHHBIE B THJIb3€ MIPOTE3a, NAI0T HEKOTOPOE OLIYyIIeHHE
JIBIDKEHUS], OTO OLIYIIEHNE JIOTOIHSIET CEHCOPHYIO 00par-
HYIO CBsI3b. B JIaHHOM cily4ae 3TOT THUI OOpaTHOW CBSI3H
B CHCTEME He MOAEIHPYETCsl, TAK KaK CEHCOpPHBIE pelel-
TOPBI B KyJIBTE MOTYT Pa3IN4aThcsl B 3aBUCUMOCTH OT MO-
CJIeICTBUN TOW WIJIK MHOM aMITyTalluH.

Bl e | Pl i | + " [ ermm—
Frapem T T v Presitan rciim e
b e s opEy

JomonHuTensHas oOpaTHasi CBs3b JUIs delloBede-
CKOTO MO3Ta B CHCTEME IpeJCcTaBiseT co0oil oOpaTHyIo
CBSI3b B PEXHMME PEajbHOI0 BPEMEHH, KOoTopasi Tpely-
et ot JIBK HeoOxomumoro oOy4deHus u agantaiuu. Ha
9TOM JITaNe UCCIEA0BAHMS IPEATAraeTcs, YTO CUCTEMOMN
YIPaBIseT ONBITHBINA MoJb30BaTelb. [lepenaya komMaH
OT MO3ra YeJIOBEKa K CKEJIETHBIM MBIIIIAM Yepe3 HepB-
HYIO CHCTEMY NPOHUCXOIUT HE MTHOBEHHO, IIPUCYTCTBY-
€T 3a/lep’KKa BO BPEMEHH, YTO MPUBOJUT K 3aIM03/1aJI01
peaknuu. Takas e 3afepKKa BO3HUKACT IIPHU Iepeade
JIOTIOTHUTEIHFHOW CEHCOPHOW 0OpaTHOM CBSI3M B MO3T.
IIpenebpekenne 3aepKKOW pPEaKIMH YeJIOBEKa O3Ha-
YaeT, YTO MOJIEIb YEJIOBEUECKOTO I71a3a MPEICTABISICTCS
UJCAIBHON CHCTEMOM, HE MMEIOUIEH 3aIepikKEK U I0-
TPEIIHOCTEH.

b. JIBK 6 konmype cucmemvl ynpasieHus

Cucrema ynpaBiieHus ¢ uaeanbHol Monenbio JIBK
mpeacTaBicHa Ha pUCYHKE 5. TeXHUYecKHe TpeOOBaHHUS
Ha JTame TOYHOTO IEPEeMEIICHHs: MaKCHUMalbHas CKO-
POCTb MHCTpYMEHTA V; . = 1 MM/C, TIOJIOKEHUE UHCTPY-
menta X, € [-5, +5] MM BOKpYr CTaOHIILHOTO MOJIOMe-
HUs MaHumyssTopa. V3 ypaBHenus (15), MakcumanbHas
CKOPOCTE SKOPA ®,, ., = U, u, (v i max/GHZ(O)) =
= 15.87 pan/c. Macca m_, = 3 Kr, T1€ Harpyska, npuKpe-
TUICHHAs K paboyeMy opraHy — BKJIFO4asi HHCTPYMEHT —
JIOJKHa JocTurath 1,5 Kr, a macca Teja mpores3a ¢ pa-
OounmM opraHom npubaM3uTenbHO paBHa 1,5 kr. Kpome
TOTO, Macca /1, NpUOIM3KIach K 5 Kr. [lapamMeTphl KynbTH
HOJTy4eHbl U3 JuTeparypsl [12-14], tne: m, = 0.324 xr,
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Puc. 5. Cucrema ynpasieHus peaOMIINTAIIMOHHON CHCTEMOM C OTHOM CTEIEHBIO TOIBIKHOCTH B «Simulink»
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Puc. 6. Otxmnk KOHTYpa O6paTHOI71 CBA3U UIA YIIPABJIICHUS CKOPOCTBIO AKOPA ABUTATCIIA

b, =592 H - m/c cand k, = 104.8 H/m. Uro kacaercs
JKECTKOCTH JaTUHKaA ks =7 * 107 H/M 1 BBIOpaHHOI 5KeCT-
koctu k, = 1000 H/m. Jlnst JocTHXEHUS JKETaeMOH CKo-
POCTH M yCWIIMSI UCIOJB3YETCs JBUTATENb MOCTOSHHOTO
Toka Maxon RE 65 ¢ pexykropom u, = 4. lnametp Xo-
JIOBOTO BMHTA IO MPEJIaraéMol KOHCTPYKIHH d, = 3 MM
¢ KI1 [ 30%, nepenarouHoe OTHOLIEHHE MEXaHW3Ma BUHT-
raikau, = 3770 pan/c.

[Tocne paccMOTpeHHST OTpaHWYCHUH (PHU3NICCKUX
KOMIIOHEHTOB CHCTEMBI Ha PHUCYHKE 6 TOKa3aHa OTKIIHK
KOHTypa OOpaTHOH CBSI3M CUCTEMBI /1|, TJIE NHTETPATbHBIH
perymsatop ¢ kodddunmenrom ycunenus K/ velocitycontroller
HCTIONB3YETCS IS TOCTIKEHNS TpeOyeMol MaKCHMaITbHOM
CKOPOCTH V,, . C BPEMCHEM ycTaHoBIeH s £, = 0.53 c.

Uro kacaeTcsl ynpaBIeHHUS MOJI0KEHHEM HHCTPYMEH-
Ta X, TO ONOPHBIA CUTHAJ BHYTPEHHETO KOHTYPa (KOHTYp
YIPaBIEHUSI CKOPOCTHIO) — 3TO CHUTHAJ, TeHEPUPYEMBbIi
oTiepaTopoM MpH HAOMIOAECHUHM 32 WHCTPYMEHTOM U de-
pe3 BHEIIHeEe yCTPOHCTBO, ONMEpaTop KOHTPOIUPYET CKO-

¥

POCTb UHCTPYMEHTA C LIE€AbI0 U3MEHEHHUS €r0 MOJIOKEHUS.
Jlia MofienupoBaHus JAHHOTO Ipoliecca MPEaIoKEHO HC-
MOJIb30BaHUE OJJHOTO U3 IBYX METOMOB.

IlepBeiM BapuantoM sBisgerca [IWJ[-perynsTop
«/IBUTaTEeIBHBIN KOHTPOJIBY C HACTPOCHHBIM YCHIICHHEM:
K, =1663,K =0,K =0.Bo Bpems H3y4eHHs BOSMOXKHO-
CTH YeJI0BEKa-0IepaTopa ynpasIsTh CHCTEMOH, HCTIONIb3YS
U A-perymnsarop, B mporiecce HACTPOUKH 00HAPYKAIOCH,
YTO HPOINOPIHUOHAIBHOTO /IS CTA0MIN3AMN CUCTEMBI I
BIIOJIHE JIOCTATOYHO TPOTIOPIIMOHAIBLHOTO PETYIATOpa £,

Bropoii BapmaHT TpencTaBiseT coO00i TpanenrueBH/I-
HBIA IIPOQHITE CKOPOCTH B KaYECTBE YIPABIIIOIIEIO CUTHATA
oT onieparopa (puc. 7), Tae v, ¥ a,,, SBISIOTCS IPENENTbHBI-
MH 3HaYEHHUSIMHA CKOPOCTH U YCKOPEHHMs, OTPaHUYCHHBIMU
crierUKaMel JBUraTeNs U MEXaHHUECKOH KOH(HTypa-
e cucreMel. B (ase yckopeHHs HHCTPYMEHT JIOCTHTaeT
CBOCH MaKCHMAIIbHOH CKOPOCTH V,; . B MOMCHT BPEMCHH
L=t,tt,.= 1c, e t,. — pacdeTHasg CKOPOCTh OTKIIMKA
YeJI0BEeKa-oNepaTopa Ha 3alyCK Ipolecca YIpaBICHHUS.

X i f

Puc. 7. TpanenueBuIHbIN MPOQHIL CKOPOCTH
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Puc. 8. I'enepupyemsriit JIBK curnan ymnpasiaeHns CKOPOCTBIO I CMELeHU HHCTpyMeHTa Ha 10 MM B Buze:

(a) [IU-perynsTopa, (6) mpoduIIs CKOPOCTH

Orpannyenue ¢, = t, BBIOPaHO JUIs ONpPE/IETICHUs apame-
TPOB TIPOQPHIIS CKOPOCTH.

Wcnons3ys MIPOrpaMMHOE obecrieyeHne
Matlab ~ Simulink, MBI TpOaHATM3UPOBAIM  BO3MOXK-
HOCTh IEpPEeMElICHUs HHCTPYMEHTa Ha  pPaccTOSHUE

AX,= 10 MM, TIpH €TO IBWKEHUN HA IPOTSHKEHUH BCETO TTy-
TH C MAKCHMAJIBHOH CKOPOCTBIO V) . = 1 mv/c. Ha pucyn-
Ke 8 IOKa3aH CHI'HAJ yIPABICHUS CKOPOCTBIO, CO3IAHHBIH
[MU/I-perynstopoM M TOCTPOSHHOW (yHKIHeH mpoduis
CKOPOCTH, 3aTeM Ha PHCYHKe 9 Mpe/ICTaBIeHO MepeMeIlIeHUE
MHCTPYMEHTA B KQYECTBE PEaKIMK CUCTEMbI Ha 00a CHTHaJIA.

Pe3y.]'ll)TaT])l MOACJIUPOBAHUA U CUMYJIAIIUHA

Bpewmst cTabmim3aiuu nepeMenieHuss HHCTPYMEHTA,
MOBEJICHUE CHCTEMbl M TOYHOCTH ITOJIOKCHUS SIBIISIFOTCS
KJIIOYEBBIMU MapaMeTpaMu JJIsl aHalu3a pe3yabTaToB MO-
nenupoBaHus. JIOCTHXKEHHE LIETM CUCTEMbI YIpaBJICHUS
IPU PACCMOTPEHHUH TEXHUYCCKUX TPeOOBAHUN MOICITH
SIBIISICTCSI TTOKA3aTeNIeM CIIOCOOHOCTH TpeiaraeMoi pe-
A0MIIMTAIMOHHOW CHUCTEMBI [TIOMOYb JIFOIISIM C aMITyTHPO-
BaHHBIMH KOHEYHOCTSIMU Y4YacTBOBaTh B HEKOTOPBIX MPO-
M3BOJICTBCHHBIX pa00Tax W BBITOIHATH 3aJa4H.

JIis TeHepanMy YIPaBILFOIIETO CHTHANIA OIepaTropa
ucnons3oBacs [IN][-perynsrop B KOHTYpe yIIpaBIeHHS IO~
JnoxenueM. Bxonusle gannsle s [T /I-perynsitopa «/IBu-
TaTeNbHBIA KOHTPOJIB» — CHUTHAJl OIIMOKH ITOJOKCHUS,
MIOJyYEHHBIM ¢ TIOMOLIbIO MJEAJIBHOW MOJENU YelIOBeYe-
ckoro 1masa. U3 curaana ommoku Bexox 1M /I-perymstopa
CTaHOBHTCS ATAJOHOM KOHTYpa YHPABICHHS CKOPOCTHIO.
B mpornecce HaCTpONKU € y4ETOM 3JIEKTPOMEXaHUYECKUX

OTpaHWYCHUH CHCTEMa CTa0MIM3UPOBAJiach C UCIOB30Ba-
HHEM TOJIBKO ITPOTIOPIIHOHATIBHOTO PETYITOPa C BpEMEHEM
YCTaHOBJEHHS £~ = 43.4 mm 1ipu nomycke 10 + 0,1 MM
(Puc. 9(a)). Takoe mmuTETHPHOE BPEMS TOCTIKCHUS TOUKH
Ha3HAYeHHs HEIOITyCTHMO, OCOOEHHO Koraa 9 CeKyH. Teo-
PETHYECKH JOCTATOYHO IS TIEPEMEIECHNsT Ha MaKCUMaJTb-
HOM CKOpPOCTH Vv, ... TeM He MeHee, COKpaIeHHE BPEMEHH
YCTAaHOBJIEHHUS [, HE PEICTABIAETCS BOSMOXKHBIM, MOTO-
My 4TO 100aBIeHNE HHTETPAIBHOTO YCHICHNS K I motorcontrol
BBI30OBET MEPEPEryIMPOBAHHUE B OTKIMKE CUCTEMBI, 3TO 03-
Ha4acT, YTO IOJIOKECHUC UHCTPYMCHTA IIPEBBICUT LEJICBYIO
TOUKY, [0CJ€ 3TOr0 CHCTeMa Ha4yHeT KojeOarTbesi JI0 TeX
Mop, MOKa MHCTPYMEHT He CTaHeT CTaOWiIbHBIM. Bo MHO-
rux 3ajia4yax, ra€ HHCTPYMEHT MOXKET UCIIOJIb30BaThCA JJIA
CBapKH, U3MEPEHUS. WIK OTKPYUYMBAHUS JETAJCH, repepe-
TyIupoBaHHe He mpuemiemo. IlepemerieHne MajaeHbKOTO
00BEKTa M3 TOYKH B TOYKY SIBISICTCS HHTYWTHBHO TOHST-
HOM 3a/1a4ei 11t B3POCIIBIX, TaK XKe, KaK U JJIsl BOIUTEIIs,
JIBIDKYILIETOCS Ha KOPOTKOM PACCTOSIHUH, HH OIMH M3 HHUX
He TpeOyeT OOJBIIOro KOJIWYEcTBa pasMblnuieHnid. Hada-
JIO IBMDKCHUS JI0 JIOCTHIKEHHMS! aJIEKBAaTHOM CKOpOCTH, a 3a-
TeM 3aMejIeHHe BOJIM3M 3aJIJaHHOTO TIOJIOKEHUS SIBIISIETCSI
JIOTHYECKAM JICUCTBHEM, KOTOPOE, KaK OXKHIACTCS, OyAeT
BBIITOJTHATHCS YEJIOBEKOM-OTIEPATOPOM JIJIsI  BEITTOTHEHUS
Takol 3ama4yd. AHAJIOTMYHBIM 00pa3oM, TpEIIOKEeHA Ta
JKe JIOTHKA [T TIepeMeIIeHIsT HHCTPYMEHTA M3 OTHOTO T10-
JIO)KEHUS B JIPYTO€. YUUTHIBAs, YTO OIEpaTop IepeMeniaet
WHCTPYMEHT B COOTBETCTBHHU C MPOQHIEM CKOPOCTH, TIO-
Ka3aHHBIM Ha pucyHKe 8(b), peakuus CHCTEMBI OBICTpee,
BpeMsl yCTaHoBienus £, = 10.7 ¢ mpu momycke 10 = 10 mm
(Puc.9(6)). D10 sBIsIeTcs Oojee MprUeMIIeMbIM BpEMEHEM
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Puc. 9. Otk cucteMsl H, Ha CUTHAN yIpaBJIeHus ckopocThio: (a) [TU/I-perymrop, (6) mpoduis ckopocTr

UL TIEPEMEILCHUS] HTHCTPYMEHTA 110 JUaNa3oHy JBWKCHUS
otBepetrs (10 Mm).

W3 pucynka 8(a) BUIHO, YTO CUTHAI CKOPOCTH HE SIBIIS-
€TCsl ONTHMAJIBHBIM, IOTOMY YTO HU NP KaKUX HOPMallb-
HBIX YCJIOBHSIX OIIEPATOP-4EIOBEK HE MOT OBI TEpeMENIaTh
MHCTPYMEHT TaKUM 00pa3oM MEXIy OByMs IOJOKCHUS-
Mmu. [Ipodwis ckopoctr Ha prcyHKe 8(0) mOKa3bIBaeT, Kak
M3BIICYb BBITOJY M3 MAaKCHMAIbHOW CKOPOCTH v, . JUist
BBIMOJTHEHUS 3a1a4d. TakuM 00pa3oM, PUCYHOK 9 1eMOH-
CTpUpYyeT OOJBIIOE OTIANYNE YCTAHOBICHUS BPEMEHH MPH
ucnonb3oBanuu [N ]]-perynstopa u npoduiis ckopocTu
JUIS YIPaBJICHUS MTOJI0KEHUEM HHCTPYMEHTa. DTO HECOOT-
BETCTBUC 11O BPEMCHU MOXKET 6LITI) 00BSICHEHO 3aBUCHUMO-
CTBIO JIMHEHHOCTH PEryJsTopa, I U3-3a JIMHEUHOCTH UC-
nosb3yemoro IIWJI-perynsaropa JOCTUXKEHHUE KEJIAEMOIO
BPEMEHH YCTaHOBJICHUs 0€3 epeHacCTPOHKN HEBO3MOXKHO
JUIst 9TOM cucTeMsbl. Vcronb3oBanue mpoduis CKOPOCTH
AQHAJIOTUYHO MCIIOB30BAHUIO HEJIMHEHHOro peryssaropa,
IJie MPONOPIHOHAIBHOE U MHTErpajibHOE YCUIICHUS pa-
OotaroT pazaenbHO. PaboTa HaUMHACTCS C UCTIONB30BAHUS
IIPONOPLIUOHATIBHOIO PETYNATOPA Ul YBEIUUEHHS CKOPO-
CTH JI0 MAKCHMAaJIbHOTO 3HAYCHUSA V; |, 3aTEM [IEPEKIIIO-
YEeHUS] Ha MHTETPAIBHBIA PETYNATOp JUIS TMOIJICPKAHHS
MaKCUMaJIbHOW CKOPOCTH JI0 T€X MOp, MOKa WHCTPYMEHT
He OKakeTcst psgoM ¢ 1enbio. Ilocie atoro ciemyer 00-
paTHOe IEpEKIIIOYCHNE Ha IPOTOPIIMOHAIBHBINA pEry-
JIATOp.  OTO YHPOILIEHHOE OOBSCHEHHE HCIIOIb30BAHUS
PO UL CKOPOCTH B KaUECTBE HEIIMHEWHOTO PETyIsTOpa,
KOTOPOE MOKa3bIBAET OCHOBHOE Pa3JIMUNe MEKIY NCTIOIb-
3yeMBIMH METOZIaMH T€HEpPAIMN YEJIOBEUECKOTO CHTHAJa
«JlBUraTenbHblii KOHTPOJIbY.

Ha pucynke 8 mokaszaHo, 4TO MHTErpaJibHbIM pery-
JSTOp B TIETIE CKOPOCTH CIIOCOOCH 3a/1eficTBOBAaTh BU-
Opanmuio OT CHCTEMBI, BBI3BAHHYIO YNPYTHUM 3JIEMEHTOM
MeXaHWYECKOH MOIENH. ODTO MPUBOAWUT K CTAOMIEHOMY
JBIDKCHUIO MHCTPYMEHTA, MO3BOJISSI ONEpaTopy «Harpa-
BUTb» €0 B 33JaHHOE MOJIOXKEHHE. B 3aBucuMocTn ot
PEe3yabTaTOB MOJEIUPOBAHNS PEKOMEHYETCsl UCIIOIb30-
BaTh METOJI TPO(UIIS CKOPOCTH TSI KOHTPOIIS TOTOKEHHS
MHCTPYMEHTA, 3TO TOJKHO OBITh Pa3bsICHEHO 00y4aeMbIM,
KOTOPBIC TIPOXOIAT 00yUeHHE M0 CUCTEME PeadMINTAIHN.
Taxoke pe3ynbTaTsl HOATBEPKAAIOT, YTO UYEIOBEK-OIepa-
TOP MOXET YIpPaBJIATh MpeAJiaracMoil MEXaHUYECKON KOH-
CTPYKLHEH C yIIPyTUMHU 3JIEMEHTaMH.

Emeé onHuM BaKHBIM KIIIOYEBBIM MOMEHTOM IS
OIIGHKH CHCTEMBI SBISIETCSI TOYHOCTBH JBYIKCHUS WH-
CTPYMEHTA U MOTPEUIHOCTh €ro MOJOXKEHUs, OTHOCH-
TEJBHO JKeJaeMoro 3HauenueM |error(X,)| = 0.1 mm,
9TO 3HaY€HHME JOCTATOYHO BBIMOJIHEHHUS 3a/ad, yIoMs-
HYTHIX BbIIe. [TorpemHocTs peacTasisieT co0oi mo-
HYI0 CyMMY MEXaHHYeCKOH M HaOiromaeMoi morpen-
HOCTel. MexaHn4eckas IOrpelIHOCTh MHHUMAJIbHA 110
CPaBHEHHMIO C TIOTPEUIHOCTHIO HAOIIONCHUS, U, BRIOMpast
BBICOKOKa4EeCTBEHHOE 00OpYyIOBaHUE, €0 MOXKHO IIpe-
HeOpeub. OmunOka HaOMIONCHHS YEIOBEYSCKOTO IJa3a
HYXKJaeTcs B aHaJIW3€e DKCHEPHMEHTAIbHBIX aHHBIX
JUIsL €€ OmpeJIeNIeHus, IOTOMY YTO €€ 3HaUCHHE MOXKET
BapbUPOBATHCA, B 3aBUCHMOCTH OT YEJIOBEKa-OIepaTo-
pa, Ha Hee BIHSIECT (PU3NIECKOE COCTOSHHE ONeparopa,
HaIpuMep, yCTaaocTh, OCTpoTa 3peHus u ap. Kpome to-
r0, OOJBIIYIO POIH B 3HAUCHHUH MTOTPEUTHOCTH HaOIIone-
HUSI UTPAIOT (PAKTOPBI OKPY)KAIOWIEH Cpenbl, TaKne Kak
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OCBeIIeHNe, TeMIIepaTypa U BUANMOCTh. [lodydeHHbIe
pe3yNbTaThl MOJCIHPOBAHUS TOATBEPHKIAIOT CIOCO0-
HOCTb OCTHIKEHHS JKETAEMOHN MOTPEMHOCTH error(X,),
HO HE JAIOT MTOJIHOTO MPEACTABICHHS O TOM, KAKUM MO-
KeT OBITh 3HAYCHWE OIIMOKW TMPHU UCIOJIB30BAHUH pe-
aIBHOTO IPOTOTHUIIA.

MaremaTndeckasi MOJENb IIpeJiaraeMbIX peadu-
JIUTAI[HOHHBIX CHCTEM COACPIKHUT OOJIBIIOE KOJUYECTBO
[apaMeTpPOB, KOTOPHIC OKa3bIBAIOT PA3JIMYHOC BIHSHUC
Ha cucTeMy. M3yuenne mapameTpa KeCTKOCTH k, TaKKe
MTOMOTaeT MOHATh, KAK CKOJBKEHUE OMOPHBIX CTOCK Ha
pabodeM CTOJIC BIMSICT HA TOYHOCTH JABMIKCHUS HHCTPY-
MmeHTa. Mcrnonb30BaHne BUHTOBOM nepeaaym ¢ BbICOKUM
nepeaaroyHbiM OTHOMICHUEM U C APYIMMU 3aJlaHHBIMU
nmapaMeTpaMu BBIHYIWJIO HCIIOJIb30BaTh JBUTaTeIb IO-
crostHHOro Toka MaxonRE 65. DTo 1ocTaTouHo TsXKemblii
JIBUTATEIb, YTO JICJIAET €r0 HEMPUTOIHBIM ISl IIPUMEHE-
HUS B IPOTe3aX. 3aMeHA BUHTOBOM MEpeauu Ha IPYroi
MEXaHU3M MOXKET MO3BOJIUTh MCIOIB30BaTh Ooliee MOJ-
XOISAIINHA JBHUTaTeNb ISl JOCTH)KCHUS HEOOXOIUMBIX
TEXHHYCCKHUX TPSOOBAHUU.

Heobxonnma nmomomHHATENBHAS paboTa M0 U3yUCHHIO
PEaKIy CHCTEMBI Ha TPEMOpP (PUTMUYECKOE TPSCYIIeecs
IBIDKEHHE B PyKE UCIIOBEKA) JUIS OIICHKH €TO BIHSHUS Ha
MTOTPEITHOCTH MTOJIOKESHUS HHCTPYMEHTA M TOYHOCTH JIBHU-
JKCHUS, a TaKKe JJIS ONpeIeICHNsT HEOOXOIMMBIX H3MEHEe-
HUH B CHICTEME yIpaBIICHHS BO N30eKaHHE BIUSHUS ITOTO
HapymeHus Ha cucreMy. HeoGXomumo n3yduTh Bpems 3a-
JePKKH PEaKINU YelIOBEeKa, KOTOPOE TIOBIHUACT HA BPEMs
YCTaHOBIICHHS CHCTEMBL.

3akjoueHune

[IpenocraBnenne BO3MOKHOCTH BEPHYTHCS HA PHIHOK
TpyZa JacT JIOAIM C aMIyTUPOBAHHBIMU KOHEYHOCTAMU
MOTHUBAIIMIO U BO3MOKHOCTB IIPOJOJIKATh CBOIO HOPMaJIb-
HYIO JKM3Hb M TTOMOXKET UM BOCCT@HOBHUTH CIOCOOHOCTB
(brHAHCOBO MOAJCPKUBATh ceds. Jlist TOCTHKeHUsT ATOU
LeIu MpejiaraeTcsi HoBas cucreMa peabunurtanuu. Pe-
3yJbTaThl MATEMaTUUECKOTO MOJICTUPOBAHNUS U MOJICIUPO-
BaHUS CUCTEMBI YIPABJICHUS FapaHTUPYIOT, YTO YEIOBEK-
OIIepaTop CMOXET YIPaBISATh CUCTEMOM, OyIydH 4acTbio
CUCTEMBI C 3aMKHYTBIM KOHTYpOM. Takxke B HMJCaIbHBIX
YCIIOBHSIX MOXKHO JOCTUYb TOYHOCTH MOJ0KEHHSI UHCTPY-
menra 0,1 mM. ITpouite ckopocTy OosbIlIe TTOIXOAUT, YeEM
[N -perynaTop, Ui yHpaBIeHUs! ABHKEHHUEM HHCTpY-
MEHTA, TII¢ BPeMsl YCTaHOBJICHUS MEHBILIEC U IpeIOTBpa-
aeTcs NepeperyInpoBaHHue.
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TEXHONOIMA U O6OPYAOBAHUE MEXAHUYECKOM

N ®U3NKO-TEXHNYECKOWN OEPABOTKMU

VK 621.92:621.45.034 B.B. Atpomienko, B.K. bepaun, JI.A. TaiimacoBa
V.V. Atroshenko, V.K. Berdin, L.A. Taymasova

BITMAHUE 3ACANNEHHOCTU ABPA3SNBHOIO MHCTPYMEHTA
HA KAHECTBO NOBEPXHOCTHOI'O CJNIOA
N TOYHOCTHbIE NAPAMETPbl OEPAGATbLIBAEMOWN OETAIU

THE INFLUENCE OF CONTAMINATION OF THE ABRASIVE TOOL
ON THE QUALITY OF THE SURFACE LAYER
AND THE ACCURACY PARAMETERS OF THE WORKPIECE

B pabome npednosicern nepcnekmugerblil cnocod abpazu8Hoeo 31eKmpOXUMULecKo20 WIu@OBaHus ¢ nepuoou-
YeCKOU OYUCMKOU Pedcyiye20 UHCMPYMEHMA npu Noay4eHuy 2iyOoKux, Y3KUX, NPOMsANCEHHbIX NA306 6 00pa3yax u3
arcaponpoynozo unmepmemaniuonozo cniaéa BKHA-1B-BU. Bonpocwl obecneuenus kauecmeda NOBEPXHOCMHOZ0
CLOSL U 2e0MEeMPULECKOU MOYHOCU AGNAIOMCS AKNYANbHLIMU U MECHO CEA3AHbL C 00eCneyeHUeM Pedcyuux c8olcme
pabouezo uHcmpymeHma — e2o 3acaieHnocmuio. bvin nposeden cpagnumenvublil aHaiuz 0opasyos, NOIYYEHHbIX
MemoooM abpazueHo20 NEeKMPOXUMULECKO20 WAUDOBAHUS 63 NEPUOOUYECKOU OUUCTKU U ¢ OOHOBPEMENHO nepu-
00UUeCKOl OYUCNKOU AOPA3UBHO20 KpYead.

The paper proposes a promising method of abrasive electrochemical grinding with periodic cleaning of the
cutting tool when obtaining deep, narrow, extended grooves in samples made of heat-resistant intermetallic alloy
VKNA-1B-VI. The issues of ensuring the quality of the surface layer and geometric accuracy are relevant and are
closely related to ensuring the cutting properties of the working tool — its contamination. A comparative analysis of
samples obtained by abrasive electrochemical grinding without periodic cleaning and with simultaneous periodic
cleaning of the abrasive wheel was carried out.

KuaroueBblie ciioBa: aOpasuBHOe nuM(poOBaHME, KaMepa CropaHusi, dKapoIpOUYHbId HHTEPMETAJUIMIHBIN CIUIaB, Me-

XaHUYECKOE Pe3aHue, MEKTPOXHMMHUUECKOe aHOIHOE PACTBOPEHHE, IEKTPOIPO3NOHHAS 00paboTKa, OUMCTKA M IpaBKa
abpa3uBHOTO HHCTPYMEHTA.

Keywords: abrasive grinding, combustion chamber, heat-resistant intermetallic alloy, mechanical cutting,

electrochemical anodic dissolution, electroerosion treatment, cleaning and straightening of abrasive tools.

Brenenne TepMeTaJUIUHBIHA ciulaB Ha ocHoBe Hukens BKHA-1B-BI,
XUMHYECKUH COCTaB KOTOPOTO Mpe/ICTaBiIeH B Tadmme 1.

B coBpeMeHHBIX U NEpCHEKTUBHBIX aBUalMOHHBIX ['T]] CrutaB 00i1a7aeT BBICOKMMHU IIPOYHOCTHBIMU Xapak-
TIPEATIONAraeTcs HCIONb30BaTh KAMEPhI CrOpaHs Co COOPHO-  TEPUCTUKaMH, BBICOKOW CTOMKOCTBIO K TEMIIEpaTypHOM
Paz00pHOM KOHCTPYKIIMEH skapoBoil TpyOBbI. B kauecTBe KOH- ¥ XUMHWYECKOH KOPPO3UH, HMEET pabouyio TeMIleparypy
CTPYKLIMOHHOTO MaTepHaa NPUMEHSIETCS JKapolpodunslii uH- 10 940 °C [1, 2].

Tabnuya 1. XumMu4yeckHii coctaB HHTepMeTa auaHoro cniiapa BKHA-1B

CmiaB XuMHYECKHUi cocTaB cIuiaBa, Macc.%

Ni Al Ti Cr W Mo Hf C

BKHA-1B OcH. 8...9 1...3 5...6 2...4 2,5...45 0,35 0,04
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[TpuMeHeHne TaHHOTO MaTepHaia MO3BONISACT CHI3UTh
pacxon BO3AyXa Ha OXJIAXKICHHE >KapoBOW TPyOBI W TO-
BeicuTh KITJI nBurarens Ha 3 % [3, 4]. OnHako naHHBIHA
MaTepuai SBISETCS TPyIHOOOpabaThIBaeM, B 4YaCTHOCTH,
JIE3BUMHBIMU MeTofaMu 00paboTku. OTMedeHa BBICO-
Kasg TPYAOEMKOCTH BBITIONIHEHHS JIE3BHUHBIX OIEpaLlUil
MIPU HU3KOM KadeCTBE: YXyAIIEHHE TOYHOCTH 00paboT-
Kd, Aedopmaiyu Jetajgell moja BO3ACHCTBUEM CHII pe3a-
HWUsI, TTOBBIIICHUE TEMIIEPaTyphl B 30HE 00pabOTKH M, KaK
clie/icTBHE, 00pa30BaHUE WU3MEHEHHOIO CJIOSl U TPELIMH.
Bo3morkHa 00paboTka MeXaHH4eCKUM aOpa3uBHBIM IILIH-
(oBaHMEM, HO T. K. MaTepuai 00aaeT BBICOKUMH a/Ire3u-
OHHbIMH CBOﬁCTBaMM, IMPOUCXOAUT HABOJIAKMBAHUE U 6])1-
CTpoOe 3acaMBaHie aOpa3uBHOTO MHCTPYMEHTA, YTO TAKKE
MIPUBOAUT K 00pa30BaHUIO W3MEHEHHOTO CJIOSl M TPEIUH
[5-7]. st pemieHust STUX 3ajad IeIeco00pa3HO IpUMe-
HeHre aOpasWBHOTO NIEKTPOXMMHUYECKOTO HITH()OBAHUS
(ADXI). ITporuecc 3akaro4aeTcst B OJHOBPEMEHHOM ITpO-
TEKaHWU MEXaHUYECKOTO PEe3aHMsl, HIEKTPOXUMHUYECKOTO
pacTBOpEHUsI M BJIEKTPOAPO3MOHHBIX SIBICHUH. 3a cyeT
TaKo KOMOMHHPOBAaHHOH 00PaOOTKH IIPOUCXOINT CHUXKE-
HUE YCWIHN pe3aHMs, TOBBIIICHUE TIPOU3BOAUTEIFHOCTH,
yIIydlI€HHE KauyecTBa MOBEPXHOCTHOIO cJios [8].

Bwmecre ¢ Tem, B iporiecce 00paboTKH MPOUCXOAUT 3a-
cajmBaHHE aOpa3sUBHOTO MHCTPYMEHTA M, KaK CIEICTBUE,
YBEIIMYCHUE CHJI PE3aHMsI, YXYIIICHIE KauecTBa MMOBEPX-
HOCTHOTO CJIOSI, TO9TOMY OYHCTKa U IpaBKa HHCTPYMEHTa
SIBIISTIOTCSI aKTYaIbHBIMHA 3aa9aMHu.

OuncTka 1 ipaBKa adpa3uBHOTO HHCTPYMEHTa — pervia-
MEHTHPOBAHHBIA MPOLIECC, KOTOPBIM MPOU3BOAMUTCS TOCIIE
00pabOTKH ONPeIeNICHHOTO KOITMIeCTRa IeTalieid oo uepes
onpeeneHHoe BpeMst 00paboTKi. B HEKOTOPBIX ciTydasx 3a-
canMBaHue adpa3sMBHOIO Kpyra MPOUCXOJHUT /10 OKOHYAHUS
00paboTku omHOM neranu. J[is obecrieueHus kadecTa 00-
pabotku HeodxomuMo mporu3BoauTh ADXIII ¢ aganTHBHBIM
MIPUHATHEM PEIeHHUs 00 OYMCTKEe HHCTPYMEHTA.

ABropamu Obu1 paspaboran crnocod ADXII ¢ Bos-
MOKHOCTBIO NEPUOAMYECKON OYUCTKM MHCTPYMEHTA IIPU
o0ecrieueHnH ONTHMAIIBHBIX TIApaMETPOB U TOKa3areleH
o00pabotku [9].

Jlist OLIEHKHM 3arpsi3HEHHOCTH a0pa3sWBHOIO Kpy-
ra WCIIOJB3YeTCs] KOCBEHHBIH MapamMerp, BBIYHUCIISEMBIH
KaK OTHOIICHHE YCWJINSI PE3aHMsl K JIUTEIBHOCTH (hasbl
ANIeKTpoXuMIYeckoil 00padotku (3XO) 3a oquH 000pOT
BpAIIEHNs LIMUHJIENs,, KOTOPbIH CpaBHUBAETCS C 3aJaH-
HBIM 3Ha4cHUEM, e paza 9XO — 3T0 OTHOIICHUE JUTH-
TEIBHOCTH KOPOTKOTO 3aMBIKaHUS K TICPUOIY OOpaICHUS
mmusaens [10].

[Ipn mpoBemeHWH WCCIEAOBAaHUN TPOU3BOIMIACH
00paboTka 00pasmoB neTaje W3 MHTEPMETAIIIHIHOTO

crutaa BKHA-1B-BU. Bemonannu 06paboTky ma3oB
mmHoH 174,5 + 0,2 MM, mmpusOo# 1,75 £ 0,15 MM, Tiry-
ounoit 5 + 0,2 MM.

AOpa3uBHOE TEKTPOXUMHUYECKOE MIIH(POBAHUE OCY-
mecTBIsIoch Ha ctanke Napomar PRO100, koTopsiit Obu1
MOJICPHU3UPOBAH M YKOMILJIGKTOBAH MCTOYHHKOM TEXHO-
sorudeckoro Toka Ilymecap Cmapt 500/12 u gomosiHH-
TEJILHBIM  AJIEKTPOIOM-MHCTPYMEHTOM JIJIsl [TPOBEACHUS
OYHCTKH a0pa3MBHOTO HHCTPYMEHTA.

DJIeKTPOIHT JIsl 00PabOTKH MPEACTABISLIT COOOM BO-
IHbIA pacTBop 6 % NaNO,, 0,5 % NaNO,, 0,5 % Na,CO,,
2 % muueprHa. IIMOTHOCTE ANEKTPONUTA COCTaBIIAIA
semunny p = 1,07-1,06 r/cm’. Ckopocth paboueii mo-
Jaun Obina BeiOpana 20 MM/MUH, 4YacTOoTa BpalleHUS
kpyra — 2800 o6/muH, pabodee HanpsbkeHue 8B, pabo-
guif Tok 100...120 A. Ha AONOMHUTENBHBIN 31eKTPO.
JUIsl OUYMCTKU ToJaBayioch Hampsbkenue 15 B, cpeanwmii
TOK cocTaBisul 10 A, MeXdIEKTPOAHBIN 3a30p COCTABIISIT
0,05 mM. B kauecTBe MMHCTpPYMEHTA Ui 3IEKTPOXUMHU-
YEeCKOro ajlMa3HOro IuIM(OBaHMS HCIIOIB30BaIM abpa-
3UBHBIM Kpyr Ha MeTaulndeckoil cBsaske mapku AC20
150 x 32 x 1,7 x 5 160/125 100 M2-02 575.

3amuch MEKTPUUCCKUAX ITapaMeTPOB MPOU3BOIMIACH
npu omomn udposoro ocummiorpada RIGOL DS 1104
Z, 3arpsi3HCHHOCTH aOpa3sMBHOTO Kpyra KOHTPOJHPOBA-
Jachk 0e3 CHATHUS KpyTa IPH ITOMOIIH IIEPESHOCHOTO mu(-
poBoro Mmukpockona «Mukmen-5.0». KonuuectBeHHBIH
aHAJIN3 XUMHUYECKOTO COCTaBa B TOBEPXHOCTHOM CJI0€ 00-
PasIOB OTIpeesICS Ha PAaCTPOBOM AIIEKTPOHHOM MUKPO-
ckore (POM) JEOL JSM-6490 LV.

[Ipu BBIIONHEHNH SKCHEPUMEHTANBHBIX PabOT pac-
CMaTPHUBAJINCh TEXHOJIOTHYECKHE BO3MOXXHOCTH TIIy-
OOKMX, y3KHX, TPOTSHKEHHBIX TMa30B B aetansx [T/ u3
’KapOIIPOYHOTO CIIIaBa METOZOM aOpa3UBHOTO AIEKTPOXH-
MHUYECKOTO MUTH(HOBAHUS.

Pe3yabTaThl H 00CyKIeHUS

Ha pucynke 1 npencrasnens! hotorpadun nepudepuii-
HOI MOBEPXHOCTH aJIMa3HOTO KPYTa B HCXOTHOM COCTOSIHHH.

[ToBepXHOCTh Kpyra B HCXOIHOM COCTOSHHUH HMECT
POBHYIO, YeTKYHO (hOpMY, Ha TIOBEPXHOCTH MOXKHO BHICTh
TaK Ha3bIBACMBIC «CJICIBI KOMETY», IIBET Kpyra HMeeT Kpac-
HOBAThI MEITHBII OTTEHOK ¢ OJICCKOM, 0€3 BKITFOUCHUH JPY-
THX METAJUIOB, XUMUYECKUI COCTaB MOBEPXHOCTH YUCTOTO
KpyTa MpeICTaBlICH OOJIBIINM KOJIMYecTBOM (a3 ymiepo-
Jla — aJIMa3HBIX 3¢PCH W MEIHO-OJIOBSIHHON CBSI3KH.

Pe3ynerarbl MUKPO-PEHTIEHO-CIIEKTPATIbHBIX HCCIIe-
JIOBAaHUH MOBEPXHOCTH AJIMa3HOTO KPyra B MCXOJHOM CO-
CTOSIHUM TIPE/ICTABIICHBI Ha pUCyHKe | u B TabmuIe 2.

Ta6fluua 2. XuMHnuyeckuii cocraB MOBEPXHOCTHU AJIMA3HOI'0 KPyra B HCXOAHOM COCTOSTHUH

DeMeHT C

Cu O Sn

Conepxanue, % 33,13

45,81 11,63 9,43
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Puc. 1. [ToBepXHOCTh HOBOTO aIMa3HOTO KpyTra:

a — yBemuuaeHue x10; 6 — ysemmuenne x150

a)

1 00gam

20KV X104

Puc. 2. TloBepxHoCTb Kpyra 1ocie adpasusHoro nuiudosanus (V =20 MM/MUH):

a — yBenuuenne x10; 6 — yBenmuenue x100

[Tpn 0O6paboTke MHTEPMETALIMAHBIX CIIJIABOB METO-
JIOM ajMasHoro uuiMpoBaHus (puc. 2) MPOUCXOAUT Obl-
CTpO€ HaBOJAKMBAaHHWE Marepuaya Ha aOpa3WBHBIA KpyT,
a TaKk)Ke CKPYIVIEHHE PeXyIIel TOPIIEBOH KPOMKH KpyTa.

[ToBepxHOCTH Kpyra Iocje 3acajMBaHHs BBIIISIIUT
IJIaJKOH, C BBIPQKEHHBIM CEPHIM METaJLIMdecKuM Olre-
CKOM, XUMHYECKHH COCTAaB MOBEPXHOCTH HMHCTPYMEHTa
rocje abpa3MBHOTO AIEKTPOXUMHUYECKOTO HITH()OBAHUS

MIPE/ICTABIICH OOJIBIIUM KOJIMYECTBOM PA3JIMYHBIX JIEMEH-
TOB, KOTOPBIE SIBIISIOTCSI XUMHUECKUMH COCTABISIOIIUMU
o0pabaTbiBaeMOro marepuaia, TaKUMH Kak HUKenb 30%,
amomunuit 10,5%, xpom 3%, tutran 2% 1 OCHOBHOM dJ1e-
MEHT UHCTpyMeHTa — Meab 15%.

Pe3ynbrarsl MHKpO-pEHTI€HO-CIEKTPAIBHBIX HCCIIe-
JIOBaHUM MOBEPXHOCTH ajnmazHoro kpyra mnocie ADXIII
TIPEACTaBICHBI HA PUCYHKE 2 U B Ta0muIe 3.

Tabnuya 3. XumMudeckuii coctaB kpyra nocie ADXII

DiemMeHT C O Al Si S

Cl K Ca Ti Cr Fe Ni Cu

Conepxanue, % 0 120.48(10.52| 245 | 1.15

2.16 | 1.35 | 235 | 2.15 | 3.0 | 9.09 |30.27|15.03
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Puc. 3. [ToBepxHOCTH alIMa3HOTO KpyTra
nociie ADXII (V = 20 mm/MuH)

[Tpn nanpueimei oO6paboTke Ha 3acaneHHOM alpa-
3MBHOM MHCTPYMEHTE MHTCHCU(PHUIUPYIOTCS IEKTPOIPO-
3MOHHBIE TIPOLIECCHI, KOTOPbIE CIIOCOOCTBYIOT CAMOOYHUCT-
ke kpyra (puc. 3, 4).

C yBeslMueHHEM CKOPOCTH pabodeil mpoaosbHO Ho-
Jlad¥ TIPOWCXOIMJIO YBEIMUCHNWE YCWIIMS PEe3aHHs, Tep-
MOCHJIOBOTO BO3JICHCTBHSI B 30HE PE3aHUSI U BEIMUHHBI
CpeHeTO TOKa, IepuepuiiHas MOBEPXHOCTh AIMa3zHOTO
Kpyra TpeicTaBlIeHa Ha pucyHke 5. MokHO HaOmomaTh
TEMHBIH IIBET OT HAarapa 13-3a MOIIIHOTO 3JIEKTPO3PO3HNOH-
HOTO TpOILECCa, KOTOPBIA COMPOBOMKAAJICSA YBEIHMUCHUEM

Puc. 4. IToBepxHocth Kpyra nocie 390
camoouncTkH (V =20 MM/MUH)

Temneparypsl B 30He pe3anusa g0 700°C. Ilone anexrpo-
9PO3UOHHON CaMOOUYMCTKH Kpyra XUMUUYECKUN COCTaB Ha
MTOBEPXHOCTH W3MCHHJICS: SJIEMEHTHI 00pabaThIBAcMOTO
Marepuania, Takue kak Hukenb ¢ 30% no 11%, anoMuHuii
¢ 10,5% 1o 3%, xpom ¢ 3% 110 0,76%, Turan ¢ 2% no 1,5%
1 OCHOBHBIE 3JIEMEHTBI MHCTPYMEHTa — Meab ¢ 15% 1o
34%, yrnepon 27%.

Pesynprarel MUKpPO-pEHTI€HO-CIIEKTPATBHBIX HCCIIe-
JTIOBaHUI1 TTOBEPXHOCTH aJIMa3HOTO KPyTa ITOCIe IEKTPO-
9PO3MOHHOM CaMOOYMCTKM MPEICTaBIECHbl HA PUCYHKE 5
u B Tabimie 4.

Tabnuya 4. XuMudeckuii coctaB Kpyra nocie 390 caMOOYHCTKH

DaeMeHT C O Al Si Cl

Ca Ti Cr Fe Ni Cu Sn

Coneprxanue, % 27.06 | 10.13 | 3.08 | 1.24

0.72

1.77 | 1.51 | 0.76 | 2.62 | 11.39 | 3452 | 5.2

MuxkpocTpykTypa obpasna (puc. 6) uMeer IeHAPUT-
HO€ CTPOCHUEC, B MCKIACHAPUTHBLIX YYaCTKax pacriojo-
KeHbl 4acTuibl Y — ¢asel ¢ pazmepamu 30-40 mKwm,
OKpY’KEHHbIE ITPOCIONKaMH Y — TBeproro pacteopa [11].

a)
Puc. 5. [ToBepxHocTh anmasnoro kpyra nocie ADXII (V = 60 mm/MuH):
a) yennuenwue x10, 0) yBenuuenne x100

HccenenoBanusi MUKPOCTPYKTYpPbl IIOBEPXHOCTHOIO CJIOS
o0OpabareiBaeMOro 00pasiia mokas3aji, YTO B OBEPXHOCT-
HOM CJIOC MaTepualia o0pasiia HaOJIFoIaeTCsl M3MECHCHHBIH
CJIOM BeMUUHOM 710 20 MKM.
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20k X500 - S0 11 &4 SEI
Puc. 6. MUKpPOCTPYKTYpa MOBEPXHOCTHOTO CIIOS Puc. 7. MUKpOTpEIIMHBI B TIOBEPXHOCTHOM
06pasia aetanu obpasia JeTanu nocie abpasuBHOTO cioe obpasna (ysemuuenue x500)

ANeKTpOXUMUYecKoro nutudosanus (yBeaunuenue x100)

Ha paguyce ckpyryieHust y OCHOBaHHS I1a3a JIOKaJIbHO
ObUTH 0OHAPY>KEHBI MUKPOTPEIINHEI TITyOHMHON /10 25 MKM
(puc. 7).

HccnenoBanusi reoMeTpUYEcKUX IapaMeTpoB IMas3a
nocie ADXII (puc. §) BBISIBHIIM, YTO IIMPUHA 11432 COCTa-
Bmia 1,8...2,05 MM, HaOromaeTcst pa3HUIA IUPUHBI TTa3a
0 TITyOHHe.

Ha pucynke 9 mokazaHa mOBEpXHOCTH aOpa3MBHOTO
Kpyra mocie oOpaboTKu Ha CKOpOCTH pabodeil momadmn
60 MM/MUH C OYHCTKOM JOTOJHUTEIBHBIM 3JIEKTPOIOM
HPEUIOKCHHBIM METOJOM.

20k :H-I:li.'l L] |.|||| 10 89 SEI
0)

Puc. 9. IToBepxHOCTh anMazHoro kpyra npu ADXIII
C OYMCTKOHM JTOTIOJIHUTEIBHBIM JIEKTPOAOM, CKOPOCTb
Puc. 8. [IpononbHEI a3 B A€TaNN CETMEHT KapOBOH paboueii nogauu 60 MM/MUH:

TpyObI Kamepbl cropanus [T mocine ADXIII a) yBenmuenue x10, 6) yBenuuenue x500
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[loBepXHOCTb MMEET KpacHOBAaTbIM MEIHBII OTTEHOK
C CephIMH BKJIIOYCHHWAMH HUKems. IIpu sToM ycummme pe-
3aHUSI HAXOAWTCS B JOMYyCTUMBIX Ipeneiax (MOMEHT Ha
ANeKTpoABUTaTENe MNHHACTI 10 50% OT HOMHHAIEHOTO
3HAYCHHUS), SNIEKTPOIPO3NOHHBIC IPOIECCHl COCTABIISITI

nopsaxa 20...30%. XuMudecknii COCTaB Ha OBEPXHOCTH
M3MEHUIICS: 3JIEMEHTHI 00pa0daThIBAEMOTO MaTepHaa TaKUe
kak Hukenb ¢ 30% mo 2,4%, amomunnii ¢ 10,5% mo 0,9%,
xpoM ¢ 3% 1o 0,46%, Tutan ¢ 2% 10 1% u OCHOBHEIE 3J1e-
MEHTBI HHCTpyMeHTa — Meaib ¢ 15% 10 52%, yrnepon 37%.

Tabnuya 5. Xumudecknii coctaB kpyra mocie ADXII ¢ mepumonmueckoii 04ncTKOI

DijieMeHT C O Al Cl

Ca Ti Cr Fe Ni Cu Sn

Conepxanne, % 37.7 2.15 0.91 0.58

0.8 1.09 0.46 1.44 2.4 52.01 | 0.46

Pesynberartel MHUKpPO-PEHTT€HO-CTIEKTPAIBHBIX HCCIIeIO-
BaHuii anmvasHoro kpyra ADXIII ¢ ouncTkoil gomnonHUTE b-
HBIM JIEKTPOJIOM IPEACTABIICHBI Ha PUCYHKe 9 1 B Tabnuie S.

CriEgniiing
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Ha pucynke 10 npeacrapieHa ructorpaMma coepika-
HUSI XMMHUYECKHX JIEMEHTOB Ha IMMOBEPXHOCTH aJIMAa3HOTO
Kpyra IIPU Pa3IUUHBIX COCTOSHUAX.
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Puc. 11. MuKpOCTpPYKTypa MOBEPXHOCTHOTO CIIOS
o0Opa3ua geranyu odpasua JeTaly Hocie abpa3suBHOTO
AIEKTPOXUMHYECKOTO NUTU(POBAHUS C TIEPUOIUIECCKON

ouncTroi (yBemmuenue x100)

Puc. 12. TIpononbHBIii a3 B J€TaIH CETMEHT
»apoBoi TpyOsl kamepsl cropanust ['T/] mocie
ADXIII ¢ neproan4eckoi O4MCTKON
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[Tocne o6pabotkn ADXIII ¢ meprogaeckoit OIncT-
KOW abpa3WBHOTO WHCTPYMEHTa MHUKPOCTPYKTypa oOpas-
ma (puc. 11) mMeeT AEHAPUTHOE CTPOCHHUE, B MEXKICH-
JIPUTHBIX y4YacTKaX pacrooKeHbl 4acTuIibl Y — (assl
¢ pasmepamu 30-40 MKM, OKpY>KCHHBIC IPOCIOWKaMHU
v — TBepaoro pactBopa [11]. B moBepXxHOCTHOM cii0€ Ma-
Tepualia JeTajid U3MEHEHHbIN CIIOMH, MPHIKOTH, TPEIINHbBI
He HaOIIOAr0TCSI.

[Mpumenenne npempioxenHoro cnocoda ADXIII ¢ me-
PpUOIUYECKON OYMCTKOM abpa3uBHOTO Kpyra (puc. 12) mo-
3BOJIMJIO MOJIYYHUTh 11a3 C TpeOyeMbIMHU MOKA3aTEeNIIMK TOY-
HOCTH — IIMpPHHA Ma3a coctaBuna 1,73...1,78 MM mo Beei
JUTHHE U TITyOuHE masa.

BriBoabl

CaMOOUNCTKa HHCTPYMEHTa 3IEKTPOIPO3UOHHBIM
METO/IOM BO3MOXKHA TOJIBKO IO ONPEJENIEHHOIO MpeJena,
Iocjie KOTOPOTO HAuMHAETCS OTPHULATEIbHOE BIMSHUE
OUHNCTKH Ha COCTOSIHAE TIOBEPXHOCTHOI'O CIOSI.

[Tpn nepuonnuecKoil OUUCTKE MPEUIOKEHHBIM CIIOCO-
O0M Ha MOBEPXHOCTH MHCTPyMEHTa HaOJI0IaeTCsl yaaJeHe
HaBOJIOUYEHHOTO Marepuana o0beMoM B 5—7 pa3 Oomblue,
YeM TIPH HICKTPOIPO3NOHHON CAMOOUNCTKE, Ha ITOBEPXHO-
cTr 0Opasiia HaOJTIOIAIOTCS BHICTYHAIOIINE U3 MEAHOM CBS3-
Kn abpas3uBHBIE 3epHa. KauecTBO MOBEPXHOCTHOTO CIIOS,
TeOMETPUUECKasi TOYHOCTh COOTBETCTBYIOT TPEOOBaHMSIM
KOHCTPYKTOPCKOW M TEXHOJIOTMUYECKON TOKYMEHTALIUH.
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VK 621.91 JI.T". Baiosa
D.G. Balova

3PPEKTUBHOCTb MPUMEHEHUA U ONPEOENEHUE PEXYLLEW
CNOCOBHOCTU TBEPAOAOCIJIABHOINO MHCTPYMEHTA
NMPU OBPABOTKE TUTAHOBbIX CIJIABOB

EFFICIENCY OF APPLICATION AND DETERMINATION OF THE CUTTING
CAPACITY OF A CARBIDE TOOL IN THE PROCESSING
OF TITANIUM ALLOYS

Onucan npoyecc noxyYeHust MOHKUX CIPYHCEK 3d CUem UHUWHO20 Qpe3eposanust MUmaHoswblx cniagos. Ipo-
6€0€eHblL pacuemvl MaKCUMAIbHOU MOJWUHBL CIPYICKU, 3A8UCUMOCTIU Yeid 0yeU 0m nodayu Ha 3y0, yena cogued npu
obpabomre. [lannvle pacuemvl NO380110M ONPeOeIUmb 3A6UCUMOCTTb MOYHOCIMU NOTYYACMbIX PAZMEPO8 Om 2lyOu-
HbL Pe3aHUsl, a MaKice dPOeKmueHOCHb NPUMEHEHUS U PEXCYULYI0 CNOCOOHOCTIb MBEPOOCNIAGHO20 UHCIPYMEHMA
07151 06PadbOMKU MUMAHOBBIX CNILABOS.

The process of obtaining thin chips due to the finishing milling of titanium alloys is described. Calculations of the
maximum chip thickness, the dependence of the arc angle on the feed to the tooth, the shear angle during processing
are carried out. These calculations allow us to determine the dependence of the accuracy of the obtained dimensions
on the cutting depth, as well as the efficiency of application and cutting ability of a carbide tool for processing
titanium alloys.

KuroueBble ciioBa: Gppe3epoBaHre, TATAHOBBIC CIUIABEI, TOHKHE CTPYKKHU, PEXYIIasi CHOCOOHOCTB.
Keywords: milling, titanium alloys, fine chips, cutting ability.
[maBHOW 0COOEHHOCTHIO (QUHHUITHOTO (pe3epoBa- [Ipu 5TOM yrON OyTH KOHTaKTa:

HUS sABiIsgeTcs (POPMHPOBAHUE TOHKUX CTPYKEK, COOT-

HOCHUMBIX IO TONIIIUHE C OCTPOTON PEXKYLIETO UHCTPY-
MeHTa. [IpHu 3TOM M3BECTHO, YTO BCTPEYHOE U TIOMYTHOE  TJe { — IIyOMHA pe3aHusi, MM.

d—
Y = arccos (%),

¢dpe3epoBaHUe HMMEET OCOOCHHOCTh HM3MEHEHHS TOJI- Hcxons u3 cxembl (GOpMHUPOBAHUS CTPYIKKH U TIpeli-
IIMHBI CTPY)KKHU 10 €€ JJIUHE, OT HyJsd M0 MakCHMyMa  CTaBJICHHBIX 3aBUCHMOCTEH Ha ONpPENEeNEeHHOM yIle TyTH
1 OT MaKCHUMyMa JI0 HyJIsl COOTBETCTBEHHO. J[7I aHanmu-  KOHTakTa \y TOJIIMHA CTPYXKKH / CTaHET paBHA OCTPOTE

32 ¥ OMUCAaHUs (PU3HUYCCKUX SIBICHHN, MPOUCXOMAIINXK
B KOHTaKTHOW 30HE CTPYKKO0Opa3zoBaHHs NpU (GpUHULI-
HOM (ppe3epoBaHMH, HEOOXOMMMO BBECTH Psijl MMOKa3a-
TeJel, OTpa)kamluX CHEHUPUKY paccMaTpUBacMOro i
nporecca, KOTopble MO3BOJIMIHM OBl O0siee YETKO U SICHO -
MPEACTaBUTh MEXaHU3M B3aMMOJICHCTBUS JIC3BUS PEKY-
[IEr0 MHCTPYMEHTa ¢ 00pabaThIBACMBIM MaTEPHATIOM. X
[Ipouecc CTPYKKOOOPA30BAHUS pacCMaTPUBACTCS He- /¥
MOCPECTBECHHO B 30HE KOHTAKTa PEeKYLIeH KPOMKH 3Y- FyR
6a ¢pess! (puc. 1). /
TonmuHa CTPYKKHU /i MEHSIETCS 110 e¢ JJIHHE: IIJ . B i

—  IpH NOMyTHOM (pe3epoBaHny i \E'::-
h; = f£ Sz - sin (dy), <

—  TIPH BCTPEYHOM (hpe3epoBaHUHU
hi = [ Sz - sin (ay),

rae S, — noxada Ha 3y0, MM, d — nmamMeTp (Qpessl, MM,
\J — YTOJI JIyTH KOHTAaKTa, TPpajl. Puc. 1. Cxema GpopMupoBaHHS CTPYKKH
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ne3Bus 3y0a ¢pesbl, XapaKTepu3yeMoW YCIOBHBIM BITH-
CaHHBIM PaJycOM OKpyIIeHHs j1e3Bus p. [locie yero npu
JanbHEeHIIeM yMEHBIICHUH TOJIUHBI CTPYKKH CHOPMHU-
PYIOTCSI YCIIOBHS JUIsl «BBIINIAKHBAHUS», IPH KOTOPOM pe-
3aHHMs, TO €CTh (POPMUPOBAHUS CTPYKKH HE TIPOHCXOJIHT.

PaccmarpuBas momyTtHOE (pesepoBanme npu d = 2
MM, ¢ = 0,1 MM, momyunm yrox ayru y = 0,451 paz (25,86
rpam). MakcuManbHas TONIIMHA CTPYKKH /1, 3aBUCSIIASL
OT Tofia4y Ha 3y0 S, OyNeT MMETh 3HAYCHHMS, TPUBEICH-
HBIC B Ta0m. 1.

Tabnuya 1. MakcuMaabHasi TOJIINHA CTPYKKH

[Tonaua na 3y0 S_MKM 20 18 16 14 12 10 8 6 4 2
MaKcHMaTbHAs TOMIHHA CTPYKKH A, MkM | 950 81 | 72 1 63 | 54 | 45 | 3,6 | 27 | 1.8 | 09
Yron iyru, mpu KOTopoM (hOPMUPYIOTCS JIaHHBIE yC- Ucxoss M3 M3I0KEHHOTO, HaubONBIIMH MHTEPEC

noBust (h = p), MOXKHO OITPEAEIUTH 110 3aBUCUMOCTH:

1) = arcsin (é)

MIPEJICTABIISIET 30Ha PE3aHuUsl C TOJNIIMHON CTPYKKH, COU3-
MEpPUMON U MEHEE OCTPOThI PEKYILErO0 UHCTPYMEHTA, TO
ectb p = 4,6...7,2 MmxMm, ipumem p = 5,9 Mkm. Pacuetsl
MIPUBECHKI B TaONHIIE 2.

Tabnuya 2. 3aBUCHMOCTBD yIJIa IYTH OT MOAA4YH Ha 3y0

B mpenenax mxyru KoHTakTa 3a mpenenamMu IyTH KOHTaKTa HexoppekTtHo
[Tonawa Ha 3y0
20 18 16 14 12 10 8 6
S, MKM
W, pan 0,299 0,334 0,378 0,435 0,514 0,631 0,829 1,388 - -
W, Tpaj 17,2 19,1 21,6 249 29,5 36,2 47,5 79,6 - -

Hcxonst U3 pacueTHbIX JAHHBIX, TOJIIMHA CTPYKKH,
MMeIoIas 3HauYeHHs OOJIbIIE YeM 3HAYCHHE OCTPOTHI JIe3-
BUSA p = 5,9 MKM, popMupyeTcs npu nojade Ha 3y0 S, = 20;
18; 16 u 14 MKM, a 3HaYeHHs] MEHbIIIE 3HAYCHHS OCTPO-
Thl — npu 1ofade Ha 3y0 S, = 12; 10; 8 u 6 Mxm, 1pu
noziaue Ha 3y0 S, = 4 ¥ 2 MKM pacyeT HeKOpPEKTHbIH. [l
JTANbHEHIINX PacyeTOB MPUHATHI 3HAYCHUS TIOa4n Ha 3y0
S.=20;18; 16 u 14 mxm.

Paznenenne marepuana B Iporecce 0OpaOOTKH Ipo-
HCXOZIUT 3a CUET CHJIbI PEe3aHMs, 3aBUCSIIECH OT MHOXECTBA
(akTOpOB, TAKMX KaK: TOJIIIMHA CPE3aEMOIr0 CIOsl, (PU3HKO-
MEXaHHYeCKHe CBOWCTBa 00pabaThIBaeMOro Marepuana, Ia-
paMeTpbl XapaKTEePU3YIOLIUE METAIUIOPEKYILUIA HHCTPYMEHT
n T.1. ITocKobKy Ha Impomece CTPY)KKOOOPa3OBaHUS YXOIUT
npuMepHO 90% CUIIBI pe3aHs, TO U3y4EHUE CYHIECTBYIOIIMX
CXEM M MOJIeJIeH CTPYKKOOOpa30BaHHsl 171 30HBI YCTaHOBHB-
IIETOCsl Pe3aHMs SIBJICTCS BAXKHOM COCTABIIONICH B pa3pa-
0O0TKe MOZIEITH TIpoIIecca MUKpope3aHs [ 1-6].

ABTOpBI HCTIONIB30BANIN Pa3IMYHbIC TTOIXOABI K pac-
CMOTPEHHUIO MOJIENIeH mponecca pe3anus. Tak, Harpumep,
B 1941 . DpHCT M1 MepuaHT npeararoT MoJelb, B KOTO-
po¥ paccMaTpUBaIOT HHCTPYMEHT KaK aOCOITIOTHO OCTPHIN
KIIMH, CUNTAIOT Je(OpMannio METaula MI0CKOH, UCKITIO-
YAIOT CKOJIBKEHUE MEXKIy WHCTPYMEHTOM M 3arOTOBKOM,

a TaKKe OCHOBBIBAIOT CBOIO TEOPHIO HA TOM, UTO HAIPSIKe-
HUS B TUIOCKOCTH CIIBUTA PACTIPECIISIOTCS PABHOMEPHO.

OCOOCHHOCTBIO JIAaHHOW MOJICH, SIBISICTCSA TO, YTO
OHa OMHPAETCS Ha MaTeMaTHYeCKOEe OMUCAHHE PaBHOBE-
CHSl CHJI, IPUJIOKEHHBIX K CTPYXKKE B MJIOCKOCTH CIBHUTa
Y K TIEpeTHEN MOBEPXHOCTH PEXYIIETO KIMHA B 30HE KOH-
TaKTa co CTPYXKo# (puc. 2), a Tak)Ke He YUUTHIBAET TEO-
PHIO TJIACTUYHOCTH U HE OTPEIEIsieT HAMPSKSHUsI B 30HE
KOHTaKTa.

JlaHHBIA METOJ TMO3BOJISIET HAWTH 3aKOHOMEPHOCTh
JUTS OTIpeJIeNIeHNs yIla CABUTa MaTepuaa:

cosy
¢ = arctg (Kc—siny)’

cos(¢-y)

rae KC = sing

OnHako mo3jqHEe OBUIO YCTAHOBJIGHO, YTO JaHHAs
(hopMyIa mpruMeHnMa JUIIb JJIsI TUIACTHKOB.

B 1951 r. JIu u Illadep, ocHOBBIBasiCh Ha METOAC
JVHAN CKOJBKEHUS, MPEATOKMIN TOAX0N, B KOTOPOM
paccMaTpHUBalIi KECTKOIUTACTHYECKAH MaTepHa ¢ TOUKH
3peHHsl pacIpeeNCHUs HaNpsDKeHUH, OMUpasch Ha TO,
YTO MpH OONBIMINX Ae(POPMAIUIX HHTEHCUBHOCTD YIIPOU-
HEHMS HE3HAYUTENIbHA, a 3HAUUT HAIPSKEHUE TEKyUECTH
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MIPAKTHYECKH TOCTOSTHHO. [10J00HBIN MTOIXO0/T UCITONB30-
Ban u M.U. Kinymmia B 1958 roxy [7], a Takke KpaBueHnko
B.A. [8] m PozenGepr A.M. [9, 10].

B pabote paccmarpuBaeTcs cxema oOpaboTKH, ydu-
TBHIBAIOIIAs PaglyC OKpPYIJICHNUS J1e3BHA (puc. 3).

‘.‘1

Puc. 2. Cxema pe3anust OpHeT 1 MepuaHrt:

F,,— CHJIa TPCHHS MEKIy NICPE/IHEH TOBEPXHOCTHIO
U CTPY>KKOH, N — cuiia, HOpMaJibHasi K KOHTaKTHOM
TNOBEPXHOCTH CTPYKKH M PEXKYIIEro KinHa, Fyn F,  —
HOpMaJIbHasl ¥ TAHTEHIMATIbHAS! COCTABIISIOIINE CHIIBI
Ha maockoctu caBura OA4, R — pe3yasTupyromas cuia,
() — YTOJI HaKJIOHA TNIOCKOCTH C/IBUTA, A — yTOJl TPEHUS,
Y — MepeHui yro MHCTPYMENTa, /1,— IyOnHa pe3anus,

h,, — TONIMHA CTPYKKH

Puc. 3. PaccmarpuBaemast cxema pe3aHus

]
wr

st pacuera ymma caBura B, U3 TPEYTOJLHH-

ka AJG Haxomum AG = , U3 TpeyronbHuka GFD

cosy
HaxomuM GF =tany * DF =tany * (h —p + p * sin v),
FB=HK=HE—-KE=p *(cosy—sin45), BC=BK+KC =
=h—p+p *sin45, c TOMOMIBIO MOTYIEHHBIX 3aBUCUMO-
ctelt u3 TpeyroiabHuKa ABC MoIydInM:

(h—p+ p *sin45) * cosy
h+siny (h—p+pxsiny) 4+ p * cos?y — p = sin45 « cos yI

B = arctg

PaccmarpuBasi ycioBust pe3aHusi pu KOTOPBIX i = p,
YTOJI C/IBUTA!

sin 45 * cosy

1 ) sin45 cosy’

[To pe3yabpraraM MOCTPOCHUS CXEM PE3aHMs MOKHO
cZieJ1aTh BBIBOJ, YTO IIPU MaJIBIX TOJIIMHAX CPE3aeMOro
ci10si HanOoJbIIee BIWSHHE Ha YTOJ CABUIAa OKa3bIBa-
€T YCJIOBHBIN BIIMCAHHBIN PaANyC OKPYIJIICHUS JIE3BHS.
OTpunareIbHBIA MEepeHNH yrojl OKa3bIBAET CHIIBHOE
BIMSHUE HA yTOJ CABHUTA MPH TOJIIMHAX CPE3aeMOTO
CJI0s, 3HAYUTEIHHO OOJIBIINX IO CPABHEHMIO C OCTPO-
TOM JIE3BUSL.

IIpoBeneH SKCIEPUMEHT 10 YCTAHOBIICHUIO IEUCTBU-
TEJIFHOM TOJIIIMHBI CPE3aeMOro CJIOS Ha KOOPAWHATHO-
pactogroM cTtanke. OOpaboTKa TPOM3BOAMIACE C TIOMO-
b0 (pe3sl ¢ MepeTHIM yIiioM y = —30° i yIIoM mogbemMa
BUHTOBOW KaHaBKW 30°. IIoBepXHOCTH IJIACTHHBI U3 Ma-
tepuasia BT1-00 Oputa mpenBapuTenbHO 00padoTaHa IS
MOJyYCHHUS «HYJIEBOW» IJIOIIA/AKH, a 3aT€M IPOUCXOIHIO
MOATAITHOE CHATHE MaTepuana ¢ iryounamu pesanus 100,
75, 50, 25, 15, 8,4, 2 u | Mxm (puc. 4), IMHA KaX0-
ro obpaboraHHOro ydactka cocrarisiia 10 mm. Ha xoH-
TPONbHO-U3MepUTeNbHOH MamuHe Jlanuxk KHM-1000
[11] mpousBeneHb! H3MEPEHUS ACHCTBUTENBFHON TOIIINHBI
cpe3aeMoro ciost. Pe3ynbrarbl u3MepeHHi MPe/ICTaBICHbI
B Tabnuue 3.

B pesynbrare npoBEeIEHHBIX HCIBITAHUH MONTYYCHBI
3aBHCHMOCTH OTKJIOHEHUH I10JIy4aeMbIX pa3MepoB OT IIIy-
OuHBI pe3anus (puc. 5).

Puc. 4. Cxema pe3aHus IpH oNpeeIeHNN (PaKTHIeCKOH TITyOUHBI pe3aHus
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Tabnuya 3. Teopernueckass U pakTHYecKasi INyOUHA pe3aHUsA

No Teopernueckas niryonHa 100 75 50 25 15 ] 4 2 1
pe3aHus, MKM
daxtnyeckas DIyOHHA
80 61 41 21 13 7 6 4 X
1 pe3aHus opu p = 6,3 MKM
Orrocurensroe 200 | 187 | 180 | 160 | 133 | 12,55 | -50,0 | ~100,0 | ~100,0
oTKJIOHEeHHE, %o
dakrryeckass — DIyOMHA 85 65 44 2 14 13 9 X X
pe3anus pu p = 14,5 Mxkm
2
Orrocurensroe 150 | 133 | 120 | 120 | 67 | 625 | -1250 | -125,0 | -125,0
oTKJIOHEeHHE, Yo

«X» — pe3aHusl He npoucxodum

Hecmotpst Ha nosryueHHbIE OTKJIOHEHMS, B MPEICTaB-
JICHHOM JiMana3oHe oOpabarbiBaeMbIX ITyOHH Bce pe3yiib-
TaThl 10 KJaccaM To4HOCTH He Xyxe IT9, onqHako Haumyu-
IIMe Pe3yJBTaThI TTOYYeHBI IPY ITyOnHax pe3anust (= 2, 4,
81 15 MM ipu p = 6,3 MKM, U £ =15 u 25 Mxm nipu p = 14,5
MKM, HO 110 OTHOCHUTEJILHOMY OTKJIOHEHHUIO ¢ = 8 u 15 MKkM
npu p = 6,3 MM, u £ = 15,25 u 50 ipu p = 14,5 MKM.

AHanmu3 TONYyYCHHBIX PE3YyJIbTaTOB I03BOJMI BBI-
paboTtare pPEKOMEHAAIMH Ul MOIydeHHs TpebyeMoit
TOYHOCTH, IPU KOTOPOH PEKOMEHIyeTCs MPOU3BOANTH

00paboTky mpu cootHomenuu t/p = 1...3. Taxke mist
MO/ITBEPXKICHUST  PabOTOCIIOCOOHOCTH — pa3paboTaHHOTO
PEXKYIIEro HHCTPYMEHTA U ONpENeJICHHs] PAOHAIBHBIX
PESKHMOB 00paOOTKHM MPOBEACHBI HATYPHBIC HMCIBITAHUS
npu 00paboTke TUTaHOBOTO criasa BT1-00 mpu pazimy-
HBIX TOJIIIMHAX Cpe3aeMoro cios. VIcmbITaHUs MPOBOIH-
JMCh TIPU PEXKNMAX M IapaMeTpax, MPHUBEICHHBIX B Ta0II.
4. ObGecrieuenne TpeOyeMOW TOJNIIMHBI CPE3AEMOTO CIIOS
h TIPOM3BOIMIIOCH 32 CYET MONA4M Ha 3y0 S mpu ocTpoTe
PEXKYIIEro HHCTPYMEHTA p = 6,3 MKM.

Tabnuya 4. IlapaMeTpsl HCHBITAHUT

ITomaua na 3y0, S, MKM 20 18 16 14 12 10 8 6 4 2
['myOuna, MM 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Vromn, pan 0,45 0,45 0,45 0,45 0,45 0,45 0,45 0,45 0,45 0,45
VYrom, rpaz 25,86 | 25,86 | 25,86 | 25,86 | 25,86 | 25,86 | 25,86 | 25,86 | 25,86 | 25,86
Tonmuna, & MKkM 13,23 7,85 6,97 6,10 5,23 4,36 3,49 2,62 1,74 1,32
h/r 2,10 1,25 _ 0,83 0,69 0,55 0,42 0,28 -
DopMUPOBAHUE CTPYIKKU ++ ++ ++ ++ + + +— +— +— —

VcnipiTanus TO3BOJIMIIN YCTaHOBUTD, YTO PE3aHUE OT-
CYTCTBYET NpH 3HAYCHUH KO(PPHUIMEHTA PEXYILIEH CIIo-
cobHOCTH Kp = h/p<0,25...0,28 (puc. 5), npu 3TUX ycII0-
BUSIX 00paOOTKH MPOMCXO/UT aparnaHue W BIABIUBAHUC
00pabaTbIBaeMOTO MaTepUaIa.

[lpu  kodpdurmenTe  pexymed  cOCOOHOCTH
Kp =0,25...0,5 HaGmromaercst pOpMHUPOBAHUE CTPYIKKH B yC-
JIOBHSIX HECTAOMJIBHOTO PE3aHMs, NMPH JTAJbHEHIIIEM TTOBBI-
reHnn KodpUIreHTa pexyIiei CrrocoOHOCTH MPOUCXOAUT
CTa0WIM3anys Mporecca Pe3aHust, YTO0 MOKHO OOBSICHHUTH
(opMHpOBaHWEM Ha JIE3BUHM PEXYIIEr0 MHCTPyMEHTA 3a-
CTOWMHOM 30HBI, H3MEHSIONIEH (haKTHYeCKre TIepeHid yrom

W PacIIONIoKEeHUE TOUKH paszenieHus. Kak BUIHO U3 TTOTydeH-
HBIX PE3YJBTaTOB IIPOBEJCHHBIX HCIIBITAHUH (pe3, cTaOnIIb-
Hoe (POPMHPOBAHUE CTPYXKKH JOCTHTAETCS TPH TOJIIMHE
CpPEe3aeMoro cJiosi, COM3MEPUMON ¢ OCTPOTOH JIE3BHSL, TO €CTh
h = p 1 nanbHEWIIEM yBEINUCHNH KO3(D(DHUIIUCHTa PeXKYIIICH
CIOCOOHOCTH 110 Kp = h/p = 2. [1o3TOMY UCXOJIS U3 PacUETOB
W TIPOBEJICHHBIX WCIIBITAHWH JUISI MUHUMHW3AIMN TOJIINHBI
Je(heKTHOTO CIIOSI ¥ HaJEKHOTO OOECTIeYeHUs] pa3MepHOM
TOYHOCTH B mipezenax 15...25 mxm (IT'8...9) pekomeHmyer-
Csl IPUMEHEHNE TBEPAOCINIABHOTO PEXKYILETO HHCTPYMEHTA
C COOTBETCTBYIOMICH OCTpoToit Jie3Bus (opsiaka p = 7—10
MKM) TIPU PeXKUMax Pe3aHus: CKOPOCTh pe3anus V= 28...56
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1 %
o

Puc. 5. I'paduk 3aBHCUMOCTH TOYHOCTH MTOTY4aEMbIX
pa3MepoB OT TIIyOHHBI

M/MuH; nofiada Ha 3y0 S, = 14...20 Mxm/3y0; rryOuHa pesa-
Hust MeHee ¢ = 0,1 MM, KOTOpBIC TTO3BOJISIT 00ECTICUHTD TOJI-
IIMHY cpe3aeMoro ciost 1= 7...13 Mkm.

HarpaBiienue cuiibl ciBUTa U TTOJIOKEHHE TOUKH pas-
JICTICHNS] IMEEeT pelaroliee 3HadeHue 1t GopMHpoBaHUs
CTPYXKH M 00paboranHol mosepxHocTu. MccnenoBanus,
IIPE/ICTaBICHHBIC B JaHHOHM padoTe, yCTaHAaBIMBAIOT IO
capura B, n xkod3(pUImEnT pexymed crocoOHOCTH Kp,
XapaKTePU3YIOIUICS OTHOMIEHHEM TONIINHBI CPE3AEMOTO
CJIOA K pajinyCy OKPYINICHHS JIE3BHS PEXKYILEro WHCTPY-
MeHTa //p, IpA KOTOPBIX:

— BO3HMKAlOT MHHHMMAaJIbHO BO3MOXKHBIC YCIIOBHS
Ut (GOpMHUPOBAHUS CTPY>KKH, TO €CTh BOSHUKHOBEHUS pe-
sanus — B, = 0°, K,= 0,2929;

—  BO3HHUKAIOT CTaOMIIBbHBIC YCIOBUS I (hOPMHPO-
BaHHMSA CTPYKKH — B, > 11°, Kp >0,4035.

VYeenuuenne Kod(QGUIMEHTa PEXKYIICH CIIOCOOHOCTH
Kp JI0 3Ha4eHUH h/p ~ 1 TPUBOAUT K YBEIMYEHHIO yIiia
casura B, o sHadeHuit nopsaka 23°...24°, nanbHeiiinee
yBenuueHue kod(pduiMeHTa pexyllel CrocoOHOCTH He
NPUBOJUT K 3HAYMTEILHOMY YBEJIMYCHHIO YIVIa CIBHIA.
[penenbHO AOMYCTUMBIE 3HAYEHHUS TONIIMHBI CPE3aeMOro
CcJ1051 /1, TIpY KOTOPBIX OyJIeT peasii30BaHO HOPMAIILHOE pe3a-
HHE, MOXXHO YCTAQHOBHUTD IpaKTHUeckuM myteM. [Ipu atom
TIPEBBIICHHE JOMYCTUMBIX 3HAUCHUH TOJIIMHBI CPE3aeMO-
TO CJIOS TIPUBOJIUT KaK K MOBBIIICHUIO PABHOJICHCTBYIOIIEH
CHJIBI R pe3aHusi, TaK ¥ paJyca OKpYIICHHs JIE3BUsI U3-3a
HEJIOIYCTHMBIX Harpy3ok. Ha mpakTuke ycTaHOBIEHO, YTO
TIPU TIPEBBIICHUN KOY(PPUIMEHTA PEXYIIEH crocCOOHOCTH
I(p > 10 pamuyc oxpymieHHs J€3BHs NPOHNOPLUOHAIBHO
YBEJIMYMBACTCS 32 CUET M3HAILMBAHMS PEXKYIIETO KINHA.
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TEXHONOrmada MALWNMHOCTPOEHUA

VIIK 66.042

A.M. Anackun, B.C. KyOarkun
A.M. Adaskin, V.S. Kubatkin

NMOBbILWEHUE CTOUKOCTU TEXHOJNMOTMYEKON OCHACTKU
ONA BbICOKOTEMMEPATYPHOW TEPMUYECKOWU OGPABOTKU

INCREASING THE LIFETIME OF TECHNOLOGICAL EQUIPMENT
FOR HIGH-TEMPERATURE HEAT TREATMENT

Yenosus sxcnnyamayuu evicokomemnepamyprou mepmuyeckoll OCHACMKU: 6blCOKUE MeMnepamypbl, mepmo-
YUKIUYecKue HazpysKu, KOppo3us 6Cl1e0Cmeue 6030elCmeus Hazpesamenbtbix u oxaaxcoaowux cped. Cniagul Ha
OCHOBE XpOMa COYEMAalom JCaponpoOYHOCb, JHCAPOCMOUKOCb U CONPOMUGTEHUE MEPMOYUKTUYECKUM HASPY3KAM,
UX npumenenue 0becneuusaent 8biCOKYI0 CMouKoCHb OCHACTKU.

Operating conditions of high-temperature thermal equipment: high temperatures, thermal cycling loads,
corrosion due to exposure to heating and cooling media. Chromium-based alloys combine heat resistance, heat
resistance and resistance to thermal cycling, their use provides high tool life.

KaioueBble cjioBa: BBICOKOTEMIIEpAaTYpHAsl TEPMUYECKAsi OCHACTKA, YKaPOIPOYHOCTb, KapOCTONKOCTh, TEPMOLH-

KIIMYECKNE HArpy3KH, CIUIaB HA OCHOBE XpOMa.

Keywords: high temperature thermal tooling, heat resistance, thermal cycling loads, chromiumbased alloy.

BBenenue

[Tpu mpoBeeHUN TEPMHUUIECKOI 0OpaOOTKH OCHACTKA
(O IOHBI, PELIeTKH, IJIUTHI U T.1.), B KOTOPOH pa3zMmerna-
10TCsI 00pabarbiBacMble JIETAIN, MOXKET HaXOAUTHCS IO
BO3/ICHCTBHEM BBICOKMX TeMIeparyp (Hampumep, TemIle-
parypsbl 3akaiiku ObicTpopexyuux craineid 1200—1300°C).
[Tpn BBICOKMX TeMmIeparypax U JUIMTEIbHBIX BbIIEPKKaX
TIpe/ieNbl MMPOYHOCTH M TEKYy4YeCTH MEeTallla CHHIKAIOT-
csl, MOXKET pa3BUBATHCS IMOJ3YYECTh M, KaK CIIEICTBUE,
3HAUMUTENIbHAs JedopManus WM pa3pylieHHe OCHACTKH
(YacTUYHOE — TPELIMHBI, WK TTOJTHOE C pa3/IeJICHHEM Ha
HECKOJIbKO 4YacTeil), He MO3BOJSONIas ee JalbHEHIIYIo
JKCILTyaTaluIo.

[lepnoanueckue nepenajabl TeMIeparypsl (Ipu Ie-
pEeHOCE CallKu M3 3aKaJIOYHOH Cpe/bl B OXJIAIHTEIBHYO
Cpeiy) | Te e LHMKJIbl TePMUYECKON 00paboTKu ciemy-
IOIIUX TapTHH 3arOTOBOK BBI3BIBAIOT TEPMHUYECKHE Ha-
TPSKESHHS.

HarpeBarenbHble ¥ OXJIQXIAIOIIHAE CPEIbl MOTYT
OBITh arpecCUBHBIME (PacIUIaBbl COJEH, CENUTPBI, LIe-
JIOYHM) — 3TO CO34aeT IS OCHACTKH OIACHOCTH BO3-
HUKHOBEHHUSI KOPPO3HH, YCKOPSAIOUIEHCS MPU BBICOKUX
TeMIepaTypax.

Takum 00pa3om, MeTal, U3 KOTOPOTO H3TOTaBIIH-
BAIOT BBICOKOTEMIIEPATYPHYIO TEPMHUYECKYIO OCHACTKY,
IKCIUTYyaTUPYETCs B TSDKEJIBIX YCIOBHSIX BBICOKHX TEMIIE-
paryp, TSOKEIBIX CaJOK JAeTajield B MHOTOMECTHBIX IMpH-
crniocobnenusix. [ToaToMy oH 10yKeH 00nanaTh:

—  JIOCTaTOYHOM >KapONpPOYHOCTHIO;

—  CONpPOTHUBICHHEM ITUKINYECKUM Harpy3kawm;

—  BBICOKOM XMMHUYECKOI YCTOMYMBOCTEIO, B TOM YHC-
Jie P BBICOKHX TeMIIepaTypax, T.e. )KapOCTOMKOCTHIO.

B nacrosinee BpeMst 0CHACTKY HEHTPAIN30BaHO U3IOTAB-
JIMBAIOT U3 YKapOIIPOYHBIX cTaiell Ha ocHoBe skene3a (TOCT
977-88): 20X25H19C2J1, 40X24H12C2J1, 35X23H7C2J],
35X18H24C2J1. OnHako KapOnpOYHOCTb U 5KapOCTOMKOCTb
9TUX CTaJleld HIDKE, YeM Yy HHKEJIEBBIX CIUIABOB (HANpHMep,
cmwraB XH70THOP) [1]. B To e BpeMs 1Mo 5KapOCTONKOCTH
HHKEJIEBbIE CIUIaBbI YCTYIAIOT CIJIaBaM Ha OCHOBE Xpoma [2].

Lens Hacrosmieid pabOThl — OIEHKa BO3MOXHOCTH
U IeIeco00pa3HOCTH TPUMEHEHHs KapOCTOWKOTO Ka-
POIIPOYHOTO CILIaBa HA OCHOBE XPOMA JUISI M3TOTOBIICHHS
TEXHOJOTHYECKON OCHACTKH JUISI BEICOKOTEMIIEPATyPHBIX
(cB. 1000°C) omepanwmii TepMuIecKoil 00pabOTKH ¢ I1e-
JIbIO MOBBIIIEHHSI CTOMKOCTH (JJOATOBEYHOCTH) OCHACTKH.
DTO0 aKTyaJIbHO, T.K. TEPMHYECKAs OCHACTKA MOXKET OBITh
METAJUIOEMKHUM U TPYILOEMKHM H3ACTHEM.
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MeTonuka uccjie10BaHus
UccnenoBamn cruaB X65HBDT n
35X18H24C2JI (Tabm. 1, 2).

VcnpiTanne Ha pacTsHKeHHE TPOBOIIIN Ha yCTa-
HoBke «RMC100» (Schenck Trebel). O6pa3upr — 10
T'OCT 1497-84, tun 1V, auametp padoueii yactu D,=3mm,

CTalb

pacuerHast mmHa | = 5 D,. Kommgectso 00pasmoB Ha TOU-
Ky — 1siTh. OTHOCHTENBHAS IOTPEIIHOCTh HE HPEeBbIIAIa
10% c mocToBepHOCTBIO 95%.

MHEKpPOCTPYKTYpY H3y4ad Ha HHBEPTHPOBAHHOM Me-
taymorpaduaeckom Mukpockore GX-51 Olympus. IIpo-
60moATOTOBKY 00pAa3IOB BHITIONHSAIN Ha OOOPYIOBAaHUH
bupmbl «Struersy.

Tabnuya 1. Xumudeckuii coctaB ciiiapa X65SHB®T, % mace

. . IIpumecu, He Oosee
cr Ni W v T 0 N Fe S(ALSi)
OCHOBa 31-35 1-3 0,1-0,4 0,05-0,3 0,08 0,04 0,5 0,2
Tabnuya 2. Xumudecknii coctaB cmiaBa 35X18H24C2J1, % macce
Fe Ni Cr Si Mn HSpHMecn, HE 6031;6
OCHOBa 23-25 17-20 2-3 Jol,5 0,03 0,035

Tepmudeckyro 00pabOTKy 00pa3IioB U OCHACTKH IIPO-
BOJWJIM B KaMEPHOHN AJIEKTPUYECKON MEYHM C BO3TYITHOM
atmocdepoit [IMK 3.6.2/14 (MakcuMmanbHas TeMIiepa-
Typa 1400°C). OTxHUr 00pa3oB U OCHACTKHA H3 CIUIaBa
X65HBOT BBHIMONHAIN MO CIEAYIOMEMY PEXHUMY: BBI-
nmepxka npu 1300°C 2 wgac, oxmaxnenue mo 900°C co
ckopoctrio 50°C/aac, BeIIepKKa 6 4ac, OXJIaXACHUE 10
550°C co ckopoctsio 50°C/aac, BeIAEp)KKa 3 Hac, OXJIax-
JICHNE Ha BO3/IyXeE.

Ocnactky u3 ctanu 35X18H24C2JI mogsepranu 3a-
kanke ot 1150°C ¢ oxyakaeHueM BOZE, B COOTBETCTBUU
¢ 'OCT 977-88.

HpOMBIIHJ'IeHHI)Ie HUCHBITAaHUA OCHACTKH ITPOBOAWIN
NIPU 3aKaJIKe WHCTPYMEHTOB M3 OBICTPOPEXYIIEH CTalu
P6MS. 3akanouHbIil HarpeB OCYNIECTBISUIM B COJSHOM
BanHe cpena — BaCl,, packuciurens — FeSi (2-3% or
Macchl conn). OXIakaeHue B Maclie.

ir %e Fag miecs)
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3KCHepl/IMeHT3JILHaH U AaHAJIMTHYECKasdA 4aCTh

CaoiictBa crtaBa X65SHB®T uzyuanuce Hamu pa-
Hee [3—7]. bputo moka3aHo, 4TO KapoCTONKOCTh CILIaBa
3aBHCHT OT CTPYKTYpHI (B pabote [6] m3ydamu xapo-
CTOMKOCTb CIUTaBa B COCTOSHHH ITOCTAaBKH, IMOCIE 3a-
KaJIK¥, 3aKaJIKA U OTITyCcKa, oTxkura). CTpyKTypa cruiaBa
nByx¢aszHas. Oto o-¢asa (TBepasiii pactBop Ni B Cr)
u y-aza (TBepasiii pactBop Cr B Ni) (puc. la). Pexxum
OT)KHTa 00ECTEeUNBACT IMOJHOE BBIACICHUE Y-(ha3bl U3
HEepPEeCHIIEHHOT0 IIPH HarpeBe OAHO(Aa3HOro CIjiaBa
(cm. puc. la), T.x. npu 900-950°C nabmionaercs 6o-
Jlee KpyTOH IOABEM JIMHUU COJIbBYC, NPUMBIKAIOILEH
K onHo(a3Hoi 007acTH 0-(a3bl, YeM JUHUU COJIBBYC,
MPUMBIKAIONIMI K obnactu y-asel (oTHOIIEHHE be/ac,
XapakTepu3ylollee KOJIU4ecTBO y-(has3bl, MPaKTHUYECKH
MaKCHMaJIbHO; CM. puC. 1).

T

0)
Puc. 1. luarpamma cocrosiaust Ni-Cr (a), ctpykrypa criaBa X65HBOT nocne orxura (0)
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CrmaB mocie Takod 0O0pabOTKM MMEET KpYITHO3ep-
HUCTYIO CTPYKTYpy (puc. 10). Jlydmeii kapoCTOHKOCTHIO
00I1a/1a10T CIJIaBbI C MEHBIIIEH MOBEPXHOCTHIO MEK3EPEH-
HBIX TPAaHMII, T.€. KPYIHO3EPHHUCTHIX [6]. DTO SABIsAETCS
OIIHUM M3 OOOCHOBAaHMHK BBHIOOpA PEKUMaA TEPMHUUECKOM
obpabotku cruraBa X65HB®T. Kpome Toro, Temmepary-
pa omxura, paBHas 1300°C, BbIlle TeMIEpaTypbl 3aKAIKH
OBICTPOPEKYIIUX CTAICH, 3TO yCTPaHSIET WU, 10 MEHb-
1Ieil Mepe, 3HAYUTEIILHO CHHYKAET BEPOSTHOCTD (ha30BbIX
[IPEBPALLEHUI B TEXHOJIOIMYECKOM OCHACTKE IIPU HAarpeBe
0T 3aKaJIKy HHCTPYMEHTOB U3 OBICTPOPEXKYIINX CTaJICH.

Cranp 35X18H24C2JI, cormacuo I'OCT 977-88
3akanuBaioT oT [150°C, Hmxe Temmeparypsl 3aKajaKu
obicTpopexxynmx craneit (1210—-1230°C cramum P6MS
u 1270—1290°C cranu P18), 310 ompenenser BO3MOX-
HOCTh (ha30BBIX MPEBpPAIIEHUI IPU HAarpeBe, KOTOpbIE Ya-
CTO CONPOBOYKIAIOTCSI 00BEMHBIMI N3MEHEHHUSIMH, CHIDKA-
IOIIMMH CONIPOTUBIICHNE LUKINYECKUM Harpy3KaM.

Mexannueckue cBoiictBa ciuiaBa X65SHBOT mo-
cire orxura ¢ 1300°C (ue mpuBeneHbI B paHee OIyOInu-

KOBaHHBIX paboTax) BeImIe, dem cramm 35X18H24C2JI.
IIpn mpaxkTHYecKn YIOBIETBOPUTEIBHBIX ITOKA3ATEIAX
IUIACTUYHOCTH (0 M Y — OTHOCHTEIBHOTO YAJIMHEHHS
U CYXCHHS) TIPEIENBbl IPOYHOCTH M ILUIACTUYHOCTH (O,
u ¢ ) crmasa X65SHB®T B 1,5-2 pasa BbIIIe, 4e€M CTau
35X18H24C2JI (Tabmn. 3).

BaxHBIM IperMyIIeCTBOM XpoMa Iepesl METaIaMu
xene3noi rpynmel (Fe, Ni) siBisieTcss MOBBIIEHHOE CO-
MPOTHUBIICHNE TEPMOLIMKINYECKUM Harpy3kam. Bennunna
TEPMUUYECKUX HANPSHKEHUN (cTepM), BO3HUKAIOIUX IOJ
JICWCTBHEM MHOTOKpAaTHBIX TMOBTOPHBIX LUKJIOB HM3MEHE-
HUSI TEMIIEPATYPBI, ONPEIEISIeTCs IIepernagoM TeMIeparyp
(AT) u cBoiicTBamu Marepuaia (Tadm. 4):

ta X E X AT
== (M
—u

Orepm —

rae: o — KoaduimeHT JuHeHHOTO pacmupenus; £ —
MOYJIb YIpyrocTu; i — koadpunment Ilyaccona.

Tabnuya 3. MexaHuveckue cBolicTBa criiaa X65SHB®T

(3xkcnepumeHTanabHble mocie oT:kura npu 1300°C) u cramu 35X18H24C2JI (mo F'OCT 977-88)

Cruias/cralib 6, MIla 6, Mlla 5, % v, %
X65HBOT 825 620 12 18
35X18H24C2J1 549 294 20 25

Tabnuya 4. CBOHiCTBA METAJIIOB, OMPEIeISIONINE COMPOTHBICHNE TEPMIUYECKOI YCTATIOCTH

Merarn E, I'lla ax 106, K™ u axEB/(1-p)x10°TTa K™
Cr 288 4.4 0,21 1604
Ni 196 13,6 0,33 3978
Fe 210 11,3 0,23 3081

braronaps Mmanomy 3HaueHHIO KO PUIIMESHTA JINHEH-
HOTO paciMpeHus (o) BeJIMYUHA BOSHUKAIOIINX TepMUYe-
CKHUX HAIIPsDKEHUH B CIIJIaBaX XpoMa P OIMHAKOBOM 3Ha-
yeHuu A7 B 2—2,5 pa3za MeHbIIIE, YEM B CIUIaBaX Ha OCHOBE
KeJe3a M HUKelsl. Beicokoe coieprkaHne XpoMa B CIUIaBe
X65HB®T criocoOCTBYeT CHHKCHUIO YPOBHS TEPMHUYE-
CKHX HATPSDKCHUI, BO3HUKAIONINX B YCIOBHSIX ITEPEMEH-
HOTO BO3JICHCTBHS TEMIEPATYD.

MeHblMe TEpMHYECKUE HAIPSHKEHNUS], BO3HUKAIOIINE
IIPU TIEPEMEHHBIX TEMIIEPATypHBIX BO3IEHCTBHAX (TEpPMO-
IUKJINPOBAHIN), HApQy ¢ Ooiee BBICOKOW IPOYHOCTHIO
OTIPEICTISIFOT MPEUMYIIIECTBO CIUIABOB HAa OCHOBE XpoMa
TiepeNt CIulaBaMy Ha OCHOBE KeJie3a W Hukens. CrmaBbl Ha
OCHOBE XpOMa 1 MMO3UITHOHUPYIOTCS KaK JIyUIIINi MaTepra
U pabOTHI B YCIIOBHAX TSPMOIMKIMPOBAHMUS BCIICIICTBHE
BBICOKOTO COTIPOTHBIICHHS TEPMUIECKOH ycTanocTH [8].

JlmrrenpHBIe IpOMBITIDIeHHBIE HetbiTanms (10 mec.) oc-
HacTkH (TomTa pazmepamu 600%450x20 ¢ oTBepCTHAME TS
YCTaHOBKH HHCTPYMEHTA) TIOATBEPAMIIH 3TO TIOJIOXKeHHe. BhI-

TIOJTHSUTH 3aKAJIKy HHCTPYMEHTOB U3 OBICTPOPEXKYIIICH CTau
C HarpeBoM B XJIOp-0apreBoi BaHHe. CTOMKOCTh OCHACTKH M3
cramu 35X18H24C2J1 10 momHOro oTKa3a BCIEICTBUE KOPO-
OrieHuUs IUTUTHI U 3aMeTHOM koppo3un — 970 camok.

ITnuta u3 crmaBa X65HBOT Beigep:kana 3axaiky
1515 cajok MTHCTPYMEHTA, MOCJe Yero 0cTaBajiach ToJHON
K UCIIOJIb30BaHUIO. JIOCTUTHYTOE MOBBIIIEHUE CTOHKOCTH
okos10 60%. MOXHO MPOrHO3UPOBAThH MOBBIIICHUE CTOM-
KOCTH KaK MUHHMYM B JIBa Pa3a 110 CPAaBHEHHUIO CO CTAJIBIO
35X18H24C2J1.

3akarouenne

HVcrionb3oBaHue crutaBa Ha OCHOBE XpOMa JIsl H3TOTOB-
JIEHUSI TEPMUYECKON OCHACTKHU JJIs1 BBICOKOTEMIIEPATYPHOM
TepMITYeCKO 00pabOTKH 00ECTIeunBACT €€ BBICOKYIO CTOM-
KOCTb. DTO SABIISIETCS] PE3YyIIBTATOM BBICOKOTO COMPOTHBIIC-
HUS TEPMOLMKINYECKUM Harpys3kam (TepMHUYECKOW ycTa-
JIOCTH), KAPOIPOUYHOCTH U KAPOCTONKOCTH CILIABA.
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10.A. Temmnens, 11.H. Kokopun, 1.H. Eprynosuu
Yu. A. Tempel, I.N. Kokorin, I.N. Ergulovich

NMEPCMNEKTUBbI PASBUTUA HE®TETA30OBOI0 MALLMHOCTPOEHMUA:
HOBAA KOHCTPYKUUA NNYHXEPHOIO JIN®TA

PROSPECTS FOR THE DEVELOPMENT OF OIL AND GAS ENGINEERING:

A NEW DESIGN OF A PLUNGER LIFT

Heghmezazoeoe mawunocmpoenue — ompacivb, om KOMopou 3asUcum 3HGekmusHoe blNOIHeHUe MeXHOL02U-
YeCKUx npoyeccos 00dbIYU Hepmu U 2a3d, NOIMOMY UHHOBAYUOHHASL AKMUBHOCMb 8 OAHHOU chepe umeem 02poMHOoe
3HaueHue. B ces13u ¢ ObicmpomeHsiouumMucs mpedo8aHusIMu 8 NPoU3B00CmMae U KOHKYPEeHYUU HA PbIHKe, NOBbIULCHUE
HAYYHO20 U UHHOBAYUOHHO20 NOMEHYUALA OAHHOU OMPACiu — OOHO U3 NePCNEeKMUBHBIX HANPAGLEHUL PA36UMUsL
Heghmezaz08020 MawuHOCmpoeHust. B pabome npedcmasnen ananus uHHOBAYUOHHO20 NOMEHYUANA 6 NPOMBIULLCH-
HOCMU 8 PAMKAX PACCMOMPEHUs: MEXHOL0SUYECKUX UHHOBAYUT 0Opabamuvlearouux npou3so0Cmes; npedioiceHa Ho-
6051 KOHCMPYKYUsL NIYHIICEPHO20 TUPMA; NPOU3EEOeHbl UCCIE008AHUL 8 NPOSPAMMHOU cpede Ansys no Kpumepuro
2a302UOPOOUHAMUKU UZYHAEMO20 00bEKMA UCCIe00B8AHUSL.

Oil and gas engineering is an industry on which the effective execution of technological processes of oil and gas
production depends, therefore, innovative activity in this area is of great importance. Due to the rapidly changing
requirements in production and competition in the market, increasing the scientific and innovative potential of this
industry is one of the promising directions for the development of oil and gas engineering. The paper presents an
analysis of the innovation potential in industry in the framework of the consideration of technological innovations
of manufacturing industries; a new design of a plunger lift is proposed, studies have been carried out in the Ansys
software environment according to the criterion of gas-hydrodynamics of the studied object of research.

KiroueBble cioBa: myHxepHblil mudT, 1e6ut raza, CAE-cucrema Ansys, 00BOIHEHHE CKBaKUHBIL.

Keywords: plunger lift, gas flow rate, Ansys CAE-system, well watering.

BBenenue

TexHOMOrnYeCKre HWHHOBALMK B 00padaThIBAIOICM
HpOI/ISBOZLCTBe " ux l'IpI/IMeHeHI/Ie HpI/I ]10651‘16 TIOJIC3HBIX UC-
KOITIACMbIX SBJIAKOTCS HepCHeKTI/IBHI)IM Hal'[paBﬂeHI/IeM pa3-
BUTHST HE(DTEra30BOro MAIIMHOCTPOCHHS B YCIOBHSX (hak-
TOPOB, BIUSIONIMX Ha MPOMBIIIIEHHOCTh. B CBOIO ouepenp,
MHUPOBOH POCT CIIpOca Ha SHEPTHIO JUKTYET HEOOXOTUMOCTh
Pa3pabOTKU U IKCILTyaTAIlMd MECTOPOKICHHUN C T1a/IAFOIIIH-
MU TIOKa3aTeIsIMK JIOOBIYU. B CBsI3M C BBIIIC MMPENCTABIICH-
HBIM, CHCTEMa IUTYHXXEPHOTO JM(Ta SBISCTCS OIHUM W3
AKTyaJTbHBIX TEXHUYCCKHX YCTPOWCTB, HAIPABICHHBIX Ha
perieHre IpooeM YAaIeHHS JKUIKOCTH B CTBOJIC CKBAXKH-
HBI JUTs1 TOBBIIIeHH AeouTa [1-16]. Llens uccnemoBanus —
pa3paboTka MOICPHH3UPOBAHHONW KOHCTPYKIIMH CHCTEMBI
TLUTYH>)KEPHOTO JTU()TA ¥ TPOBEICHNE HHKCHEPHBIX PAaCYCTOB
10 HanOoJIee ONTUMAIBHBIM KOHCTPYKTUBHBIM TTApaMeTpam
paccMarpuBaeMoi KOHCTPYKIIH.

PaGotsr uccnenosareneii [1-16] opueHTHPOBaHBI Ha
pelIeHne 3amav, CBSI3aHHBIX C pa3pabOTKOW HOBBIX CIIO-
co0OB W METOMOB IMONYYCHUS M3HOCOCTOMKMX Marepua-
JIOB, JleTajlel U U3IeNnid, MOJAEpHU3aLUell MaTepuabHO-

TEXHUUECKOTO OOecCTieueHus JIsl JOOBIBAIOIIEH OTpaci,
aBTOMaTU3allM TEXHOJOTMYECKHUX WU IPOU3BOJACTBCHHBIX
MIPOIIECCOB.

MaTepI/la.]'lbl U METOAbI UCCJICTOBAHUSA

B paGote ObUIM UCTIOIB30BaHbBI TEOPETHYECKHE U IM-
MUPUYECKHE METObI UCCiIeioBaHUs. [l BBIABIEHUS Lie-
JIM, aKTYaJIbHOCTH ¥ MPOOJIEMbI UCCIEAOBAHUS TTPUMEHSI-
JMCh METOJbI cOOpa AaHHBIX, UX aHAJIM3a M 0000UIeHNS.
JUis momydeHus: KOHKPETHBIX KOHCTPYKTOPCKO-TE€XHOJIO-
THYECKHX CBOWCTB HCCIIEAYEMOro 00beKTa MPUMEHSUINCH
METO/Ibl MH)KEHEPHBIX PACUeTOB, YHMCIEHHBIX MHCCIENO-
BaHWH C MCHOJIB30BaHHEM HporpaMMHBIX cpeactB CAD/
CAE/CAM-cucrem.

PesyabTarsl Hee/ie10BaHus U UX 00CyKAeHUe

B cooTBeTCTBHHU CO CTATHCTHYECKUMU JaHHBIMH HH-
HOBAallMOHHAS AKTHBHOCTbH NPEINPHATHH MalIMHOCTPO-
SHHS Ha CETOJHSLIHUII MOMEHT BPEMEHHM HOCHUT HecTa-
OomnpHEI xapaktep ¢ 2017 mo 2020 roxer: HanOombIIast
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aKTUBHOCTH HaOmromanack B 2017 roxy, a mamee — pes-
kuif cnazx B 2019 roxy. YoenbHBIN Bec opraHU3aIliii, ocy-
IIECTBIIAIOMNX TEXHOJIOTHYECKNE MHHOBAIINH, B 00IIeM
gmucie o0cleToBaHHBIX OpraHm3anuii, mo Poccuiickoit
®denepauny, M0 BUAAM 3KOHOMHYECKOW IEATEIbHOCTH
B paMKax 00pabaTBIBAIOIIETO MPOU3BOACTBA: METAIITYP-
THYECKOTO; TPOM3BOJICTBA TOTOBBIX METANTMICCKUX H3-
TN, KPOME MAIIMH W 000pYIOBaHHs; MPOU3BOACTBA
MallluH ¥ 000pyIOBaHMs, HAINSAIHBIM 00pa3oM Ipel-
craBjicH Ha pucyHke 1. Ha nannom rpaduke npeacrasie-
HbI nansbie ¢ 2017 mo 2020 roas! u nmporuo3 Ha 2023 rox,
B CBA3U C KOTOPBIM Ha6JHOJIaeTCH TCHACHIHA PAa3BUTHUA
TEXHOJIOTMYCCKUX MHHOBAIMI B METai000padaThiBato-
I[eM TMPOU3BOJICTBE, a TAKXKE POCT 3aTpaT Ha MCCIIeI0Ba-
HUS M pa3pabOTKH.

| Evwwwom s c3o chani smrremrepon T P ITTpee Tl
[ L L= PV oL T L TR Ty | T ]

a & LBV e -
EIE B

b H i i L] i 3 N

Puc. 1. ['paduk MTHHOBAIMOHHOW aKTHBHOCTH
10 TEXHOJIOTMYECKUM NWHHOBALIMSIM TPEIIPHUSITHH
MPOMBIIIJICHHOTO MPON3BOJICTBA: METAJLTYPrHYECKOE,
MIPOU3BOJICTBO FOTOBBIX METANTNUECKUX U3/,
KpOME MallliH ¥ 000pYy/I0BaHUsI, IPOU3BOACTBO MAIINH
U 000pyI0BaHUS

AHanu3 CTaTUCTUYECKUX JAaHHBIX IIO0 TCXHOJOTIHUYC-
CKMM MHHOBAIMSIM B METaI000padaThIBAIONIEM MPOH3-
BOJICTBE U MX MPUMEHEHHIO B IOOBIBAIOIICH TIPOMBIIILICH-
HOCTH TO3BOJISICT CHEJIaTh BBIBOJ O TOM, YTO Pa3BHTHE
HEe(TEerazoBoro MalIMHOCTPOCHUS SBISIETCS aKTyaJbHOM
3ajadeii, TpeOyromel IeTaJbHOr0 PAacCMOTPEHUsI M pe-
aln3alii B TPOU3BOJACTBE 32 CYET Pa3padOTKH HOBBIX
YCTPOWCTB U CPEACTB.

[To pesynbraram 0030pa JUTEPaTypHBIX HCTOYHHKOB
[1-16] BO3HUKaeT HEOOXOAUMOCTD YITYUIICHUS KOHCTPYK-
LIUM YCTPOMCTBA C TOUKHU 3pEHHs a’poaAnHaMuKu. Bo Bpe-
Ms pabOTHI TUTYHXEPHOTO JH(Ta MEXKAY MOBEPXHOCTIMH
TpyOuaroro kopiyca u JU(TOBON KOJIOHHBI IIPHCYTCTBYET
HeOOJIBIION 3a30p, BCIEICTBUE YEro XapakTep ABHKCHHS
YCTpOHCTBA BO MHOI'OM CKa3bIBa€TCsl Ha M3HOCOCTOMKO-
cti. DaKTOPHI 3KCIUTyaTallMK ILUTYHXXEPHOTO JH(pTa II0-
3BOJISIFOT CJIENIaTh BBIBOJ O HEOOXOIMMOCTH 0OECTICUEHHS
IUIABHOTO CITyCKa U MOABEMA IUTyHXKEpa C IIETbI0 CHIDKE-

HUSI MEXaHUYECKOTO BO3JCHCTBHS Ha KOPITYC M3/IEIHUS ITy-
TEM BHEAPEHHS B KOHCTPYKIHUIO KOH(]Y30pHO-IHpPy30p-
HOW CHCTEMBL.

JIBIkeHHe TIOTOKa BO3/lyXa B KOH(Y30pe Xapax-
TEPU3yeTCsl TEM, YTO AMHAMMUYECKOE JaBJICHUE B HEM B
HalpaBJICHUN ABMKCHUS MOTOKA YBEIMYMBAETCS, a CTa-
TUYECKOE — YMEHbBIIAETCA. YBEIMUUBAETCS CKOPOCTb
TEUEHUs KUJKOCTH wim raza. Juddysop — obparHas
KOH(Y30py KOHCTPYKIIHS, B KOTOPOH MPOUCXOAUT 3aMe/l-
JICHHE TI0TOKa.

[Ipu ompezeseHHOM COOTHOIICHWH yIIa PACKPBITHS
muddysopa, yria cyxeHus KoH(y30pa U JUIMHE CYKESHUsI
NpPsSIMOTO  y4acTKa KOHCTPYKIMH KOoH(]y30pHO-1uddy-
30pHasi CHCTEMa IO03BOJSIET KOHTPOJIMPOBATH CKOPOCTh
MPOXOSIIETO Yepe3 IUIYHXKEp IOTOKA Ta3za U >KHIKOCTH
1, COOTBETCTBEHHO, CKOPOCTh CaMoro yctpoiicrtea. B pe-
3yNbTaTe 3TOTO NPH MOABEME H CITyCKe TpyOUaThIii Kopryc
MO/IBEpraeTcst MeHbIIIeH MexaHn4eckoi nedopmaryu, mo-
BBIILIAETCS PECypC PaOOTHI.

Jlnist cpaBHEHMS ONITUMHU3MPOBAHHOTO BapHaHTa IUTyH-
JKepa OBIIM CO3/1aHbBI JBE KOHCTPYKLHUH, OTINYAOIINECS
yIlaMu Cy)KeHHs/pacIiupeHnss U JUIMHOM cyxkeHus. Pac-
yer npounsBoamics B cpene Ansys Fluent. Mcxonnsie nan-
HBIC aHAJIOTHYHBI B 000X BapHaHTaX: JIaBJICHHUE HA TOUKE
BXO/1a B KOHCTpYyKUuIo cocTasisier 1,8 Mlla, a HayanpHas
CKOpPOCTB JIOCTHTAET 5 M/C; paccMaTpuBaeTCsl BHYTPEHHSIA
MOJIOCTh KOHCTPYKITUH TUTYH)Kepa ¢ KOH(Y30pHO-TU Y-
30pHON CHCTEMOI1, Uepe3 KOTOPYIO MPOXOASIT IIOTOKH BOJIBI
U TIPUPOJTHOTO Ta3a.

Ha pucynke 2 mpencTaBieHO paclpesielicHHE JaBie-
HUs (BEpTUKAIBHAS TUIOCKOCTh YZ) U CKOPOCTH (TOPHU30H-
TalbHasl IUIOCKOCTh ZX) Ha Pa3NUYHBIX yyacTKax BHYTPH
KOHCTPYKIIUU MIPH NMPOXOKJICHUU uepe3 Hee raza. [Ipu stom
YTOJI Cy)KeHUs1/paciuperust paBeH 15 rpagycam.

[To pesynbraraMm pacyeroB JaBieHHE Ha BCEX ydyacT-
KaX KOHCTPYKUHUH TNPHUMEPHO MOCTOSHHO (M3MEHEHHE
MPOUCXOAUT JIMIIb B ACCATUTBICAYHBIX HOJIAX 3Ha‘leHI/Iﬂ)
u pasHo 1,8 MIla.

OkctpemyMbl  ckopoct:  v(max) = 14,91 wm/c
n v(min) = 1,491 m/c. Ha BX0oze MOTOK MeTaHa JI0CTUTAET
CBOEro CpeaHero 3HaueHus: ckopoctu (5 m/c). Xapakrep
MIPOXOXKJICHUST TIPUPOJTHOTO Ta3a BHYTPH KOHCTPYKIHH
AQHAJIOT'MYEH MTPOXOXKICHUIO TOTOKOB BOJIBI, /INHCTBEHHOE
3HAYMMOE OTIMYHE 3aKIIF0YaeTCs B TOM, YTO Y ITIOTOKOB Tra-
3a TpaJMeHT CKOPOCTH OoJiee TUIABHBIH, IUIOMAab y4acT-
KOB C MHHUMAJIBHOW CKOPOCTBIO MEHBIIIE, @ BMECTE C HU-
MU MEHBIIIE 30HbI 3aBUXPEHUH.

Ha pucynke 3 npencraBieH CpaBHUTEIbHBIA rpa-
(MK 3aBHCHMOCTH 3HAYCHUH CKOPOCTH OT KOOPIMHATHI
JUISL TIOTOKOB BOABI (JIMHHSI CHHETrO I[BETa) W MPHUPOJ-
HOTO Ta3a (JTWHHUS KpacHOTO IBeTa). Pa3Huia 3Hade-
HHUIl CKOPOCTH YBEIMYMBAETCS 1O MEpe INEepEeMEIICHUs
U JJOCTHTaeT CBOETO MAaKCHUMyMa B KOHIIEC JBHMKCHHS.
OTO yKa3bIBaeT HA YMEPEHHO PE3Kyl0 CMEHY CKOPOCTH
KOHCTPYKIIMM B pe3yibTare MEepPEeMEIIEHUsI U3 ra30BOH
Cpe/bl B BOIHYIO.
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Puc. 2. Pesynbrarsl pacuera HOBOW KOHCTpyKInH B cpene Ansys Fluent,
TIPU TIPOXOKACHUH Yepe3 Hee IPUPOIHOTO ra3a (yroi Cy>KeHHMs1/pacipenust 15 rpaaycoB)

{3

o S ; ; ; ; :
4 & 8 10 12 T 16
Yy | ma®-1

—— Series 1 for pgmethane  —— Series 1 for pgwater

Puc. 3. ['paduk 3aBHCUMOCTH 3HAYCHUI CKOPOCTH
OT KOOPJMHATBI JUIsl IOTOKOB BOJBI U IIPUPOIHOTO Ta3a
(yron cyxeHust/pacmupeHus 15 rpamxycoB)

Ha pucyHke 4 mpeacraBieHO pacupeneieHne 1aB-
neHus (BepTUKAIbHAS MIOCKOCTh YZ) U CKOPOCTH (TO-
PU3OHTANBHAS MIOCKOCTh ZX) Ha Pa3IWYHBIX Yy4acT-
KaX BHYTPHM KOHCTPYKLHUH IIPH IPOXOXKICHHU dYepes
Hee rasa. [Ipu 3ToM yrou cyKeHHs/pacIIUpeHUs paBeH
30 rpagycam.

Io pe3synbraTam pacyeToB JaBlI€HHE Ha BCEX ydacT-
KaX KOHCTPYKIHH TPHMEPHO MOCTOSHHO (M3MEHCHHE
MPOUCXOAUT JIUIIb B JCCATHUTBICSYHBIX ONISAX 3HAYCHUS)
u pasHo 1,8 MIla.

OkcrpeMyMmbl  ckopoctH:  v(max) = 15,08 wm/c
u v(min) = 1,508 m/c. Onucanue pactpeieieH s CKOPOCTH
MOTOKOB: Ha BXOJI€ ITOTOK METaHa JIOCTUTaeT CBOETO Cpell-
HEro 3Ha4eHus1 CKopocTH (5 m/c). XapakTep MpOXOXkKICHUS
MIPUPOIHOTO Ta3a BHYTPU KOHCTPYKLIMH aHAJIOTHYEH IpO-
XOXJICHHUIO TTOTOKOB BOABL. B IeHTpasbHOM HaIlpaBlICHUH
CKOPOCTB OCTaeTCs NPEeKHEH, MAKCUMaJIbHONH OTHOCHTEITh-
HO CKOPOCTH Ha y4YacTKe CYKCHHS, TTO3BOJISISI IBUTATHCS
KOHCTPYKIHH 110 Hanoosee NpsiMoi TPaeKTOPHH.

Ha pucysnke 5 mpencraBlleH CpaBHUTEIBHBIN rpa-
(UK 3aBUCHMOCTH 3HAYCHUH CKOPOCTH OT KOOPAHWHATEHI
JUISL IOTOKOB BOZBI (JIMHHS CHHETO LIBETA) M IPUPOIHO-
ro ra3a (IMHHS KpacHOTO I[BeTa). Pa3HuWIa 3HaYCHUH
CKOPOCTH Majla U IPUMEPHO IOCTOSHHA Ha MHTEpBaje
[-0,15; -0,3], 5TO HaeT OCHOBAHME CIEJIATh BBIBOJ O J10-
CTaTOYHO IIJIABHOI CMEHE CKOPOCTH KOHCTPYKLUH B pe-
3yJbTaTe NepeMeNIeHNs U3 Ta30BOU Cpebl B BOIHYIO.
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Puc. 4. Pesynbrarsl pacuera HOBOH KOHCTpyKIuH B cpene Ansys Fluent,
IIpY TIPOXOXKACHUM Yepe3 Hee raza (yroia cyxenust/pacmmpenus 30 rpaxycos)
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—— Series 1 for tgmethane —— Series 1 for Copy of tgwater

Puc. 5. I'paduk 3aBUCHMOCTH 3HAUCHNI CKOPOCTH OT KOOPIMHATHI JIsl IOTOKOB BOJIBI M TPUPOHOTO Ta3a
(yron cyxenust/pacmuperus 30 TpaxycoB)
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Puc. 6. O6uwmii rpadmK 3aBUCUMOCTH 3HAYEHUH CKOPOCTH OT KOOPAMHATHI [UISI TIOTOKOB BOJIBI
Y IPUPOAHOTO r'a3a NPH Pa3INyYHbIX YIIaX Cy)KCHUs/PacIupEeHHs

Ha pucynke 6 mpenctaBiieH CpaBHHUTEIbHBIA Tpa-
(UK crkopocTei IUisi BOJIBI M MPHUPOJIHOTO raza B KOH-
CTPYKIIMH C YIJIOM Cy)XeHHus/pacmupenus 15 rpagycos
(3CHeHaﬂ U CHHAS JIMHHUU COOTBCTCTBCHHO) U B KOH-
CTPYKIMHU C yriaoM cyxenwust/pacuinpenust 30 rpany-
coB (KpacHass W po30Basi JUHUU COOTBETCTBEHHO).
KoHcTpyknusi ¢ OONBIINM I'PagycoM pacliupeHUs/cy-
KEHHsSI CIOoCOOHA pa3BHMBATh HAMOOJBUIYIO CKOPOCTH
U OJIHOBPEMEHHO C 3THUM IOJIBEpXKeHa MEHBbUICH auc-
0aJlaHCHUPOBKH IIPU CMEHE ra30BOH CpeJllbl Ha BOJHYIO
n3-32 HE3HAYUTEIBHOCTH PAaCXOXKACHHH 3HAYCHHH
CKOPOCTH.

Ha ocHOBaHMM NpOBE/ICHHBIX WHXKCHEPHBIX pacue-
TOB JIBYX MOJIEPHHU3MPOBAHHBIX KOHCTPYKIUH IUTyHXKep-
HOTO JM(TA C PA3IMYHBIMK YIJIAMH CYy>KeHHs/paciiupe-
HUS BBIBICHO, YTO Hambosee 3(PQEKTHBHOW sBISETCA
KOHCTPYKIHMS IIpH yTiie cykeHus/pacmupenns 30 rpamy-
coB. /laHHasi KOHCTPYKIHUSI ITO3BOJISIET PAa3BUTh HEOOXO-
JIUMYIO JJTs HOPMAaJIbHOM SKCIUTyaTallii CKOPOCTh U TIPH
9TOM COXpPaHHUTh Hauboiee CTAOWIBHBIH XOA BHYTPH
TU(PTOBON KOJIOHHBI Oiaromapsi paBHOMEPHOMY ITOTOKY
CKOPOCTH W JIABJIEHUS] BHYTPH KOHCTPYKIMH, MHUHUMH-
3aIUU KOJEOaHUsI CKOPOCTH TIPH INEPEXOJe M3 ra30BOU
Cpezbl B BOAHYIO.

BroiBoabI

1. OgHuM w©3 HampaBieHUH pa3BUTHSI HedTera-
30BOr0 MAaIIMHOCTPOCHUS SIBJISIETCSl pa3padoTKa WHHO-
BAaI[MOHHBIX YCTPOHCTB M CIIOCOOOB B JAaHHOW OTPACIH.
ITo pesynpraTam aHanau3a B MCCIEIOBaHUM BBISBICHO,
YTO Y/AENBbHBIH BEC OpraHU3alfi, OCYIIECTBIISIFOIINX
TEXHOJOIMYeCKUe MHHOBAIMH, B OOIIEeM uucie oodclie-
JIOBaHHBIX opraHusanuii, mo Poccuiickoit denepanumy,
10 BHJIaM 9KOHOMHYECKOW JEATENIbHOCTH B paMKax 00-
palaTbIBaloOmIer0 MPOM3BOACTBA: METAJUTyprHYECKOTO;
MIPOM3BOACTBA FTOTOBBIX METAIIIMUECKUX U3ACTHH, KpOME
MallliH 1 000pYJ0BaHMsI; IPOU3BO/ICTBA MAIIMH U 000pYy-
JIOBaHUS IMEET TCH/ICHIINIO K YBEIIMYCHHUIO IO KaXIOMy
rony Ha 5—6 %.

2. TIlo pesynbraraMm aHanu3a JaHHBIX dKCIUTyaTa-
[N TUTYH)XXEPHOTO NU(TA, JUTEPATYPHOTO W TATCHT-
HOTO ITOHWCKA, a TAKXXE MHKCHEPHOTO aHaJIN3a U3BECT-
HBIX YCTPOMCTB BBISIBIIEHA HEOOXOJUMOCTD YJIyqIICHUS
KOHCTPYKIIHM YCTpPOMCTBAa MO TMOKAa3aTeIsIM a3po-
JUHAMUKH.

3. Pa3pabGoTaHBI W CMOJCITHPOBAHBI JBE KOH-
CTPYKIMH TUTyH)KEpHOTO nu@Ta, OTINYaroIieecs: OT
HUMEIOLINXCS TEM, YTO KOHCTPYKIIUS NPEayCMaTPHUBACT

BectHuk MI'TY «CtaHkuH» Ne 3 (62), 2022

95



TEXHOJIOI'MA MAIINMHOCTPOEHUA

MEHBIIE 30H 3aBUXPEHUS, NMpeoOdpa3yeT MOTOK MPOXo-
JSIIKX BEIIECTB B Oosiee IPSIMOIMHEHHYIO TPAEKTOPHIO
JIBUKCHHSI. JTO JA€T OCHOBAHME AJI YMEHBIICHHS H3-
HOCA «JIETAIOIIETo KIamaHa», yBeIUICHHs CPOKA CITYXK-
651 000pyIOBaHUS, CTAOMIM3AINI BOCCTAHOBICHUS Je-
6uTa rasa.

4, HpOBe}IeHBI MOJCIIBHBIE OKCICPUMEHTAJIBHBIC
HCCIIENOBAHMSl JIByX MOJEPHU3UPOBAHHBIX KOHCTPYKLMH
IUTYHXXEPHOTO JH(Ta C Pa3IUYHBIMU YIJIAMU CYXKEHUs!/
pacuIupeHusi, BBIABICHO, YTO Haubomnee pe3ynbTaTUBHON
SIBJSIETCSI KOHCTPYKLHUSI C YIVIOM CY>KCHUSs/pacIIMpeHust
30 rpamycos.
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