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AHHOTanusa. AKmya/1bHOCMb UCC/eJOBAaHUS 3aKJII0Y9AeTCsl B HEOOX0JUMOCTH MOBbILIEHUs 3HePro3PpPeKTUBHOCTH IKCILIY-
aTanuu HePpTeL0ObIBAIOIINX CKBAXXUH LITAHTOBLIMU IJIyOUHHBIMHM yCTAaHOBKAMH. YUUTHIBAsK TEHIEHIHMIO €XKEroJHOTO POCTa
cpesiHel 06BOJHEHHOCTH MPOAYKIUH HedTeZ06bIBAIOLIMX CKBAXKKH, POCTA A0JM TPYAHOM3BJIEKAEMbIX 3aaCOB U OCI0X-
HeHHOro GOH/A, IPAKTHYECKOe BHEAPEHHE METO0B CHIXKEHHUSI IKCIJIyaTallMOHHBIX 3aTpaT ABJISIETCS BaXKHEH e 3ajaued
coBpeMeHHOTo HedTsAHOro npomeiciaa Poccru. B aToM acnekTe MHTeJJIEKTYalIU3alds CUCTEM yIpaBjeHus1, 06pabOTKH UH-
dopManu ¥ CUCTEM MOHUTOPHHTA IO3BOJISIET NOBBICUTb IHEPreTUYECKYI0 3G PEeKTUBHOCTD OT/E/bHbIX 3JIEMEHTOB yCTa-
HOBKHU 0e3 N3MeHEeHHs] TEXHOJIOTMYECKHUX MapaMeTPOB paboThl YCTAHOBKHU B LejoM. OTAeNbHBIMU 3JIeMEHTaMH Ipolecca
ONTUMM3ALUU MOTYT BBICTYIATbh 3JIEKTPONPHUBOJ U €ro CUCTEMbI YIpPaBJeHHs, U KMHEMaTU4YeCKHe BEJUYMHBbI CTaHKa-
KayaJKd. [Ipy 3TOM TPYyAHO NPeJCTAaBUTh BHEJPEHHE HOBBIX PEIIeHUH B KUHEMAaTHKe GaJlaHCUPHOIO CTaHKa-KayaJKu, OT-
JIMYAIOLIUXCSA OT OOLIEeNpPUHATHIX. C TOUKM 3pEHUS] CUCTEMBI YIpPaBJEHHUS 3JIEKTPONPUBO/LOM CYIECTBYIOT OrpaHHUYEHHbIE
BO3MOXXHOCTH HOBBIILIEHUS 3HEPro3adpPEKTUBHOCTH, UTO 00YCJAABJIMBAETCS Y3KUM AMANa30HOM PeryJMpoOBaHUs CKOPOCTH.
C fpyro#t CTOpOHBI, MapaMeTpbl POTOPHOTO0 POTHBOBECA 3HAYNUTEILHO BJAUSAIOT Ha NOTPe6/sieMyl0 3/71eKTPONPHUBO/IOM aK-
TUBHYI0 3JIEKTPUYECKYI0 MOIIHOCTb. TakMM 06pa3oM, pa3paboTKa aJIrOpUTMUYECKOro obecleyeHUs] MHTeJJIEKTYalbHbIX
CTAaHLUM ynpaB/ieHHs IITAaHTOBBIMU [VIyOMHHBIMU YCTAHOBKaMHU sIBJsETCS aKTyalbHOM 3ajaueit. IJeaw: dopMmupoBaHue
aBTOPCKOW METO/JJMKH YPAaBHOBEIIMBAHUS 6aJaHCUPHOrO CTaHKA-KavyaKu C POTOPHBIM IPOTHBOBECOM U IPOBEpKa ee pabo-
TOCIIOCOGHOCTH B JIAGOPATOPHBIX YCI0BUSAX. Memodsl vccieJloBaHNsI OCHOBAHbI HAa UCIOJIb30BAaHUH MOJIOKEHUH COBPEMEH-
HOU TeOpHH ynpaBJeHHUs], TEOPUH aBTOMATH3UPOBAHHOTO 3JIEKTPONPHUBO/A, TEOPUH ONTHMHU3ALNHY, A TAKXKE METOZ0B UMHU-
TAllMOHHOT'0 MOJIeJIMpOoBaHus. Pe3yibmamul. IlpeasiokeHa aBTOPCKasi METO/MKAa HAX0XJeHHUs ONTHMaJbHOTO ypaBHOBe-
IIMBAaHUs CTaHKa-KayaJKd. OCyIlecTBJIEH TEOPETHUYECKUN pacyeT ONTHMAaJbHOrO YpaBHOBEIIMBAHUSA JJId LieJieBOH HedTe-
Jl06bIBaIOIEN CKBOXKMHBI YHbBUHCKOTO HEQTSHOI'O0 MECTOPOXK/IEHUs, IPOBEJIEHO HATYPHOE MO/JIeJIMPOBAaHKeE JJAHHOTO Npo-
1jecca Ha CrelMasbHO pa3paboTaHHOM Ha 6ase [lepMCKOro HalMOHAJIBHOTO MCC/IE0BATENbCKOrO MOJUTEXHUYECKOTO YHU-
BEpCUTETA UCHBITAaTEJbHOM CTeH/e. B pe3y/ibTaTe NpoBepKH paboTOCNIOCOGHOCTH pa3paboOTaHHON MeTOAMKH Ha HCIbITA-
TeJIbHOM CTeH/le 3apHUKCUPOBAHO CHI)KEHHE CpeJHEeKBaZpaTUYHOI0 3HaYeHHUs KpyTsuero MoMeHnTta Ha 10,32 % 3a puka
KayaHUA U CHIKEHHUe NOoTpebeHNs aKTUBHOH sHepruu Ha 7,15 %. Bb1800dbL. [IpakTHYecKoe NpUMeHeHHe pa3paboTaHHOTO
aJITOPUTMa MO3BOJIMT JAOCTHYb 3HAUYHUTEJBHOTO CHH)XKEHUS NMOTpebJIieMOi 3JIeKTPO3HEepruy CTaHKOM-Kavyasikod. Pa3pabo-
TaHHBIHA aJITOPUTM MOXKET ObITh peaJM30BaH B KaueCTBe GYHKLHUH MpeoObpa3oBaTe/Ist YaCTOThl MIPUBOJHOTO 3JIEKTPO/ABHUTa-
TeJis LITaHTOBOM CKBaXKWHHOM HACOCHOW YCTaHOBKHU.

KioueBble cjioBa: ynpaBjeHUWE NPHUBOJOM, 3Heprod$pQPeKTUBHOCTb, ONTHMHU3alMsA paboThl CTAHKA-Ka4aJKH, A00bIYa
He(dTH, aCHHXPOHHBIH IBUTATEJIb
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Abstract. Relevance. The need to improve the energy efficiency of oil production wells operation by rod deep installations.
Taking into account the trend of annual growth in the average water content of oil production wells, an increase in the share
of hard-to-recover reserves and a complicated fund, the practical implementation of methods to reduce operating costs is the
most important task of the modern Russian oil industry. In this aspect, intellectualization of control systems, information
processing and monitoring systems allow increasing the energy efficiency of individual elements of the unit, without chang-
ing the technological parameters of the unit as a whole. The electric drive and its control systems and kinematic values of the
pumpjack can be considered as separate elements of optimization. It is difficult to imagine applying of new solutions in the
kinematics of the pump unit that differ from the generally accepted ones. Considering the drive control system, there are lim-
ited opportunities to improve energy efficiency, because of limited speed control range. On the other hand, the parameters of
the rotor counterweight significantly affect the active electric power consumed by the electric drive. Thus, the development
of algorithmic solutions for intelligent control stations of pump units becomes an issue of the day. Aim. To form the author's
methodology for balancing a rocking machine with a rotary counterweight and checking its operability in laboratory condi-
tions. Methods. Research methods are based on the use of the provisions of modern control theory, automated electric drive
theory, optimization theory, and simulation methods. Results. The authors have proposed the method of finding the optimal
balancing of the rocking machine. The authors carried out the theoretical calculation of the optimal balancing for the target
oil well of the Unvinskoe oil field and a full-scale simulation of this process on a test bench specially developed on the basis of
Perm National Research Polytechnic University. As a result of checking the operability of the developed technique, a decrease
in the root mean square torque value by 10.32% per swing cycle and a decrease in active energy consumption by 7.15% were
recorded on the test bench. Conclusion. The practical application of the developed algorithm will allow achieving a significant
reduction in the power consumption of the rocking machine. The developed algorithm can be implemented as a function of a
frequency converter of a drive electric motor of a rod borehole pumping unit.
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BBejeHue (eKTUBHOCTH TIpoliecca. B cBsA3M ¢ qUHAMUYHBIM pas-
Ha ceropmsmmnii neHb N0 pe3ynbTaTaM aHaIW3a BUTHEM MHKPOIIPOLECCOPHBIX CHUCTEM YIPaBICHHS
9KCIUTYyaTalluOHHOTO ¢donma CKBa)XKUH OOO  aneKkTponmpHBOJOM U MNPeoOpa3oBaTEIbHON TEXHHUKH

«JIYKOWJI-TIEPMb» (aktuBbl Ha Tepputopuu ITepm-
ckoro kpas) 65,9 % HedTenoOBIBAIONIMX CKBAKUH
9KCIUTYaTHPYIOTCS ~ IITAHTOBBIMH  CKBaKHHHBIMH
HAaCOCHBIMHU yCcTaHOBKamH, a 31,3 % ckBaxkuH — ycra-
HOBKaMH 3JICKTPOIICHTPOOCKHBIX HACOCOB.

BmecTe ¢ MIMPOKHAM pacHpOCTPAHEHHEM JaHHOTO
criocoba J00BIMH OCTPO CTOUT BOMpoc 00 dHEprosd-

Bce Oomblliee BHUMAaHHE YJIENSAETCS BOIMPOCAM 3HEp-
ro’p(eKTUBHOCTH HICKTPOIPHUBOJA, B TOM YHCIE
AJIEKTPOTIPHBO/IA B COCTABE INTAHTOBON CKBaXMHHOMH
HacocHor yctanoBku (IIICHY) [1-4]. B mHacrosimee
BpEeMsl aKTyaJbHBIMHM CTaJM BONPOCH ONTHMH3ALUU
PSKUMOB pabOTBI M HACTPOMKH CHCTEM YIIPABIICHUS
AIIEKTPOTIPHBOIOM OTAEIHHOTO 0AaJaHCHPHOTO CTaHKa-
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kayanku (CK). IIpu TakoM moaxoje CKOpOCTb OTKauKH
HE(TSHON XMIKOCTH CTAparoTCsi HE MEHATh, a YHEpre-
THYeckast 3((EKTHBHOCTh JOCTUTACTCS HACTPOHKON
KOHTYPOB CHUCTEM YTPABJICHUS AIIEKTPONIPUBOAOM [5, 6],
a TaKXKe BHYTPHULMKIOBBIM pPEarupoBaHUEM CKOPOCTH
[7] st cHYDKEHUS! Harpy30K Ha MOJMPOBAHHOM IIITOKE U
B 3JIeMEHTax d4eTeIpex3BeHHoro mexanmsma CK [8, 9].
OntumansHoe ypaBHoBemBanue CK sBisieTcs ogHuM
13 BO3MOXHBIX CIOCOOOB IOBHIIIEHUS (P eKTHBHOCTH
paboOTHl YCTAHOBKH 33 CUCT CHMDKEHHS LUKIOBOTO IIO-
TpeONieHHs1 SNEKTPOIHEPrur. B MpOMBINUIEHHOHN Mpak-
THKE, KaK IPaBUIIO, MPOLECCY YpPABHOBEIIUBAHUS HE
YIEISIOT TOJDKHOTO BHUMaHMA. CymIecTBYeT psii METO-
JoB obecrniedeHus ypaBHosemuBaHusi CK ¢ menpto mo-
BBIIICHHUS JHEPreTHYecKoi 3()h(EKTUBHOCTH pabOTHI
yCcTaHOBKU. Takume METObI TIO3BOJIAIOT OCTHIb CHIDKE-
HUSI yIETBHOTO 3JIEKTPOIOTpeOIeHHe B cpeaHeM Ha 4—
21 % [10]. bonbias yacTh TAKUX METOJIOB COTPSKEHA C
aHaJIM30M BaTTMETPrpaMM H NpoQHiel TOKa, KOTOPHI
HEe (POPMYIUPYET YETKOTO KPUTEPUSI TSI MUHUMH3AIHN
LeNneBO (hYHKIMU SHEPromoTpeOeHus 3a LUK Kada-
Hus [11, 12]. B ganHo# pabote mpeiaraercs copmy-
JHUPOBATh METOIUKY YPaBHOBEIIMBAHUS OaJaHCHPHOTO
CK ¢ poTopHBIMU NPOTUBOBECAMH, 0OECIIEUUBAIOIIYIO
MHUHHAMM3AIMIO IIENEBOH (DYHKITHMH SHEPronoTpeOIeHNSI.

06 beKTbI U METOJMKA HCC/IeJOBaHMUS

Jis onTHMU3AIMK 3JICKTPONOTPEOICHUS ITIEKTPO-
npuBoja CK menecoo0pa3HO OrpaHHYUTBCS PAcCMOT-
peHueM oJHOro nukia kayaHus. [Ipum 3ToM akTUBHas
sHeprust W, motpebiisiemast U3 CeTH 3a IUKJ KavaHus,
MOJKET OBbITh ompezesneHa mo gopmyie (1):

j il T.(0)(0) 4
s 1(0)

rae 6 — yroa xkpuBommmna, pam; Ty (6) — Harpy304HbIH

MOMEHT Ha Bany jasurareins, Hv; w(0) — yriosas cko-

pocts poropa, paz/c; (6) — KIIJ{ aBuratens, o. e.
KoaddurpieHT none3Horo IeHCTBHS IBUTATEINS 3a-

0, @)

, The Pruom — HOMHUHAIB-

2HOM
Hast MOIHOCTh, BT; P, — MexaHudyeckass MOIIIHOCTh Ha
Bany, BT, KOTOpast 3aBUT OT CKOPOCTH Baja BIEKTPO-
JBUTATEIsl ¥ HATPYy304HOr0 MOMEHTA, KOTOPBIA ompe-
nensieTcs Kak (2):

T.(0)=T, +TGT(9), )
rje | — mepenaTovHoe YUCIIO JBYXCTYIIEHYATOr0 PEAyKTO-
pa; T,, —MOMeHT XoJocToro xozaa pemykropa, Hm; Tg(0) —
MOMEHT Ha BBIXOIHOM Bally PEAYKTOpa OT ICHCTBHSI TaH-
reHmasbpHoro yeunmust F(0) Ha mansiie kpusommmna, H.
[MpuBoanoit nmeurarenp CK wucmbITEIBacT Ha cebe
3HAYHTENBHBIC 3HAKOIIEPEMEHHbIE HArpy3kud. B aTmx
yenoBusix onenka KITJ[ 3arpynHeHa BBUAY Xapakrepa

Harpy304Horo MomeHTta. [lonaras yto cpeaHee 3Haue-
Hue KIIJl 1o u nocne ypaBHOBEUIMBAHUS U3MEHSAETCS
HECYIIECTBEHHBIM 00pa3oM, a BIIOCJICJCTBHU JaHHAs
BEJIMYMHA MOXET OBITh YTOYHEHA CPEJACTBAMHU MMHTA-
LMOHHOTO MOJICJIMPOBAHUS, a TAKXKE MPH JOMYIIEHUH O
TOM, YTO YTJIOBasi CKOPOCTH DIJIEKTPOJBHUTATENSI MEHS-
€TCsl HEe3HAYMTEIHHO, YHEPTronoTpeOIeHne YCTaHOBKH
Oyzer ompeaensaTcs NpoQuieM Harpy304HOro MOMeEH-
Tta. C y4eToM BBEJIEHHBIX JOMYyIIEHUH MUHUMYM aK-
THBHOW MOIIHOCTH, MOTPEOIAEMONW M3 CETH 3a IHKI
KaueHwusl, 00eCcrieynBaeTcs MUHIUMHU3ALKMEH clenyrole-
T'0 KPUTEPHUSL:

J (TMAX) = (TL (‘9) +TMAX Sin(‘g))z- 3)

rae Tmax — MakCUMAaJbHBIA MOMEHT POTOPHOTO IIPO-
THBOBeca, Hm.

Ontummu3anusi ¢ BRIOPAHHBIM KPUTEPHEM MPEATIO-
JaraeT HaxOoXKJIEHHE ONTUMAIBHOTO MOMEHTa OT PO-
TOPHOTO TIPOTHBOBeCa. MeToIuKa MPEIIOKEHHOTO
ONTUMAJBHOTO YPAaBHOBEIIMBAHUS 3aKIIIOYACTCS B
CIeAyIoEeH alrOPUTMUYECKON MTOCIIEIOBATEIbHOCTH
1) mabiromeHHe 3JIEKTPOMArHUTHOTO MOMEHTA JBHTa-

TeJIS;

2) OIIeHKa YIJIOBOTO MOJI0KEHHS KPUBOIIHUIA ¢
3) mowuck Tyax MOMEHTa POTOPHOTO IIPOTHBOBECA.

VYTI0BOE TONOKEHHE KPUBOIIWIA alpHOpPH HEHU3-
BECTHO BBHY OTCYTCTBHSI JATYMKOB. [Ijis1 HAOIIOACHUSI
JAHHOTO YTJIa MpeAJiaracTcsi OpUrnHaJbHAs METOIHKA,
KOTOpasi 3aKIIF0YACTCS B aHAIN3E JJIEKTPOMATHUTHOTO
MOMEHTa TPUBOJHOTO [BUTATEIs] M €ro COCTaBISIO-
Iieii: a UMEHHO MOMEHTA OT YCHJIHS Ha TIOJMPOBAHHOM
mroke Ti(0). Mouck T\ (0) compspkeH ¢ aHANTH30M KH-
HEMATHKHU CTaHKa KadalKd, a 3HA4UT, TpeOyeT 3HaHUS
OCHOBHBIX KHHeMaTH4YecKux cootHomeHnd CK.

Hns mpuMepa paccMOTPUM KHHEMAaTHYECKYHO CXe-
My 6anancupnoro CK (CK 8-3,5-4000) kak veTsipex-
3BEHHOTO MEXaHU3Ma, KOTOPBIA COCTOMT W3 MPUBOJHO-
TO IBHUTaTeNsI, pEMEHHOH mepenadu, peayKTopa u KpH-
BOILUITHOTO MEXaHHW3Ma. YMPOIICHHAS KHHEMaTH4e-
CKas cXeMa yCTaHOBKH U €€ MapaMeTpPhl IPEICTaBICHBI
Ha puc. 1 u B Ta0MHUIIe, COOTBETCTBEHHO.

HeobOxoauMele it pacyera 4eTHIPEX3BEHHOTO Me-
xanuzmMa CK BenMuYMHBI MOTYT OBITh IMOJYYCHBI W3
ypaBuenuii (4)—(11), B KOTOpble BXOIST KHHEMaTHYe-
CKH€ MapaMeTpbl CTaHKa (puc. 2).

a=0—0+pB+ vy, 4)
T |

_ L 5
°=3 arctan ] ®)
_Je=¢& sin(6-¢)20 ©)
T e+ sin(0-9)<0

C?+B2-J?

— L +b -J 7

B = acos( B ) (7

176



H3BecTuss TOMCKOro NOJUTEXHUIECKOTO YHUBepcuTeTa. UHXXKMHUPHHT TeopecypcoB. 2025. T. 336. Ne 5. C. 174-182
Cosoakuii EMM. v ap. Pazpa6oTka MeTOIUKY YpaBHOBEIIMBAHUS 6aIaHCUPHOTO CTAHKA-KA4YaJIK{ C POTOPHBIMH ...

Ta6auya.
Table.

Ilapamempol cmanka kavaaku CK 8 3,5-4000
Parameters of the rocking machine SK 8 3,5-4000

0603Haye-
HUe
Designation

[TapameTp
Parameter

Bennuuna/
PaszmepHoCTb
Value/Dimension

JlJIMHa X0/1a MOJIMPOBAHHOTO IITOKA

Stroke length of the polished rod b

1M/m

JlivHa maTyHa

Connecting rod length B

3M/m

Jl/IMHa nepeiHero nedya 6ajaHcupa
Length of the front shoulder of the A
balancer

3,5M/m

Jl/IMHa 3aAiHero Ieva 6ajaHcupa
Length of the rear arm C
of the balancer

2,5M/m

HauGospmnii pajuyc KpUBoIIKIA
Largest crank radius

0,74 Mm/m

PaccTosiHue MeX/ly 0CbIO ONOpPEI
GaJlaHCHpPa 1 OCbI0 BEJJOMOTO BaJsa
peAyKTOpa 110 TOPU30HTAIH
Horizontal distance between the axis
of the balancer support and the axis
of the driven shaft of the gearbox

L

2,195 M/m

PaccTosiHue MeXAY 0CbI0 OTOPbI
6aJlaHCHpPa 1 OCbIO BeJOMOT0 Basia
peAyKTOpa 10 BEpTHUKAJIH

Vertical distance between the axis of
the balancer support and the axis of
the driven shaft of the gearbox

I

3M/m

MaxkcuMalbHBI MOMEHT
pPOTOpHOrO0 NIPOTHUBOBECA
Maximum torque

of the rotary counterweight

Mew

36 kHm/kNm

KoHcTpyKTHBHast
HeypaBHOBEILIEHHOCTh
Constructive imbalance

Feu

2350 kr/kg

[lepenaTodHoe YHCIO
peMéHHOM nepejayu i1
Belt drive ratio

5,3 OTH. eJ.
relative units

[lepenaTodHOe YUC/IO peyKTOpA
Gear ratio of the gearbox

37,18 oTH. en.
relative units

C
i B : Y
B\ K /9
I, ]
[
o
v 0~
R
Iy
— 777
Puc. 1.

Fig. 1.

YnpoweHnHas kuHemMamuveckast cxemMa CMaHKa-KavaaKu
Simplified kinematic scheme of the rocking machine

= acos(M), (8)
2CJ
K*+J?-R®
= _—), 9
& = acos( K] ) 9)
J=./K?+R?—2KRcos(0—¢) . (10)
K=L’+L,*, (11)

rac (p, K — KHHEMATHYCCKHEC KOHCTAHTHI, Hpe}lCTaB—
JICHHBIE Ha YNpOIIeHHOU cxeme (puc. 1); a, B, v, ¢, &,
J — KHMHeMaTW4ecKue TepeMeHHbIe, MPeACTaBICHHBIC
Ha ynporierHoi cxeme (puc. 1); R, C, B, Iy, |, — mapa-
MeTpbl CK, ucrons3yemble B BRIYUCICHUSIX (Tabnuia);
6 — yron mojiokeHHs KpHBOIIMIA, paa. Pacyer yrio-
BBIX TIEPEMEHHBIX 1 KOHCTAHT MPOU3BOJUTCS B paaua-
Hax, HepeMeHHI)IX 1 KOHCTAHT paCCTOHHI/Iﬁ —B MeTan.

MoOMeHT Ha BBIXOJHOM Bally PEIyKTOpa, B CBOIO
ouepeib, OTpenelsieTcs CleIyInM BeipakeHneM (12):

Te =T +T,+T,, (12)

rae T, — KpyTSsImuid MOMEHT, 00yCIOBICHHBIN CHIIOH,
MIPUJIOKEHHOW B TOYKE MOJBECAa KOJOHHBI IITAHT, Hwm;
Tew — MoMenT mpotuBoBeca, Hm; Te,=TuRsin(é); Ty —
MaKCHMAaJIbHBI MOMEHT mpoTuBoBeca, Hm; Ty — cyMm-
MapHBI MOMEHT mHepuuw, HMm, mpuHuMas Bo BHUMa-
HHUE, YTO CKOPOCTh BpAIICHUS IBUTATENs] U3MEHSAETCS
He3HayuTeapHo T35=0.

Benuuuna T, onpenensercs yCUJIMeM B TOUYKE MO-
Beca KoJOHHBI mrTaHr F; (13), KOHCTPYKTHBHOH He-
ypaBHOBeIeHHOCThI0 Fey, kuHemaTukoii CK u kuHe-
MaTuueckoii nepemennoit K(6)(14):

Tx = k(e)(Fx - Fcu ) (13)
k(g) = ZASINUO) (14)
C sinB(o)

Tak kak B TPOMBICIOBBIX YCIOBHUAX MOMEHT
Harpy3Kd Ha BaJIy JBUTATENS HE MOXKET OBITH ornpeje-
JIEH IyTeM TPSMOTO M3MEPEHHUS, €r0 OlEHKa MPOU3BO-
JIUTHCSI C TOMOIIBIO HAOMIOIATENs DIEKTPOMArHUTHOTO
MomeHTa [13—16], ocHOBaHHOTO Ha CTAaTOPHOW 3JEK-
TpoMarHuTHOW Mozenu asurarens (15) (puc. 2).

dl//Sazusa_l R

dt Sa''s?
d‘//S/;
pm =Ug, — IR

3
Te:_zp(‘//SaISﬂ_‘//Sﬂlsa): (15)

2

TIe s, Ysp — MOTOKOCHemnIeHus craropa AJl, B6; lg,,
Isg — crartopusle TokH, A; Us,, Usg — cTaTopHBIE
Hamnpspkenus, B; Rs — akTUBHOE COMpPOTHUBICHHE 00-
MOTKH ctaTopa, OMm; (ans ABuratens, B JalbHeHIemM
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HCIIOJIB3yEeMOT0 Ha UCTBITaTeIbHOM cTeHae [lepmckuit
HAlMOHAJILHBIM  HMCCJICAOBATCILCKUN  ITOJUTCXHHUYE-
ckuii yauBepcutet, coctasiser 0,305 Om); T — amek-
TPOMarHMTHBIA MoMeHT, HM; Z, — 9ncito map momocos.

Jna oueHku kaudecTBa pabOThl HAGIIOAATENsT MO-
MEHTa 3aJ1aBalloch CTyIICHYaToe BO3JeiicTBHE (B BHIE
Harpy3KH Ha JIBUTaTeNb), paBHOE 5 % OT HOMUHAIBHON
BEIMYMHBL. V3MepeHHe MPOBOIMIOCH Ha JIabopaTop-
HOM YCTaHOBKE, ONHCaHUE KOTOPOH TpeACTaBICHO
Hrke. [Ipoduis HaOMI0IaEMOTO M U3MEPEHHOTO ¢ T0-
MOIIBIO TATYMKa MOMEHTA MPECTaBlIeH Ha puc. 2. Tak
KaK JaHHBIH HaOI0JaTeNh YyBCTBUTEIICH K H3MCEHE-
HUIO ¥ TOYHOCTHU 33JIaHUS MapamMeTpOB CTATOPHOM Iie-
MU, TO Pe3yJbTaT MOXET OBbITh 3alIyMIIECHHBIM, HIJIS
TOTO YTOOBI HUBEJIMPOBATh JAHHOE SIBJICHUE, OBLT HC-
MOJIb30BaH (DMIIBTP HU3KHX YacTOT 3-TO MOPSJIKA C Ya-
crortoii cpe3a 30 ['m.

Tak kak 3ajaya OIIEHKH KPYTSIIEr0 MOMEHTa Ha
tTouke mojBeca konmoHHbI mrtaHr (TTIKII) u MoMmeHTa,
CO37]aBa€MOT0 POTOPHBIM TPOTHBOBECOM, CBOAMTCS K

OILICHKE YTIIOBOTO TIOJIOKCHHS 6, HEOOXOIUMO TaKKe
3HaHHUC yFJ'IOBOﬁ YaCcTOThI BpalllCHUs BBIBOAHOTO BaJia
peoyKTOpa @ W YIIIOBOI'O PACCOITIACOBAHUS MEKIY
OLICHKOM KPYTSNIEr0 MOMEHTa U (DaKTUYECKUM MOJI0-
JKEHHEM POTOPHOTO MPOTUBOBeca J. MToroBas omeHka
MOJET OBITh HaiiieHa Kak (16):

O=wt+0. (16)

OrneHka yrIIOBOW 4YacTOTHI BPAIICHHUS BBIXOHOTO
BaJia peAYKTOpa IMPOU3BOIUTCS IIPH ITOMOIIH OBICTPOTO
npeobpazoBanus Dypbe U BbIJEIEHUS] OCHOBHON rap-
MOHUK{ aMIUTUTYAHOW YaCTOTHOW XapaKTEPUCTHUKH.
BwMmecTe ¢ TeM OICHKa YIIOBOTO paccorIacOBaHUS MO-
JKeT OBITh MOJy4YeHAa HCXOAS M3 3aKOHOMEPHOCTH O
oM, uTo K(0) 1 T) HUMEIOT CXOXKHUil XapaKTep u mepece-
KalOT HyJb NPH PAaBHBIX 3HAYCHUSX YIJIOBBIX ITOJIOXKE-
Huil. TakuM 00pa3oM, alTOPUTM UTEPATUBHOTO MMOUCKA
YIJIOBOTO PacCOTJIACOBAHUS MOXET OBITh MPEICTaBICH
ciemxyromeM oopasom (puc. 3).

~—— Hatogaemm
—— Vamepennsh
Halinogaemsii MOMEHT nOCAe GnLTDaLMH

Bpews [c]

o/b

Puc. 2. CmpykmypHasi cxema Habawdameas 3/1eKMpOMAZHUMHO20 MOMeHma (a) u npoduab Hab6aAdaeMo20 Kpymsuezo
MmomeHma (6) (cuHull), peanvbHulli MOMeHM, U3MEpeHHbIll ¢ noMowblo damuuka MomeHma (kKpacHblil), u
Ha6.1100aeMblil MoMeHmM, 06pabomaHHbIl GuIbMpoM HU3KUX Yacmom (3eseHblll)

Fig. 2.

Block diagram of the electromagnetic torque observer (a) and the profile of the observed torque (b) (blue), the actual

torque measured using a torque sensor (red) and the filtered observed torque (green)

Hazamo

C6op rabmoaaeMoro
371eKTP OMATHHTHOTO MOMeHTa T

(]

Ompe e nerre neprota 7, ¢
novmomsio BIID
]

‘ BriGop mapaMeTpa d ‘ \,

* BhIBO I KOPPEKTHOTO &

‘ Pacuer =0t + & ‘

: |

Pacuer yCHIHA F3(8) H
nonoxerna TITKII X, ()

Pacuet k(0) 1 Ty(0), mo
KHHeMaTHIecKoi Mogem CK

VT710BOE pacc OracoBaHHe
k(6) 1 To(0) mpu
TiepeceteHIIX HyIa > 0

:

Puc.3. Asneopumm noucka y2/108020 pacco-

2/1aco8aHusl Ha6a100aemMo20 MOMEH-

‘ ma u peasnbHO20 NONOHCEHUS] pOmop-
HOo20 npomusoseca

Fig. 3. Algorithm for searching for the angu-

lar mismatch of the observed moment
and the actual position of the rotary
counterweight
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TK

Ethernet,
Modbus TCP/IP

Ethernet,
Modbus TCP/IP

4111 2
Al ] A
Jc
ala
Puc. 4.
6) eHewHUT 8UOQ UChbIMAMeAbHO20 cmeHda
Fig. 4.

appearance

Pe3yJibTaThl 3KCIEpUMEHTA
Jus ouenkn 3pPEeKTHBHOCTH TPEJIOKEHHOTO Me-

Tosa ObLT pa3paboTaH JabOpaTOPHBIN UCIBITATEILHBIN

creHn (puc. 4), KOTOpHIN BKIFOYAET B ceOsl aCHHXPOH-

HbIE JABUTATENIM C COCIUHEHHBIMH BaJaMu U Ipeodpa-

30BaTEIH YaCTOTHI:

e AJIl — acunxponHbIil nBurarens Ne 1, uMuTUpyto-
Myt QyHKIMIO IPUBOJA;

e AJ12 — acunxpoHHBIN ABUTaTedh Ne 2, UMUTHPYIO-
i (GYHKIUIO HATPY3KH;

e UII1 — yacTOoTHBI{ mHpeoOpa3zoBaTelb, YIPaBIAIO-
mwmii AJ[1, Takke COAepPKUT HAONIONATeNh 3JIeK-
TPOMAarHUTHOI'O MOMEHTA;

e UII2 — yacTHsIi npeobpa3osartens asurarens AJl2,
BBIITONHSIET (DYHKIUIO YIPaBICHUS 3IIEKTpOMAr-
HUTHBIM MOMEHTOM HOCPEACTBOM BEKTOPHOTO
npuHumMna ynpasiaenus [17-19];

e 'K — rmaBHBIH KOHTPOJUIEP, OCYIIECTBISET (yHK-
LMY BBIYMCIIEHUS HAarpy304YHOI'O MOMEHTa AJIS CH-
crembl [TH2-AJI2 o ku"Hematuuyeckon moaenu CK,
OUHAMOTpaMMe, a TaKXe YIJIIOBOMY ITOJIOXKEHHIO,
nomyuennomy c¢ YII2. [MTomumo storo, I'K ocy-
IIECTBIISIET cOOp TEXHUYECKHX IapaMeTpoB paOOThI
cuctemsr UIT1-A/11;

e JIC — naT4uK CKOPOCTH PHKOJEPHOTrO THUIIA.

4000

Younwme [kI]

3000

N _\_7 /\

Nonoxerue TAKLW [m]

ala

A

o/b

PaspabomanHbill 1a60pamopHblil ucnbimamebHbull cmeHd: ) cmpykmypHasi cxemd noayHamypHoil modeau LICHY;

Developed laboratory test bench: a) block diagram of the semi-natural model of the sucker rod pump unit; b) test bench

B paspaboTanHOM CTEHIE HCHOIB30BAIKCEH MPeodpa-
30BaTenn 4acTtoTsl npousBonacTBa «HII® Mexarponuka-
[Tpo», r. Tomck. JlaHHBIE YacTOTHBIE MpeoOpa3zoBaTENn
HUMEIOT OTKPBITYIO MPOTPaMMHYIO apXHTEKTYPY U TO3BO-
JISIFOT MCTOJIL30BaTh aJlTOPUTMBI COOCTBEHHOM pa3paboT-
KU JUIs1 YIPaBJIeHUs 3J1EKTPOIIPUBOIOM C IIOMOLIBIO IIPO-
rpammHoii cpenp MexBIOS Development Studio [20].

st MozmenupoBaHus yCWINs Ha MOJIMPOBAHHOM LITO-
Ke ObLiIa UCTIONB30BaHa TMHAMOTpaMMa CKBaKUHBI Ne 250
HedTsiHOrO MecTopokaeHus: «YHbBa» B IlepMckoM Kkpae.
[pu 5TOM CTOUT NPHUHATH BO BHUMAHHE, YTO CKB)KUHA, Ha
KOTOpO# ObLTa TMOTydeHa JaHHas JUHAMOTpaMMa, He HC-
MIBITBIBAET KAKUX-TTMOO SKCILUTYyaTAIIMOHHBIX OCIIOKHEHHUI
1 paboTaeT B HOMUHAITLHOM pexume (puc. 5).

OneHka 3JeKTPOMarHUTHOTO MOMEHTA, MOJTyYeHHas
¢ UIll, nepenana na I'K, B koTOpoM OBUI peann3oBaH
aITOPUTM BOCCTaHOBJICHHS HArpy30YHBIX MEPEMEHHBIX
CK, a Taxxe pacyeT ONTUMAIGHOTO YPaBHOBEIINBAHUS
myTeM noucka Tmax (3). Takum obpa3om ObLia moyde-
Ha PEKOMEHJAIUS O CHW)KEHHMH MOMEHTa POTOPHOTO
npotuBoBeca ¢ 36 10 32.6 kH-m. [locne ycraHoBKHM HO-
BOr0 3HaueHHs ObUIO MPOBEIEHO MMOBTOPHOE PEryIMpo-
BaHME U 3aMep MOTPeOJICHHOM aKTUBHOM >HEpPruu 3a
paBHbIE NMPOMEKYTKH BPEMEHU IPU PaBHBIX CKOPOCTSIX
ka4yanus 1 Harpyske Ha TITKII (puc. 5).

e [10 ONTMA

Yrnosoe nonoxenue [paal

o/b

Puc. 5. /JuHnamozpamma pabombsl paccmampusaemoli Hepmedobbigaroujell CK8AMCUHLI (A) U pe3y/bmam onmumu3ayuu ¢

nomoujbro cumnekc memoda (6)

Fig. 5. Dynamogram of the operation of the oil well in question (a) and the result of optimization using the simplex method (b)
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ITocne omTuMm3a HaOJIOAETCS HEPABEHCTBO
MUKOB HAarpy3kd IpPU TMOABEME U CIYCKE KOJOHHBI
mTaHr. BBuay TOro, 4TO 1ENbI0 ONTUMHU3AINH SIBISICT-
Cs TIONCK MUHAMYMa CpPEIHEKBaJIpPaTHIHOTO MOMEHTA
Ha JBUTATEIC 3a LMK KavyaHHUs, OOCCICYHBACTCS U
MHUHUMYM MOTPEOJICHHsI aKTHBHOW MOIIIHOCTH W3 CETH.
IIpenmMeToM nanbHEHIIUX MCCIEIOBAHUI MOMKET SB-
JIATHCSI YCOBEPIIEHCTBOBAHHE METO/a ONTHMHU3ALUU C
Y4E€TOM KOHTpPOJI 30HBI OTPHILATENILHOTO MOMEHTA.
OnHako ciemyer OTMETUTh, YTO B PacCMOTPEHHOM
cllydae 30Ha OTPHUIATEIBHOTO MOMEHTA Ha Baly dJIEK-
TPOABHUraTEINsl CHU3WIACH 110 JUTUTETHHOCTH U TIIyOHHE.

B pesynbTare 3aMepoB OBUIO BBISCHEHO, UTO BMECTE
CO CHIKCHHEM CPEIAHEKBAJAPATUYHOIO 3HAUCHHs KpY-
Tsmero MoMenta Ha 10,32 % 3a nuKaI KavaHds OblIa
CHIDKCHA ¥ ITOTpeOJICHHAs aKTHBHAs SHeprus Ha 7,15 %.
Crout OTMETUTH, YTO JAHHBIC TIOKAa3aTeau OyIyT 3aBH-
CeTh OT HAYaJIbHBIX YCIOBUH PabOThl YCTAHOBKH.

3aki4yeHue

B pabote paccMOTpeH METO/I ONTUMAIEHOTO YPaBHO-
BEIIMBaHUS C TIOMOIIBIO OreHKHU nepemenHbix [HICHY u
pa3paboTaH KpHUTEpH ONTUMAIBLHOTO YpaBHOBELIMBA-
Hus. Harpy3ouHslit MOMEHT Ha Bajly ABUTrartess, HE0OXo-
MBI Ju1st pacdeta niepeMeHHBIX [TICHY ObuT oneHéH
MIpY TIOMOILM HAOIIOATeNs] MOMEHTa, OCHOBAaHHOTO Ha
CTaTOpPHOM Mojienu ABuratesis. Takke Il TOATBEpIKIe-
HUS pe3yJIbTaroB ObLIO TPOW3BEICHO WMHUTAITHOHHOE

CITMCOK JIMTEPATYPbI

MOJIETIMPOBAHUE CHUCTEMBI SJIEKTPONPUBOJAA YCTAHOBKH.
[Ipenyio>keHHbI aNrOpPUTM TO3BOJIMI JIOCTHYbL 3HAYM-
TENTBHOTO CHIDKCHUSI TIOTPEOICHHON SIICKTPOIHEPTHH, a
TaKKe CHU3UTH OTPHIATEIBHBIC HArPY3KH HA PEIYKTOP,
YTO TIO3BOJIUT COXPaHHUTH €ro pecypc. PazpabGoraHHBIH
ITOPUTM MOXKET OBITH BBIIOJIHEH B KAauecTBE (DYHKIIHH
npeoOpa3oBaTes YacTOThl HPHBOJHOTO AIICKTPOIBUTA-
tenst LLICHY. OueBuano, pekoMeHAaMH 00 N3MEHEHUH
MaKCHMAaJIbHOTO MOMEHTa POTOPHOTO MPOTHBOBECA MO-
T'yT OBITH WCIOJH30BAaHBI B IPOLIECCE HANAIKH WM TIPU
MOJICPHU3AILINH YCTAHOBKH.

JlaHHBIE MOJIYHATYPHOTO MOJICIMPOBAHHUS MTOKA3AIN
CYIIECTBEHHOE CHIDKEHHE dHepro3arpar (6omee 10 %)
MIpY HEU3MEHHOM PEeXHME SKCIUTyaTallud CKBA)KHUHBI.
CHIKEHHE yJIeNbHOTO SHEPronoTpeOIeHUs] Ha TOHHY
JOOBITON HEPTSIHOM >KUIKOCTH MPH HEHM3MEHHOMW CKO-
POCTH OTKa4KH C WCHOJB30BAaHUEM IPEITOKCHHON
METOJUKH ONTHUMAJIbHOTO YpaBHOBEUIMBAHUSA 3aBHCUT
oT Tekymie cOamancupoBanHoctH CK w ero Twma.
BnusHME M3MEHEHHs MapaMeTpoB POTOPHOTO IMPOTH-
BOBECa MO MPEIJIOKEHHOW METOJMKE Ha JHEProIno-
TpeOJIeHUEe MPUBOJHOTO IEKTPOIBUTATENS 3aBUCUT OT
psana dakropos, Takux kak tun CK, ero HadambHOe
ypaBHOBEIIUBAaHKUE, XapakTep HAarpy3kd Ha TMOJUPO-
BaHHOM INTOKE, M MOXKET OBITh IOJYYEHO 10 Pe3yibTa-
TaM 3aMepa MOMEHTOTPaMMBI U YHCIEHHOTO MOICIIH-
pOBaHUSL.
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