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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. The article examines methods for improving the efficiency of pumped
oil production using low-power equipment—pendulum-type sucker-rod pumping
units used in the mechanized operation of mature and low-rate oil fields. These
units are characterized by high reliability, simplicity of operation and repair, and
effective performance in high-viscosity oil production and increased water cut.
Changes in the hydrodynamic and technological characteristics of wells at different
stages of operation require adaptive control of the pumping equipment. The aim of
the study is to develop and investigate an automatic control system that coordinates
reservoir inflow with pumping unit capacity and ensures an energy-optimal well
operating regime. The controlled object is a single well equipped with a pendulum-
type sucker-rod pumping unit. The paper proposes a mathematical description of
downhole fluid-level dynamics, taking into account the relationship between the
dynamic fluid level, the position of the oil-water interface, and pump capacity. Two
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variants of the control-system structure are considered, corresponding to early and
late stages of well operation that differ in the degree of produced water cut. For wells
at the early stage, a single-loop stabilizing control system with a proportional (gain)
controller is synthesized; static accuracy is provided by the integrating properties
of the well as the control object. For wells at the late stage, a two-loop control
structure is developed, based on regulating the dynamic level and maintaining a
minimum allowable “safety oil layer” that prevents water from entering the pump,
thus limiting premature water breakthrough into the intake. The effectiveness of
the proposed algorithms is confirmed by Simulink simulations. It is shown that
the developed automatic control system provides stable operation of the pumping
equipment under varying inflow conditions, reduces energy consumption, and
increases the efficiency of operating low-rate and high-water-cut wells, confirming
its practical applicability in oilfield production.

Keywords: oil production, sucker rod pumping units, well water cut, pump
performance, wellbore fluid, oilfield
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AHHoOTanmus. Makanajga MYHaWJpl COPANTHIK OMICIIEH OHIIPY THIMILUIITIH
apTTBIPYIBIH TOCUIAEPI a3 KyaTThl KaOIBIKTBI - JKETUITEH JXKoHE a3 JeOuTTi
MYHall KeH OpBIHAAPBIH MEXaHWKATAHABIPbUIFAH MaiianaHy Ke3iHJae KeHIHEeH
KOJIZIAHBIIATBIH MASATHUKTI THITI MITAHTATbl YHFBIMAIBIK COPAI KOHIBIPFbLIAPBIH
naianany apKblbl KApacThIPbUIA bl BYJT KOHABIPFBLUIAP KOFAPHI CEHIMILTITIMEH,
naiananynbiH, KOHICYIIH KapanmalbIMIbUTBIFBIMEH, TYTKBIPIBIFBI KOFaphI
MYHaW bl OH]IPY )KOHE OHIMHIH CYJIaHYbI apTKaH JKaFIainapia THIM I )KYMBIC iCTey
MYMKiHAiriMeH cuniartaiaibl. COHBIMEH KaTap, YHFbIMaIap bl SPTYpJIi naiiranany
Ke3EHICPIH/CTI THAPOIMHAMHUKAIIBIK JKOHE TEXHOJOTHSUIBIK CHUIATTaMalapbIHbIH
e3repyi copar KaOJBIFBIHBIH JKYMBIC PEXHMIEPiH OacKapyablH Oeifimmenrimt
o/iCTepiH KOMJaHyAbl Tanan ereni. JKYMBICTBIH MakcaThl — KabaTTaH KelleTiH
CYWBIK aFbIHBIH COpan KOHJBIPFBICHIHBIH OHIMIUIINIMEH YHIECTIipyli >KoHE
YHFBIMaHbBI HEPTHsI TYPFBICBIHAH OHTAMIIBI Maianany peKUMiHE KON JKETKI3yi
KaMTaMachl3 €TETiH MyHai OHJIipy MPOIIECiH aBTOMATThI OacKapy *KYHECiH a3ipiey
XKoHE 3epTTey. backapy OOBEeKTiCi peTiHAe MasTHHKTI THUNTI IITaHTaIbl COparl
KOHJIBIPFBICBIMEH JKA0JIbIKTAIFAH JKEKE YHFBbIMAa KapacThIpbuiaabl. JKymbicTa
JTMHAMHUKAIBIK JICHI e, MYHAH-CY IIeKapachIHBIH OPHAIACYBI YKOHE COpart OHIMILTIr
apachIHJAFbl ©3apa OalIaHBIC €CKEepiJIeTiH, YHFhIMAJaFbl CYHBIK JIEHIeHIepiHiy
JTMHAMHUKAChIHA MaTeMaTHKAJBIK CHIIaTTaMa YCBIHBUTFaH. OHIIpiNIETiH ©HIMHIH
CylaHy Jopexeci OOMBIHINA ePEKIIeICHETIH YHFbIMAIapAbl NaianaHyIslH epTe
JKOHE Kelll Ke3eHJCepiHe COoikec aBTOMATThI 0AacKapy >KYWECiHIH KYPbUIBIMBIHBIH
€Kl HYCKAachl KapacThIpbUIIbL. EpTe Ke3eHJeri YHFbIManap YIIH KyIIeHTKiIn
petrerinr Oap Oip apHAIBI TYPaKTaHIBIPYIIIBI OacKapy KyHeci CHHTe3/1em/1i, MyH/1a
CTaTUKAaJBIK JOIAIK Oackapy OOBEKTiCi peTiHAe YHFBIMAHBIH HHTETrpaIayIIbl
KacHeTTepiMeH KamTamachl3 erineni. Kemr keseHzeri yHFpIManap —YIIiH
JMHAMHUKAIBIK JICHTCiII peTTeyre %oHE CYBIHBIH COpPANKa TYCYiH OONABIPMANTHIH
MYHAH/IbIH €H TOMEHT1 PYKCAT eTITeH «CaKTaHABIPY KaOaThiH» ycTam TypyFra
HeTi3/Ie]reH €Ki apHaibl 0acKapy KYPBUIBIMBI d3ipJieHAl. ¥CHIHBUIFaH Oackapy
anropuT™MIepiHiH THiMaTiri Simulink oprackiHIa KYpri3inreH WMUTAIVSUTBIK
MOJIENIBJIEY HOTIKEIEPIMEH pacTajbl. O3ipIIEHTeH aBTOMATThl 0acKapy Kykeci
copan kaOJbIFBIHBIH TYPAKThI JKYMBICHIH KaMTaMachl3 €TETiHi, YHEPreTHKAIBIK
IIBIFBIH/IAP bl A3aUTATHIHBI JKOHE a3 JICOUTTI opi JKOFAphI CyJaHFaH YHFbIMATAP/IbI
NaiaanaHyIblH THIMIUTITIH apTTRIPAThIHBI KOPCETil, OYJ1 OHBIH MYHall OHIIpY
TOKIPHUOCSCIH/IE KONTAHBUTYBIHBIH MEPCICKTHBATBLTBIFBIH JONICIACH/II.

Tyiiin ce3mep: MyHaii OHIpY, IITAHTATBI COPAI KOH/BIPFBLIAPHI, YHFIMAIAFbI
Cy MeJIIIepi, copamn eHIMILTIT, YHFBI TYOIH/IeTi CYWBIKTBIK, MYHAl K€H OPHBI
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AHHoOTanus. B cTarbe paccMaTpuBaIOTCs METO/IBI TOBBIMIEHHS 3P PEKTHBHOCTH
HACOCHOH J100bIYM HE()TH C HCIOIB30BAHMEM MAJIOMOIIHOTO O0OpYIOBaHUS —
IOTAHTOBBIX CKBA)KMHHBIX HACOCHBIX YCTAHOBOK MASATHUKOBOI'O THIIA, HIMPOKO
MIPUMEHSAEMBIX MPU MEXaHU3UPOBAHHOM SKCIUTyaTalllu 3PEJIbIX U MaJoIeOUTHBIX
HeTSIHBIX ~ MeCTOpOXAcHWHA. JIaHHBIH THI  YCTAaHOBOK  XapaKTEPH3yeTCs
BBICOKOW HaI&XKHOCTBIO, TPOCTOTOM OKCIUTyaTalli W PEMOHTAa, a Takke
BO3MOXHOCTBIO 3(PQEKTHBHONH pabOThl B YCIOBHAX JOOBIYM BBICOKOBSI3KON
He()TU ¥ TOBBINICHHONW OOBOJHEHHOCTH MPOAYKIHMU. BMecTe ¢ TeM H3MCHEHue
TUAPOANHAMUYCCKUX u TEXHOJIOTHYCCKHUX XapaKTCPUCTUK CKBa>XHUH Ha
Ppa3IMYHbIX 3Talax SKCILTyaTalunu Tpe6yeT MIPUMCHCHUSA aAallTUBHBIX MCETOAOB
VIIpaBJICHHUST pPEXKUMaMU pPabOTBI HAacoCHOTO oOopynoBanms. llempto paboOThI
SIBIISIETCSL Pa3padOTKa M WCCIEAOBAaHUE CHCTEMbl aBTOMAaTHUECKOTO YIPaBICHHS
MIPOIECCOM JI00BIYM HEPTH, 0OSCIIEUMBAIOIICH COMTACOBAHUE TIPUTOKA YKHUIKOCTH
W3 IJlacTa C MPOU3BOAUTEIBHOCTHIO HACOCHOW YCTAHOBKU M JOCTH)KCHHE
OHEPIreTUYCCKU OINTHUMAJIbHOI'O PCKHMa SKCIUTyaTallui CKBa>XWHBI. B xauecTBe
00bEKTa yMpaBJICHUS PACCMATPUBACTCS OIMHOYHAS CKBa)XKHWHA, 000OpYyIOBaHHAs
IITAaHTOBOM HACOCHOW YCTaHOBKON MasSTHHUKOBOTO THNA. B pabore mpemtokeHo
MaTeMaTHYeCKoe OMMCaHNe JUHAMUKH YPOBHEH CKBRKHHHOM KUAKOCTH C YIETOM
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B3aMIMOCBSI3M MEXAYy AMHAMUYECKUM YPOBHEM, IOJOKEHHWEM TPaHHIIBI pa3jerna
HeTH W BOABI M TPOM3BOIAUTEIILHOCTHIO Hacoca. PaccMOTpeHBl nBa BapWaHTa
CTPYKTYpPBl CHUCTEMbI aBTOMATHYECKOTO YIIPABICHUS, COOTBETCTBYIOLIUEC PAHHEU
W TO3MHEH CTamusM OJKCIUTyaTallill CKBAKWH, Pa3THYAIONINMCS CTEICHBIO
00BOIHEHHOCTH JTOOBIBAGMOM TpOAYKIMH. JJi1 CKBaXKMH HA pPaHHEH CTaguu
IKCIUTyaTallil CHHTE3WPOBaHA OJHOKAHAIbHAs CTAaOWIM3UpYIOIIas CUCTEMa
YIIPaBJICHUSI C YCWIMTEIbHBIM PETYIATOPOM, NPU KOTOPOM CTaTHUECKasi TOYHOCTh
0o0eCreunBaeTCsl HMHTETPUPYIOIIMMH CBOWCTBAMH CKBKHHBI KaK OOBEKTa
yrpaBienus. [ CKBaXWH Ha TO3MHEW CTaaWd DKCIDIyaTalud pa3paboTaHa
JByXKaHaJIbHAsI CTPYKTYpa CUCTEMBI YIIPaBICHUS, OCHOBAHHAS HA PETYIUPOBAHUU
TUHAMHYECKOTO YPOBHS ¥ MOIEP >KaHNN MHHUMAJIBHO JIOITYCTHMOTO «CTPaXOBOTO
ciosi» He(pTH, IPEJOTBPAIIAIOIIECTO TOCTYIUICHHE BOJIBI B HAacOC. DPPEKTUBHOCTh
MPE/UIOKEHHBIX ~ AITOPUTMOB  YIPABICHHWS  TOATBEpIKIEHA  pe3ylbTaraMu
MMUTAIMOHHOTO MoaennpoBanus B cpene Simulink. Ilokasano, aro pazpaborannas
CUCTeMa aBTOMATHUYECKOTO YIPABJICHUS OOCCICUUBACT YCTOMUMBYIO paboTy
HAacOCHOTO OO0OpYIOBaHUS, CHIDKCHHE DHEPTCTHUCCKUX 3aTpaT ¥ ITOBBITIICHUC
3¢ (EKTUBHOCTH SKCIUTyaTalliy MaJIOJICOUTHBIX U BHICOKOOOBOIHEHHBIX CKBAKHH,
YTO TOATBEPIKIAET MEPCIIEKTUBHOCTh €€ IPUMEHEHWSI B IIPAKTHKE He()TET00BIYH.

KiaroueBbie ciioBa. J[oOblua HE(TH, MITAHTOBbIE CKBOKUHHBIC HACOCHBIC
YCTaHOBKH, 00OBOTHEHHOCTH CKBAYKHHBI, IPOU3BOAUTEIHLHOCTH HACOCA, CKBAYKHHHAS
KUIKOCTh, MECTOPOXKICHNE

Introduction. One of the key challenges facing the oil industry is improving
production efficiency at fields where primary hydrocarbon reserves have been
depleted. In Kazakhstan, as elsewhere globally, discovered reserves of light crude
are being exhausted, while production increasingly relies on oil with high paraffin,
resin, and asphaltene content. From the standpoint of rational natural resource
management, the development of new combined, environmentally safe, and efficient
technologies to enhance reservoir oil recovery can deliver significant material
savings, reduce environmental risks, and improve overall production efficiency. At
many producing hydrocarbon fields worldwide, extraction is approaching its final
stages. Conventional recovery methods that rely on natural reservoir energy typically
allow only about 5-20% of the original oil in place to be produced (Mullakaev
et al., 2017: 1-7; Ghamartale et al., 2019:305-314), leaving a substantial portion
of the resource unrecovered in the reservoir. Therefore, it is essential to develop
technologies that increase oil recovery and enable the secondary use of existing oil
wells (Jeong et al., 2021). Enhancing the performance of innovative oil production
methods is thus one of the most critical tasks in the oil and gas industry.

To improve well productivity and reduce production costs, various methods are
employed, including traditional, technological, and modern innovative approaches:
artificial lift methods (mechanical recovery) (Leontyev et al., 1990), ultrasonic
technologies (Liang et al., 2021: 1066-1076; Chaiworapuek et al., 2021; Ostermeier
et al., 2021; Avvaru et al., 2018:493-507), the application of artificial intelligence
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and digital technologies (Artun,2016; Bakshi et al., 2017; Vershinin et al., 2020 a;
Vershinin et al., 2021 b), enhanced oil recovery (EOR) techniques (Larry, 1989),
and others. These methods help improve efficiency and resilience in the presence
of uncertainties and process variations. One of the approaches for modeling
technological processes under uncertainty is the robust approach (Satybaldina et al.,
2022 a: 4883-4891; Satybaldina et al., 2022 b:3572-3582; Satybaldina et al., 2023
€:6249-6258). In the control of oil production processes, uncertainties arise because
real-world operating conditions often deviate significantly from ideal assumptions:
variations in reservoir parameters (permeability, fluid saturation, pressure, etc.),
fluctuations in fluid properties (oil, water, gas), instability of equipment (pumps,
wells, compressors), and external disturbances (changes in bottomhole pressure,
water breakthroughs, increasing water cut), among others. The robust approach in
oil production process control enables the design of control systems that deliver the
required performance and safety levels despite large uncertainties in the properties
of the medium, processes, and equipment.

It is expected that declining oil production at large fields will primarily result
from falling reservoir pressure and sharp increases in water cut. Increasingly, oil
production will shift away from aging giant reservoirs toward large, medium, and
small fields (Kalyuzhnyy, 2019). In Kazakhstan, most of the growth in oil reserves
comes from hard-to-recover, high-cost reservoirs. At mature fields, an increasing
number of wells will transition into the low-production category (producing small
amounts of fluid), thereby increasing the importance of low-power pumping
equipment — specifically, sucker rod pumping units (SRPUs). Among SRPU
surface drives, the most energy-efficient in terms of power consumption are
beam-type (oscillator) drives (Shangin et al., 2000). Based on these systems, it
is possible to design automatic control systems (ACS) both for individual well
production and for groups of wells. This offers the prospect of virtually eliminating
human involvement in the oil extraction process, optimizing production based
on key criteria and parameters, significantly improving oil production efficiency,
reducing declared power demand and equipment wear, and minimizing downtime.
As a result, the cost per ton of produced oil can be substantially reduced. In this
article, to improve the efficiency and productivity of oil production, we propose the
implementation of artificial lift methods employing beam-type SRPU drives.

Two variants of the ACS structure for a single well are considered: for a well at
the early production stage with low water cut, and for a well at the late production
stage characterized by high water cut. For the second variant, a new oil recovery
model is proposed that allows for more complete utilization of oil reserves while
eliminating water recycling, reducing the metal intensity of the SRPU by shortening
the pump suspension depth, and lowering energy consumption by reducing rod
loads and applying the pendulum operating principle of the surface drive.

The article is organized as follows. Section 2 presents the mathematical
description of the control object for designing the oil production ACS, including
an overview of the technological process and the two proposed ACS structures for
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a single well in early and late production stages. Section 3 discusses the control
algorithms and the selection of regulator structures that meet the necessary ACS
performance requirements for both variants. The effectiveness of the proposed
approach is validated through simulation results of the studied system in Simulink.
Section 4 presents the main conclusions of this article and ideas for future research.

Research materials and methods. Let us consider a local automatic control
system (ACS) for the beam-type sucker rod pumping unit (SRPU) drive (Fig.
1). This control system functions as a stabilization system — when the dynamic
fluid level in the well changes, the pump output is adjusted to match the current
fluid inflow into the wellbore. To achieve an energy-optimal operating mode for
the production unit, it is necessary to maintain an operating regime that aligns the
reservoir fluid inflow (at a given pressure differential) with the pump’s capacity
(Shangin et al., 2000; Ganeev, 2004).

]
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Figure 1 - Structural diagram of the automatic control system (ACS) for regulating the technological
mode of a beam-type sucker rod pumping unit (SRPU).

Here, Hy, - is the setpoint (calculated) dynamic fluid level in the well, £ - is

the control error, U _is the control signal from the regulator (controller), M - is the
torque on the motor shaft, @ - is the pump flow rate (capacity), Hy - is the current
dynamic fluid level in the well, § - is the well flow rate sensor.

Approximately, the electric drive and pump can be modeled as a first-order
aperiodic (inertial) element. The well itself can be represented as an integrator
with a gain factor , which depends on the near-wellbore zone properties, since
:—': = {@. Thus, the rate of change of the dynamic fluid level % depends on the
pump capacity @ and the specific well parameters (Ganeev, 2004).

The ability to automatically control the SRPU’s operating mode based on
the current flow rate of a producing well enables a fundamentally new approach
to organizing the oil extraction process. At the low-oil, high-water-cut stage of
exploitation, the characteristics of the in-well medium change significantly —
instead of a wellbore filled predominantly with oil (characteristic of the high-
production stage), the lower section of the well is largely occupied by water, while
oil accumulates in the upper section. This altered in-well environment requires the
application of alternative oil recovery techniques. The scheme for organizing oil
lifting is shown in Figure 2. To exclude water from the produced well fluid, the
pump intake must be positioned within the oil layer in the upper section of the well,
with the pump intake level coinciding with the static water level in the well in the
absence of oil (Ganeev, 2004).
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Let us assume that, at the moment under consideration, the well is filled with
water and the reservoir pressure remains constant, P, = canst. Then, the static
water level, which depends on the reservoir pressure, is determined by the following
expression:

h.... =P./p, *g = const, (1)

where, Py - is the density of water (1,016 g/cm?); g —is the acceleration due
to gravity(9,8062 m/s?).
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Figure 2 - Schematic of subsurface pump placement during the late stage of well operation.

As an oil layer accumulates in the upper part of the well, with height /i,
it becomes necessary to determine the position of the lower boundary of the
oil layer — that is, the oil-water interface:

Py
B staw E * h[-l’ ()

where Pg- is the density of oil.
Let us denote the dynamic fluid level in the well (the upper boundary of the oil
layer) by x and the lower boundary of the oil layer (the oil-water interface) by V.
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Then, we have: h, =¥ —x, h,, =H Y a p_r =k where H — is the total well

depth (Figure 2). The total well depth is determined by the expression:
H=h,, —ky+tkx+y (3)

From this, we derive the functional relationship of the oil-water interface
position y as a function of the dynamic level x , y = f(x):

H—h,, — kx
— S A . 4
— “)

=

Knowing this relationship (see Figure 2), for pump control purposes, it is
sufficient to measure only the dynamic level.

At the start of the oil extraction process, when the oil layer is sufficiently thick,
the pump operates in an intensive pumping mode. As the oil layer thins, the upper
and lower boundaries of the oil layer approach the pump intake from both sides.
To ensure efficient pump operation, it is necessary to limit the reduction of the oil
layer to a “safety layer” level: h, .y = Vinin — Xmin (figure 2). (Ganeev, 2004;
Sergeev, 2016: 98-101)

If the oil layer reduces to zero, the water level will rise to the level of the pump
intake. The graph of fluid level changes in the well is shown in Figure 3. The
proposed oil extraction scheme is implemented by the control system illustrated in
Figure 4.

max

0

Ymin

Figure 3 - Functional dependence ¥ = f{x) of the oil-water interface level on the dynamic fluid
level in the well.

Here: CD1- control device 1, CD2 - control device 2, E/Drive - electric drive of
the beam-pumping unit, Pump - beam-pumping unit with pump equipment, w? -
initial stroke frequency, xfp- desired (setpoint) dynamic fluid level.

When the dynamic level changes, and consequently the lower boundary of the
oil layer (the oil-water interface) changes according to the functional dependence,
the automatic control system (ACS) adjusts the pump delivery rate @:
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dx )
E - +¢-1@-

W _ e p

dt - f: dt (3 r!

where &, £,, &5 - are coefficients accounting for the influence of pump delivery,
the interaction between X and y, and the reservoir pressure, respectively, on the oil
layer level.

The equation for the fluid level in the well is:

Q=t

x =2y + : (6)
° s

where Q - is the total fluid flow rate, @ = Qmp T Queens 7

and the inflow of fluid into the well is given by: Quen = KAP ®)

where K - is the productivity index (coefficient) [Sergeev, 2016: 98-101].

Results

To develop an ACS for oil production, it is necessary not only to have a
mathematical description of the controlled object but also to design control
algorithms and select regulator structures that meet the required system performance
criteria. We considered two structural variants of the ACS for oil production from
an individual well.

Regarding the ACS structure for a well at an early stage of operation, which
does not exhibit high water cut, it is sufficient to use a simple amplifier as the
controller, since the static accuracy is ensured by the integrating properties of the
well as the control object. The setpoint input is the required dynamic fluid level in
the well. The corresponding Simulink model is shown in Figure 5.
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Figure 4 - Dual-channel automatic control system (ACS) for regulating the technological mode
of the SRPU based on the current production rate.
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Figure 5 - Single-channel ACS model for downhole pumping (DHP) for an individual well.

The transient (response) process is shown in Figure 6. Here: Hj - required
(setpoint) dynamic level, g - control error, U - voltage applied to the electric drive,
@ - pump flow rate (delivery), 2" - rate of change of the dynamic level, h - current
level value. dt

As the actuator, for example, an electric submersible pump (ESP) or a variable-
speed beam-pumping unit (BPU) drive can be used.

This ACS functions as a disturbance-rejection (stabilizing) control system - it
compensates for changes in the fluid inflow into the well under a given reservoir
drawdown.
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Figure 6 - Dynamic level as a function of time.

For the ACS structure variant designed for a well at a late stage of operation,
a mathematical model of a controlled beam-pumping unit (BPU) was used in the
simulations (Ganeev, 2004; Sergeev, 2016: 98-101). The modeling accounted for
pump limitations, changes in pump delivery due to fluid oscillations, and selected
parameter values corresponding to widely used BPU equipment in the oil production
industry. To illustrate the performance of this system, the ACS was simulated in
Simulink (Figure 7).
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Figure 7 - Model of a two-channel ACS for oil production in a well at a late stage of operation.

To implement the specified dependencies in Simulink, an integrator with an

input o, which sets the initial conditions (block Well), was used. By dividing the
pump’s flow rate by the cross-sectional area of the bottomhole zone, we obtain
the rate of change of the fluid level x. Blocks R, and R, function as controllers
(regulators). The Debit block implements the well’s inflow rate (it is proportional to
the difference between the initial and current fluid levels, x — x3). The x ., block
sets the required fluid level in the well.

As aresult of the simulation, time-dependent relationships for the fluid level in
the well X(t) and the oil-water interface level ¥ () were obtained (Figure 8).

30 T

20 N : : o
E
>
»

15 T oo P S ————— : -

10 = .

. , i |
0 50 100 150 200 250 300
t, min

Figure 8 - Graphs of the dependencies Xit} and ¥it}.
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A drawback of this organization of the oil production ACS is that dynamic
level sensors (for example, sonic measurement devices) are not installed on every
well. Moreover, level measurements are often performed by the operator and may
occur irregularly - consequently, the information support for the control system is
insufficient. With a sufficient degree of controllability, using these algorithms, it is
possible to achieve the desired values of the internal parameters of the object, but
this will come at the cost of significant energy expenditures for regulation. Such
systems may achieve low parametric sensitivity (operability over wide ranges of
object characteristic variations). However, what is needed is optimal control that
maximally leverages the natural (inherent) movements of the object. Applying a
robust approach in control system design and process optimization will ensure that
the system remains efficient and stable even under conditions of uncertainty and
variation.

Conclusion. In this work, an automatic control system for the operating regimes
of pendulum-type sucker-rod pumping units was developed and investigated, with
the aim of improving the energy and technological efficiency of oil production at
different stages of well operation. A mathematical description of wellbore fluid-
level dynamics was proposed, enabling the relationship between the dynamic fluid
level, the position of the oil-water interface, and the pumping equipment capacity
to be taken into account. It was shown that, for wells at an early stage of operation
with a low water cut, a single-loop stabilizing control system with a proportional
(gain) controller is sufficient, where static accuracy is ensured by the integrating
properties of the well as the controlled object. Simulation results confirm system
stability and effective disturbance rejection associated with variations in reservoir
inflow at a specified drawdown on the formation.

For wells at a late stage of operation with a high-water cut, a two-loop automatic
control structure was developed, ensuring coordination between pump capacity
and the current downhole conditions, while maintaining a minimum allowable
“safety oil layer.” Simulink simulations demonstrated that the proposed control
algorithm provides stable regulation of the dynamic fluid level and prevents water
from entering the pump, thereby reducing energy consumption and improving the
operating efficiency of low-rate wells. The obtained results confirm the feasibility of
using adaptive and stabilizing automatic control systems in pumped oil production
and demonstrate the potential for improving energy efficiency by coordinating the
natural dynamic properties of the well with the operating modes of the pumping
equipment.

Future research is associated with the development of optimal and robust control
algorithms that account for uncertainties in reservoir and equipment parameters,
limited availability of dynamic-level measurements, and the integration of state
estimation methods and energy-criterion-based optimization of pumping regimes
under real operating conditions.
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