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Purpose. The creation of scientific and methodological basis for increasing a reliability and energy efficiency of
power supply systems and electrical equipment of oil and gas industry drilling units.

Methodology. The mathematical models of an electrotechnical complex functioning of a drilling unit are synthe-
sized with taking into account technological factors of influence on reliability and energy efficiency during drilling of
wells by an electric rotation downhole motor. It allows working out measures to increase the reliability and energy
efficiency indicators of electrically driven drilling units.

Findings. Mathematical models of reliability and energy efficiency of power supply systems and electrical equip-
ment of a drilling unit in programming medium of virtual LabVIEW devices have been constructed. The power pa-
rameters of electrically driven drilling units have been experimentally obtained by using information-measuring con-
trol system of power parameters. The influence of technological and power parameters on reliability and energy effi-
ciency of the electrical drilling equipment has been defined. The requirement of working out the organizational and
technical actions directed at the improvement of the electrical drilling equipment functioning has been substantiated.

Originality. The influence of drilling mud temperature in a well on resistance of the electric rotation downhole
motor of the electric power supply system has been considered. It has been established that the current spectrum of
the submersible electric motor of the electric rotation downhole motor does not contain an inadmissible level of
higher harmonics, but asymmetry of currents and voltage decreasing at the electric rotation downhole motor termi-
nals in operation modes occur.

Practical value. The created mathematical models allow predicting the value of the basic indicators of energy ef-
ficiency and serviceability of electrotechnical complexes of drilling units on the basis of technological and power pa-
rameters for the purpose of an optimal operation mode choice.
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Introduction. The analysis of the current state of the
issue of increasing reliability and energy efficiency shows
that most enterprises, institutions and organizations are
equipped with worn out and out-dated technological
equipment, which operates inefficiently, with a low effi-
ciency factor. Power supply systems of electrotechnical
complexes of the oil and gas industry do not correspond
to the value of installed capacity of consumers and are
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not adjusted according to the electromagnetic regime
compatibility that causes increase in energy losses and
deterioration of its quality. Lack of technical electricity
metering systems and monitoring of its quality indica-
tors often makes it impossible to analyse power con-
sumption by enterprises divisions. Increase of the volt-
age level in electricity networks over the acceptable value
and the wrong choice of electrical equipment reduce the
resource of consumers and increase their power con-
sumption greatly. Drilling units are equipped with regu-
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lated electric drive which is equipped with thyristor con-
verters that distort the current curve shape in phase of
electricity network conductors. This fact increases the
losses of active electric power. The electrical power su-
pply system of electric rotation downhole motor (EM)
“two wires-pipe” causes asymmetry of electric current
and voltage of the electric motor, which increases power
consumption and decreases the reliability of the whole
system.

Analysis of research and publications. The issues con-
cerning research of reliability and energy efficiency of
power supply systems and electrical equipment have been
considered in works by J. Endreny, I.1.Sud, S.G.Blan-
ter, B.G.Menshov, Ya.V.I.Kostyrko, S.P.Shevchuk,
0O.S. Beshta and P. V. Vasiuchenko [1, 2]. The solution of
the problem was originated in the works of the authors
and the research results are presented in their publica-
tions [3].

As aresult of statistical data analysis obtained at Car-
pathian drilling enterprises, it was found that the failure
mechanisms of the main electrical equipment are de-
scribed by Weibull-Gnedenko law, which indicates the
occurrence of both instant and gradual failures. During
its mathematical processing, the statistical information
was tested for anomaly by the Smirnov Criterion, then it
was tested for uniformity of samples using Fisher’s and
Student’s criteria; as for the distribution law hypothesis,
it was tested using the criteria of Kolmogorov and Pear-
son. The density of distribution is determined by the

formula b
g

where a is the parameter of distribution form for the
i-node of electric rotation downhole motor; b is the pa-
rameter of distribution scale for the i-node of the elec-
tric rotation downhole motor [3].

The parameters of distribution for individual ele-
ments are given in Table 1.

The most damaged dipping elements of the electric
drilling equipment (EDE) are cable sections, insulation
control device, telemetry system, electric motor of elec-
tric rotation downhole motor. This is caused by ex-

environment of drilling mud, namely, by high tempera-
ture and pressure (up to 150 °C and 100 MPa respec-
tively), significant vibration (amplitude up to 5 mm),
and the presence of small abrasive. The cyclic operating
mode of EDE while drilling wells also reduces the re-
source of dipping elements.

The quantitative indicators of reliability of power
supply system of the electric rotation downhole motor
are given in Table 2.

Unsolved aspects of the problem. To achieve the goal
it is necessary to solve the following problems: to devel-
op a mathematical model of reliability and energy effi-
ciency of drilling units in the LABview medium; to in-
vestigate the impact of technological and energy param-
eters on energy efficiency and reliability of electrical
equipment; to carry out the experimental energy study
of the electric part of drilling units.

Presentation of the main research. To carry out re-
search on an electrotechnical complex for the electrical
drilling in the medium of LabVIEW virtual program-
ming of National Instruments Company, a model of
power supply system of EM was created.

Although LabVIEW software is designed mainly for
automation of the metrological part of active experi-
ments and control tasks, it includes subroutine libraries
of standard algorithms of data processing and mathe-
matical functions. The advantage of the mathematical
modeling in LabVIEW is the possibility of combining
computer programs of the mathematical models and
measurements as well as registration of data during ex-
perimental research of electrotechnical complexes func-
tioning on a real time basis.

The initial data for calculation are the parameters of
drilling transformer (DT) and electric motor EM: nom-
inal secondary voltage of DT windings; nominal sec-
ondary current; short-circuit voltage and power losses of
short-circuit. The above parameters are obtained from
catalog data of drilling electrical equipment.

Table 2

The quantitative indicators of reliability of the power
supply system electric of the rotation downhole motor

tremely difficult conditions of work in the aggressive Name of the Mean time | Failure flow | The average
element petween parameter, | repair time,
failure, hour x 1074 hour
Table 1 Current collector 186 1.4 23.6
The parameters of distribution of Weibull-Gnedenko Telemetry system 244.7 1.2 20.4
Insulation control 106.2 1.6 13.9
Name of the element Parameter @ | Parameter b device
Transformer 19729 1.33 Cable section 149.9 1.3 18.8
Control station 1039 L17 Electric rotation 988.4 0.96 16.4
Current collector 263.5 1.05 downhole motor
trol stati
Insulation control device 168.7 1.35 contro’ station ‘ ‘
Overhead power 16 723.2 0.4 20.3
Telemetry system 115 1.25 transmission line
Electric rotation downhole 132 1.55 6 kV
motor Drilling 17914.1 0.5 70.2
Cable sections 151.8 1.72 transformer
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For EM, we enter: the nominal voltage value of the
electric motor; nominal current of stator phase; active
and inductive resistances of stator and rotor phase; ac-
tive and inductive resistance of magnetizing circuit; syn-
chronous and nominal rotation speeds. The value of ac-
tive and inductive resistances of EM electric motor used
in the equivalent circuit, are obtained by recalculating
nameplate data.

The mathematical model allows exploring the func-
tioning of the EM.

The complex resistance of electric motor phase

Z(s)= 2, + Zn22)
Z,+2Z,(s)

where Z; is complex resistance of the stator phase; Z, is

complex resistance of magnetizing branch; Z,(s) is resis-

tance of the rotor phase that depends on the slipping.
Taking into account the temperature of drilling mud,

the specific active resistance of the pipe and cable cores

of current lead of the “two wires—pipe” system is

Rl‘: r,20(1 + 0006 Tbr’);
Rg: g20(1 + 0004Tbr)7

where 1,9, Iy are the specific active resistances of the
pipe and cable core at a temperature of 20 °C; T, is the
temperature of drilling mud.

The complex resistance of drill pipe and cable core
takes into account components of inductive resistances
which are obtained by approximation of their tabular
values given in the instructions for electric drilling

Z(s) = R{s) + X(s) -
Z(s) = R(s) + X, - i,

where X, is inductive resistance of the pipe; X, is induc-
tive resistance of the cable core which is determined by
the calculation-experimental method taking into ac-
count the capacitive component.

The complex resistances of a, b, ¢ phases of power
supply system of electric motor depend on the slipping

Z,(8) = Zs) + Z(5) + Zy;
Zy(8) = Z(s) = Z8) + Z(5) + Z,

where Z,, is complex resistance of the drilling transform-
er, which is calculated taking into account the actual
voltage of secondary winding, which varies depending
on the depth of drilling; Z(s), Z,(s) are complex resis-
tances of the drill pipe and cable cores taking into ac-
count inductive resistances which are obtained by ap-
proximation of their tabular values.

The calculation of currents in phases of the current
lead, the voltage at the clamps of electric rotation down-
hole motor and torque on its shaft is carried out accord-
ing to the known formulas.

The active power that is consumed at the beginning
of the current lead is

P(s) = Py(s) + Py(s) + Pc(s).
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The power losses in the current lead are
AP(s)=17(5)R () + I ()R (5)+ I2(5)R,(5).

The active power that is consumed by electric rota-
tion downhole motor is

Poy(s) = P(s) — AP(s).

The dependence of the mechanical power on the
motor shaft on the slipping is

Pmech(s) =0 M(S),

where o is angular shaft rotation velocity, ¢™'; M(s) is
torque on the motor shaft, H - m.

The modeling results in active power of consump-
tion of EM power supply system, active power on the
shaft EM and power losses. Energy efficiency coefficient
of conversion of electric power at the current lead begin-
ning into the mechanical power of chisels is determined
according to their values

Pmech (S)

Ko=)

As a result of calculations we obtain the dependence
of energy parameters of the electric motor of the electric
rotation downhole motor on load; Fig. 1 illustrates the
parameters.

Particularly, dependences of the currents in the cable
cores and drilling pipe, phase voltages at the clamps of
the electric motor, torque on its shaft, active power at
the beginning of the current lead and mechanical power
on the shaft of the electric motor EM are shown.

The above energy parameters are obtained for the
electric rotation downhole motor of E240-8M brand in
the course of directional drilling of gas operational wells
at a depth of 2 km.

When drilling rocks that are deposited at a depth
within 2 km from the surface and range of EM load
changes from a non-working stroke to the critical slip,
the energy efficiency coefficient K_enef of drilling a well
depending on the drilling depth L and slipping s is
shown in Fig. 2.

Thus, the maximum efficiency of drilling lower in-
tervals of wells may be provided at load of electric motor
slightly less than nominal.

The developed model is a precondition to the cre-
ation of an information-measuring complex for studying
the energy indicators of electrical equipment and indi-
cators of electrical power quality.

The complex is a universal information-measuring
computer portable system that is designed for carrying
out experimental scientific research on electrotechnical
complex functioning.

The work is developed on the technology of virtual
devices that is based on the methods of digital signal
processing and graphical programming of algorithms of
application programs.

The information-measuring complex includes multi
range flexible coils for measuring current of Rogowski
type Fluke i3000 Flex; voltage converters of compensat-
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Fig. 1. Energy parameters of E240-8M electric rotation
downhole motor in the course of well drilling at a
depth of 2 km

————"—""—__’Ne?ef

09
=

0,16984
0,1099
0,07993
0,04996

Fig. 2. Changes of the energy efficiency coefficient of well
drilling at different depths and loads

ing type of CV3-1000 brand; a 4-channel 16-bit analog-
to-digital converter (ADC) with USB-interface NI1-6210
and a laptop with developed software.

Rogowski coils are mounted around a conductor
with current or tire without breaking the electrical cir-
cuit, structurally composed of measuring winding,
placed inside a flexible electrical insulating frame that
closes into the ring with a special lock and an electronic
amplifier-normalizer of a signal with a coaxial clamp for
connection to the oscilloscopes or ADC. The upper
limit of the measuring range of the alternating current is
30 A, 300 A and 3000 A in the frequency range from 20
to 10,000 Hz. The accuracy class of voltage measure-
ment makes 0.5, that of current measurement is 2, and
of power measurement is 2.5.

First, the recording of initial measured instanta-
neous values of voltages and currents in the file is carried
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out, and then the program of their mathematical pro-
cessing is launched.

Efficient voltage values of phase voltages and cur-
rents at the beginning of the current lead are determined
by a method of integrating the squares of instantaneous

values
U= ,l}u(t)dt‘
Ty ’
1= fl]‘i(t)dt,
Ty

where u(f), i(f) are instantaneous values of voltage and
current; 7'is an integration period.

The active power at the beginning of the current lead
is calculated by averaging for the period value of the in-
stantaneous power

1T
P=— t)dt.
Tlp()

Using the control system also makes it possible to
define unreliable elements by fixing the rejection of their
technological parameters behind permissible limits.

The collection of experimental data at “Sybivka”
No. 111 wellsite of Carpathian Drilling Office in Yas-
enovets village, Rozhniativ district, Ivano-Frankivsk re-
gion was conducted by means of the measuring com-
plex.

The next data are acquired during the experiment:
active motor power P_zed, current asymmetry coeffi-
cient €i, torque on drill bit M_dol, phase currents IA, IB,
IC and voltages Ua, Ub, Uc at a depth of 2300 m (Fig. 3).

The spectral analysis of voltage and current curves
was conducted in the course of further processing of ex-
perimental data in order to determine the coefficient of
harmonics, which is shown in Fig. 4.

The conducted experimental research on the exist-
ing drilling units and mathematical modeling results
show that the value of the efficiency coefficient of well
drilling by the electric rotation downhole motor ranges
from 40 to 60 %, the coefficient of harmonic distortions
of current of the electric rotation downhole motor does
not exceed 3 %, and the coefficient of current asymme-
try ranges from 3 to 7 %. The low energy efficiency is
caused by significant losses of active power in the cur-
rent lead of the “two wires — pipe” system. Quantitative
indicators of the reliability of submersible equipment
are low.

It should be noted that the existing electric drilling
equipment is outmoded and obsolete, has a low indica-
tors of energy efficiency and reliability, which causes the
necessity of improvement of energy efficiency of func-
tioning as well as modernization and reconstruction.

Conclusions. The monitoring of energy parameters
of the system of electric drive of a drill chisel, which has
showed significant load imbalance of electric drill in the
process of active drilling, current unsymmetry and the
absence of higher harmonics was conducted by means of
developed information-measuring system.
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Fig. 3. Dynamics of change of phase voltages, currents,
powers and asymmetry coefficient of currents of EM
in the process of well drilling
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Fig. 4. Dependence of the current harmonics coefficient of
the cable core and pipe in time

The energy indicators of functioning have been de-
fined and their lack of efficiency has been marked by
calculation-experimental method using a mathematical
model of power supply system of electric drill.
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Meta. CTBOpeHHSI HayKOBO-METOA0JIOTiYHO1 0a3u
IS THABUIIEHHST HaliifHOCTI Ta eHeproeeKTUBHOCTI
CHUCTEM eJIEKTPOMOCTaYaHHsI Ta €JIeKTPOoOoOJagTHaHHS
OypMJILHUX YCTAaHOBOK HA(TOra30BO1 MPOMUCIOBOCTI.

Metoauka. MateMaTuyHi Mofesti GyHKIIOHYBAaHHS
€JIEKTPOTEXHIYHOTO KOMITJICKCY OYPUIBHOI YCTAHOBKU
CHHTE3YIOTHCS 3 YpaXyBaHHSIM TeXHOJIOTIYHNX (PaKTO-
piB BIUIMBY Ha HaIilHICTh Ta €HEProe(eKTUBHICTh Y
npolieci OypiHHSI CBepIJIOBUH ejieKTpooypom. Lle mo-
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3BOJISIE PO3POOUTH 3aXOMU 3 MiABUILIECHHS MOKA3HUKIB
HamifHOCTI Ta eHeproeeKTUBHOCTI eJIeKTPOIPUBO/I-
HUX OYPWJIBHUX YCTAHOBOK.

Pe3ynbraTu. [ToOynoBaHi MaTeMaTUYHi MOJIEIi Ha-
JIITHOCTI Ta eHeproe(eKTUBHOCTI CUCTEM eJIEKTPOITOC-
TayaHHS Ta eJeKTPOooOIagHAHHS OYpPUJIbHOI YCTAHOB-
KU B CEpEeIOBUILI MPOrpaMyBaHHS BipTyaJbHUX MpUIa-
niB LabVIEW. 3a momomoroio iH(popMaliiiHO-BUMi-
PIOBAJIbHOI CUCTEMM KOHTPOJIIO €HEPreTUYHUX Tapa-
METPiB E€KCMEPUMEHTAIbLHO OTpPUMMaHi eHepreTUuHi
rnapaMeTpu eJIeKTpONpPUBOIHUX OYypUJIbHUX YCTaHO-
BOK, BU3HAYEHUN iX BILJIUB HA HAMIMHICTh i eHeproe-
¢dekTuBHICTh 0oOnagHaHHSA. OOrpyHTOBaHa HEOOXil-
HICTh pO3p00KM OpraHi3alliiiHUX i TEXHIYHUX 3aXO[IiB,
CIIPSIMOBAaHMUX Ha TIOKpPAIIeHHS (PYHKIIIOHYBaHHS
€JICKTPOOYPUIILHOTO O0JIaTHAHHS.

HaykoBa HoBu3Ha. BpaxoBaHO BIUIMB TeMIepaTypu
OYpPUJILHOTO PO3YMHY Y CBEPUIOBMHI Ha OMOPU CTPY-
MOBIiIBONYy efekTpoOypa. BcTaHOBIEHO, IO CHEKTP
CTPYMY 3aHYPIOBAJIbHOTO €JIEKTPOJBUTYHA €JIeKTPOOY-
pa He MICTUTh HEHOMYCTUMOTO PiBHSI BHUIIMX TapMO-
HiK, OJHAK HasiBHi HECUMETPis CTPYMiB i 3HUXKEHHS
HaIpyru Ha 3aTucKayax eJekTpoOypa B poOOYUX pe-
KuUMax OypiHHSI.

IMpakTuyna 3HaummicTe. CTBOpeHi MaTeMaTUYHIi
MOJIENTi JTO3BOJISTIOTh IPOTHO3YBATH 3HAYEHHSI OCHO-
BHMX ITOKA3HUKIB eHeproeeKTUBHOCTI Ta eKCIUTyaTa-
LiTHOT HaIiITHOCTI eJIEKTPOTEXHIYHNX KOMILJIEKCIB OY-
PWIBLHUX YCTAaHOBOK Ha 0a3i TeXHOJOTIUYHUX i eHepre-
TUYHMX TIapaMeTpiB 3 METOI0 BUOOpPY ONTUMATbLHOTO
PEeXUMY POOOTH.

KmouoBi caoBa: radiiinicms, enepeoeghexmuenicmo,
eAeKmpooONaOHAHHS, BUMIDIOBAHHA, 8IDMYANbHI NPUAQA-
ou, eneKkmpomexHiuHUl KOMNACKC

Heab. CozgaHue HayYHO-METOMOJIOTMYECKON 0a3bl
TTOBBIIICHUST HANEKHOCTU WM 3HEeprodhdeKTUBHOCTU
CUCTEM 3JIEKTPOCHAOXEHUST W 3JIEKTPOOOOPYIOBaHUS
OYPOBBIX YCTAHOBOK He(PTEra30BOI MPOMBIIIIIICHHOCTH.

Mertoauka. MaTteMatuyeckre Moaead (QyHKIHUO-
HUPOBAaHUS 3JIEKTPOTEXHUUECKOIO KOMILIEKca Oypo-
BOM YCTAHOBKU CUHTE3UPYIOTCS 3 YIETOM TEXHOJIOTH-
YeCKUX (haKTOPOB BIUSHMS Ha HAAEXKHOCTb U DHEPTO-
3((EKTUBHOCTD B Ipoliecce OYpeHUs CKBaXKUH DJIeK-
TpOOYpOM. DTO MO3BOJSAET pa3padOTaTh MEPONPUSITUS
10 MOBBILIEHUIO MOKa3aTeseit HaaéXXHOCTU U SHEPro-
3G GEKTUBHOCTU 3JIEKTPONPUBOIHBIX OYPOBBIX yCTa-
HOBOK.

Pesynbratsl. [TocTpoeHbI MaTeMaTUUECKKE MOJETN
HaJIeXKHOCTHA M 9HEProa((HeKTUBHOCTH CUCTEMBI 3JICK-
TPOCHAOKEHUS U JIEKTPOOOOPyI0BaHUS OYpOBOI ycTa-
HOBKH B cpelie TIPOrpaMMUPOBaHUS BUPTYATbHBIX TIPH-
6opoB LabVIEW. C moMo1pio nH(GOpMaImoOHHO-U3Me-
PUTEIIBHOM CHCTEMBI KOHTPOJISI SHEPTETUICCKUX T1apa-
METPOB eKCIIEPUMEHTAIBHO TOJTYIeHBI SHEPTETUICCKIE
rapaMeTphl JIEKTPOIIPUBOIHBIX OYPOBBIX YCTAaHOBOK,
OIpeIe/ICHO MX BIMSIHUE Ha HAIEXKHOCTb U 3HEProad-
(hexkTUBHOCTH 00OpynoBaHus. OO60CHOBaHa HEOOXOMM-
MOCTb pa3pabOTKU OPraHU3ALMOHHBIX U TEXHUYECKUX
MEpPONPUSITUIA, HAaITpaBJICHHBIX Ha YITydIIeHEe (PYHKIIM-
OHUPOBAHMSI DJIEKTPOOYPOBOTO 00OPYI0BaHUSI.
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Hayynas HoBU3HA. YUTE€HO BIMSIHUE TeMIlepaTypbl
OypoBOTO pacTBOpa B CKBaXXMHE Ha COIIPOTHBIICHMUS
TOKOITIOJBO/A 3JIEKTPOOypa. YCTaHOBJIEHO, UTO CIIEKTP
TOKa MOTPYKHOTO 3JICKTPOABUTATEIS JIEKTPOOypa He
MMeeT HeIOMMyCTUMOTO YPOBHS BBICIIIMX TApDMOHUK, HO
MPUCYTCTBYIOT HECUMMETPUSI TOKOB M CHIDKEHHE Ha-
MPSKEHMST Ha 3aKMMax 3JIeKTpoOypa B pabourX pexu-
Max OypeHus.

IIpakTuueckas sHauumMocTb. Co3naHHbIC MaTeMaTH -
YyecKure MOJAEU TO3BOJISIIOT MPOTHO3MPOBATh 3HAye-
HUE OCHOBHBIX MTOKa3artesel 3HeproadeKTUBHOCTU U
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SKCIUTyaTallMOHHOM HaNeXXHOCTU 3JIEKTPOTEXHUYE-
CKMX KOMILIEKCOB OYPOBBIX YCTAHOBOK Ha 06a3e TeXHO-
JIOTUYECKUX W SHEPTreTUYECKUX MapamMeTpoB C LEeJIbio
BBIOOpA ONITUMAJILHOTO peKruMa pabOoTHI.

KioueBble ciioBa: xadexcrHocmos, sHepeoaggpekmue-
HOCMb, 21eKmpoo0opydosanue, usmepeHus, Gupmydnsb-
Hble npudopbl, INEKMPOMEXHUHECKUL KOMNACKC

Pekxomendosano 0o nybaikauii dokm. mexH. HayK

B. C. Kocmuwunum. lama Haoxo0xceHHS pPyKOnucy
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