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Abstract: Oil production is a complex technological process that requires significant electricity
consumption. The main electricity consumers in oil and gas production workshops are artificial lift
facilities. Currently, among the objects of mechanized mining, installations of electric submersible
pumps are widespread. When planning technological modes, it is necessary to be able to assess the
change in the power consumption parameters when changing the technological process parameters.
The paper proposes a typical replacement scheme for the electrical complex element. The power
consumption calculation of electric submersible pump installations has been carried out. The error in
the power consumption modeling results of electric submersible pump installations in comparison
with the results of instrumental measurements is no more than 10%. The estimation of additional
losses of electric energy caused by the influence of harmonics is carried out. The proposed technique
makes it possible to estimate the power consumption of an electric submersible pump installation
when changing the parameters of the technological process and equipment. The results of the
work can be used for planning material support and optimization of warehouse stocks within the
framework of integrated logistics support for the technological process of industrial enterprises.

Keywords: power consumption; submersible electric motor; electric submersible pump; harmonics

1. Introduction

Electricity consumption during oil production is a significant cost item for industry
enterprises. When assessing the amount of power consumption, it is necessary to take into
account a large number of factors, the majority of which are the technological process pa-
rameters and the installed equipment parameters. Currently, in mechanized oil production,
installations of electric submersible pumps (ESP) are widely used.

The various authors papers are devoted to the assessment of the ESP power consump-
tion. The studies [1–3] provide a comprehensive description of the ESP power consumption
with decomposition by types of equipment; in paper [4], the authors analyzed the existing
methods for calculating the ESP power consumption. At the same time, research is being
carried out on the individual elements operation of the ESP electrotechnical complex (ETC):
the authors of paper [5] considered the issue of the fluid viscosity influence on the electric
submersible pump operating characteristics; in papers [6,7], the authors consider the use
of permanent magnet motors in enhancement of electric submersible pump; paper [8] is
devoted to the use of ultra-high-speed submersible pumps; the issue of optimizing the
cross-section of the ESP cable line is considered in paper [9].

The ESP is controlled by a variable frequency drive. Frequency converters in power
supply systems are sources of harmonics. Harmonics can have various negative effects on
electric equipment, one of which is the additional losses occurrence. The harmonics can be

Energies 2022, 15, 2409. https://doi.org/10.3390/en15072409 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15072409
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-0808-351X
https://doi.org/10.3390/en15072409
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15072409?type=check_update&version=1


Energies 2022, 15, 2409 2 of 12

filtered by harmonics filter and calculation of filter parameters based on harmonic spectrum
is presented in paper [10]; in paper [11], the harmonics influence on induction motor losses
is considered; paper [12] is devoted to assessing the impact of power quality indices on
active power losses in the electric network; a description of systems for measuring and
recording electric energy quality indicators is given in papers [13,14]; work [15] presents
the application of the equivalent method for calculating the harmonics influence on the
parameters of the electrical network functioning; paper [16] presents an approach to
electrical energy losses calculation in the main elements of the electrotechnical complex.

Additionally, there is an approach of the pumping plant power’s estimation based
on Simulink models [17,18]. The one model [17] is developed to provide the possibility of
power calculation during both throttling and speed control and can be used for validating
power consumption at the design stage of the submersible pump system development. On
the other hand [18], the efficiency of the centrifugal pump systems varies significantly with
the change of operational point location on the H-Q plane and depends on the positions of
the pump and system curves.

Thus, the task of assessing the harmonics influence on the ESP electrical losses in-
cludes two aspects: assessing the parameters influence of the electrical and technological
modes on power consumption and assessing the effect of harmonics on the number of
additional losses.

The developing method for calculating power consumption has to take into account the
mutual influence of equipment on power consumption within an oil field when changing
the technological process parameters.

2. Materials and Methods
2.1. Research Object

The typical structure of an oil field (OF) ETC is a magistral structure with concen-
trated loads. In general, the structure of the OF ETC is shown in Figure 1, where: PSS—
external power system, T—transformer, OHL—overhead power line, CL—cable power line,
SEM—submersible electric motor, ESP—electric submersible pump, CS—control station,
IM—induction motor, SR—sucker rod, SL—static load, SS—substation, CTP—complete
transformer substation, TO—technological object.
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Structurally, OF ETC is divided into 3 levels:

1. Load level (ESP, sucker rod pumping unit (SRPU), SL);
2. The level of the complete transformer substation;
3. Substation level.

The load level is considered as a set of interconnected and interacting subsystems of
different physical nature: hydromechanical and electromechanical. This determines the
features of modeling the interaction of elements, namely, the list of controlled and observed
parameters. To build models, taking into account the peculiarities of their interaction, the
OF ETC is divided into three zones:

1. A: oilfield power supply system where no frequency control is performed (electrical
subsystem). Controlled parameter—voltage (U (V)); observed parameters: active
power (P (W)), reactive power (Q (VAr)), current (I (A));

2. B: electromechanical subsystem of load where frequency and voltage regulation are
performed. Controlled parameters—voltage (U (V)), frequency (f (Hz)); observed
parameters: active power (P (W)), reactive power (Q (VAr)), current (I (A));

3. C: hydromechanical subsystem of load, where process parameters are controlled by
changing the electromechanical subsystem parameters. Controlled parameters: dy-
namic level (Hdyn (m)), wellhead pressure (PWH (Pa)), liquid flow rate (Ql (m3/day)).
Observed parameters: density of the liquid (ρl (kg/m3)), viscosity of the liquid
(ν (m2/s)). The elements that are not part of the ETC are the working mechanism
(ESP, pumping unit) and the technological object—the reservoir. The reservoir is
characterized by the properties of the fluid and the energy of the reservoir, which is
expressed in the form of reservoir pressure.

2.2. Electrical Mode Parameters Calculation
2.2.1. Electrical Mode Parameters Calculation Method

To calculate the electrical mode parameters, the ETC element model is developed.
The element equivalent circuit is shown in Figure 2, where i—the node of the element
beginning; j—node of the end of the element; r—the active resistance of the element (Ohm);
x—the reactance of the element (Ohm); Ui—voltage at the beginning of the element (V);
Uj—voltage at the end of the element (V); ∆Pconst, ∆Pvar—constant and variable losses of
active power (W); ∆Qconst, ∆Qvar—constant and variable reactive power losses (VAr).
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In most cases, in the oil field the voltage of the substation low voltage buses (which
are considered as the apparent power source) and the load power data are available,
respectively, and it is possible to calculate the electrical mode parameters iteratively [19].

At the first stage (when p = 1), the initial approximation of the consumer voltage
.

Uj is
set as a nameplate equipment voltage in the load nodes. Based on this approximation, the
current value is determined:

.
I
(p)
ij =

Pj − iQj
√

3 ·
.

U
(p−1)
j

, (1)



Energies 2022, 15, 2409 4 of 12

where p—iteration number.
Then, the found current is substituted into the equation to determine the losses:

∆
.
S
(p)
ij =

(
.
I
(p)
ij

)2
·

.
Zij, (2)

where
.
Z = r + ix—complex branch impedance, Ohm.

The power of the apparent power source is determined:

.
S
(p)
i =

.
Sj + ∆

.
S
(p)
ij . (3)

The voltage drop of the element is determined:

∆
.

U
(p)
ij =

.
I
(p)
ij ·

.
Zij. (4)

The voltage at the end of the section is determined:

.
U
(p)
j =

.
U
(p)
i − ∆

.
U
(p)
ij

KT
, (5)

where KT—branch transformation ratio.
This cycle is repeated until the difference between certain voltage values at different

iterations for load nodes is within the specified error:∣∣∣∣ .
U
(p+1)
j −

.
U
(p)
j

∣∣∣∣ < ε. (6)

2.2.2. Calculation Scheme

The interaction scheme of ESP ETC elements is shown in Figure 3 [19,20].
Figure 3 indicates: ηCS—control station efficiency; f—the voltage frequency at the

control station output; Snp—nameplate transformer power; ∆PI—transformer idle losses;
∆PSC—transformer short circuit losses; UHV—voltage of high voltage windings of trans-
former; ULV—voltage of low voltage windings of transformer; II—transformer idle current;
USC –transformer short-circuit voltage; r0—specific active resistance of the submersible
cable line; x0—the specific reactance of the submersible cable line; lCL—the submersible
cable line length; Pnp—nameplate motor power; Unp—nameplate motor voltage; cosϕ
(KL)—dependence of the change in the power factor of the SEM on the load factor; η (KL)—
dependence of the change in the SEM efficiency on the load factor; Qow—optimal pump
rate of ESP on the water characteristic; ηESP (Q)—dependence of the change in the ESP
efficiency on the flow rate; Qmax—theoretically possible maximum pump flow rate at a head
equal to 0 m; PESP—the power required to drive the ESP; PSEM—active power consumed
by the SEM; QSEM—the reactive power consumed by the SEM; ∆UCL—voltage loss in the
cable line; PCL—active power on the HV side of the transformer; QCL—reactive power on
the HV side of the transformer; ∆UT—voltage loss in the transformer; PT—active power
on the LV side of the transformer; QT—reactive power on the LV side of the transformer;
PESPI—active power of ESP installation; QESPI—reactive power of ESP installation.

2.2.3. Calculation of ESP Power Consumption

The total electrical power consumed by the ESP installation is determined by the useful
power on the motor shaft and the sum of power losses in all circuit elements. According to
Figure 3, the total power is determined as [20]:

PESPI = PSEM + ∆PCL + ∆PT + ∆PCS. (7)
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The power required to drive the ESP is determined by the formula:

PESP =
ρl · g ·HESP ·QESP
ηESP ·Kην · 86, 400

. (8)

The ESP head is calculated by the formula:

HESP =

(
PWH

ρl · g
+ Hdyn

)
. (9)

ESP efficiency is described by the polynomial [20]:

ηESP = a0 + a1

(
50
f

)
·
(

QESP
Qmax

)
+ a2

(
50
f

)2
·
(

QESP
Qmax

)2
+ a3

(
50
f

)3
·
(

QESP
Qmax

)3
+ a4

(
50
f

)4
·
(

QESP
Qmax

)4
. (10)

where a0, . . . , a4—polynomial coefficients, units; Qmax—theoretically possible maximum
pump flow, m3/day.

The coefficients of the efficiency polynomials of some ESPs used at oil production
enterprises are presented in Table 1 [21].

Table 1. ESP efficiency polynomials.

Nameplate Pump
Flow (m3/Day)

Polynomial Coefficients Qmax
(m3/Day)a0 a1 a2 a3 a4

35 −0.00024 0.98450 1.86770 −5.38880 2.55150 68
50 0.00069 1.34660 0.49400 −3.21960 1.37620 98
60 −0.00441 1.81270 −0.23110 −2.54010 0.94720 107
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The parameters of the SEM equivalent circuit are determined by the formulas [20,22]:

rSEM =
Unp ·

(
−0.866 ·K2

L + 1.694 ·KL + 0.156
)

cosϕnp(
0.311 ·K2

L + 0.226 ·KL + 0.456
)
· Inp

. (11)

rSEM =
Unp ·

(
−0.866 ·K2

L + 1.694 ·KL + 0.156
)

cosϕnp(
0.311 ·K2

L + 0.226 ·KL + 0.456
)
· Inp

. (12)

where Unp is the nameplate voltage of the motor (V); Inp—nameplate current of the motor
(A); cos ϕnp—nameplate power factor of the motor (p.u.).

The motor load factor is determined by the formula:

KL =
PESP

Pnp
(13)

where Pnp is the motor nameplate power (W).
The equivalent circuit parameters of an induction motor with a deviation of the voltage

at its terminals from the nameplate value are determined by the formulas:

rSEM.U = rSEM ·
(

Umode
Unp

)2
·
(

cosϕU

cosϕSEM

)2
, (14)

xSEM.U = xSEM ·
(

Umode
Unp

)2
· sinϕSEM

sinϕU
· cosϕU

cosϕSEM
, (15)

where Umode is the mode voltage at the motor terminals (V); cos ϕSEM is the motor power
factor at a load different from the nameplate (p.u.); the values sinϕSEM, sinϕU are obtained
from the basic trigonometric identity.

The motor power factor at different load and voltage at the terminals, different from
the nameplate, is calculated by the formula [22,23]:

cosϕU = cosϕSEM ·Kcosϕ, (16)

The correction factor is calculated by the expression:

Kcosϕ =
(
−1.6001 + 1.4656 ·KL + 0.7753 ·K2

L − 0.9114 ·K3
L

)
·Up.u.

+
(

2.6152− 1.5233 ·KL − 0.7248 ·K2
L + 0.8974 ·K3

L

)
,

(17)

The relative voltage at the motor terminals is determined by the formula:

Up.u. =
Umode

Unp
, (18)

The motor efficiency is described by a polynomial:

ηSEM =
(

0.659 ·K4
L − 0.367 ·K3

L − 1.836 ·K2
L + 2.288 ·KL + 0.259

)
· ηSEMnp, (19)

where ηSEMnp—nameplate motor efficiency (p.u.).
Motor losses are determined by the formula:

∆PSEM = PESP ·
(

1
ηSEM

− 1
)

, (20)
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SEM active power is defined as:

PSEM =
U2

mode
|ZSEM.U|

· cosϕU, (21)

where |ZSEM.U|—complex impedance module of the SEM equivalent circuit (Ohm).
The parameters of the equivalent circuit of the cable line are calculated as:

rCL = r0 · lCL · (1 + α(T− 20)), (22)

xCL = x0 · lCL ·
f

50
, (23)

where r0, x0—specific active and reactive impedances of power lines (Ohm / km); lCL—the
length of the cable line (km); α—temperature coefficient of electrical impedance (p.u.);
T—the average temperature of the cable cores, (◦C) (in this case, it is taken in accordance
with the average temperature increment in the lithosphere in the amount of (30 ◦C/km));
f—the frequency of the supply voltage (Hz).

The transformer equivalent circuit parameters are calculated as:

rT =
∆PSC ·U2

HV

S2
np

·
(

1− D
2
· St

100

)
, (24)

xT =

√√√√(USC ·U2
HV

100 · Snp

)2

− r2
T ·

f
50
·
(

1− D
2
· St

100

)
, (25)

where ∆PSC is the nameplate value of the active power losses of the transformer (W);
UHV—the nameplate value of the voltage of the transformer high voltage winding (V);
Snp—transformer rated power (VA); D—discreteness of one stage of voltage regulation
(%); St is the number of the selected regulation step (“0” step corresponds to the nominal
transformation ratio, steps with “+”—increase the voltage on the low voltage side, steps
with “−”—correspond to a decrease in voltage on the low voltage side); USC—nameplate
value of short-circuit voltage (%).

Power losses in a transformer are defined as:

∆PT = ∆PI + ∆PSC ·
(
(PSEM + ∆PCL)

2 + (PSEM · tg(arccosϕU) + ∆QCL)
2

S2
np

)
. (26)

The transformation ratio is defined as:

KT =
UHV

ULV
·
(

1− D
2
· St

100

)
. (27)

The power loss in the control station is defined as:

∆PCS = (PSEM + ∆PCL + ∆PT) · (1− ηCS), (28)

where ηCS is the nameplate value of the control station efficiency (p.u.) [24].

2.2.4. Assessment of Harmonics Influence on Electrical Losses

There are various approaches to assess the losses caused by the influence of harmonics,
the analysis of which is given in [10,12].

Additional losses in cable lines caused by the influence of harmonics are defined as:

∆PΣνCL = 3 ·
n

∑
ν=2

I2
νrCLkrν, (29)
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where ν is the number of the harmonic; n is the number of harmonics taken into ac-
count; Iν—current of the ν-th harmonic (A); rCL—cable line resistance (Ohm); krν—
coefficient, taking into account the influence of the surface effect. As a rule, it is taken equal
krν = 0.47(ν)1/2 [12].

Additional losses in the transformer caused by the influence of harmonics are deter-
mined as [12]:

∆PΣνT = ∆PI

n

∑
ν=2

(
Uν

UHV

)2
+ 0.607

∆PSC

U2
SC

n

∑
ν=2

1 + 0.05ν2

ν
√
ν

(
Uν

UHV

)2
, (30)

where Uν—the voltage of the ν-th harmonic (V).
Additional losses in IM caused by the influence of harmonics are defined as [12]:

∆PΣνIM = kIMPnp

n

∑
ν=2

(
Uν
Unp

)2
(√

ν+
√
ν± 1

ν2

)
, (31)

where Pnp—the nameplate power of the motor (W); Unp—nameplate voltage of the motor
(V); kIM—coefficient taking into account the parameters of the induction motor; the “+”
sign in the radical expression corresponds to the symmetric components of the harmonics
rotating against the rotation of the fundamental harmonic field, the “-” sign—to the sym-
metric components of the harmonics that create the fields, the rotation of which coincides
with the rotation of the fundamental harmonic field.

kIM =
r1I2

s
ηnp cosϕnp

, (32)

where r1 is the resistance of IM (p.u.); Is—the multiplicity of the IM starting current (p.u.);
ηnp—the nominal efficiency of the IM (p.u.); cos ϕnp—nameplate motor power factor (p.u.).

The algorithm for calculating losses in the ETC ESP elements, taking into account the
influence of harmonics, is shown in Figure 4.
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3. Results
3.1. Modeling of Power Consumption of ESP as Part of OF ETC

This investigation is a generalization and addition to the research carried out within
the project framework [19,22,25] and it has great practical importance in calculating the
steady-state modes of electric networks of oil fields.

The block diagram of the OF ETC is proposed, which defines it as an interconnected set
of electrical, electromechanical, and hydromechanical subsystems with an emphasis on con-
trolled and observed parameters in each subsystem. The original scheme of interaction ETC
ESP elements and the original approach to determining the parameters of the submersible
motor equivalent circuit according to the catalog load characteristics are proposed.

A mathematical dependence of the submersible pump efficiency on the electrical and
technological modes parameters has been developed (taking into account that the shape of
the efficiency curve differs from a parabola, and the point of maximum flow, as a rule, is
shifted from the center of the characteristic and does not always correspond to the nominal
flow of the pump). The developed method for calculating power consumption makes it
possible to take into account the mutual influence of equipment on power consumption
within an oil field when changing the technological process parameters.

An assessment was made of the power consumption modeling data of the ESP
unit, with the data obtained as a result of instrumental measurements at the wells of
the “LUKOIL-PERM” LLC (Perm Territory, Russia).

The values of technological parameters used in modeling are presented in Table 2.

Table 2. Values of technological parameters used in simulation.

#Well QESP (m3/day) Hdyn (m) PWH (MPa) ρl (kg/m3)

115 57.7 764 1.4 891
119 57.1 741 2.4 840
120 64.2 750 2.6 839
318 67.0 908 1.5 846

The results of measurements, the results of modeling power consumption, and the
results of the error assessment at the selected objects at a voltage of 0.4 (kV) are presented
in Table 3.

Table 3. Results of measurements and modeling of ESP power consumption.

#Well Parameter Measurement Value Calculated Value Relative Error δ (%)

115 Consumption
of active
energy

(kW·h/day)

686.4 648.0 5.6
119 453.6 480.0 5.8
120 919.2 895.2 2.6
318 775.2 700.8 9.6

115 Consumption
of reactive

energy,
(kVAr·h/day)

504.0 552.0 9.5
119 146.4 156.0 6.6
120 638.4 696.0 9.0
318 612.0 648.0 5.9

The mutual influence of equipment within the oil field was taken into account through
the nodal voltages when calculating the parameters of power consumption.

3.2. Results of Assessing the Influence of Harmonics on Electrical Losses

Therefore, for example, in the well #115 of the “LUKOIL-PERM” LLC oil field, powered
by CTP-2310, installed equipment had the following parameters:

1. SEM: Pnp = 40 (kW); Is = 7; ηnp = 0.842; cos ϕnp = 0.83;
2. CL: L = 2.02 (km); r0 = 1.32 (Ohm/km);
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3. Transformer: Snp = 100 (kVA); ∆PI = 0.5 (kW); ∆PSC = 2.6 (kW); USC = 5.5 (%).

The values of the currents and voltages harmonic used in the calculation are presented
in Table 4. The measurements were carried out at the outputs of the control station after
frequency conversion.

Table 4. The values of the currents and voltages harmonic.

Harmonic
Number ν Uν (%) Iν (%) Harmonic

Number ν Uν (%) Iν (%) Harmonic
Number ν Uν (%) Iν (%)

1 100.00 100.00 22 1.92 0.00 43 1.98 0.00
2 7.38 1.07 23 3.80 0.00 44 1.33 0.00
3 0.39 1.38 24 1.01 0.00 45 1.52 0.00
4 8.13 0.88 25 3.12 0.00 46 1.24 0.00
5 6.30 3.52 26 1.08 0.00 47 0.91 0.00
6 2.60 0.48 27 1.01 0.00 48 1.13 0.00
7 4.44 1.02 28 1.59 0.00 49 1.86 0.00
8 7.45 0.26 29 4.74 0.00 50 0.59 0.00
9 0.91 0.00 30 0.83 0.00 51 2.08 0.00

10 6.70 0.00 31 2.56 0.00 52 1.02 0.00
11 16.67 0.97 32 1.09 0.00 53 1.59 0.00
12 1.75 0.00 33 0.67 0.00 54 1.13 0.00
13 15.09 0.49 34 0.35 0.00 55 3.05 0.00
14 4.65 0.00 35 1.34 0.00 56 0.73 0.00
15 0.85 0.00 36 0.56 0.00 57 1.64 0.00
16 4.87 0.00 37 1.15 0.00 58 2.00 0.00
17 6.52 0.33 38 0.98 0.00 59 0.90 0.00
18 1.23 0.00 39 0.79 0.00 60 0.93 0.00
19 3.00 0.00 40 0.81 0.00 61 1.48 0.00
20 2.43 0.00 41 1.62 0.00 62 1.78 0.00
21 1.21 0.00 42 0.93 0.00 63 0.77 0.00

The calculation, without taking into account the influence of the harmonics, was
carried out according to Formulas (1)–(28), the calculation taking into account the influence
of the harmonics was carried out according to the Formulas (1)–(28) and (29)–(32), and the
calculation results are presented in Table 5.

Table 5. Structure of power losses in ESP ETC elements.

Calculation Conditions
Element Loss (kW)

∆PESP ∆PSEM ∆PCL ∆PT ∆PCS

Without taking into account the harmonics influence 13.700 4.520 4.200 1.520 0.920
Taking into account the harmonics influence 13.700 4.786 4.214 1.574 0.920

Additional losses caused by the harmonics influence 0.000 0.266 0.014 0.054 0.000

4. Discussion

Taking into account the structure of the electrotechnical complex of the oil producing
enterprise, as well as the list of available initial data, a calculation method was chosen,
the initial parameters for which are the powers at the load nodes and the voltage of the
substation low voltage buses.

A mathematical dependence of the electric submersible pump efficiency on the param-
eters of the electric and technological modes has been developed (taking into account that
the shape of the efficiency curve differs from the parabola, and the point of maximum flow,
as a rule, is shifted from the center of the characteristic and does not always correspond to
the nominal pump flow).

Modeling of power consumption of ESP units operating as part of OF ETC was carried
out. The simulation results show that the calculation error in comparison with the results
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of instrumental measurements is no more than 10%. When modeling power consumption,
an analysis of the mutual influence of electric submersible pump installations was carried
out. As a result of the analysis, it was revealed that the magnitude of the change in the
power consumption parameters, considering the mutual influence of installations, is less
than the calculation error.

According to the results of calculations, it was revealed that harmonics have a certain
effect on the amount of electricity losses in the ETC of the ESP, and the greatest increase in
losses from harmonics is observed in an induction motor. However, it should be noted that
in order to assess the increase the elements losses of the ESP ETC from the harmonics, it
is necessary to have a composition of harmonic components for each change in the mode,
which seems to be difficult to implement. Considering that the losses from the influence of
the harmonics are much less than the total losses in all elements of the ESP ETC (including
the pump), they can be neglected.

The research results can be used by oil-extracting industry enterprises to assess the
amount of power consumption of electric submersible pump installations when changing
the technological process parameters, as well as when planning material support and
optimizing warehouse stocks within the framework of integrated logistic support for the
technological process of industrial enterprises.
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