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Editorial

ENERGY EFFICIENCY IN THE MINERAL RESOURCES
AND RAW MATERIALS COMPLEX

Energy efficiency and energy saving at all times and especially at the present stage of development
of industry and economy have played an extremely important role. Regardless of which countries and
according to what criteria they build energy development plans, energy efficiency and energy saving are
always a priority. This fully applies to the mineral resources complex, in which energy consumption as a
whole makes up a large share of total consumption. The resources mined in the mineral resources complex
are themselves a source of energy. The energy sector is evolving in many ways. Many scientific works,
the results of which are reflected in publications, confirm the relevance of research in the energy efficiency
field. But the approach to individual decisions in the mineral resource industry is specific and it is worth
of separate consideration. Recently, much attention has been paid to “green energy” and renewable energy
sources. However, energy efficiency in the field of traditional generation and consumption remains an
urgent problem and its solution is in constant development. One of the main directions for improving
energy efficiency is the development of autonomous systems for the electrical and thermal power engi-
neering. All these problems are reflected in a special volume of the Journal of the Mining Institute, the
articles are divided into four sections: energy efficiency of the electric drive in the mineral resources
complex (MRC); energy efficiency of industrial plants and enterprises in MRC; power quality and renew-
able sources in MRC; autonomous power supply systems in MRC. The presented articles contain valuable
material from the scientific and practical points of view and can form the basis for further research in the
energy efficiency field.

A number of articles are devoted to the solution of issues on the electric drive energy efficiency. In
the article by Oksana Yu. Ganzulenko, Ani P. Petkova the results of the use of a linear rack-and-pinion drive
as part of a sucker rod pump drive are presented, which makes it possible to reduce energy consumption in
oil production up to 10 % in the form of a significant increase in efficiency. Article by Mikhail S. Ershov,
Aleksandr N. Komkov, Evgeniy A. Feoktistov is devoted to the creation of an original mathematical model of
the system asynchronous electric drive — drill string — bit — rock. The value of the research lies in the creation
of a correct model that allows you to calculate the energy efficiency of various drilling modes with the
existing composition of the electrical complex. Article by Dmitriy 1. Shishlyannikov, Valeriy Yu. Zverev,
Anna G. Zvonareva et. al. is devoted to the necessity of improvement the sucker-rod pumps drive operating
in marginal and complicated well conditions in oil production. Solutions to improve the energy efficiency
of hydraulic drives of sucker-rod pumps are proposed. One of the most important factors in the efficient
operation of the mineral processing plant is the reliable haul trucks operation. The article by Alexander N.
Nazarychev, Grigory V. Dyachenok, Yuriy A. Sychev defines the main mechanical external influences that
determine the degree of possible defects in the electric drive of a haul truck. The authors propose practical
recommendations for increasing the reliability of the operation of electric drive individual unit, which is
associated with energy efficiency in the system of costs for extraction and transportation of minerals. The
article by Maxim G. Rakhutin et al. studies the influence of the working fluid temperature influence on the
losses of a mining hydraulic excavator on the example of using the Komatsu PC750-7 excavator. Based
on the power loss criteria application, it is proposed to reasonably choose the working fluid type and
operating modes of the hydraulic system.

The topic of energy efficiency of plants and enterprises is presented in several articles. Article by
Vladimir Ju. Bazhin et. al. is devoted to the results of theoretical and experimental studies in the field of
raw aluminosilicate smelting process. Research is aimed at creating an algorithm for controlling the tech-
nological process. Article by Roman V. Klyuev et. al. considers the electricity consumption forecasting at
any stage of power supply. The article presents a new approach in the field of load forecasting, in partic-
ular, in MRC enterprises, the use of ensemble learning methods, in particular a recurrent neural network
model, is proposed. In the article by Aleksandr V. Nikolaev, Stefan Voth, Aleksey V. Kychkin a cybernetic
model of electricity demand management on the example of the main fan installation is presented.
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The model is implemented on the Internet of Things platform and allows you to determine in advance the
electricity costs caused by the operation of the main fan installation. The article by Ekaterina A. Yushkova,
Vladimir A. Lebedev presents an original solution to the energy efficiency problem of a vacuum plant for
the fuel oil distillation using pinch analysis. The rticle determines the optimal flow heat capacity of the
installation that ensures an increase in its efficiency.

In the section of the electricity quality improvement and development of using the renewable sources
and storage devices, an article by Valery M. Zavyalov et al. presents an original solution to the issue
of charging the mining electric locomotive battery installations and is of practical interest. Article by
Aleksandr N. Skamyin et al. is devoted to the unsolved problem of determining the supply network not by
calculation, but experimentally, the material of the article is a big step towards achieving this goal. In the
article by Fedor S. Nepsha et al. an original approach to solving the problem of using renewable energy
sources in the mining industry is proposed.

Particular attention should be paid to the section devoted to autonomous power supply systems, the
implementation of which raises unsolved problems. Article by Sergey S. Chervonchenko, Vladimir Ya.
Frolov is dedicated to solving the urgent problem of ensuring the reliability of power supply of remote
consumers. In emergency conditions, it is proposed to use rechargeable batteries. In the article by
Vadim A. Shpenst et al. an algorithm for the operation of an autonomous electrical complex with adaptive
regulation is proposed, taking into account the mode of electricity consumption and emergency situations.

Responsible scientific editors of the volume: Doctor of Engineering Sciences Yaroslav E. Shklyarskiy,
Candidate of Engineering Sciences Aleksandr N. Skamyin, Doctor of Engineering Sciences Miguel Jiménez Carrizosa
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Abstract. At present, in order to increase oil production and reduce economic costs in the development of marginal
fields, the development of a cluster method using compact mobile drives of sucker rod pumping units (SRPU) is rele-
vant. The aim of the work is to analyze the ways to improve the energy efficiency of the SRPU by reducing the loss of
mechanical and electrical energy, to select the most energy-efficient compact drive for the development of marginal
fields in the cluster method, to carry out the kinematic and strength calculations of the drive of the selected size, to
develop an adaptive control system for a group of drives in the cluster development of drillings. According to the results
of the performed calculations, the linear rack-and-gear drive has the highest efficiency of the drive mechanism. The
kinematic and strength calculations of a linear rack-and-gear drive with a stroke length of 1120 mm and a load of up to
8 tons are presented. It was shown that the usage of a direct torque control system and a kinetic energy storage system
for the SRPU drive elements and a rod string is an effective means of reducing energy costs in oil production from
marginal fields. The use of the developed system for storing and redistributing the potential energy of the rods between
the SRPUs that lift oil made it possible to eliminate fluctuations in the power consumption, reduce the power peak
value by three times, the peak value of the current consumed from the electric network by two times, and reduce losses
in the input converter and cables by three times.

Keywords: energy efficiency; marginal fields; balanced pumping unit; chain vertical drive; hydraulic drive; linear rack-
and-gear drive; performance coefficient

Received: 15.03.2023 Accepted: 20.06.2023 Online: 19.07.2023 Published: 19.07.2023

Introduction. The oil and gas industry has remained one of the top priorities in the economic
and industrial sector of Russia for a long time [1-3]. To maintain a stable growth in the production of
hydrocarbon resources, it is necessary both to develop new fields, and to improve the existing tech-
nologies and create the new ones for extracting oil as well. However, it is more difficult to maintain
such growth every year, old fields are being depleted and require more and more complex and expen-
sive equipment to support the production process, but the discovery of new fields with easily recov-
erable reserves is declining [4-6]. Therefore, fields with hard-to-recover reserves (TRIZ) attract much
attention. According to current data, the share of hard-to-recover reserves in the total oil reserve in
May 2022 exceeded 66 % [7], which indicates their high importance in the country's energy balance.
TRIZ can be divided into the following groups: high-viscosity oils [8-10]; low-permeability and low-
porosity reservoirs [4, 11, 12]; depleted fields [5, 13, 14]; long-distance fields [3, 15, 16]; low-pro-
ductive layers [17-19]. The latter are very popular in Russia due to the presence of large oil reserves
and a more convenient geographical location [20].

To increase oil production and reduce economic costs, field development is carried out in clusters
[21-23]. This cluster development is not a solution to the problem due to the use of sucker rod
pumping units (SRPU), in which balanced and unbalanced pumping units (S-K) are used as drives,
which are of little use in the development of marginal fields [24]. Let us consider and analyze meth-
ods for improving the energy efficiency of the development of marginal fields.

325
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Mechanical drives SRPU currently used in oil production in our days are divided into balanced
and unbalanced. In balancing drives (S-K), the reciprocating movement of the suspension point of
the rods is carried out by a swinging lever — a balancer connected by a crank and rod mechanism
(KShM) to the transmission shaft [25]. In unbalanced drives, the reciprocating movement of the sus-
pension point of the rods is carried out by mechanisms using flexible elements (chains or ropes) [26].
Hydraulic and linear gearless drives SRPU are also known, drives based on linear motors, linear drives
based on gear-rack and lead screw-nut systems [27, 28]. It is obvious that the performance coefficient
of the mechanism depends on the level of losses in the structural elements of the drive and its kine-
matic scheme [26, 29, 30].

The sucker rod pumping unit receives mechanical energy from the line of rods, which performs
reciprocating motion by means of the pumping unit drive. It converts the electrical energy supplied
to the drive motor into mechanical energy. Thus, the energy efficiency of the SRPU directly depends
on the amount of electrical and mechanical energy losses in various elements of the drive construc-
tion. The main ones include losses in the SRPU drive mechanism and electrical losses in the drive
motor and start-up and control equipment.

The electrical energy consumed by the drive is highly dependent on power fluctuations in the drive
motor cycle. So, during the S-K operation, significant fluctuations in the power consumption occur,
which can change up to seven times in one cycle of the pump. For squirrel-cage induction motors used
as a drive motor, power surges lead not only to significant voltage drops in the power system, but also
to thermal and mechanical overloads of the motor.

The use of reversible rack and pinion linear and chain drives leads to additional losses in the
motor and in the run-up control equipment during its start-up. To reduce these losses in the drive
motor control system, it is necessary to use frequency converters and energy-efficient control algo-
rithms. In addition to frequency control of the motor, when several pump drives work together during
cluster well development, it is possible to use the kinetic energy of the rod moving down when oil is
lifted [27]. Thus, the energy efficiency of the SRPU drive is determined by the losses of mechanical
and electrical energy during operation.

The aim of the research is to analyze ways to improve the energy efficiency of sucker rod pump-
ing units by reducing losses of mechanical and electrical energy, to select the most energy-efficient
compact drive for the development of marginal fields in a cluster method, to carry out the kinematic
and strength calculations of a drive with the selected size, and to develop an adaptive control system
for a group of drives in cluster well development.

Methods and materials. The research methodology includes the following steps:

« selection of a compact drive for marginal fields with the highest performance coefficient of the
drive mechanism;

« kinematic calculations of the drive for the selected standard size, allowing to determine the
parameters of the gear train and the maximum allowable loads and restrictions on the speed of the
rack movement (number of double strokes) for the selected motor-reducer;

« strength calculations for the bending of the pinion shaft teeth, allowing to choose the material
and method of heat treatment of the pinion shaft and rack and surface hardening of the teeth, with-
standing a load on the rod up to 80 kN;

* determination manufacturing sequence of the parts and the drive assembly, allowing to manu-
facture the developed drive with a load on the rod up to 80 kN;

* development of an adaptive control system (ACS) for a group of drives on a well pad with
a down stem energy recovery system that reduces the energy consumption of the actuators by con-
trolling the number of double strokes and rod stroke.

326
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Estimation of mechanical energy losses in drives of various designs is performed by calculating
their performance coefficient.

Calculation of the SRPU drive mechanism performance coefficient. A comparison of SRPU
drives was made: based on a beam-balanced pumping unit, a vertical chain drive designed by RNTC
VNIIneft [25], a linear drive based on a rack-toothed wheel system developed in the present research,
a drive based on a screw-nut system, and a hydraulic drive.

We use a known data for a comparative analysis of the mechanical part of the drives performance
coefficient. To calculate the performance coefficient of the drive mechanism, we will consider the
mechanical power of the drive motor as the input power, and the mechanical power transmitted to the
polished rod as the output. The drive performance coefficient is equal to the product of its components
performance coefficients.

The kinematic scheme of the beam-balanced pumping unit is shown in Fig.1, a [30]. It consists
of: balancer head (1); a balancer located on a pair of plain bearings (2); connecting rod-crank (3);
connecting rod-crank support (4); V-belt drive (5, 6); three-stage gearbox (7), consisting of three pairs
of cylindrical gears on rolling bearings (8, 10, 11); crank mechanism (9), consisting of pairs of sliding
connecting rod-balancer.

The performance coefficient of the beam-balanced pumping unit is estimated by the formula

K
Msk = nMcnvt)d(nRaneo) NemNes

:

3
=
22

{9000 kg

hbad
1

12 34

sila

_— 3

/.n
S —— s+

Fig.1. Kinematic scheme of a beam-balanced pumping unit (a), a drive with a movable carriage (b),
a developed the linear rack-and-gear (c), a drive with a lead screw without reversing the drive motor (d)
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4
=

where nuc — performance coefficient of the mechanical coupling, nvc = 0.98; nvbd — performance
coefficient of the V-belt drive, nvna = 0.96; nre — performance coefficient of the rolling bearing,
nre = 0.992; nsep — performance coefficient of the spur gear drive, nsep = 0.97; k — number of gear
stages, k = 3; ncm — performance coefficient of the crank mechanism, ncm = 0.98; nes — performance
coefficient of the plain bearings, nrs = 0.985". After substituting the given average values, we obtain:

N, =0.98-0.96-(0.97.0.992)° - 0.98-0.99 = 0.81,

that is in good agreement with the data value 0.80-0.85".

The kinematic scheme of the SRPU chain drive design [25] is shown in Fig.1, b: 1 — frame;
2 — electric motor; 3 — reducer; 4 — drive pulley; 5 — continuous flexible link (chain); 6 — attachment
point; 7 — guide element; 8 — open flexible link (chain or cables); 9 — a column of rods; 10 — rack;
11 — counterweight; 12 — carriage. The drive includes a mechanical coupling, a single-stage gearbox,
a chain drive, a friction pair, a guide element — a carriage, and two rolling bearings that support the
drive pulley.

The formula for calculating the performance coefficient of a chain drive has the form [25]:

Neo = Mve (nRaneD )KnOSDnPBnRB ,

where nvc — performance coefficient of the mechanical coupling, nmc = 0.98; nre — performance
coefficient of the rolling bearing, nrs = 0.992; nsep — performance coefficient of the spur gear drive,
nsep = 0.97; nosp — performance coefficient of the open chain drive, nosp = 0.92; nes — performance
coefficient of the plain bearings, nes = 0.985.

After substituting the values, we get:

nep = 0.98-(0.97-0.992)" -0.92-0.985-0.992 = 0.848.

The kinematic scheme of the developed linear rack-and-gear is shown in Fig.1, ¢ in [31]. The
drive contains a KAZ-97 bevel gearbox manufactured by SEW EURODRIVE, a rack and pinion
system supported by a rolling bearing, a gearbox bearing (1 — base-support; 2 — damper; 3 — housing;
4 —rack; 5 — mechanism with gearbox and electric motor; 6 — cover-guide).

The formula for calculating the performance coefficient of the linear rack-and-gear is [30]:

MNire = MecMreNsep>

rae nec — the performance coefficient the bevel gear, nsc = 0.965; nre — performance coefficient
of the rolling bearing, nre = 0.992; nsep — performance coefficient of the spur gear drive, nsep =
=0.97 [25].

After substituting the values, we get:

N g =0.965-0.97-0.992=0.93,

The design of the drive based on the lead screw-nut system without reversing the drive motor is
shown in Fig.1, d [27]: 1 — rod; 2 — bearing; 3 — motor-reducer; 4 — driven shaft; 5 — lead screw;
6 — nut; 7 — support.

The formula for calculating the transmission performance coefficient of the lead screw — nut
system has the form [32]:

Nsns = NerMreNRs
where npr — performance coefficient of the planetary gearbox, ner = 0.96; nrs — performance coeffi-

cient of the rolling bearing, nre = 0.992; nrs — roller screw, nrs = 0.89 [33].
After substituting the values, we get:

* Machine elements. URL: http://www.detalmach.ru/lect22.htm?ysclid=ley83k1mnn254975055 (accessed 22.05.2023).
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Ngns = 0.96-0.89-0.992 = 0.85.

The performance coefficient of the SRPU hydraulic drive depends on the applied hydraulic
circuit and the level of leakage. Due to the complexity of the methods used, for a comparative
assessment, we use the known values nnp = 0.91-0.75, depending on the level of leaks [34].

Based on the calculations, we choose a linear rack drive that has the highest efficiency among
analogues.

Further, for the selected standard size of a linear rack-and-gear drive with a stroke length of
1120 mm and a load of up to 80 kN, a kinematic calculation was performed to determine the param-
eters of the gear train and the maximum allowable loads and restrictions on the rack movement speed
(number of double strokes) for the selected gear motor.

Kinematic drive calculation. For calculations, the maximum stroke length of the rack (Lo =
= 1120 mm), the maximum speed of the rack and the loads acting on the rod (F = 60 and 80 kN) are
used. Kinematic calculation allows you to determine the linear speed of the rack, the number of double
strokes per minute, select the diameter of the drive gear, the gear ratio of the gear-rack transmission,
and select the gear motor.

The circumferential speed of rotation of the gear is equal to the linear speed of the rack [33]:

_ 7nDn

= 1000

where D — gear wheel diameter, mm; n — wheel gear frequency, min.,
We choose the tooth module of the gear wheel m = 8 mm. In order to reduce torque, the number

of teeth is taken as low as possible Z = 14.
The gear wheel diameter is calculated by the formula [33]

Vv, =V, 1)

D=mZ=8-14=112. (2)
The gear wheel rotation frequency is determined from the formula (1):
ne V, -1000 . 3)
nD

According to the experimental data available for SRPU, the speed of movement of the rod is
from 0.25 to 0.5 m/s or from 15 to 30 m/min.
The linear speed of the rod (rack) is determined by the formula [33]

2L,n
V,=—2% 4
° 1000 )
where Ly — rack stroke length; n¢s — number of double strokes per minute,
V, -1000
Ny = — T ()
L,

For the speed of the rack in the range of 0.25-0.5 m/s, we determine the number of double strokes
per minute (Table 1).

Table 1
Calculated parameters of the drive with rack stroke length Lo= 1120 mm
Vo
- n, min?t Ngs, MIN F, kN Py, kW

m/s m/min

0.25 15 427 6.7 60 15
80 20

0.3 18 51.2 8 60 18
80 24

0.5 30 85.4 13.4 60 30
80 40
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We determine the power of the drive motor by the formula [33]

— VOF
* 1000
where F — acting on the rod force, N; Vo — rod stroke speed (rack), m/s.
For rack stroke speeds in the range of 0.25-0.5 m/s and rod load F = 60-80 kN, the required drive
motor power is presented in Table 1. The motor power values at Vo = 0.3 m/s and load F = 60 and 80 kN
are 18 and 24 kW, respectively.
We determine the torque of the gear motor by the formula [33]

_DF
5
At the load of 60 kN, we determine the torque M = 3360 N/m.

The wheel gear rotation frequency n equals to the speed of the output shaft ny, it is calculated by
the formula [33]

(6)

M (7

n,=-—, (8)

where n1 — motor rotation speed; i — reduction gear ratio.

Then for Vo = 0.3 m/s and F = 60-80 kN at the electric motor rotation speed ni1 = 1480 mint, the
reduction gear ratio i = 28.9, which should be taken into account when choosing a geared motor.

For this drive size Lo = 1120 mm and F = 60-80 kN, a SEWEURODRIVE KAZ-97 gear motor
with n1 = 1480 mint, Py = 22 kW, i = 18.96, n, = 78 min™* was selected. For this gearbox, the
permissible radial load is 19.4 kN. Service factor (service factor) S¢ = 1.35. Rated output torque
Mnz = 3210 N/m. Maximum output torque Mnzmax = 4300 N/m. Dimensional characteristics of the
reducer — hollow shaft with d = 70 mm with a key.

Thus, the use of a motor with a power of 22 kW is possible with restrictions on the speed of the
rack in the range of 0.25-0.3 m/min and a maximum allowable load of 73.3 kN. A speed of 0.5 m/s
at a given load of 60-80 kN is possible when using a geared motor with a power of 30 kW or more.
At a speed of 0.3 m/s and a load of 80 kN, the minimum power is 24 kW, the torque is 4480 N/m.
The specified parameters of the motor-gearbox do not allow working with such load.

Then, the calculations are performed for the bending strength of the gear shaft teeth, based on
the results of which the material and method of heat treatment and surface hardening of the teeth are
selected.

Calculation of drive elements for strength. Calculation of gear wheel teeth for bending strength
is carried out according to the formula

PKe ye
= , 9
OF b,m ®)
where P — circumferential force, N; ke — load distribution ratio; yr — tooth shape factor, depending on
the number of teeth, with Z = 14 yr ~ 3.9; bw— ring gear width, bw = 139.5 mm; m — gear wheel tooth
module, m =8 mm.

The load distribution ratio is calculated by the formula [33]
e = Kepke, (10)

where krp — ratio of uneven load distribution along the length of the tooth, with an almost symmetrical
arrangement of supports and a ratio of width by to diameter D (yba = 140/112 = 1.2) krp=1.14
(Table 2); kry — dynamic load factor, with 7th degree of accuracy and peripheral speed up to 3 m/s
kry = 1.15 (Table 3); ke =1.14 -1.15 = 1.31.
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Table 2
The value of load uneven distribution ratio Krp
The location of the wheels relative to the supports
Yoy = %W ) Asymmetrical )
Symmetrical Cantilevered
More hard shaft Less hard shaft
0.2 1.00 1.00 1.05 1.15
0.4 1.00 1.04 1,10 1.22
0.6 1.03 1.08 1.16 1.32
0.8 1.06 1.13 1.22 1.45
1.0 1.10 1.18 1.29 -
1.2 1.14 1.23 1.36 -
Table 3
The value of dynamic load factor Kgy for spur wheels
Peripheral speed v, m/s
Degree of Surface teeth hardness, HB
accuracy Upto3 3-8 8-12
6 <350 1.00 1.20 1.30
> 350 1.00 1.20 1.30
7 <350 1.15 1.35 1.45
> 350 1.15 1.25 1.36
8 <350 1.25 1.45 -
> 350 1.20 1.35 -
9 <350 1.35 - -
> 350 1.30 - -

With the base number of cycles, the permissible values of the bending strength are determined
by the formula [33]

sl = S Eolimb ’ 11

ol = g ol -
where oe%imp — Stresses determined by the heat treatment mode, MPa; factor [n]e’ = 1.75 for steels
after normalization, hardening with subsequent drawing and surface hardening, 1.8 — after bulk
hardening and 1.55 — after carburizing and quenching; factor [n]¢"” = 1 for stamped, 1.15 for forged
and 1.3 for cast parts.

or%imb values depends on technological parameters of the heat treatment: 1.8 HB — normalized
wheels; 500-550 MPa — bulk hardening, HRC» = 45-55; 700 MPa — surface hardening, HRC» = 48-58;
900 MPa — carburizing and quenching, HRC» = 57-60.

For a stamped wheel made of hardened with subsequent drawing steel of grade 40Cr with
surface hardening or%im» = 700 MPa, for a stamped wheel made of 20Cr steel grade after carburizing
or%imp = 900 MPa. Safety factor [n]r = 1.75 for steel after surface hardening and [n]r = 1.55 for
carburized steel.

We calculate the allowable stress by the formula (11):

for steel grade 40Cr after surface hardening [c]r = 700/1.75 = 400 MPa,
for steel grade 20Cr after carburizing and quenching [c]r = 900/1.55 = 580 MPa.
The stress in the teeth are calculated according to the formula (9):
60000-1.31-3.9

under P =F =60 kN, or =——— =275 MPa; oF < [o]F;
139.5-8
80000-1.31-3.9
under P = F = 80 kN, oF :W =367 MPa; o < [o]F.

Thus, the selected module of hardened and tempered 40Cr steel with surface hardening with-
stands a load of up to 80 kN.

331
This is an open access article under the CC BY 4.0 license



E Journal of Mining Institute. 2023. Vol. 261. P. 325-338
: © Oksana Yu. Ganzulenko, Ani P. Petkova, 2023

EDN HIGACE

The parts manufacturing process of the linear rack-and-gear drive with a stroke length of
1120 mm. The necessary information for the components manufacture of the SRPU linear rack-and-
gear drive elements is presented in Table 4.

Table 4

Manufacturing technology and materials for linear rack-and-gear drive parts

Manufacturing type

Workpiece/Material

Part name
Gear shaft
Rack
Small lock
Lock
Hob
Spacer
Liner
Bottom wall

Upper guiding rail
Side guiding rail
Guiding rack
Guiding bar

Left wall

Right wall

Upper wall

Ring

Front wall
Console
Console
Bearings roller
Corner

Wall

Lug

Wall

External compression spring
Internal compression spring

Pipe

Plate (disk)

Rod

Valve

Half cover left
Half cover right

Cup disk
Cup pipe

Wall
Handle
Back wall

Bar
Bar
Bar

Rack — gear shaft (assembly)

Milling processing
Milling processing
Milling processing
Milling processing
Turning processing
Turning processing
Laser cutting
Housing (assembly)
Milling processing
Milling processing
Milling processing
Locksmith processing
Locksmith processing
Milling processing
Milling processing
Milling processing
Locksmith processing
Substitute (welding)
Laser cutting
Locksmith processing
Locksmith processing
Turning processing
Locksmith processing
Laser cutting and bending
Locksmith processing
Column shaft (welding)
Laser and milling processing
Finished product
Finished product
Welding
Laser cutting
Turning processing
Turning processing
Turning processing
Turning processing
Cup (welding)
Turning processing
Turning processing
Casing body (welding)
Laser cutting and bending
Locksmith processing
Laser cutting
Flange (welding)
Laser cutting
Laser cutting
Laser cutting

Steel 40CrNi
Steel 40Cr
Plate 20/Steel 3
Steel 45
Steel 45
Steel 20
Sheet 2/Steel 10

AlMg3
Steel 45
Steel 45
CuZnPb 59-1
CuZnPb 59-1
AlMg3
AlMg3
AlMg3
Steel 45

Plate 20/Steel10
Plate 40/Steel 10
Pipe 80x50x3/Steel 10
Rolled bar 35/Steel 45
Sheet 6/Steel 10
Sheet 6/Steel 10
Plate 20/Steel 3

Plate 25/Steel 10

Pipe 219x5
Plate 25/Steel 3
Pipe 41x3.5
Rolled bar 45/Steel 3
CuZnPb 59-1
CuZnPb 59-1

Plate 25/Steel 3
Pipe 54x3

Sheet 2/ Steel 3
Rolled bar 14/Steel 20
Sheet 2/ Steel 3

Sheet 4/ Steel 10
Sheet 4/ Steel 10
Sheet 4/ Steel 10

Drive assembly process (Fig.2). The lower wall of the housing was installed on the gear motor
(Fig.2, a). A bearing was pressed on the gear shaft (Fig.2, b), then it was installed into the gearbox,
the side wall was screwed (Fig.2, ¢). Then, the guiding bar with the liner was installed in the housing

(Fig. 2, d).
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Fig.2. Stages of assembling a linear rack-and-gear drive (SRPU)

After that, the assembly of the column shaft was carried out (Fig.2, €). Springs and a cup were
installed in it. Then the gearbox with the engine assembly was installed on the mounting platform,
after that the holes in the column flange and the gearbox housing were combined, the substitute was
installed on the gearbox housing, after that a gear rack was installed, which was turned over with the
teeth down and moved along the guides until it stops, turning the shaft. The casing is installed on the
substitute in a vertical position and is used in the complete set of the drive for testing on the well
when protecting the mechanism from moisture and dust. When carrying out the research tests, the
casing body was not installed to control visually the movements of the rack.

For the assembled drive, an adaptive control system for a group of drives on a well pad was
developed with a system for recuperating the energy of the downward moving rod, which makes it
possible to reduce the energy consumption of the drives by regulating the number of double strokes
and the stroke of the rod.

Optimization of the oil production algorithms in terms of energy efficiency and consumption is
based on mathematical modeling methods in the Simulink Power System Blockset simulation system.
To create a model of the system, mathematical models of hydraulic and mechanical (system pump —
rod string and SRPU drive), electrical (frequency converter, energy storage, and electric motor),
electronic (regulator) components of a rod string were used [35]. The technique for developing
a mathematical model of a column is presented in [36].

The adaptive ACS (automatic control system) of the drives group developed in this work gener-
ates commands for the frequency converter. The frequency converter generates a voltage of the re-
quired frequency and amplitude to the asynchronous motor power. The asynchronous electric motor
connected to the gearbox through a clutch transmits torque to the rack-and-pinion mechanism, the
rack is connected to the polished rod and imparts reciprocating motion to it. The kinetic energy of the
downward moving rods is stored in a capacitor bank. The ACS distributes the accumulated energy
between the drives when the formation fluid is lifted, provides optimal control in accordance with the
well flow rate, controls the pump with optimal filling, provides programmatic hydraulic impact pre-
vention, which improves the service life and reliability of the drive. The drives are connected to each
other and to the capacitor bank by means of a DC link.

The developed adaptive scheme of the ACS, which controls the group of drives with energy
recovery, and its implementation for two SRPU drives are shown in Fig.3, a. The experimental sam-
ple of the ACS has two channels for connecting two SRPU drives and is one common control and
power box, which houses frequency converters (FC), a process controller and a DC link capacitor
(Fig.3, b). This system also has power and information channels. The pump drives are considered as
a part of the group as control objects with their own control systems, and their information channels
are connected to a high-level control system through an information converter. In view of the fact
that to improve the energy efficiency of oil production, the kinetic energy of the downward moving
rod, accumulated in the capacitor bank, is used, the power channels of the SRPU drives are connected

333
This is an open access article under the CC BY 4.0 license



] Journal of Mining Institute. 2023. Vol. 261. P. 325-338 EDN HIGAOE
e © Oksana Yu. Ganzulenko, Ani P. Petkova, 2023

a 220/50 N PE 380/50 N PE b
o Q
ACS I 17 T
Converter Power
~220/=24 supply
Controller
ACS
Control l
line -~
DC

BT |

Frequency Frequency
converter 1 converter 2

p
[ _ ]
i

Capacitor

1
Rackbar
position end
sensors

Fig.3. Functional electrical circuit of the ACS experimental sample (a);
power supply and control box for the group of two SRPU drives (b)

to each other and the energy storage device through a DC link, and one of the ACS tasks is to distribute
the accumulated energy between two drives.

Discussion of the results. The calculation analysis of the drives performance coefficient showed
that the developed linear rack-and-gear drive has the highest efficiency among analogues. The com-
pactness of the drive and the ability to install it directly at the wellhead can reduce operating costs and
commissioning time, which also contributes to an increase in the economic efficiency of oil production.

For the drive size and for rod loads of 60-80 kN, a SEWEURODRIVE KAZ-97 was chosen the
gear motor with ny = 1480 min™, P1=22 kW, i = 19, n, = 78 min?, St = 1.35, M2 = 3210 N/m. The use
of a 22 kW motor-reducer limits the rack stroke speed within 0.25-0.3 m/min and the allowable load is
73.3 kN. With designed loads of 60-80 kN, the rack stroke speed of 0.5 m/s is acceptable for motors
with power of more than 30 kW. At speed of 0.3 m/s and a load of 80 kN, the minimum power is 24 KW,
and at speed of 0.5 m/s and a load of 60 kN it is 30 kW.

For the selected motor-reducer with a power of 22 kW, with the rack stroke length unchanged,
restrictions on the speed of movement of the rod or loads on the rod are possible by reducing the
speed of the gear and the number of double strokes, as well as the speed of the rack. This can be
achieved by reducing the frequency of the current supplied to the motor, which is achieved by using
a frequency converter in the drive control system. The use of the frequency converter also allows
frequency converter when stopping and changing the direction of movement and reducing inertial
loads when reversing the direction of movement.

At speed of 0.3 m/s, load of 80 kN, and speed of 0.5 m/s, a load of 60 kN it is required to use
a gearbox with larger dimensions than SEWEURODRIVE KAZ-97. A suitable option for these con-
ditions is the Bonfiglioli A803 24.5 P200 BN200L4 geared motor with characteristics P1 = 30 kW,
n1 = 1470 min~t, n2 = 60 mint, Mn2 = 4377 N-m, St = 1.5, radial load on the output shaft Rn2 =
= 4330 N.

334
This is an open access article under the CC BY 4.0 license



EDN HIGACE

Fig.4. Assembly units of the linear rack-and-gear drive SRPU

Based on the results of the calculation for the bending strength of the teeth, a gear shaft made of
tempered steel 40CrNi with surface hardening of the teeth was selected, which can withstand load up
to 80 kN. Also, taking into account the calculations, materials and manufacturing technologies for
the remaining components and parts of the drive were selected, and technological parameters of heat
treatment were selected. Photos of some parts are shown in Fig.4: gear shaft (steel 40CrNi, tem-
pered + the teeth surface hardened with high frequency currents (HFC) (Fig.4, a), gear rack (steel
40Cr, tempered, Fig.4, b), housing parts with liners made of brass CuZnPb 59-1 and walls made of
aluminum alloy AIMg3 (Fig.4, c, d). The column shaft, casing body, substitute, and cup are welded
constructions made of carbon steels.

Also, mechanical (turning and milling) processing and heat treatment (normalization) of parts
(small lock, lock, hob and spacer in accordance with Table 4) for assembling a rack with the gear
shaft and laser cutting of liner parts (Fig.4, c) was done. Fine machining of casing body parts (Fig.4, d)
was carried out in accordance with Table 4. For the manufacture of the substitute (Table 4) the
finishing machining, laser cutting, and welding of parts were performed (Fig.4, e).

Manufactured and heat-treated springs are shown in Fig.4, f. For the manufacture of the column
shaft and the cup the laser cutting, turning and milling, and then welding of the parts were performed
(Table 4). The column assembly with the cup and springs installed inside is shown in Fig.4, g.
For the casing body manufacture the laser cutting, bending, and welding of parts were performed
(Table 4), finished casings are shown in Fig.4, h.

Figure 5 shows the assembly of linear rack-and-gear drive with a stroke length of 1200 mm and
arod load of up to 80 kN, mounted on a test bench for testing at idle. The asynchronous electric motor
transmitting torque to the rack-and-gear mechanism is connected through an elastic coupling to a
gearbox that transmits reciprocating motion to the pump rod. The rack-and-pinion linkage consists of
a toothed rack mounted on column and gear shaft that moves in the vertical direction to provide
reciprocating motion of the pump rods. The toothed rim of the gear shaft during the electric motor
rotation, being engaged with the toothed rack, moves it vertically upwards on the forward stroke, and
vertically downwards during the reverse rotation of the motor on the reverse stroke.

The toothed rack stand at the upper end is rigidly connected to the rod column shaft by means of
a cleet, which ensures the transmission of force from the drive to the rod string. In the U-shaped
toothed rack stand, along the axis of the pump stroke, there is a longitudinal open channel for moving
the rod inside the stand.
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Under the bottom edge of the drive stand
there is a lubrication oil pan that sinks the bot-
tom of the stand to provide lubrication during
each stroke. The lubrication pan is an annular
cavity formed by two pipes hermetically con-
nected at the bottom, filled with grease,
which is pumped into the upper part of the
cavity. The inner tubular wall of the pan is lo-
cated around the wellhead and fits freely in-
side the hole of the rack to provide move-
ment, and the outer wall of the tubular pan is
located around the rack. The drive also con-
tains a spring located inside the cavity in the
pan under the lower edge of the stand for
braking the rack when the pump moves down
and accelerating the rack during the forward
stroke of the pump up.

When the stand moves up the micropro-
cessor control system of the linear rack-and-
gear drive ensures the operation of the elec-
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Fig 5. Design (a) and tric motor in the driving mode, and when it is

manufactured rack-and-gear drive assembly (b) moving down — in the braking mode (genera-

1 — basement; 2 — asynchronous electric motor; 3 — polished rod; tor mode)_ The pump drives operating in the
4 — oil bath; 5 — reducer; 6 — gear and axle; 7 — mechanism case; -

8 gear rack: 9 rod holder well cluster are connected by a DC link, to

which a high-capacity capacitor bank is con-
nected to accumulate and store the energy generated in the generator mode during the downward
stroke of the rod. The accumulated energy is consumed by the electric motor in the forward stroke of
the rod up during operation in the driving (loaded) mode. The microprocessor control system, which
selects the pumping intensity for each pump, regulates the consumption of stored energy for lifting
oil, which makes it possible to use electricity more economically.

To implement energy-efficient control of a group of drives on a cluster of closely spaced wells
with energy recovery, an adaptive automatic control system is proposed that includes an input con-
verter, a controlled current source that provides processes for charging and discharging a high-capac-
ity capacitor (rod energy storage) and issuing commands to start and stop the drives included in the
group, work in driving and generator modes. The proposed adaptive ACS makes it possible to imple-
ment algorithms for energy-efficient control of groups of SRPU drives, which reduce fluctuations in
power consumption and current by choosing the plunger speed, the number of SRPU swings, and the
duration of the pause between them in accordance with the flow rate of wells.

The most effective electrical way to increase performance coefficient is to use the developed
system for storing and redistributing the potential energy of rods between SRPUs that lift oil. This
made it possible to eliminate fluctuations in power consumption, reduce its peak value by three times,
the peak value of the current consumed from the network by two times, and reduce losses in the input
converter and cables by three times.

The use of an energy recovery system allows us to decrease capital costs by reducing the cross-
section of network cables, using an input transformer or a lower power diesel generator set in case of
autonomous power supply to a group of drives.

Thus, usage of a direct torque control system and a kinetic energy storage system for SRPU drive
elements and a rod column are an effective tool for reducing energy costs in oil production from
marginal fields.
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Conclusion. The analysis of ways for improving the energy efficiency of sucker rod pumps by
mechanical means has been carried out. It is shown that the most effective mechanical way to increase
the performance coefficient is to use a linear rack-and-gear drive of the developed design, which
makes it possible to increase the set up performance coefficient by 10 % compared to analogues. It is
necessary to take into account the fluctuations in power consumption existing in the cycle of operation
of the electric motor of the drive, leading to a decrease in the performance coefficient of the electric
motor. Kinematic and strength calculations of a linear rack-and-gear drive with a stroke length of
1120 mm and a load of up to 80 kN are performed, the processes of its manufacture, heat treatment
of parts and assembly are described. The drive was assembled and tested at idle.

The developed group energy-efficient mobile drives of the SRPU and adaptive automatic control
systems are designed to equip the “clusters” of wells in oil fields with modern domestic energy-saving
equipment for oil production to replace obsolete and worn-out equipment, as well as for import sub-
stitution of the equipment.

With sufficiently large production volumes overall energy efficiency and a reduction in capital
and operating costs can bring significant economic benefits, and the payback period for group ACS
can be no more than a year due to the possibility of equipping group ACS with any type of SRPU
drives. The energy efficiency of oil production will increase, the cost of well construction will de-
crease, the environmental load on oil production zones will decrease, the overall level of production
automation and the technological culture of oil production as a whole will increase.
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Abstract. A modified mathematical model of an asynchronous electric drive of the rotor — a drill string — a bit —
arock is considered and implemented, which develops and generalizes the results of previously performed studies.
The model includes the following subsystems: a model of an asynchronous drive with vector control; a model of
formation of the resistance moment at the bottom of the bit, taking into account the peculiarities of the interaction
between the bit and the rock; a model of a multi-mass mechanical part that takes into account the deformation of
the drill string; subsystem for the drilling rig energy-technological parameters formation. The integrated model
makes it possible to calculate and evaluate the selected drilling modes, taking into account their electro-mechanical,
energy and technological efficiency and the dynamics of drilling processes. The performed computer simulation of
drilling modes confirmed the possibility of a stick-slip effect accompanied by high-frequency vibrations during bit
stops, which may change the direction of rotation of the bit, its accelerated wear and unscrewing of the drilling tool.
Long bit stops lead to a significant decrease in the average bit rotation speed, which can explain the decrease in the
ROP and increase in energy consumption when drilling in the zone of unstable bit rotation. The model can be used
as a base for further improvement of rotary drilling control systems.

Keywords: asynchronous adjustable electric drive; drilling rig rotor; drilling modes; stick-slip effect; energy
efficiency
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Introduction. The drilling rig rotor with electric drive is distinguished by a complex mechanical
part (Fig.1). The rotation of the motor rotor through the transmission device is transmitted to the rotor
of the drilling rig and through the drill pipes column (DPC) - to the bit. By drilling rig rotor moment,
applied to the top of the string, and the bit moment of resistance, applied to the bottom of the string,
drill pipes are deformed and twisted at a certain angle, the value of which depends on the length,
diameter and elastic properties of the string and can reach tens of revolutions. During the drilling
process, the twist angle can remain practically unchanged, while the bit rotates uniformly. When the
angle of twist changes during the drilling process, an uneven, unstable rotation of the bit occurs (stick-
slip effect) with long stops, immersions in the rock and bit breaks, as well as the appearance of tor-
sional and longitudinal self-oscillations of the drilling tool [1]. This mode occurs when working with
PDC bits of the cutting-attrition type especially often (more than 50 % of the drilling time). Unstable
bit rotation modes can prevail during well drilling [2, 3], reducing the energy efficiency of drilling
and accelerating the drilling tools wear [4, 5]. This work is dedicated to creation a complex model of
a drilling rig with an asynchronous electric drive of the rotor — a drill string — a bit — rock, simulating
the main processes of electric rotary drilling, with a set of characteristics for analyzing the electro-
mechanical, energy and technological efficiency of drilling modes. The results of the work develop
the earlier studies results [6-8].
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Fig.1. Drilling rig scheme
1 — rotor drive; 2 — transmission devices;
3 —drilling rig rotor; 4 — drill pipe string;
5 — column bottom layout; 6 — drilling bit

mmE - Journal of Mining Institute. 2023. Vol. 261. P. 339-348 EDN YEEWZJ
© Mikhail S. Ershov, Aleksandr N. Komkov, Evgeniy A. Feoktistov, 2023 DOI: 10.31897/PMI.2023.20

Methodology. Modeling of the asynchronous the drilling rig
electric drive was carried out in the Matlab Simulink environ-
ment. The block diagram of the base model is shown in Fig.2. The
model includes the following main subsystems: IM-Subsystem —
a model of an asynchronous motor with a vector control system
based on PI flux linkage, speed and current controllers; Meh-Sub-
system — a model of the mechanical part of the electric drive, in-
cluding a motor rotor, a drilling rig rotor, transmission mecha-
nisms and a drill string; dual-mass model of the rotor drive me-
chanical part is shown in Fig.3; Tho-Subsystem, Tp:1-Subsystem,
Tb-Subsystem — subsystems of the drag moment model on the bit;
ETP-Subsystem — a subsystem for the formation of energy-tech-
nological drilling parameters.

The main nominal parameters of the AFD series rotor drive
asynchronous motor are as follows: power 1000 kW; voltage
660 V; current 1075 A; torque 9620 N-m; speed 993 rpm.

“Motor modeling was carried out in coordinates (X, Yy), the
rotation speed of which is equal to the rotation speed of the stator
field (o« = 1), with the base voltage vector (uSx = U1; uSy = 0)”
[7]. The mathematical model of the engine is represented by the
following system of equations in operator form™:

U, = r(l+T¢s)ig, — o, Ldig, — (Kg / T)we, —Kg PO, W ;
0=r@+T{s)ig, + o Lgig — (Kg [ Te)we, +Ke PO, W,
0 =—KgRgis, + 1/ Tp +S)yg, — (0, — Po, )W, ; 1)
0=—kgRglg, + @/ T +S)wg, + (0 — po, )We,;
To =1.5p(Weds, = Wayls,),

: F
m)
_l N =
Fref Is | ,D
wm Is
& i "I wm, wb
i il pmil ()
: s T ] ’ ! I
wref
IM-Subsystem Meh-Subsystem eyam HJ
T db eyam
|_}—— ENERGY-M|
il 04
™ D
[[os I a L [ *Pm  — eneroys —[il
a
Pm-Subsystem Em, Eb, Ebg
Rl | d |
L @ L —  ENERGYBP
db S 5
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Fig.2. Structural diagram of the drilling rig rotor with asynchronous drive

* German-Galkin S.G. Matlab & Simulink. Design of machatronic systems on PC. St. Petershurg: Korona-Vek, 2020, p. 368.
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where w1 = 104.7 s1 is the synchronous speed; p = 3 is the Load
pole pairs number; om — motor shaft speed; yrx, Wry — rotor Tm

\_J Om

flux linkage along the axes X, y; wsx, wsy — stator flux link-

age along the axes X, y; irx, Iry — rotor currents along the v
axes X, Y; Isx, Isy — stator currents along the axes x, y; Tm — a1 o
motor moment; s — operator; Rr, Rs — rotor and stator active

resistances; Lm, Lr, Ls— rotor and stator mutual and self-
inductance; Tr = Lr/Rr — rotor time constant; Tq =L /r —

stator time constant; r = Rs+ + k’R.; kr = Lm/Lr; Lg=Ls—
— L2 /Lr.

The parameters included in the equations of system
(1) are as follows: Rr = 0.00267 Q; r = 0.939 Q; kr =

=0.939; L;=0.00034 H;T,=0.068 s; Tr=1.064 s. g
05
Determination of motor parameters — active re- J2 i

c12 I::l P12

sistances, inductances and time constants, as well as para- T

meters of Pl controllers — was carried out according to the —

following methods [8-10]. In the parallel form of writing \HJ(DL)

the transfer function expression, the parameters of the flux Drilling bit

linkage PI controller were P, =410, I, = 14. The PI control-

lers parameters of speed and current, tuned to the technical Fig.3. Dual-mass model of rotor drive
optimum were: P, = 166, |, = 16.5 (for speed controller) mechanical part

and Py = 3, I} = 10 (for current controller).

The mechanical part of the electric drive is implemented in the form of multi-mass (from two to
four masses) equivalent systems in the Meh-Subsystem block. The initial data for modeling corres-
pond to a drilling rig of the BU-5000/320 type. The length of the drill pipe string is assumed to be
3000 m, the pipe diameter d: = 0.127 (wall thickness 0.09 m), the layout of the bottom of the DPC is
made of UBT pipes 203x80 (90 m), the bit diameter d; = 0.295 m (PDC bit 295.3FD257M-A27). The
mathematical model of a dual-mass mechanical system in operator form is represented by the follo-
wing system of equations:

S(’Om‘:ll :Tm _L%-’_Ble(wm _(Db)_Trl;

Swyd, = (%+312j(®m _(Db)_Tb’

where wp(t) — bit rotation speed, rad/s; Tr1 — moment of resistance of the first mass, N-m;
Tbr — moment of resistance applied to the second mass (torque on the bit), N-m; T, — first mass re-
sistance moment, determined by the product of the external viscous friction o coefficient on engine
speed om.

Estimated moments of inertia of the two-mass system elements: Ji = 66.5, J, = 12.5 kg-m?;
stiffness factor c12 = 22.8 N-m/rad; viscous friction coefficient 12 = 0.06 N-m-s/rad; external viscous
friction coefficient oo = 0.5 N-m-s/rad.

The formulation of operator equations for a three- and four-mass system also does not cause
difficulties. Estimated three-mass system elements moments of inertia are: Ji = 55, Jo» = 17,
Js = 7 kg-m?; stiffness coefficients ci2 = 25, c23 = 263 N-m/rad; viscous friction coefficients: P12 =
= B23 =0.03 N-m-s/rad. Estimated four-mass system elements moments of inertia are: J1 =55, J>= 8.5,
J3= 8.5 kg-m?; stiffness coefficients c12 = 50, c23 = 50, c34 = 263 N-m/rad; viscous friction coefficients
B12 = P23 = P34 = 0.02 N-m-s/rad. All parameters of the mechanical system are given to the motor
rotation speed.
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The determination of the moment Ty is implemented in three blocks: Tho-Subsystem; Thi-Sub-
system and T,-Subsystem. Modeling of the bit resistance moment is carried out in the Tho-Subsystem
block according to the following expression [1]:

7.25
Too (1) = O.4ad§P[1+m]\|/(tb) : )
where a — empirical coefficient; P — axial load on the bit, N; wn(t) — bit rotation speed, rad/s; 6o =1 —
correction, rad/s; y(t») — a function that takes into account the change in torque during drilling as the
bit wears out over time tp, h.

The parameters were determined taking into account the resistance of rocks to destruction during
well drilling [11, 12].

According to the source [1], y(t,) function can be represented by the following relationship:

w(ty) = 1 + 0.002t, +0.000051t;2.

The maximum axial load on the bit during modeling can reach P = 200 kN; the value of the
empirical coefficient for soft rocks a = 1, for hard rock a = 0.5; maximum bit rotation speed
ob = 21 rad/s (200 rpm).

The transition from the static moment of resistance Tro(t) to the moment Ty(t), which takes
into account frictional changes in the moment when passing through zero, is carried out in the
Tb1-Subsystem block (according to the Stribeck model [13, 14]):

Toa(t) = pTho(t), (3)

where p = 1signwp; |ob| > 0.001; p = 1.1signwp; o] < 0.001.

In subsystem Tp-Subsystem the presence in the drill string of not only torsional, but also lon-
gitudinal vibrations, which change the axial load on the bit during drilling, is taken into account;
modeling of such oscillations was carried out according to the harmonic law [15]. The formula for
determining the resulting drag moment on the bit is [8]

Tb = To1(1 + hsinvt) + &(t),

where h — coefficient that takes a value from 0 to 1; v — angular frequency of longitudinal oscillations
corresponding to values from 0.5 to 3 Hz; &(t) — white noise function to take into account longitudinal
random oscillations with an amplitude value of 3 KN-m.

Calculation of the instantaneous (at time t) power Pm(t) on the motor shaft and power on the bit
Po(t) is carried out based on the values of the moments Tw(t), To(t) and velocities wm(t), wb(t)
in Pm-Subsystem and Py-Subsystem blocks:

Pm(t) = Tm(H)om(t); Po(t) = Tu(t)ou(t).

In the ETP-Subsystem block, the energy and technological parameters of the drilling rig are
calculated. The total energy consumption of the electric drive and the energy on the bit during drilling
time T are determined by the following expressions:

Em(T):I;Pm(t)dt; Eb(T)=j:Pb(t)dt.

The ratio of energy costs on the bit and on the engine determines the energy efficiency factor of
the drive

E (T)
Ky o (T)= ———%.
bfm( ) E, (T)
Energy and technological characteristics are linked through indicators of the specific energy

intensity of various rocks — Mechanical specific energy (MSE) [16, 17]. According to energy log-
ging data, which may be included in modern geological and technological studies, the values of
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specific energy consumption for the rock destruction (Table 1), depending on the energy intensity
class of the rock, can vary from several units to several thousand KW -h/m? [18]. Specific esy (MSE)
and general Eb(t) energy intensity on the bit allow you to determine the mechanical speed of drilling
Rate of penetration (ROP)

y B (T)_ R
" e TR e, R,

where F, — bit area, m?; P, — average power on the bit (integral estimate over time T), KW.

Table 1

Drilling power consumption indicators [18]

. . Specific energy consumption
Rock class | Energy intensity P e k%h/mg P
| Minimal Up to 15.6
1 15.6-31.2
1] 31.2-62.5
1V Low 62.5-125
\Y 125-250
VI Avarage 250-500
VIl 500-1000
VI High 1000-2000
IX 2000-4000
X Maximal Over 4000

The value of the mechanical drilling speed allows you to determine another characteristic indi-
cator of rotary drilling — a deepening per one revolution of the bit

Vmeh
ENG)

where k = 1/1800 — dimension factor.
In drilling, the reciprocal of hy is also used, called the Rate of penetration index (RPI).

Along with the specific energy consumption on the bit, necessary for the destruction of the rock,
it is proposed to introduce an indicator of the total specific cost of the rotor electric drive

CE(T) B
VTR V..F

sp.m

meh meh

where P_— average value of the electric drive power (integral estimate for the time T), kW.

The energy of the electric drive includes the energy on the bit, as well as the energy spent on idle
rotation of the DPC, and energy losses due to friction, including the friction of the string against the
borehole walls. Therefore, the total specific energy consumption for drilling significantly exceeds the
specific energy consumption for rock destruction e, > e . In this case, the parameter espm €asier to

determine in practice during drilling.

Thus, a modified complex model is proposed: an asynchronous electric drive of the rotor —a drill
string — a bit — a rock. The model is a nonlinear feedback system, which makes it possible for self-
oscillations to appear in the system [19, 20]. The main input parameters of the model are WOB Pref
(Weight on bit — WOB) and rotation speed nref, rpm (Revolution per minute — RPM) [21-24], and
output — electromechanical parameters of the drive (speeds, torques, currents, powers), as well as
energy and technological characteristics of the drilling rig [18, 25-28]. Parameter (WOBxRPM) com-
bination determines the drilling modes, and the output parameters allow you to evaluate the selected
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drilling modes from the standpoint of their electromechanical, energy and technological efficiency
and taking into account the dynamics of drilling processes [29-31].

Results disscution. Some simulation results for the indicated drilling rig, initial data and drilling
modes are presented in Table 2.

Table 2

Results of simulation of electric driven rotary drilling modes

Parameters

Mode

number ch’ﬁ_xr?;'\"* P KW | PokW [ Kyn | vemm | PR e o e
1 20%20 30.2 2.3 0.078 0.07 0.10 6237
2 40%30 59.8 55 0.096 0.17 0.14 5073
3 80x50 143.1 15.3 0.108 0.45 0.21 4491
4 120x70 255.1 29.8 0.117 1.25 0.27 4116
5 160x90 374.4 45.8 0.123 1.33 0.30 3933
6 200x110 523.2 65.3 0.125 1.90 0.34 3857
7 20%70 103.3 12.7 0.123 0.38 0.08 3919
8 60x90 198.1 26.3 0.133 0.77 0.14 3625
9 100110 313.6 42.9 0.137 1.26 0.18 3525
10 120x130 450.4 62.4 0.139 1.83 0.23 3474
11 180%150 603.0 84.8 0.141 2.49 0.27 3426
12 20x120 202.4 21.6 0.107 0.63 0.08 4521
13 40x130 265.3 30.4 0.115 0.89 0.10 4199
14 80150 396.0 50.1 0.127 1.47 0.15 3805
15 120170 547.0 72.6 0.133 2.13 0.19 3621
16 12030 82.0 5.1 0.062 0.14 0.21 7816

One of the main tasks in drilling operations is the analysis of drilling modes in the coordinates
(WOBxRPM) [32-35]. The first six modes refer to modes of unstable bit rotation and, as shown in
Fig.4, in the coordinates (WOBxRPM) separating the zone of bit uniform rotation from the zone of

non-uniform rotation with long stops. In the con-

sidered modes, a low level of mechanical drilling

WOB, kN speed is noted, which is explained by the large

200 b diameter of the bit and the rather high energy in-

A tensity of class V11 rock (accepted 750 kW-h/m?).

NUR zone 5/ S LTzone For a bit with a diameter of 0.128 m, when drilling

b d rocks of IlI-11l energy intensity classes, the me-

° T chanical drilling speed reaches several tens of me-

16 4/ 15 ters per hour. The given values of the bit depth are

. » . quite large, in the literature, you can find lower

1001 \ e values of the depth limit, but the calculation is car-

3/ NUR border " ried out per the rotation of th_e engine rotor, rather

o . than the bit, the ratio of which is determined by
8o the gear ratio.

____________ 5 UR zone Based on the analysis of the modes (1-15),

g o it can be concluded that according to the energy-

14 “Je 12y technological characteristics it is difficult to

/1P zone single out the modes of non-uniform rotation

0 1(')0 200 (NUR) of the bit if they are close to the zone of

uniform rotation (UR). So, according to all

characteristics, modes 4 (on the border of

Fig.4. Rotary drilling modes zones) and 9 (inside the UR zone) are close. The

N tation of the it . inufficient parameters, further the NUR mode is from the UR zone, for

LT - lateral torsion example, mode 16, the easier it is to establish

RPM, rpm
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Fig.5. Rotor (1) and bit (2) speed curves in mode 16 of non-uniform bit rotation with long stops (a) and in mode 9
of uniform rotation (b)

the fact of unstable bit rotation using the given characteristics. For modes inside the NUR zone is
typical a clear decrease in ROP and an increase in energy costs. The bit and the drilling rig rotor speed
curves for mode 16 are shown in Fig.5, a. For comparison, Figure 5, b shows bit and rotor speed
graphs for the mode of bit uniform rotation at point 9, in which bit speed fluctuations are much smaller
and there are no bit stops. It should be noted that in both cases, the drive motor was started without
load, with the clutch between the motor and the drilling rig rotor disconnected, and with a smooth
increase in the set speed. Long bit stops lead to a significant decrease in the average bit speed, which
can explain the decrease in the ROP and increase in energy consumption when drilling in the NUR
zone. In the process of drilling, wear of the bit occurs, which, according to equation (2), affects the
moment of resistance of the bit, while the boundary of the zone of uneven rotation of the bit moves
to the right, increasing the NUR zone area of the bit. On the other hand, the size of the zone of uneven
rotation is also affected by the diameter of the bit, when it decreases, the boundary of the zone of
uneven rotation of the bit shifts to the left, reducing the NUR zone area of the bit.

Along with the zones of uniform and non-uniform rotation of the bit, Figure 4 shows a zone of
insufficient drilling parameters (insufficient parameters) [20], where drilling is inefficient due to low
ROP. The UR zone can also be divided, in its upper part (mode 11) the mechanical drilling speed
is maximum, but in this case, accelerated wear of the bit occurs and a mode of impacts of the string
against the borehole wall occurs — lateral vibrations (backward whirl) [21].

In the unstable non-uniform rotation modes of the bit, as can be seen from Fig.5, a, there are
stops of the bit lasting several seconds. In modes 1-6, at the border of non-universal rotation, the stops
are minimal and increase as the operating point moves deeper into the NUR zone, reaching ten se-
conds. When the figure is scaled up, it can be seen that at the stopping intervals, the process of changing
the speed decays [9]. As shown in Fig.6, a, the speed “freezes” from small positive and negative
initial values, tending to zero. There are high-frequency oscillations (up to 3000 Hz) — torsional
vibration, which reduces the resource of the bit. The conversion of high-frequency velocity oscilla-
tions into accelerations made it possible to obtain a vibration curve in the units of measurement
adopted in drilling — shocks. The calculated graph of the bit vibration, presented in Fig.6, b, confirms
in practice the possibility of dangerous vibrations, reaching several tens of shocks [25, 34].

It has been established that in the fading intervals, the bit is affected by positive and negative
moments exceeding 80 kN-m, which correspond to the forces acting on the cutters (teeth) of the bit
up to 15-20 kN, which is consistent with the critical force at which chipping of a reinforcing plate of
the tooth can occur [26, 27]. In addition, the achieved value of the moment acting on the bit exceeds
the recommended unscrewing force of the threaded connection of the bit. For a threaded connection
up to 185.7 mm, itis 21.7 KN-m, which is much less than the moment values achieved on the bit. This
confirms the possibility of accelerated wear and loss (unscrewing) of the bit and the inexpediency of
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Fig.6. High-frequency oscillations (a) and vibration (b) of the bit when stopped and in stick-slip mode

the bit operation in stick-slip modes [27, 32]. Particularly rapid wear of the bit at high-frequency
torsional vibrations is due to a change in the direction of bit rotation, in which the reaction force of
the rock is directed not towards the bit teeth, but tangentially to them, causing chipping of the rein-
forcing plates of teeth and pulling out the teeth from the bit body sockets [33, 34]. Taking into account
the design of PDC bits, it is more reasonable to model the frictional changes in the moment on the bit
Th(t) when the speed passes through zero using a model that differs from model (3) by an upward
shift along the y-axis. A possible variant of such a model is presented in the work [35]. The calcula-
tions have shown that such a shift leads to an increase in the risk of a stick-slip effect.

Conclusion. A modification of the complex model of asynchronous electric drive of the rotor —
drill string — bit — rock is proposed, which makes it possible to calculate and evaluate the selected
drilling modes, taking into account their electromechanical, energy and technological efficiency
[36-38] and dynamics of drilling processes [29, 30, 39]. Simulation results are consistent with rotary
drilling practice [40-42]. The performed computer simulation of drilling modes confirmed the possi-
bility of the stick-slip effect occurrence, accompanied by high-frequency vibrations during bit stops,
during which it is possible to change the direction of rotation of the bit, its accelerated wear and
unscrewing of the drilling tool. The model can be used as a base for further improvement of the
control of the rotary [43-45] and other [46-49] drilling methods.

REFERENCES

1. Yunin E.K. Self-oscillations in deep drilling. Moscow: Librokom, 2013, p. 264 (in Russian).

2. Guangjian Dong, Ping Chen. A Review of the Evaluation, Control, and Application Technologies for Drill String Vibrations
and Shocks in Oil and Gas Well. Shock and Vibration. 2016. N 7418635, p. 34. DOI: 10.1155/2016/7418635

3. Saldivar Marquez M.B., Boussaada I., Mounier H., Niculescu S.-l. Analysis and Control of Oilwell Drilling Vibrations.
A Time-Delay Systems Approach. Springer International Publishing Switzerland, 2015, p. 282. DOI: 10.1007/978-3-319-15747-4

4. Yang Liu, Wei Lin, Chavez J.P., De Sa R. Torsional stick-slip vibrations and multistability in drill-strings. Applied Mathe-
matical Modelling. 2019. Vol. 76, p. 545-557. DOI: 10.1016/j.apm.2019.06.012

5. Liping Tang, Xiaohua Zhu, Xudong Qian, Changshuai Shi. Effects of weight on bit on torsional stick-slip vibration of oil well
drill string. Journal of Mechanical Science and Technology. 2017. Vol. 31. N 10, p. 4589-4597. DOI: 10.1007/s12206-017-0905-7

6. Ershov M.S., Balitsky V.P., Melik-Shakhnazarova I.A. Rotary table DC drive operation under conditions of unstable rotation of drill
bit. Mining Informational and Analytical Bulletin. 2020. N 11, p. 166-179 (in Russian). DOI: 10.25018/0236-1493-2020-11-0-166-179

7. Ershov M.S., Komkov A.N., Feoktistov E.A. Operation of DC and AC drives of rotary table in unstable rotation mode of drill
bit. Mining Informational and Analytical Bulletin. 2021. N 6, p. 153-167 (in Russian). DOI: 10.25018/0236_1493_2021 6 _0_153

8. Ershov M.S., Feoktistov E.A. Impact of unstable drilling on energy efficiency of drill rotor drive. Mining Informational and
Analytical Bulletin. 2022. N 1, p. 148-161 (in Russian). DOI: 10.25018/0236_1493 2022 _1 0_148

9. Dardan Klimenta, Antti Hannukainen, Antero Arkkio. Estimating the parameters of induction motors in different operating
regimes from a set of data containing the rotor cage temperature. Electrical Engineering. 2018. N 100, p. 139-150.
DOI: 10.1007/s00202-016-0497-8

346
This is an open access article under the CC BY 4.0 license



EDN YEEWZJ Journal of Mining Institute. 2023. Vol. 261. P. 339-348 ™=
DOI: 10.31897/PMI.2023.20 © Mikhail S. Ershov, Aleksandr N. Komkov, Evgeniy A. Feoktistov, 2023

A

10. Vaziri V., Oladunjoye 1.0., Kapitaniak M. et al. Parametric analysis of a sliding-mode controller to suppress drill-string stick-
slip vibration. Meccanica. 2020. N 55, p. 2475-2492. DOI: 10.1007/s11012-020-01264-5

11. Dvoynikov M.V. Research on Technical and Technological Parameters of Inclined Drilling. Journal of Mining Institute.
2017. Vol. 223, p. 86-92. DOI: 10.18454/PMI.2017.1.86

12. Dolgiy L.E., Nikolaev N.I. Resistance of rocks to crushing during well drilling. Journal of Mining Institute. 2016. Vol. 221,
p. 655-660. DOI: 10.18454/PM1.2016.5.655

13. Saldivar B., Mondié S., Avila Vilchis J.C. The control of drilling vibrations: A coupled PDE-ODE modeling approach.
International Journal of Applied Mathematics and Computer Science. 2016. VVol. 26. N 2, p. 335-349. DOI: 10.1515/amcs-2016-0024

14. Pogorelov D.Yu., Lysikov N.N. Bit-rock interaction forces in computer-aided simulation of drillstring dynamics. Qil and
Gas Business. 2019. N 3, p. 211-236 (in Russian).

15. Koronatov V.A. Fundamentals of the mathematically rigorous theory of deep drilling. Systems. Methods. Technologies. 2020.
N 2 (46), p. 23-29 (in Russian). DOI: 10.18324/2077-5415-2020-2-23-29

16. Kunshin A., Dvoynikov M., Timashev E., Starikov V. Development of Monitoring and Forecasting Technology Energy
Efficiency of Well Drilling Using Mechanical Specific Energy. Energies. 2022. Vol. 15 (19). DOI: 10.3390/en15197408

17. Kadochnikov V.G., Dvoynikov M.V. Development of Technology for Hydromechanical Breakdown of Mud Plugs and Im-
provement of Well Cleaning by Controlled Buckling of the Drill String. Applied Sciences. 2022. Vol. 12 (13). DOI: 10.3390/app12136460

18. Lukyanov E.E., Kudasheva S.V. Guidelines for the interpretation of mud logging data. Novosibirsk: Istoricheskoe nasledie
Sibiri, 2016, p. 512 (in Russian).

19. Vromen T.G.M., Dai C.H., Van de Wouw N. et al. Mitigation of torsional vibrations in drilling systems: a robust control approach.
IEEE Transactions on Control Systems Technology. 2019. Vol. 27. Iss. 1. N 8094252, p. 249-265. DOI: 10.1109/TCST.2017.2762645

20. Tengesdal N.K., Hovda S., Holden C. A Discussion on the Decoupling Assumption of Axial and Torsional Dynamics in Bit-
rock Models. Journal of Petroleum Science and Engineering. 2021. Vol. 202. N 108070. DOI: 10.1016/j.petrol.2020.108070

21. Amorim Jr. D.S., Santos O.L.A., Azevedo R.C. New industry standards to increase the reliability of drilling operations.
Holos. 2019. Vol. 6, p. 1-14. DOI: 10.15628/Hol0s.2019.9009

22. Neskoromnykh V.V., Popova M.S., Golovchenko A.E. et al. Method of drilling process control and experimental studies of re-
sistance forces during bits drilling with PDC cutters. Journal of Mining Institute. 2020. Vol. 245, p. 539-546. DOI:10.31897/PMI.2020.5.5

23. Neskoromnykh V.V., Chikhotkin A.V. Analysis of rock destruction mechanics by PDC cutters with regard to dynamic
cutting—shearing processes and resistance. Mining Informational and Analytical Bulletin. 2020. N 4, p. 127-136 (in Russian).
DOI: 10.25018/0236-1493-2020-4-0-127-136

24. Neskoromnykh V.V., Popova M.S., Zotov Z.G., Liu Baochang. Algorithm of diamond drilling system control. Bulletin of the
Tomsk Polytechnic University. Geo A4ssets Engineering. 2022. Vol. 333. N 2, p. 81-89 (in Russian). DOI: 10.18799/24131830/2022/2/3562

25. Abdul Rani A.M., Khairiyah 1., Ab Adzis A.H. et al. Investigation on the effect of changing rotary speed and weight bit on PCD
cutter wear. Journal of Petroleum Exploration and Production Technology. 2020. Vol. 10, p. 1063-1068. DOI: 10.1007/s13202-019-00795-2

26. Tretyak A.A., Litkevich Yu.F., Borisov K.A. Influence of torsional and longitudinal vibrations on drilling speed and for-
mation of breakdowns of cutting elements of PDC reinforced drill bits. Bulletin of the Tomsk Polytechnic University. Geo A4ssets
Engineering. 2019. Vol. 330. N 12, p. 135-141 (in Russian). DOI: 10.18799/24131830/2019/12/2410

27. Borisov K.A., Tretyak A.A., Sidorova E.V. Impact of vibrations on strength properties of drill bits reinforced by PDC.
Prospect and protection of mineral resources. 2019. N 12, p. 33-37 (in Russian).

28. Tretyak A.Ya., Sidorova E.V., Litkevich Yu.F. et al. Drilling bit PDC plates lifetime control. Bulletin of the Tomsk Polytech-
nic University. Geo A4ssets Engineering. 2021. VVol. 332. N 8, p. 28-35 (in Russian). DOI: 10.18799/24131830/2021/8/3302

29. Litvinenko V.S., Dvoynikov M.V. Methodology for determining the parameters of drilling mode for directional straight
sections of well using screw downhole motors. Journal of Mining Institute. 2020. VVol. 241, p. 105-112. DOI: 10.31897/PMI.2020.1.105

30. Neskoromnykh V.V., Popova M.S. Development of a drilling process control technique based on a comprehensive analysis
of the criteria. Journal of Mining Institute. 2019. Vol. 240, p. 701-710. DOI: 10.31897/PM1.2019.6.701

31. Kozyaruk A.E. Development experience and development prospect of electromechanical technological complexes of
movement and positioning of technic shelf development equipment. Journal of Mining Institute. 2016. Vol. 221, p. 701-705.
DOI: 10.18454/PMI.2016.5.701

32. Zhigiang Huang, Yachao Ma, Qin Li, Dou Xie. Geometry and force modeling, and mechanical properties study of polycrys-
talline diamond compact bit under wearing condition based on numerical analysis. Advances in Mechanical Engineering. 2017.
Vol. 9 (6), p. 1-15. DOI: 10.1177/1687814017702080

33. Guohui Zhang, Xiwen Zhang, Rong Chen et al. Pediction method of rock stratum anti-diamond characteristics of carbonate
rocks used in Qinghai YingXi block. 2018 3rd International Conference on Advances in Energy and Environment Research (ICAEER 2018),
September 2018, Guilin, China. E3S Web of Conferences. 2018. Vol. 53 (12). N 03002, p. 1-5. DOI: 10.1051/e3sconf/20185303002

34. Zalyaev M.F. The exploration of vibration while drilling wells on termokarstovoe gas deposit. Oil and Gas Business. 2015.
N 4. Vol. 13, p. 36-40 (in Russian).

35. Leonov G.A,, Kiseleva M.A. Stability of electromechanical models of drilling systems under discontinuous loads. Doklady
Physics. 2012. VVol. 57. N 5, p. 206-209 (in Russian).

36. Dvoynikov M.V., Nutskova M.V, Blinov P.A. Developments Made in the Field of Drilling Fluids by Saint Petersburg
Mining University. International Journal of Engineering, Transactions A: Basics. 2020. Vol.33. Iss. 4, p.702-711.
DOI: 10.5829/1JE.2020.33.04A.22

37. Litvinenko V.S., Dvoynikov M.V. Monitoring and control of the drilling string and bottomhole motor work dynamics.
Topical Issues of Rational use of Natural Resources. 2019. Vol. 2, p. 804-809. DOI: 10.1201/9781003014638-42

38. Guanggjian Dong, Ping Chen. A Review of the Evaluation, Control, and Application Technologies for Drill String Vibrations
and Shoks in Oil and Gas Well. Shock and Vibration. 2016. N 7418635, p. 34. DOI: 10.1155/2016/7418635

39. Ritto T.G., Ghandchi-Tehrani M. Active control of stick-slip torsional vibrations in drill-strings. Journal of Vibration and
Control. 2018. Vol. 25. Iss.1, p. 1-9. DOI: 10.1177/1077546318774240

347
This is an open access article under the CC BY 4.0 license



WmE  Journal of Mining Institute. 2023. Vol. 261. P. 339-348 EDN YEEWZJ
{ © Mikhail S. Ershov, Aleksandr N. Komkov, Evgeniy A. Feoktistov, 2023 DOI: 10.31897/PMI.2023.20

40. Pérez-Aracil J., Camacho-Goémez C., Pereira E. et al. Eliminating Stick-Slip Vibrations in Drill-Strings with a Dual-Loop
Control Strategy Optimised by the CRO-SL Algorithm. Mathematics. 2021. Vol. 9. N 1526. DOI: 10.3390/math9131526

41. Pavkovié¢ D., Sprljan P., Cipek M., Krznar M. Cross-axis control system design for borehole drilling based on damping
optimum criterion and utilization of proportional-integral controllers. Optimization and Engineering. 2021. Vol. 22, p. 51-81.
DOI: 10.1007/s11081-020-09566-z

42. Wei Lin, Paez Chavez J., Yang Liu et al. Stick-slip suppression and speed tuning for a drill-string system via proportional-
derivative control. Applied Mathematical Modelling. 2020. Vol. 82, p. 487-502. DOI: 10.1016/j.apm.2020.01.055

43. Vaziri V., Kapitaniak M., Wiercigroch M. Suppression of drill-string stick—slip vibration by sliding mode control:
Numerical and experimental studies. European Journal of Applied Mathematics. 2018. Vol.29. Iss.5, p.805-825.
DOI: 10.1017/S0956792518000232

44, Litvinenko V.S., Dvoinikov M.V. Justification of the Technological Parameters Choice for Well Drilling by Rotary Steerable
Systems. Journal of Mining Institute. 2019. Vol. 235, p. 24-29. DOI: 10.31897/PMI.2019.1.24

45. MacLean J.D.J., Vaziri V., Aphalec S.S., Wiercigrochd M. Feedback control method to suppress stick-slip in drill-strings
featuring delay and actuation constraints. The European Physical Journal Special Topics. 2021. Vol. 230, p. 3627-3642.
DOI: 10.1140/epjs/s11734-021-00228-4

46. Simonyants S.L, Al Taee M. Stimulation of the Drilling Process with the Top Driven Screw Downhole Motor. Journal of
Mining Institute. 2019. Vol. 238, p. 438-442. DOI: 10.31897/PM1.2019.4.438

47. Dvoynikov M.V., Sidorkin D.I., Kunshin A.A., Kovalev D.A. Development of hydraulic turbodrills for deep well drilling.
Applied Sciences (Switzerland). 2021. Vol. 11. Iss. 16. DOI: 10.3390/app11167517

48. Dvoynikov M., Kunshin A., Blinov P., Morozov V. Development of Mathematical Model for Controlling Drilling Parameters
with Screw Downhole Motor. International Journal of Engineering, Transactions A: Basics. 2020. Vol. 33. Iss.7, p. 1423-1430.
DOI: 10.5829/1JE.2020.33.07A.30

49. Podoliak A.V., Blinov P.A. The technology of directional drilling in ice via drills on carrying cable. International Journal
of Applied Engineering Research. 2016. Vol. 11 (9), p. 6411-6417.

Authors: Mikhail S. Ershov, Doctor of Engineering Sciences, Professor, https://orcid.org/0000-0002-7772-0095 (National
University of Oil and Gas “Gubkin University”, Moscow, Russia), Aleksandr N. Komkov, Candidate of Engineering Sciences, Head
of Department, https://orcid.org/0000-0002-1010-6971 (National University of Oil and Gas “Gubkin University”, Moscow, Russia),
Evgeniy A. Feoktistov, Student, https://orcid.org/0000-0002-9490-3854 (National University of Oil and Gas “Gubkin University”,
Moscow, Russia).

The authors declare no conflict of interests.

348
This is an open access article under the CC BY 4.0 license



ISSN 2411-3336; e-ISSN 2541-9404

JOURNAL OF MINING INSTITUTE

INSTITUTE

Zapiski Gornogo instituta

Journal homepage: pmi.spmi.ru

Research article

Evaluation of the energy efficiency of functioning
and increase in the operating time of hydraulic drives
of sucker-rod pump units in difficult operating conditions

Dmitriy I. SHISHLYANNIKOV?, Valeriy Yu. ZVEREV!, Anna G. ZVONAREVA?<, Sergey A. FROLOV?,
Anna A. IVANCHENKO!?

1 Perm National Research Polytechnic University, Perm, Russia

2 3aint Petersburg Mining University, Saint Petersburg, Russia

How to cite this article: Shishlyannikov D.I., Zverev V.Yu., Zvonareva A.G., Frolov S.A., Ivanchenko A.A. Evalua-
tion of the energy efficiency of functioning and increase in the operating time of hydraulic drives of sucker-rod pump
units in difficult operating conditions. Journal of Mining Institute. 2023. Vol. 261, p. 349-362. EDN XLRCWN

Abstract. The necessity of improving the drives of the sucker-rod hydraulic pump units (SRHP), operated in conditions
of marginal and complicated wells, is substantiated. For complicated oil production conditions, it is promising to use
the SRHP drive, which makes it possible to select and set rational operating modes for downhole equipment. The results
of comparative tests of conventional mechanical and hydraulic actuators SRHP with pneumatic and electrodynamic
balancing types are presented. A generalized indicator for evaluating the effectiveness of the advanced SRHP drives
functioning, the energy efficiency coefficient, is proposed. It has been experimentally proven that the use of the SRHP
drive with pneumatic balancing is characterized by low energy efficiency of the well fluid production process. The use
of the tested SRHP hydraulic drive made it possible to successfully eliminate asphalt, resin, and paraffin deposits and
minimize the well downtime. The results of the tests of the traditional SRHP mechanical drive and the hydraulic drive
with electrodynamic balancing showed a satisfactory energy efficiency of the latter. The advantage of the SRHP drive
with electrodynamic balancing is the simplicity of the design of the hydraulic part. The process of energy regeneration
during the drive control system operation causes an increase in the reactive power component in the oil field network
and the appearance of harmonic interference that adversely affects the consumers operation. Technical solutions aimed
at improving the operation energy efficiency and increasing the operating time of SRHP drives in the conditions of
marginal and complicated wells are proposed. The methodological bases for assessing the economic efficiency of the
introduction of the advanced SRHP drives are given.

Keywords: sucker-rod hydraulic pump; hydraulic drive; energy efficiency; balancing; comparative tests; difficult
operating conditions

Acknowledgment. The research was supported by the Ministry of Science and Higher Education of the Russian Federation
(Project N FSNM-2023-0005).

Received: 14.03.2023 Accepted: 20.06.2023 Online: 19.07.2023 Published: 19.07.2023

Introduction. A significant number of production wells in the oil fields of Russia and neigh-
boring countries are at the final (third and fourth) operation stages. Such wells are characterized by
low flow rates (Q = 1-15 m3/day) and the presence of factors that complicate the operation of sub-
mersible equipment [1-3]. A low-yield and complicated oil wells operation is carried out mainly
with the use of sucker-rod hydraulic pump units (SRHP), equipped with a mechanical drive — balan-
cing pumping units (SK) [4]. In the delivery ranges of sucker rod pumps of Q = 30-45 m®/day,
SRHP is characterized by a fairly high energy efficiency, the efficiency of a serviceable installation
isn =0.36-0.54.
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The presence of complicating factors and low well flow rates cause a sharp decrease in the
efficiency of the SRHP (n = 0.02-0.05 with a power factor of the SK drive motors not exceeding
cose = 0.3) [5]. As a result, the performance indicators of the SRHP are significantly reduced, while
the cost of oil production, on the contrary, is unreasonably increased [6]. The value of specific energy
consumption for the well fluid lifting using conventional SRHP for low-rate and complicated wells
is 5-10 times higher than similar values for medium- and high-rate wells [7, 8].

The use of SRHP non-balance drives, which make it possible to ensure long-stroke operating
modes of downhole pumps and increase the installation energy efficiency during the marginal well
operation, is limited by the flexible links (chains, V-belts, steel ropes, etc.) low reliability. This fact
causes the frequent replacement of the short-lived elements of the flexible links, equipment down-
times and, as a consequence, oil companies significant material losses.

In the works of domestic and foreign researchers, it is indicated that one of the ways to improve
the SRHP operation efficiency and reliability during the marginal and complicated wells operation is
the use of a hydraulic drive (HD) [9, 10]. SRHP drive is characterized by mobility, low material
consumption, ease of adjustment and wide ranges of change in operational parameters. These ad-
vantages make it possible to select and set the SRHP HD operation modes, which are rational in terms
of the unit energy consumption for lifting the formation fluid, as well as to increase the efficiency of
implementing the technical and technological measures to eliminate the negative consequences of
complicating factors [11, 12].

The tasks of evaluating the energy efficiency of the serially produced SRHP HD and developing
technical solutions aimed at improving the reliability of their operation in difficult operating condi-
tions are both relevant and of scientific and practical interest.

Methods. The development and trial operation of SRHP HD started in the USA in the 40s of the
XX century. Specialists of Vickers, Pelton, Axelson companies created and tested original designs of
SRHP HD, which had worse performance characteristics compared to balancing SK, which led to
their low distribution. At the same time, compactness, mobility, and wide possibilities for automating
the operation of these drives determined the prospects for research aimed at their further improve-
ment. Domestic specialists developed SRHP HD, the design schemes of which are similar to those
used abroad, and proposed the original solutions, for example, the installation of an acceleration
graphic point (AGP) designed by professor G.V.Molchanov [11]. The general classification of SRHP
HD according to design features is given in Table 1.

Table 1
SRHP HD design features classification [11]
Kinematic connection Balancing method
of the power body . .
- Static Dynamic
and tr:je balancing Unbalanced
evice Pheumatic Loading Mutual Inertial Electro-dynamic
Hydraulic Pneumatic Drive with individual | Mutual balancing | Using a flywheel - Unbalanced drives
accumulator load. installations of two or more | with an individual
drive with tubing installations drive
as a balancing weight
Mechanical rigid - Balanced rigid - Using a flywheel | Machine operation | Partially balanced
connection mounted on the | in generator mode drives
motor shaft
Mechanical flexible - Balancing load on - - - -
rope suspension
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Modern mass-produced samples of SRHP HD are equipped with systems for monitoring oper-
ation parameters and self-diagnostics: by monitoring the pressure values in the discharge pipelines,
dynamometering is carried out, i.e. assessment of the load, technical condition and efficiency of the
downhole pumping equipment. The position control of the rod string suspension point position, the
polished rod stroke and oscillation frequency is carried out by means of sensors (magnetic type
markers).

The factors that have the greatest impact on the SRHP HD operation efficiency and the amount
of their operating time in the oil field conditions include: the adopted balancing method; the per-
formed balancing quality; energy transfer method from the balancing device to the power body;
power structure [5].

The choice of the SRHP HD balancing device is carried out taking into account its energy inten-
sity, operational stability (reduced durability), pre-charging technology at the initial start-up, as well
as maintaining and regulating the installation operation mode (Table 2) [11].

Table 2
SRHP HD balancing device main parameters
Balancing device
Parameter
Pneumatic Weighing Inertial

Specific energy intensity, ki/kg 25-30 1-6 100-200
Efficiency, % 97 98 95

Energy storage time, h Not limited Not limited 0.05-0.1
Number of charge-discharge cycles 107 Not limited Not limited
Reduced durability (per 1 m of SRSP stroke), h 1.7-10* Not limited Not limited

The task of balancing the SRHP HD in practice can be solved in several ways, which differ in
the accepted balancing criteria [13]: balancing by maximum loads, by the average work value or the
standard deviation from the average work value of. These criteria have been developed for balancing
SK, which are characterized by machine load mode that is different from the load of the SRHP HD
machine. For a balanced SK, the torque change law on the motor shaft is close to a sinusoid, while
for a balanced hydraulic drive it is characterized by a graph close to a straight line [1].

The SRHP drive is considered to be perfectly balanced if the instantaneous power at any moment
of time is constant and equal to the average power developed by the motor in one drive cycle [14].
Since it is difficult to ensure the electric motor instantaneous power constancy during the SRHP HD
operation cycle, the equilibrium condition is determined based on the minimum power dispersion for
the full cycle of SRHP HD operation [11]. It follows that it is rational to determine balancing quality
assessment and the SRHP HD functioning energy efficiency in the oil field conditions by continu-
ously measuring the electric motor power during the drive operation and subsequent analysis of the
obtained measurement from the wattmeters [15, 16].

In the oil fields of Russia and the countries of the near abroad, the SRHP HD with pneumatic
and electrodynamic balancing are most widely used. They consist of a pumping station and a power
hydraulic cylinder that provides reciprocating movement of the sucker rod suspension point (SRSP),
are equipped with remote control systems, remote monitoring and built-in self-diagnostics systems,
which allows you to quickly change the operating parameters of the SRHP HD and downhole equip-
ment [11].

Together with the specialists of OO0 “LUKOIL-Perm”, the studies to assess the load and energy
efficiency of the operation of the SRHP HD with pneumatic and electrodynamic balancing were car-
ried out. The research program included the performance of comparative tests of SRHP drives — me-
chanical balancing drives SK-8 and serially produced SRHP HD: with pneumatic balancing NPK-10-
8-6 (Fig.1, a); with electrodynamic balancing SRHP HD 80-3.5 “Geyser” (Fig.1, b).
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Fig.1. SRHP drives general view (a, b) and schematic hydraulic diagrams (c, d): a, ¢ — NPK-10-8-6;
b, d — SRHP HD 80-3.5 “Geyser”

1 — power hydraulic cylinder; 2 — intermediate hydraulic cylinder; 3 — pneumatic accumulator; 4 — hydraulic distributor;
5 — hydraulic pump; 6 — tank; 7 — electric motor; 8 — block of intelligent control system

Evaluation of the change nature and the load magnitude of the SRHP HD, the surveyed pumping
units energy performance determination were carried out using the AKD-SK software and recording
complex manufactured by OOO “NPP “ROS” (Perm). The complex is designed to monitor the energy
parameters of SRHP HD motors, is commercially available, certified as a measuring instrument
(N 19988-10 in the State Register of Measuring Instruments). Power measurement ranges 4-30 kW,
channel sampling frequency up to 1 kHz, the main reduced measurement error is not more than 5 %.
The “AKD-SK” complex is installed permanently in the SRHP HD control station, continuously
registers the wattmeters of the SRHP HD motors, which allows you to control the amount of energy
consumption, determine the SRHP HD balance degree, analyze the nature of changes in the loads of
the drives during the monitoring process [17].

The software-registration complex “AKD-SK” (Fig.2, a) has a modular design. The complex
consists of a switching unit, a controller, a power sensor and a magnetic marker. The connection
diagram of the software-registration complex in the control station SRHP is shown in Fig.2, b.
Magnetic marker allows you to fix the lower (upper) position of the SRSP.

The SRHP HD electric motors parameters are determined in accordance with the formulas:

* effective value of current
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Fig.2. Software-registration complex “AKD-SK”: a — general view; b — block diagram

Ief = lzlfw )
\lnm=1

where n — number of measurement points for a fixed time interval AT; im — instantaneous value of the

current at the m-th moment of time, A;
1 n
Uef 21/_Zu§1 )
n m=1

« effective voltage value
um — instantaneous value of the phase-to-phase voltage at the m-th moment of time, V.

Active Na (kW) and full power Sy (kVA) of the SRHP HD electric motor are calculated in ac-
cordance with the formulas:

CRLN
Na =_zumlm ;
n m=1

SW = 3|eref :
The power factor is given by
cose=N,/S,.

Operational control data is stored in the 10 5T 4
instrument's non-volatile memory. At the SW‘H N‘M\ IWMW WLL\ {M ’"ﬁtl
request of the oil field engineering and > | ]
technical specialists, they are transferred to the = | \ JJ H H ,J l[ \1 I l‘
operator network. Using specialized software, = * T 1 T | T |
the analysis and visualization of information PV | I - Y

. . o : | | | | I
obtained during monitoring is carried out. 1y W3 54 Wy W

As an example, Fig.3 shows a wattmeter di- ~ ° : 1 1 om0 s
agram obtained during the operation of the motor Fig.3. Wattmeter diagram of the balancing motor SK-8:
of the balancing SK-8 [18]. The marker (green lower (1, 5), horizontal (2, 4) and upper (3) crank position
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color) indicates the upper position of the SRSP, which corresponds to the lower position of the crank.
Each movement cycle of the SK balancer head (one swing) is characterized by two power maxima, the
difference between the values of which (for balanced SK) should not exceed 10 % [11].

The well flow rates, where the studies were carried out, was determined according to the data of
verified measuring instruments equipped with verified measuring instruments. The research was car-
ried out in two stages. First, the measurements were carried out on a well equipped with a SRHP with
a SK-8 type mechanical drive. Then the SK was replaced by the HD and the same scope of tests was
performed, which made it possible to correctly obtain a comparative assessment of the energy effi-
ciency of the operation of the SRHP drives [19].

The average daily specific energy consumption for the well fluid production during the operation
of the SRHP was calculated by the formula

Hw.i = 2\Ndayi /Qph.i )

where XWqayi — total energy costs for the operation of the SRHP for the i-th operation day, kWh;
Qph.i — productivity of the SRHP for the i-th operation day, m*/day.

The average value of the specific energy consumption for the well fluid production during the
operation of the SRHP for the t period was calculated by the formula

sziHW_i/t.
i=1

Comparative evaluation of the advanced SRHP hydraulic drives performance efficiency was car-
ried out by determining the value of the drive energy efficiency coefficient in accordance with the
formula

Kot =H,, /H

w.test ?

where Hw.b — specific energy consumption average value for the production of well fluid during the
operation of SRHP equipped with a balancing SK (base value of specific energy consumption),
KWh/m3; Hu.est — the specific energy consumption average value for the production of well fluid
during the operation of the tested SRHP HD, kWh/m?.

A promising SRHP HD with pneumatic balancing was tested on Oblivskoye field well 109b.
The program of comparative tests provided for the specific energy consumption determination for
the reservoir fluid production during the operation of SRHP equipped with a SK-8 type mechanical
drive and a NPK-10-8-6 hydraulic drive. Parameters of the tested SRHP are following: pump sus-
pension depth L = 1534.9 m; stroke length So = 2.5 m; double strokes number n = 5.5 min™t. The
specific energy consumption for lifting the well fluid when SRHP was equipped with a hydraulic
drive NPK-10-8-6 was Hw.est = 25.6 kWh/m®, which is almost twice as high as on the balancing
mechanical SK-8 (Hws = 12.8 kWh/m?), with the use of which the investigated well was operated
earlier (Table 3). The value of the energy efficiency coefficient was ket = 0.45.

Table 3
SRHP HD test results
Hydraulic drive NPK-10-8-6 SRHP HD 80-3.5 “Geyser”
Drive type SRHP HD 80-3.5
SK-8 NPK-10-8-6 NPK-10-8-6 SK-8 “Geyser”
Used motors 22 kW, 15 kKW; 15 kW, 22 kW, 37 kw,
970 rpm 1480 rpm 1480 rpm 970 rpm 1480 rpm
Operating parameters So=25m; So=25m; So=50m; So=25m; So=25m;
n=55mint | n=55min? | n=18min? | n=55min? n=55min?
Measurement time, days 9 7 42 6 5
Average daily energy consumption, kWh/day 123.8 294.0 228.6 117.0 128.9
Average daily liquid flow rate, m%/day 9.7 115 9.7 104 10.1
Specific energy consumption, KWh/m?3 12.8 25.6 23.6 11.25 12.76
Energy efficiency ratio - 0.45 0.54 - 0.88
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The analysis of the wattmeter data
obtained during the examination of a hydraulic
drive with pneumatic balancing showed that in
the given conditions, the maximum power
value when lifting the SRSP is Nmotor = 12.1 kW,
and when the rod is lowered Nmotor = 4.8 KW
(Fig.4, a).

As the SRSP moves upwards, the loading
of the drive motor increases, since the energy
stored by the pneumatic accumulator is con-
sumed (see Fig.1, c, pos.3). The insufficient
volume of the latter causes the presence of pro-
nounced peaks in the signal of the electric mo-
tor active power of the tested SRHP HD. The
presence of asphalt-resin-paraffin deposits in
the well has a significant effect on the load for-
mation process: the pump rod string and the
pump plunger move unevenly, periodically
“hanging”, which causes the appearance of lo-
cal peaks and power dips on the wattmeter dia-
gram of the tested SRHP HD electric motor
(Fig.4, a).

To reduce the specific energy consump-

Anna A. Ivanchenko, 2023 =
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Fig.4. Drive motor power change:
a — hydraulic drive pumping station NPK-10-8-6 with
pneumatic balancing; b — pumping station station SRHP HD
80-3.5 “Geyser” with electrodynamic balancing [24];

. . K SRSP top position is shown in green
tion for oil production, a rod pump was re-

placed in the well. The stroke length of the
SRHP rod was increased to So = 5.0 m, the number of double strokes was reduced to n = 1.8 min2.
A slight decrease in the specific energy consumption for the production of well fluid was noted
(up to Huw.test = 23.6 kWh/m?®). The energy efficiency coefficient increased to keer = 0.54. High specific
energy consumption and uneven loads during the operation of the SRHP HD NPK-10-8-6 are due to
the imperfection of the chosen balancing method: the energy stored by the pneumatic accumulator
during the reverse stroke of the SRSP is objectively not enough to significantly reduce the drive power
during the working stroke.

Wide ranges of the HD operation mode parameters regulation allow them to be successfully used
in complicated operating conditions of the SRHP. For example, in the trial operation course of a
promising hydraulic drive NPK-10-8-6, a shutdown of the drive was recorded due to the sucker rod
string hanging due to the formation of asphalt, resin, and paraffin deposits (ARPD) in the pumping
and compressor pipeline [20-22]. Starting the drive in the well resuscitation mode (swing frequency
and stroke length automatically change depending on the load in the SRSP) with a set number of
oscillations n = 1 mint and a rod stroke So = 0.5 m, together with the hot oil supply to the annulus,
made it possible rinse the ARPD. After 2 h of drive operation in the specified mode, the stroke of the
rod increased to the set value So= 2.5 m, after 3 h the load in the SRSP returned to normal, the operation
of the SRHP was returned to the nominal mode without current workover of the well [15].

Comparative tests of SRHP equipped with a mechanical drive with SK-8 balancing pumping
unit and a hydraulic drive with electrodynamic balancing SRHP HD 80-3.5 “Geyser” were carried
out at Sosnovskoye oil field well 404. A distinctive feature of the scheme of this hydraulic drive is
the presence of an intelligent electronic control system (IECS) unit for the oil station drive motor (see
Fig.1, d, pos. 7, 8), which includes a frequency converter and an inverter [23].

During the tests, the well was operated with the following SRHP parameters: pump suspension
depth L = 1560.1 m; stroke length So = 2.5 m; the number of double strokes n = 5 min™ (Table 3).
The specific energy consumption for lifting the well fluid during the operation of the SRHP equipped
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with the hydraulic drive SRHP HD 80-3.5 “Geyser” was Hw.est = 12.76 kWh/m?3, which is slightly
higher than the values of specific energy consumption obtained from measurements on mechanical
SK-8 drive (Hw.» = 11.25 kWh/m?®), with which this well was previously operated. On the wattmeter
diagram of the motor of the pumping station SRHP HD 80-3.5 “Geyser” (Fig.4, b), it is possible to
distinguish sections of the working and reverse stroke of the power hydraulic cylinder rod [24].

During the working stroke, the HP pumping station motor with electrodynamic balancing works
with a rated load, the power factor is cose = 0.85. When the power hydraulic cylinder rod is lowered,
the motor SRHP HD 80-3.5 “Geyser” recuperates 25-29 % of energy into the oil field network, which
corresponds to the results of similar studies [7].

The energy recuperated into the oil field network of the IECS of the SRHP HD 80-3.5 “Geyser”
pumping station is characterized by the presence of higher harmonics in the current and voltage sig-
nals, which is due to the frequency converter operation. Voltage waveform distortion negatively af-
fects the work of electricity consumers: the efficiency of the generation processes, transmission, and
use of energy in the oil field network is reduced; electrical equipment insulation aging occurs; the
losses in the windings of electrical machines increase [15, 25, 26].

Results discussion. Both tested SRHP HD showed lower energy efficiency compared to tradi-
tional mechanical drives SK-8. A common disadvantage of SRHP HD with pneumatic balancing is
the use of two working agents — gas and liquid, which necessitates the use of two separate leakage
compensation systems. In most SRHP HD models with pneumatic balancing, the frequency of double
strokes of the power hydraulic cylinder rod is regulated by increasing the pause between strokes due
to the lower reliability of variable pumps compared to the pumps with a constant supply. This signif-
icantly reduces the energy efficiency of the considered hydraulic drives. Nevertheless, a number of
manufacturers continue to produce and sell SRHP drives with pneumatic balancing on the market,
since satisfactory adjusting characteristics and lower metal consumption compared to mechanical SK
allow the described SRHP HD to be successfully used in complicated operating conditions of down-
hole equipment.

The advantage of SRHP HD with dynamic and electrodynamic balancing is the hydraulic part
design simplicity. The open type of hydraulic transmission does not provide for the use of additional
equipment to compensate for leaks. The regulation of operating parameters is carried out by using a
frequency drive, which allows using volumetric constant flow motor-pumps in the design.

Significant shortcomings of the considered drives should be noted. The process of energy recovery
during the operation of the IECS causes an increase of the reactive power in the oil field network
and the harmonic interference (parasitic EMF) appearance, which negatively affects the work of
consumers [7, 27, 28]. Power balance correction in the field network is provided by installing ex-
pensive compensating devices, which increases the operating costs for the maintenance of well
equipment [29].

Elimination of this disadvantage is possible when using electricity consumers switching circuit
as part of the SRHP HD with electrodynamic balancing, which ensures the accumulation and use of
recuperated electricity for the operation of auxiliary consumers and peripheral devices SRHP (Fig.5).

The essence of the technical solution developed by the authors is as follows. The reverse relays
of the power hydraulic cylinder and the electric power accumulator are installed in the consumer
circuit of the SRHP HD under consideration. When lifting the power hydraulic cylinder rod and
SRSP, the voltage from the power grid is supplied to the frequency converter (FC) and then to the
electric motor M1 of the hydraulic drive pumping station. By means of the frequency converter, the
speed of the M1 motor rotor and the supply of the hydraulic drive pump are controlled, which makes
it possible to change the stroke rate of the SRSP (n). The relay K of the hydraulic cylinder (HC)
reverse run is de-energized, and its closed contact K.2 supplies a control signal to close the automatic
battery power switch directly from the network.
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Fig.5. Switching scheme of electric power consumers as a part of SRHP hydraulic drives with electrodynamic balancing

When lowering the SRSP, the working fluid from the power hydraulic cylinder rod end is sup-
plied to the pump, which operates as a hydraulic motor, spinning the M1 motor rotor. Motor M1
operates in generator mode. The generated electricity through the heat exchanger and the closed-
circuit breaker, controlled by contact K.1 of the hydraulic cylinder reverse stroke relay K, is fed to
the battery and then, as necessary, is consumed during the operation of the auxiliary consumers of
the hydraulic drive. The motor M2 of the exhaust fan in the drive block box or the motor M3 of the
working fluid cooler fan (radiator), and lighting devices can act as such. Various connection
schemes and the use of electrical equipment allow you to supply receivers of different types and
voltages.

Electricity from the battery can be spent on the operation of SRHP peripherals: rod rotators, local
heating devices, dosing units for reagents, etc. The described technical solution ensures the efficient
use of the generated and stored energy during the operation of the SRHP HD with electrodynamic
balancing.

From the point of view of the analysis of the kinematic parameters of the movement of the SRSP
and the loads on the electric motor, the examined hydraulic drive “Geyser” should be considered as
unbalanced. These drives require high power motors. Significant dynamic loads cause an accelerated
consumption of the drives resource with electrodynamic balancing, which determines the increase in
operating costs for their maintenance in working condition.

A common disadvantage of SRHP HD with the dynamic balancing is a change in the direction
of counter torque from an external load on the motor-pumps shafts and drive electric motors. Since
these parts, as a rule, have small cross-sectional dimensions and are mated with the rest of the drive
units by means of spline connections, they are characterized by frequent failures associated with metal
fatigue and the destruction of splines. Over 41 % of the failures of the SRHP HD hydraulic part with
dynamic balancing occur due to the failure of the axial piston pumps of the hydraulic power trans-
mission. This negative phenomenon is typical for drives with electrodynamic balancing and for
SRHP HD with the inertial type of balancing.

An analysis of the theoretical and experimental studies results shows that the use of electrody-
namic and pneumatic methods of balancing the SRHP HD negatively affects the energy efficiency
and reliability of the operation of the pumping unit as a whole. The load balancing devices are char-
acterized by maximum efficiency and durability (see Table 2).
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In SRHP HD with load balancing, a load is used as an energy accumulator of the balancing
device. The advantage of such drives is the design simplicity and reliability. At the same time, these
HDs are characterized by increased metal consumption, comparable to SRHP hydraulic drives with
pneumatic balancing, and worse mounting ability.

The authors proposed and patented the scheme of the SRHP HD with a load balancing (Fig.6).
The drive consists of a power hydraulic cylinder 1 and a balancing load-hydraulic accumulator 2
(it is a vertically mounted hydraulic cylinder with weights fixed on the rod), the rod cavities of which
are connected by a pipeline 3 as communicating vessels. The pipeline 3 through the check valve 4 is
connected to the high-pressure cavity 5 of the intermediate double-sided cylinder 6. The pump 7
supplies the working fluid from the oil tank 8 to the piston cavities of the power hydraulic cylinder 1
and the hydraulic load accumulator 2 through the hydraulic distributor 9. The working fluid is cleaned
by the filter 10. Pump protection 7 overload protection is implemented by a safety valve 11.

The working fluid pumping into the cavity of low pressure 12 and high pressure 5 of the inter-
mediate double-sided cylinder 6 is carried out by the pump 7 through the hydraulic distributor 13.
The working fluid is drained from the rod cavities of the power hydraulic cylinder 1 and the load-
hydraulic accumulator 2 through a two-position hydraulic distributor 14 through an adjustable
throttle 15. Working pressure in the hydraulic system is controlled by manometers (pressure sen-
sors) 16-18. The number of swings and stroke of the power hydraulic cylinder 1 are determined by
the readings of sensors 19, the signals from which are transmitted to the intelligent control unit (ICU)
20. In the drain line of SRHP HD, the fluid flow is switched by the distributor 21 to the controlled
throttle 22 for damping loads on the final sections of the SRSP movement.

After filling the hydraulic system with a working fluid and installing the described SRHP HD
above the wellhead, its work is carried out as follows. The power hydraulic cylinder rod 1 is connected
to the pump rod string and the downhole pump plunger. The lifting of the power cylinder rod 1 is
carried out by pumping the working fluid by the pump 7 from the tank 8 into the piston cavity of the
hydraulic load accumulator 2 when the hydraulic distributor 9 is switched to position Il. At the same
time, in the SRSP, a load G, occurs on the rod of the power hydraulic cylinder 1, balanced by the
weight of the loads G, fixed on the rod of the hydraulic load accumulator 2. The weight of the bal-
ancer with the same design parameters of the power hydraulic cylinder and the balancing hydraulic
cylinder of the hydraulic load accumulator is calculated by the formula

Fig.6. Hydraulic scheme of advanced SRHP drive with load balancing
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Ga = Grod + O.SGIiQa

where Grod — sucker rod string weight in liquid, KN; Giig — liquid column weight, KN [11].

The working fluid from the piston cavity of the power hydraulic cylinder 1 through the distribu-
tor 9 is fed into the drain line by means of a two-position distributor 21, which, at the SRHP movement
final stage, switches the fluid flow to the throttle 22, braking the power hydraulic cylinder 1 piston.

The signal from the ICU 20 to the magnetic coil of the hydraulic distributor 9 ensures that the
latter is switched to position I. The working fluid from the tank 8 is supplied by an adjustable pump 7
to the piston cavity of the power hydraulic cylinder 1, the reverse stroke of the SRHP and the plunger
of the borehole pump is carried out. In this case, the working fluid from the rod cavity of the power
hydraulic cylinder 1 is displaced into the rod cavity of the balancing hydraulic cylinder of the load-
hydraulic accumulator 2. The loads weighting G,, fixed on the rod of the load-hydraulic accumula-
tor 2, rise, and energy is accumulated to balance the SRHP HD. From the hydraulic load accumulator
cylinder 2 piston cavity, the liquid is drained through the hydraulic distributors 9 and 21 into the oil
tank 8.

If it is necessary to reduce the power hydraulic cylinder 1 stroke, a working fluid partial discharge
from the pipeline 3 is realized through the adjustable throttle 15 and the two-position hydraulic
valve 14 into the oil tank 8. The working fluid injection into the rod cavities of the power cylinder 1
and balancing hydraulic cylinder 2 to increase the stroke length of the SRSP is carried out through
the pipeline 3 by the intermediate double-sided hydraulic cylinder 6. The process is implemented as
follows. ICU 20 sends a signal to the control coil of the hydraulic distributor 13 and switches it to
position I. The working fluid is pumped by the pump 7 into the high-pressure cavity 5 of the interme-
diate double-sided hydraulic cylinder 6, while the liquid is forced out of the low-pressure cavity 12 into
the oil tank 8.

After cavity 5 is filled, the hydraulic valve 13 switches to position Il at the ICU 20 signal, the
low-pressure cavity 12 of the intermediate double-sided hydraulic cylinder 6 is filled with working
fluid from the oil tank 8, from the high-pressure cavity 5, the working fluid is displaced through the
check valve 4 into the pipeline 3. Operation of the intermediate hydraulic cylinder 6 and the hydraulic
distributor 13 is carried out until the rod cavities of the power 1 and balancing 2 hydraulic cylinders
are filled with a given volume of working fluid, which ensures the required amount of movement of
the SRSP, its actual value is determined by the readings of sensors 19. Change in the amount of
return-but-translational movements of the rod of the power hydraulic cylinder 1 per unit time is car-
ried out by regulating the supply of the positive displacement pump 7.

The application of the described scheme and operation algorithm ensures the balancing of the
SRHP HD and its energy efficient operation in the oil field [30]. The proposed HD scheme simplicity
and the dynamic loads minimization on the drive elements will increase the time between failures of
the entire SRHP, which will positively affect the profitability of the oil production process [31-33].
A distinctive feature of the SRHP HD circuit is the absence of a make-up pump: leakage compensation
and the supply of working fluid to the rod cavities of the power hydraulic cylinder and the balancing
load hydraulic accumulator are carried out by means of an intermediate double-sided hydraulic cylinder,
which simplifies the drive design.

The assessment of the economic efficiency of the load-balancing HD implementation can be
carried out by comparing the net present value NPV in the operation of oil wells with SRHP, equipped
with traditional SK mechanical drives and the proposed HD [34, 35]. Factors influencing the assess-
ment of economic efficiency are presented in Table 4.

The peculiarity of the projects comparison is that the drives service life is different: the average
service life of the SRHP HD is 1.5-2 times less than that of the SK mechanical drive. To compare
projects at different times, you can apply the method of chain repetition: determine the smallest mul-
tiple of the terms of projects and compare the sums of their net present value [36].
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Table 4
Assessment of economic efficiency when replacing the SRHP mechanical drive with a hydraulic one
Factors leading to an increase in net present value Factors leading to a decrease in net present value
Reduction of unit costs for electricity Increase in the number of repairs and maintenance of the drive
Reduced drive installation costs (there is no need for massive |Increase in the cost of purchasing spare parts during repair and
foundations, as for mechanical SKs) restoration work (hydraulic and electrical parts of drives)
Reducing the number of ongoing well repairs Reducing the service life by 1.5-2 times compared to mechanical SK

It is assumed that the sales proceeds will be the same for the compared projects, since the per-
formance of the SRHP does not differ. The change in net present value ANPVs is to reduce operating
costs, change the income tax, the difference in capital investments, and the amount of depreciation.
Thus, the change in the net present value when replacing the traditional SRHP mechanical drive with
a promising hydraulic drive is generally determined by the expression

P AO,— AT, £AC, £ AA
t=0 (L+1)

ANPV; =’ ,
where P — project implementation period, years; AOt— change in operating costs for period t, rub.;
AT — change of the income tax for the period t, rub.; AC;— difference in capital investments for
period t, rub.; AA; — difference in depreciation for the period t, rub.; r — discount rate adopted for
project evaluation, unit share.

The reduction in operating costs will be achieved by reducing the unit cost of electricity and the
cost of ongoing well workovers [37]. It should be taken into account that the use of HD with load
balancing entails an increase in the number of repairs, maintenance of the drive and the purchase of
spare parts during repair and restoration work (hydraulic and electrical parts of drives) [38]. The
formula for calculating the reduction in operating costs from the implementation of the SRHP HD
scheme with load balancing can be represented as

AOt = AOeI,en + AOWO — AOmt + AA,

where AQOelen — Operating costs reduction for electricity for the production of well fluid, rub.; AOwo —
reduction of operating costs for current workovers, rub.; AOmt — additional operating costs associated
with an increase in the number of repairs and maintenance of drives, rub.; AA — difference in deprecia-
tion, rub.

To calculate the savings in energy costs for the production of well fluids, data are needed on the
average daily electricity consumption during the operation of the SRHP HD with load balancing and
the average daily flow rate of the well fluid. In further studies, it is planned to create an industrial
design of SRHP HD and conduct the test of the proposed drive, during which the necessary data will
be obtained.

Conclusion. SRHP HD design and operation features show the prospects for their further im-
provement and widespread implementation in the oil fields of Russia and the CIS countries in the
complicated and marginal oil wells operation. The described approaches, methodology and equip-
ment for conducting experimental studies make it possible to perform a comparative assessment of
the effectiveness of the functioning of mechanical and hydraulic drives of SRHPs in terms of the
energy efficiency coefficient.

Introduction of SRHP HD with the electrodynamic balancing of power accumulators into the
switching circuits allows accumulating and using recuperated electric power for operation of the auxil-
iary consumers and peripheral devices of SRHP. Minimization of reactive power and parasitic EMF in
oilfield networks is provided. A promising scheme of the SRHP HD with load balancing is proposed,
which provides the possibility of effective balancing of the drive and reducing the dynamic loading of
its power elements.
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Abstract. The efficiency of a mining and processing plant depends on the level of complex mechanization of the pro-
duction process. In mineral extraction, haulage is a major cost category, with haul trucks being the key component of
the mining transportation system. To improve production performance, mining operations can increase their haulage
turnover and reduce transportation costs, which necessitates making haul trucks more reliable. This can be done by
improving their mean time to first failure (MTFF) indicators. This article analyzes the reliability status of the traction
drive system inhaul trucks operating in the mineral resources sector. It provides a quantitative assessment of traction
drive system failures resulting from part defects and discusses the associated repair costs. By examining failure data
from 2018 to 2022 and the results of vibration tests performed on a diesel generator, the study reveals that the most
expensive failures are associated with defects in the synchronous generator, which are primarily caused by elevated
external vibrations. Based on basic vibration tests and vibration spectra tests at different operating modes, recommen-
dations have been formulated concerning the generator’s robustness to external mechanical forces and the ways to
increase the generator’s protection grade to prevent dust intrusion. The study also identifies the frequency range that
poses the greatest risk of damage to the windings.
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Introduction. Currently, haul trucks are extensively utilized in open-pit mining to transport bro-
ken ore and rocks [1-3]. In the mining sector, transportation often accounts for 70 % of the total
production costs [4, 5], with a major share attributed to traction drive system (TDS) repairs [6]. Haul
truck downtime is caused by both scheduled maintenance and repair and emergency repairs resulting
from TDS failures [7-9].

The traction drive system consists of a synchronous generator (SG), a control cabinet (CC), and
an asynchronous traction motor (ATM) installed on each rear wheel of a haul truck.

To improve the reliability, safety, and efficiency of operating open-pit haul trucks while
ensuring optimal maintenance costs, it is necessary to conduct studies to assess and ensure TDS
reliability [10-12]. Considering that haul trucks operate in diverse climatic conditions across more
than 80 countries worldwide”, often under extreme conditions [13-15], there are stringent require-
ments as to the ability of the TDS to withstand environmental factors.

To date, various studies have been conducted to enhance the reliability of electric motors and
their components. These studies include:

* BELAZ consumers. URL: https://belaz.by/about/consumers/ (accessed 20.12.2022).
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* Remote vehicle health monitoring (the engine, the electric drive, and the hydraulic system) to
prevent accidents and carry out maintenance and repairs based on the actual condition of the dump
truck, rather than using the traditional preventive maintenance approach [16].

« Predicting wear of theelectric motor bearings. Studies in this area [17, 18] explore methods for
predicting the remaining lifespan of electric motor bearings using mathematical models.

* Fault finding in asynchronous motors through a multilevel combination of information
[19, 20]. The referenced studies present models, one of which gives a conditional probability for
different engine performance states based on data obtained from laboratory tests, while the other one
identifies the operating modes of an electric motor based on subharmonic parameters.

+ Assessing the probability of failure in an asynchronous motor within an electric drive through
testing vibration and electrical parameters [21-23].

» Monitoring the state of synchronous generators using electrical signals. This work [24] con-
tributes practical results in fault detection for operating synchronous generators connected to power
systems.

« Assessing the life cycle of electric drives to improve power system efficiency. The referenced
study [25] proposes a technique for evaluating the health status of electric drives based on normalized
amplitudes of frequency components.

« Evaluating the reliability of the traction motor by the calculation method and the fault tree
analysis [26-28].

Despite the diverse range of the studies mentioned, there is a notable lack of research specifically
dedicated to the reliability of traction motors in mining trucks. While some studies [29, 30], address
the reliability of mining trucks, they primarily focus on failures in components such as the internal
combustion engine, undercarriage, or wheel motor gearbox, etc. The issue of traction drive system
reliability is only considered superficially in such works.

This is an applied study. Based on analyzing operational data, we determined the causes of TDS
failures and identified the parts that demand the utmost attention. The major advantage of the study
lies in conducting field tests on a synchronous generator after repairs instead of usinga software pack-
age withidealized conditions. Checking its health status after operation in a quarry allows to under-
stand the impact of operating conditions and external mechanical vibration loads on the electric
drive’s reliability. We emphasize that it is important to bridge the gap between scientific research and
industrial applications.

Methods. We conducted reliability tests of haul trucks, analyzing 326 cases of TDS part failures
over a 5-year period from 2018 to 2022. To ensure that the sample was representative, haul trucks
operating in various regions and climatic conditions were included in the study, encompassing Vi-
etnam, Iran, Uzbekistan, Kazakhstan, Kuzbass, Novosibirsk region, and the Republic of Khakassia.
Figure 1 shows the number of TDS part failures during the period under study. Figure 2 presents the
cost ratio for restoring the individual TDS parts.

The charts show that the number of TDS failures due to SG failures is much lower compared to
CC failures, while SG restoration costs account for three-fourths of the total sum. The reason for this
is that it is impossible to perform SG repairs on site, which necessitates additional costs for transport-
ing the damaged part to the manufacturer or a specialized repair company. Moreover, it is usually
costly components such as the winding, rotor, and bearing assembly that require repairs. Conse-
quently, these factors result in prolonged downtime for mining trucks.
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Fig.1. TDS part failures in haul trucks from 2018 to 2022

-

Fig.3. SG failure causes

Fig.2. TDS repair costs breakdown from 2018 to 2022 1 - bearing assembly; 2 — other; 3 — manufacturing
defect; 4 — stator winding lead burn-off

Taking into consideration the frequency of SG malfunctions and the largest share of SG costs
in TDS restoration, the article will now focus on analyzing TDS failures resulting from SG
failures.

Figure 3 illustrates the distribution of SG failuresby individual part failures, which is based on a
dataset of 90 failures in haul trucks. SG failures happen due to the challenging and adverse operating
conditions and modes experienced by haultrucks, which differ from those of stationary electric drives.
These conditions include fluctuating climatic conditions, high levels of dust and humidity, frequent
starts and stops, and high thermal and vibration loads [31-33].

Considering the demanding conditions ranging from temperate climates to northern latitudes in
which haul trucks operate [34-36], the SG mustwithstand the impact of particular environmental fac-
tors and needs to meet several requirements:

 ambient temperature ranging from -50 to +50 °C;

« permissible upper value of the relative humidity of 100 % at a temperature of 25 °C;

* operation at an altitude up to 1,200 m above sea level;

« the IP21 rating of the generator in accordance with the GOST 14254-96 titled “Degrees of
protection provided by enclosures (IP code)”;

« operating conditions corresponding to the M28 design category according to GOST 17516.1-90
titled “Electrical articles. General requirement for environment mechanical stability”;
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« differential pressure at the inlet duct and filters not exceeding 1 kPa at an air flow rate of
1 m¥s;

* maximum bearing temperature not exceeding 125 °C;

« vibration velocities not exceeding 10 mm/s at idle and 15 mm/s under load;

« the electric drive must ensure the reliable operation of a haul truck at various mines with dust
concentrations of up to 10 mg/m?.

Let us consider all types of SG faults in more detail from the most to least common as shown in
Fig.3. The “other” category includes the following failure causes: coil deformations caused by trans-
portation; winding displacement in the direction of rotation; short circuit at the stator winding lead.

The study revealed that during operation, a conductive path formed between the generator
leadsdue to dust and moisture accumulationon the surfaces of the terminal blocks. As a result, an
interphase short circuit occurred, leading to an SG failure. Considering the SG’s operating conditions,
it is recommended to improve the insulation of the stator winding lead in order to increase insulation.

Nearly one-third of SG failures occurred due to bearing assembly issues, including the following:
bearing roller failure (defective bearing); bearing separator failure (manufacturing defect); lack of or
an insufficient amount of lubrication.

Often, one cause of failure triggers another. For instance, insufficient lubrication in the bearing
assembly leads to a separator failure. Moreover, it results in overheating within the bearing assembly
as the heat generated during operation cannot be uniformly dissipated [37, 38]. To minimize such
failures, it is necessary to improve incoming quality control procedures and perform ongoing health
checks during operation.

One of the reasons for SG failures is the low quality of components caused by the negligence of
electrical machine assemblers.

Now we will discuss several individual SG issues that led to haul truck failures and downtime:

* Rotor excitation coil burn-off at the junction with the lead. Such a failure is caused by the lack
or low quality of solderingat the junction between the generator pole and the lead to the slip rings at
the connection with the terminal strip.

* Damage to the SG’s stator winding caused by a broken piece of the pole core. The probable
reason for the failure of this component, which operates under impact loads, is the low strength and
plastic characteristics, imperfections in the cast structure, and the absence of heat treatment that
should have enhanced the mechanical properties and material structure.

« Fracture of the stator winding lead due to insufficient bolt tightening.

» Damage to the SG’s winding as a result of a short circuit to frame. The reason for the damage
is the failure to comply with the requirements of the design documentation for the isolation of the
outlet busbars or process flow errors.

One of the major types of faults is the stator winding lead burn-off. This category of faults in-
cludes the stator winding lead burn-off from the conducting ring of the stator winding and coil-to-
coil connection faults in the winding [39]. The most probable cause is high vibration levels [40-42]
exceeding permissible ones. The prolonged exposure to vibrations is a recognized risk factor for var-
ious diseases among truck drivers [43-45]. Furthermore, it should be considered that during the op-
eration of a haul truck, clayey sediment could accumulate on the SG’s housing cavity. This accumu-
lation causes a deterioration in heat dissipation from the windings [46-48], as well as an imbalance
and increased vibration.
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To investigate potential causes for faults in windings, we conducted vibration tests that were
aimed at determining general vibration levels and their spectra in various operating modes of a diesel
generator set (DGS). In our tests, we used a reconditioned generator operating at an open-pit mine in
the Kemerovo region. The following operating modes were tested: idling at speeds of 900 rpm and
1,900 rpm; with loads applied to the braking resistor at 800 rpm and 1,800 rpm.

During the tests, it was observed that the maximum vibration level occurs at rpm values rang-
ing from 1,800 to 1,900. Therefore, for further analysis, we will focus solely on these rotational
frequencies.

Figure 4 shows the 14 vibration measurement locations used in our tests:

* points 1, 2, and 3: the vertical, horizontal, and axial vibrations of the bearing assembly of the
generator from the slip ringside;

* points 4, 5, and 6: the vertical, horizontal, and axial vibrations of the generator frame from the
diesel engine side;

* points 7, 8, and 9: the vertical, horizontal, and axial vibrations of the generator’s left support
from the diesel engine side;

« points 10 and 11: the vertical and axial vibrations of the diesel engine cylinder block from the
generator side;

* points 12 and 13: the vertical and horizontal vibrations of the diesel engine cylinder block from
the radiator side;

* point 14: the horizontal vibration of the DGS frame under the diesel engine.

Discussion of the results. Table 1 presents the results of measuring the root mean square (RMS)
values of the DGS’s vibration velocity within the frequency range of 10 to 5,000 Hz. The data shows
that both at idle and under load, the vibration of the generator frame remains below the limit of 10
and 15 mm/s, respectively. The exception is some non-standardized points near the generator’s bear-
ing shield. It is worth noting that the overall vibration levels in the engine area at individual pointsare
considerably higher than in the generator area. The results are presented as relative units compared
to the permissible values for the generator’s vibration velocity, with values exceeding the permissible
limits highlighted in bold.
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Fig.4. Measurement locations for vibration tests conducted on a diesel generator set
| — fan casing; 1l — synchronous generator; 111 — diesel generator set frame; 1V — diesel engine
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Table 1
Relative RMS values of the generator’s vibration velocity, r.u.
. . Load Load
Mfgg:{i%rpsent atn I:dsl;gg rpm atn zlflé%% om on the braking resistor on the braking resistor
' atn =800 rpm, | =250 A atn =1,800 rpm, | = 330A

1 0.46 1.05 0.31 0.89
2 0.58 1.62 0.44 1.08
3 0.31 1.57 0.27 1.30
4 0.36 0.55 0.31 0.48
5 0.22 0.63 0.13 0.42
6 0.27 0.80 0.23 0.57
7 0.41 0.56 0.28 0.69
8 0.26 0.95 0.21 0.68
9 0.27 0.67 0.20 0.49
10 0.39 1.08 0.29 0.55
11 0.22 1.34 0.16 0.38
12 0.45 3.71 0.34 1.44
13 0.27 0.53 0.15 0.43
14 0.47 1.07 0.30 1.77

During the tests, the DGS’s vibration acceleration values were measured for two frequency
ranges: up to 55 Hz and up to 200 Hz, as specified in the GOST 17516.1-90 titled “Electrical articles.
General requirement for environment mechanical stability” for the M28 design category. The re-
sults are presented in Table 2, with indicators exceeding the operating limit highlighted in bold.
Based on the results, it can be concluded that the external impact on the generator within the fre-
quency range of 0 to 55 Hz complies with the M28 design category requirements, as stated in GOST
17516.1-90. However, the primary contribution to the overall level of generator vibration comes from
harmonics with frequencies ranging from 60 to 300 and 400 Hz, which exhibit significantly higher
magnitudes compared to vibrations within the 0-55 Hz range. These harmonics pose the greatest risk
to the generator’s winding as its resonant frequencies lie within this range. Therefore, the M28 re-
quirements are not applicable to this particular generator. Instead, the M37 design category require-
ments regarding units installed on piston engines should be used (frequencies ranging from 0.5 to
500 Hz; vibration acceleration up to 100 m/s?).

Table 2

Maximum generator vibration accelerations relativeto the boundary value, frequency ranges 0-55/0-200 Hz, r.u.

Measurement Idling Idling Lo_ad . Lo_ad .
locations at n = 900 rpm at n =1,900 rpm on the braking resistor on the braking resistor
' atn =800 rpm, | =250 A atn =1,800 rpm, 1 =330A
1 0.043/0.135 0.106/0.444 0.024/0.199 0.101/0.457
2 0.092/0.171 0.158/0.605 0.037/0.265 0.158/0.485
3 0.011/0.123 0.047/1.630 0.014/0.146 0.038/1.930
4 0.033/0.111 0.068/0.167 0.017/0.218 0.060/0.321
5 0.019/0.058 0.085/0.187 0.024/0.033 0.093/0.166
6 0.028/0.087 0.065/0.359 0.014/0.147 0.084/0.340
7 0.028/0.164 0.045/0.516 0.025/0.139 0.075/0.808
8 0.035/0.084 0.095/0.456 0.027/0.119 0.139/0.404
9 0.025/0.088 0.061/0.264 0.016/0.124 0.076/0.297
10 0.020/0.096 0.098/0.156 0.009/0.169 0.107/0.201
11 0.013/0.036 0.210/0.184 0.019/0.047 0.073/0.218
12 0.012/0.053 0.614/0.659 0.019/0.148 0.212/0.440
13 0.034/0.075 0.033/0.259 0.017/0.077 0.065/0.240
14 0.024/0.328 0.084/0.729 0.026/0.235 0.133/3.150

Figure 5 presents the vibration spectrum of the diesel engine cylinder block for the most active zone
(frequency ranges of 1.5 to 2.5 and 3 to 3.5 kHz). The extent to which these high-frequency components
affect the generator remains unknown.
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Fig.5. Vibration acceleration spectrum of the diesel engine cylinder block from the radiator side in the vertical direction (point 12)

Table 3 provides the vibration acceleration values for two measurement locations: the genera-
tor’s left support from the diesel engine side (point 8) and the DGS frame under the diesel engine
(point 14). These values are based on the harmonics of the rotation frequency at 1,846 rpm, 330 A
for the braking resistor being loaded. Table 3 demonstrates that the diesel engine is a distinct source
of vibration at harmonics 3.5 and 5. Figure 6 illustrates the vibration acceleration spectrum for the
aforementioned measurement locations. Importantly, the spectrum type remains consistent regardless
of the generator’s load, indicating that the vibration is of a mechanical nature.

Table 3

Vibration accelerations of the generator support
and the DGS frame under the diesel engine in the horizontal direction

Frequency, ) Vibration acceleration, r.u.
Hy Harmonic number - -
Generator support Diesel engine frame
31.01 1 0.13 0.09
61.59 2 0.22 0.05
77.09 25 0.44 0.06
108.44 35 0.15 0.47
152.16 5 0.08 3.13
1093.57 36.5 0.07 0.7
1131.31 37 0.15 11
1167.99 38 0.05 0.96

The high values observed in the axial vibration of the generator’s bearing assembly (point 3) are
associated with the harmonics within the frequency range from 150 Hz to 200 Hz, as indicated in Table 4.
This occurrence can be attributed to the resonant characteristics of the part. When testing a similar gener-
ator at a plant site, it was found that the natural frequency of the generator’s bearing shield was 180 Hz,
as depicted in Fig.7.
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Table 4
Vibration acceleration of the bearing assembly in the axial direction by frequency harmonics at 1,914 rpm, 325 A
Frequency, Hz 317 63.6 95.2 127.1 143.3 159.2 175.3 190.9 205.2
Harmonic number 1 2 3 4 45 5 5.5 6 6.5
Vibration acceleration, r.u. 0.01 0.07 0.21 0.31 0.35 0.47 1.26 1.92 1.62
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Conclusion. Based on the results of vibration tests, this article examined traction drive system (TDS)
failures in haultrucks, analyzed the causes of synchronous generator (SG) failures, and conducted bench
tests of a diesel generators set (DGS) to identify the causes of stator winding failures. The following
conclusions can be drawn:

« Our analysis of SG failures revealed that the stator winding (35 %) and the bearing assembly (29 %)
are the functional units with the highest failure degrees. Failures in the stator winding encompass issues
such as stator winding lead burn-off and coil-to-coil connection faults in the winding.

* The primary cause of stator winding failures is the excessive external vibration impact on the gen-
erator, surpassing the levels given in relevant technicalspecifications.

* The general level ofthe vibration velocity of the generator frame at speeds ranging from 1,800 to
1,900 rpm does not exceed the permissible values outlined in the regulatory documents.

* The external mechanical impact on the generator does not align with the M28 design category re-
quirements as defined in GOST 17516.1-90 titled “Electrical articles. General requirement for environ-
ment mechanical stability”. It has been determined that the M37 design category requirements should be
used (frequencies ranging from 0.5 Hz to 500 Hz with vibration acceleration of up to 100 m/s?).

* The test results indicate that generator vibration is practically unaffected by its load and is primarily
attributed to mechanical causes.

 The most hazardous vibrations to the generator windings lie within the frequency range of 60 Hz
to 200 Hz. The engine has been identified as the source of vibrations within this frequency range, at least
for certainharmonics.

« The issue of stator winding damage is complex, and its root cause lies not only in the vibrations of
the diesel engine or generator but also in the natural frequencies of the winding or its fixtures.
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Abstract. In the steady state of operation, the temperature of a mining excavator hydraulic fluid is determined by the
ambient temperature, hydraulic system design, and power losses. The amount of the hydraulic system power loss de-
pends on the hydraulic fluid physical and thermodynamic properties and the degree of wear of the mining excavator
hydraulic system working elements. The main causes of power losses are pressure losses in pipelines, valves and
fittings, and leaks in pumps and hydraulic motors. With an increase in the temperature of hydraulic fluid, its viscosity
decreases, which leads, on the one hand, to a decrease in power losses due to pressure losses in pipelines, valves
and fittings, and, on the other hand, to an increase in volumetric leaks and associated power losses. To numerically
determine the level of power losses occurring in the hydraulic system on an example of the Komatsu PC750-7 mining
excavator when using Shell Tellus S2 V 22, 32, 46, 68 hydraulic oils with the corresponding kinematic viscosity of 22,
32, 46, 68 cSt at 40 °C, the developed calculation technique and software algorithm in the MatLab Simulink environ-
ment was used. The power loss coefficient, obtained by comparing power losses at the optimum temperature for a given
hydraulic system in the conditions under consideration with the actual ones is proposed. The use of the coefficient will
make it possible to reasonably select hydraulic fluids and set the values of the main pumps limit state and other hydrau-
lic system elements, and evaluate the actual energy efficiency of the mining hydraulic excavator. Calculations have
shown that the implementation of measures that ensure operation in the interval with a deviation of 10 % from the
optimal temperature value for these conditions makes it possible to reduce energy losses from 3 to 12 %.

Keywords: mining hydraulic excavator; hydraulic system; power loss; viscosity; temperature; hydraulic fluid leakage;
hydraulic losses
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Introduction. It is well known that in most hydraulic systems, the efficiency does not exceed
75 %. In this case, the input power is spent on overcoming mechanical friction, pressure losses in
pipelines, valves and fittings, and internal leakage of the hydraulic fluid. All power losses are con-
verted into heat absorbed by the hydraulic fluid [1-3]. An increase in the temperature of the working
fluid above a certain limit is accompanied by an increase in the aging rate, deterioration of its working
properties and significantly affects both the performance of the excavator and the durability of the
hydraulic system. Power losses during the operation of mining hydraulic excavators are of particu-
lar importance, since they operate in changing external conditions, primarily ambient temperature,
and have a powerful drive, which gives large absolute values of the losses of electric energy or
diesel fuel [4-6].

The calculation of power losses will allow you to select the appropriate drive power when de-
signing new equipment, find the conditions for thermal equilibrium, determine the maximum possible
oil temperature in the excavator hydraulic system, and correctly select the oil cooler parameters, ta-
king into account the power, mode, and equipment operating conditions. An accurate calculation of
the total power losses of a mining excavator hydraulic system is difficult due to the large amount of
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calculations and the need to take into account the variability of the physical parameters of the sub-
stances involved in the process.

Methods. The hydraulic system of the Komatsu PC750-7 excavator was chosen as the object of
study. Hydraulic fluids Shell Tellus S2 V 22, 32, 46, 68 with the corresponding kinematic viscosity
of 22, 32, 46, 68 cSt at 40 °C. Mechanical losses in friction units are assumed to be constant and were
not taken into account in the calculations [7, 8].

In a mining excavator hydraulic system, energy losses depend on the operations performed and
the temperature of the hydraulic fluid. This is a power expended to overcome resistance in hydraulic
lines, fittings, valves etc. and hydraulic fluid leakage in the components of the hydraulic system. To
accurately assess the energy loss in the excavator hydraulic system, it is necessary to take into account
the dependence of the density and viscosity of the hydraulic fluid on temperature. In manual calcu-
lations, it was customary to average the hydraulic fluid physical parameters, since taking into ac-
count density and viscosity changes on temperature greatly complicated the calculations.

A change in the hydraulic fluid density and viscosity over a wide temperature range affects the
energy intensity of the energy transfer and conversion processes occurring in the hydraulic system of
a mining excavator, and to obtain accurate results, these changes should be taken into account. As the
temperature changes, the magnitude of each type of power loss changes. With an increase in the
temperature of the working fluid, its viscosity decreases, which entails a decrease in power losses due
to pressure losses in pipelines, valves and fittings and, at the same time, an increase in power losses
due to an increase in the volume of leaks in the elements of the hydraulic system.

A change in the density of the hydraulic fluid in the operating temperature range affects the
magnitude of power losses, is linear in nature and can be determined by the formula [9-11]

—_Po
1+ a At
where po, pt are the hydraulic fluid density at a temperature of to and t respectively, kg/m3; At is the
temperature increment, °C; o is the thermal expansion coefficient of the material, °C L,
The change in the hydraulic fluid viscosity, when the temperature changes in the range 40-110 °C,
is determined from the expression
n
9

V: =V, ,

Py

where vo, vt are the kinematic viscosity at temperature to and t, m?/s; n is a coefficient depending on
the type and brand of the hydraulic fluid, temperature to, and viscosity vo [9, 10, 12].
In the temperature range from 0 to 40 °C the expression for calculating the kinematic viscosity
takes the following form:
v, =at® +bt+c,

where a, b, ¢ are the coefficients depending on the temperature and characteristics of the hydraulic
fluid are determined from the reference literature or experimentally. Their values for the hydraulic
fluid Shell Tellus S2 V 46 in the temperature range up to 40 °C are presented in Table 1.

Table 1
Values of coefficients for hydraulic liquid Shell Tellus S2 V 46

Temperature Coefficients
range t 4 b .
0-10 0.9 -30.5 430
10-20 0.6 -28 435
20-30 0.14 -11.3 285
30-40 0.04 5.4 198

375
This is an open access article under the CC BY 4.0 license



ElZEgm  Journal of Mining Institute. 2023. Vol. 261. P. 374-383 EDN OKWKUF
e © Maxim G. Rakhutin,Giang Quoc Khanh, Aleksandr E. Krivenko, Tran Van Hiep, 2023

150 The dependence of the viscosity of Shell
L 130 Tellus hydraulic fluids used in mining hydraulic
8 - excavators on temperature is shown in Fig.1.
; 110 The calculation of power losses during the
g 90 operation of a mining hydraulic excavator in-
2 4t volves the calculation of pressure losses in hy-
= 50l draulic components (pipelines, valves and fit-
§ . tings), power losses due to hydraulic fluid leaks,
g 30 primarily of the main pumps and hydraulic mo-

10 tors. The total pressure losses by pipe length are

0 10 30 50 70 90 110 determined by the Darcy — Weishach formula for
Hydraulic fluid temperature t, °C a viscous fluid flow

Fig.1. Viscosity curves for hydraulic fluids according

2
to temperature 2Ap, = 992[ _V_IJ e Z[ j

1— Shell Tellus S2 V 68; 2 -S2 V 46; 3-S2V 32; 4 -S2 'V 22

where i is the number of straight sections of the hydraulic pipe; Ai is the flow coefficient for the
corresponding hydraulic line; Lj, di are the length and internal diameter of the i-th pipeline respec-
tively; vi is the average flow rate of the hydraulic fluid of the i-th pipeline [10, 13, 14].

The value of the flow coefficient depends on the type of fluid flow (Laminar and Turbulent).
After a long downtime, immediately after starting the hydraulic system, when the fluid has not yet
warmed up, laminar flow can be observed in the channels and the flow coefficient is usually calcu-
lated using the Poiseuille formula [10, 14, 15]

=2
Re
Further, in a turbulent flow, the Blausius formula is used [14-16]

A=0.3164Re™*%*,

where Re is the Reynolds number of the hydraulic fluid flow in the pipeline.
Losses also occur when the fluid passes through local resistances — fittings, valves, hydraulic con-
trol devices. The magnitude of these pressure losses is calculated using the following formula [14, 17]

2
Y Ap, = ZpgK£ j pZK,v,,

where K is the pressure drop coefficient. Values are determined from reference literature or experi-
mentally.

The work cycle of the piston chamber of an axial piston pump consists of the processes suction
and discharge of the hydraulic fluid. The reason for the hydraulic fluid leakage in the pump is a large
pressure difference between the piston chamber and the casing. Volume losses occur when liquid is
forced into the pressure line. Fluid leakage from the working chamber consists of the following four
components: leakage through the gap between the piston and the piston chamber wall Qpc, through
the gap between the piston and the slipper Qps, through the gap between the slipper and the swash
plate Qss and through the gap between the cylinder block and valve plate Qv (Fig.2, a).

Hydraulic fluid leakage through the annular gap between the piston and the piston chamber wall
is determined by the expression [10, 17, 18]

_nd, b (R-R) , ndh v
‘ 1+15n° ) - —L22
T (Lrsnt)- =2, )
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Fig.2. Leakage of hydraulic fluid in the axial plunger pump and hydraulic motor

where dp is the piston diameter, m; hpc is the gap width between the piston and the piston chamber
wall, m; P1, Po are the pressure in the piston chamber and in the casing respectively, Pa; p is the
hydraulic fluid dynamic viscosity, Pa-s; | is the length of the piston part in the piston chamber, m;
n = elhyc is the relative eccentricity; e is the eccentricity of the piston relative to the cylinder, m;
v — is the speed of the piston in the piston chamber, m/s (Fig.2, b, c) [10].
Hydraulic fluid leaks in the spherical hinge between the piston and the slipper are determined by
the expression [10, 17, 18]
: )
tgp, J

where hps is the spherical hinge gap width, m; P1, Pg are the pressure in the slipper chamber and in
the pump casing, respectively, Pa; B1, B2 are design angles of the spherical joint of the piston and
slipper, rad (Fig.2, d).

Hydraulic fluid leaks through the gap between the slipper and the swash plate are determined by
the formula [10, 18, 19]

nhj;S(Pl—Po)

Q, =
20 402 t9p,
3u| tg"B, —tg"B, +2In

~ nh (P —R)

_ Ms\imho) 3
5~ uin(R,, /R,)’ )

where hss is the width of the gap between the slipper and the swash plate, m; Rs1 is the groove and Rs>
is the outer radius of piston slipper, m (puc.2, e).

Hydraulic fluid leaks through the gap between the cylinder block and the valve plate, is deter-
mined by the expression [10, 18, 20]
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Q :aohsv(Ps_PO) 1 + L
o 12 In(R;/Ry) M(R./Rs) |

where hey is the width of the gap between the cylinder block and the valve plate, m; Rvi, Rv2, Ryz,
Rvs are the valve plate dimensions, m (Fig.2, f).

Summing up the results of formulas (1)-(4), taking into account the operating cycle of the piston
chambers and the pump construction, we obtain

(4)

Qu=5(Qu+Q,+Q, +Q.).

where z is the number of piston chambers.
Taking into account the assumptions made, the total power loss in the hydraulic system of a
mining excavator can be written [21-23]

N — QWAp + Qsl p
1000

where Qw is the hydraulic fluid flow rate, m®/s; Ap is the pressure loss in the hydraulic system, Pa;
Q.1 is the total leakage of the hydraulic fluid in pumps and hydraulic motors, m%s; p is the hydraulic
system pressure, Pa.

The mathematical model used for programming calculations in the MatLab Simulink software
is based on the considered equations and expressions. The main parameters used in calculations and
modeling are the actual parameters of Komatsu PC750-7 mining excavator hydraulic system accord-
ing to the manufacturer's catalog (Table 2).

Table 2

Initial parameters for modeling

Hydraulic system component Parameters
Hydraulic fluid Shell Tellus S2 V 440 Density at t = 15 °C: p = 872 kg/m?
Main pump HPV160+160 2 pc. Piston diameter dp = 22.5 mm

Piston length Lp = 100 mm
Piston pitch radius Rp = 49.5 mm
Swash plate angle y = 19.5°
Minimum piston length in piston chamber lo = 45 mm
Number of piston chambers z =9
Shaft speed n = 2400 min—!
Piston chamber working pressure Ps = 31 MPa
Pump casing pressure Po = 1.5 MPa
Piston slipper design dimensions Rs1 = 8 mm; Rsz = 13°
Design angles of the piston and slipper spherical f1 = 14°; B2 = 119°
Valve plate design dimensions Rv1 = 29 mm; Ry2 = 38 mm;
Rvz = 50 mm; Rva = 60 mm; oo = 193°
Swing motors Displacement g1 = 255 cm?®
(axial piston) 2 pc. Shaft speed 260 min!
Working pressure 28.4 MPa
Power 31.4 kWt
Mechanical efficiency nmc = 0.98
Volumetric efficiency nvi = 0.96
Boom lift cylinders 2 pc. Flow rate at:
digging 0.0018 m®/s
swing load 0.0013 m®/s
loading 0.0014 m®/s
swing empty 0.00144 m3/s
Hydraulic pipe inner diameter dpsiin = 19.05 mm
Hose length Lpsi = 13.4 m
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&

Second part of Table 2

Hydraulic system component

Parameters

Arm cylinders 2 pc.

Bucket cylinders 1 pc.

Oil cooler 1 pc.

Filters 5 pc.

Directional control valves 3 pc.
Throttle valves 3 pc.

Elbows 90° 34 pc.

Check valves 5 pc.

Pump suction line dimensions

Flow rate at:

digging 0.002 m3/s

swing load 0.00014 m3/s

loading 0.00105 m3/s

swing empty 0.001903 m%/s
Hydraulic pipe inner diameter dpacin = 19.05 mm
Hose length Lpac =23 m
Flow rate at:

digging 0.00191 m®/s

swing load 0.001804 m®/s

loading 0.0021 m3/s

swing empty 0.00115 m3/s
Hydraulic pipe inner diameter dpacin = 19.05 mm
Hose length Lpec =23 m

Oil cooler oval pipes dimensions: a = 22.1 mm; b =6 mm; &pp = 0.75 mm

Number of pipe rows zrow =3
Number of pipes in a row mrow = 51
Hose length Lyoc = 1290 mm
Pressure drop coefficients 5-12
Pressure drop coefficients 3-5
Pressure drop coefficients 0-100
Pressure drop coefficients 1
Pressure drop coefficients 1-5
Diameter 35 mm

Length 2.5 m

Numerical modeling of physical processes has found wide application in the field of studying
the processes of mining hydraulic excavators, since it allows taking into account a large number of
quantities that change according to nonlinear dependencies and solving previously considered prob-
lems with much greater accuracy [24-26]. For computer simulation of power losses in a hydraulic
system, the developed calculation method and a software algorithm implemented in the MatLab
Simulink environment were used.

Discussion of the results. The preparation of a numerical experiment required an analysis of the
Komatsu PC750-7 mining hydraulic excavator operating cycle [27-29]. The accurate values of flow
rates in various sections of the hydraulic lines, as well as in individual devices of the hydraulic system
of the excavator, were calculated, which is important for accurately determining energy losses
[30-32]. As a result of the simulation, the values of power losses during the execution of work
operations at various temperatures were obtained, presented in Table 3.

Table 3
Power loss during work operations, kWt
Hydraulic fluid — . . . Volumetric
temperature t, °C Digging Swing load Loading Swing empty leakages
0 390.2 110.3 269.3 222.5 1.6
20 126.3 41.73 90.08 76.23 5.99
30 90.78 32.44 65.92 56.42 9.64
40 71.43 2751 52.34 45.74 15.2
50 58.41 24.34 43.69 38.73 24
55 54.66 23.39 41.16 36.68 28.71
60 51.87 22.69 39.28 35.15 33.56
70 48.04 21.71 36.69 33.04 43.51
80 45.54 21.07 35.02 31.67 53.62
90 43.8 20.61 33.85 30.71 63.76
110 41.52 20.02 32.33 29.45 83.78
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Fig.3. Power loss depending on the hydraulic fluid temperature:
a — due to hydraulic fluid leaks, pressure losses in hydraulic components (lines, valves etc.)
(1 —digging; 2 — swing load; 3 — swing empty; 4 — loading; 5 — main pumps)
b — total power losses during the implementation of work processes
(1 —digging; 2 — swing load; 3 — loading; 4 — swing empty)

Figure 3 shows power losses due to hydraulic fluid leakage and pressure losses in hydraulic
components (lines, valves etc.) depending on the hydraulic fluid temperature for the working cycle
operations: digging, swing load, loading, swing empty.

From the presented graphical dependences it is clearly seen that the energy losses during various
working operations differ significantly from each other, which does not contradict the previously
published results [33-35]. As the temperature of the liquid increases, the power loss caused by to
hydraulic losses due to the properties of pipelines and associated resistances will decrease, while the
increase in power due to the volume of leaks increases.

The values of the total power loss AN for different operations of the excavator working cycle
differ in value, but they all have a common feature, which is that the total power loss decreases with
an increase in the hydraulic fluid temperature from 0 to 30-35 °C, reaching the lowest value in the
temperature range from 35 to 55 °C. After 55 °C, the power loss increases rapidly with the tempera-
ture rise. Since leaks in the control devices of the hydraulic system were not taken into account at this
stage of the research, power losses with increasing temperature in the example under consideration
will be the lower limit of values.

The total power loss versus temperature for various hydraulic fluids is shown in Fig.4. The pre-
sented graphic dependences clearly show a significant energy overspending when working on un-
heated hydraulic oil and the need to warm it up to 30-40 degrees before starting work.

It follows from these dependencies that when the excavator is operating in winter conditions, it
is more advisable to use hydraulic fluids with a lower viscosity, and when working in a hot climate,
for example, in the conditions of the Socialist Republic of Vietnam, it is advisable to use hydraulic
fluids with increased viscosity. The optimal temperature value depends on the viscosity and other
characteristics of the fluid, but it also depends on the hydraulic system elements technical condition
and mining operating factors that affect the duration of the working cycles. Therefore, absolute value
of power losses in certain conditions, are not an informative indicator.

To assess the energy efficiency of the mining excavator hydraulic system, a power loss coeffi-
cient is proposed. It is defined as the ratio of the minimum possible power losses in the hydraulic
system in the considered operating conditions to the actual ones:
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a — due to hydraulic fluid leaks, pressure losses in hydraulic components (lines, valves etc.)
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b — general power losses during the work processes
(1 — AN using Shell Tellus S2 V 68; 2 — using Shell Tellus S2 V 46; 3 — using Shell Tellus S2 V 32; 4 — using Shell Tellus S2 V 22)

_ ANmin
Ko = AN, '’
where ANmin IS the minimum possible power loss
in given conditions; ANt is the actual power loss.

The value of the power loss coefficients
when using various hydraulic fluids is shown in
Fig.5. The concept of “temperature range of
power loss — Trpi” is proposed — the temperature
interval between the minimum and maximum
temperatures, corresponding to the value of the
power loss coefficient.

The temperature range at the value of the
power loss coefficient of 0.8; 0.9; 0.95 for liquids
with different viscosities in the conditions under
consideration is presented in Table 4: v is the hy-
draulic fluid kinematic viscosity; topt is the tem-
perature value for the lowest energy losses; t a,

0.8
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Fig.5. Change in the values of the power loss factor
depending on the temperature
1 — ANmin/AN; using Shell Tellus S2 V 68;
2 —using Shell Tellus S2 V 46; 3 — using Shell Tellus S2 V 32;
4 —using Shell Tellus S2 V 22

t+4 are the smallest and largest temperature values in the interval under consideration; t ot, t+ot are the
value of the temperature interval from topt to t a, t+a; t+-t- are the value of the temperature interval

from t_a to tsa.

Table 4
The value of the temperature range for different viscosities of hydraulic fluids
Kp| =0.8 Kp| =0.9 Kp| =0.95
v, cSt topt
LA LOt t+A t+01 t+'L LA L01 t+A t+Ot t+'t LA LOt t+A t+0t t+'L
22 35 12 23 68 33 56 20 15 52 17 32 25 10 45 10 15
32 44 24 20 79 35 55 30 14 62 18 32 32 12 53 9 21
46 55 30 25 100 45 70 38 17 80 35 42 42 13 70 15 28
68 68 40 28 |[>110| >45 80 48 20 108 | 50 60 52 16 95 27 43
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From the graphical dependencies and the data presented in Table 4, it follows that with an in-
crease in viscosity, the difference in the values of the high and optimal temperatures increases, as
well as the value of the “power loss interval” corresponding to the specified Kpi value.

Conclusion. A method for calculating power losses in the hydraulic system of a mining hydrau-
lic excavator depending on temperature is proposed. The method is implemented using the MatLab
Simulink program on the example of Shell Tellus SV 2 46 hydraulic fluid and the hydraulic system
of the Komatsu PC750-7 excavator.

« In the range from zero to 30-50 degrees, 70-80 % of power losses are pressure losses in hy-
draulic components (lines, valves etc.), which decrease in a quadratic relationship with a decrease in
the hydraulic fluid viscosity caused by an increase in temperature. After 30-50 degrees, with a further
decrease of hydraulic fluid viscosity, due to an increase in hydraulic fluid leaks in pumps and hydraulic
motors, the main power losses increase according to a dependence close to a straight line, the angle of
inclination of which is determined by the technical condition of the hydraulic motors and pumps, pri-
marily the main pumps, the parameters of the hydraulic fluid, and mining factors of operation.

« A criterion for estimating energy losses in the hydraulic system of a mining hydraulic excavator
depending on the hydraulic fluid temperature is proposed — the power loss coefficient Ky, obtained
by comparing the minimum possible losses at the optimum temperature in given conditions with
energy losses at the actual temperature. The use of the proposed coefficient will allow estimating
“excessive” energy losses when deviating from a range close to the optimal temperature of the hy-
draulic fluid in the conditions under consideration and hydraulic systems of other machines.

* The concept of “temperature range of power loss — Trpi” is proposed — the temperature interval
between the minimum and maximum temperatures, corresponding to the value of the power loss
coefficient.

« Calculations have shown that the implementation of measures that ensure operation in the in-
terval with a deviation of 10 % from the optimal temperature value (Kp > 0.9) for these conditions,
can reduce energy losses from 3 to 12 %.
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Abstract. The issues of energy saving in pyrometallurgical production during processing of mineral raw materials in
ore-thermal furnaces are particularly important for the development of new energy-efficient technologies. The reduc-
tion of the specific power consumption during melting at different stages of heating and melting of charge materials
when modeling is related to obtaining kinetic curves in the process of kyanite concentrate regeneration in polythermal
conditions. Based on practical data of carbo-thermal reduction the mathematical modeling of reduction processes from
alumosilicic raw materials — kyanite was carried out. In this work, the nonisothermal method based on a constant rate
of charge heating (i.e. a linear dependence between time and temperature) was used for the reduction of kyanite charge,
which saves electrical energy. The experiments were carried out on a high-temperature unit with a heater placed in
a carbon-graphite crucible. Based on the obtained kinetic dependences of nonisothermal heating of enriched kyanite
concentrates in plasma heating conditions we obtained a number of kinetic anamorphoses of the linear form which
point to the possibility of describing the reaction rate using the modified Kolmogorov — Erofeev equation for given
heating conditions and within a narrow temperature range. The complex of mathematical modeling makes it possible
to create a control algorithm of technological process of reduction of kyanite concentrate to a metallized state within
the specified temperature range for the full flow of reaction exchange and to reduce the specific power consumption by
15-20 %. With the help of the received kinetic dependences, taking into account the thermodynamics of processes and
current state of the art it is possible to create a universal thermal unit for the optimal carbothermal reduction of charge
to a metallized state (alloy) with minimum power inputs compared to existing technologies.

Keywords: energy saving; energy efficient technologies; mining and metallurgical complex; aluminosilicate minerals;
aluminum; silicon; oxide reduction; kinetics; specific energy consumption
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Introduction. Energy saving in production during processing of metallurgical and anthropo-
genic raw materials is paramount for solving both local [1, 2], and global environmental problems
[3, 4]. So the development of new technologies based on fundamental scientific approaches is of
great practical importance for the strategic energy-efficient development of the metallurgical in-
dustry [5-7]. The development strategy for ferrous and non-ferrous metallurgy of the Russian Feder-
ation until 2030 includes a large complex of measures for energy saving and the reduction of specific
energy intensity of products, resource intensity, and emissions of harmful substances. The national
mining and metallurgical complex [8-10] has already taken a number of measures to improve the
energy efficiency of production. However, shortages of some resources or partial inaccessibility lead
to significant economic and industrial problems [11-13] and risks [14-16], as well as to the reduced
efficiency in the use of fuel and energy resources, sometimes complete losses in the supply of enter-
prises [17-19].
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The production of aluminum silicon alloys, the most popular type of aluminum alloys, requires
the organization of primary aluminum production in electrolysis cells, while the production of silicon
requires the carbothermic method of reduction from quartz raw materials in ore-thermal furnaces
[20-22]. In the production of primary aluminum, only alumina is used as an aluminum-containing
raw material, and in Russia there are significant difficulties in providing enterprises with their own
raw materials due to a shortage of high quality bauxite [23, 24]. The shortage of alumina for electro-
Iytic production, which has developed as a result of the shutdown of some plants and the reduction in
the share of exports for political reasons, leads to a search for innovative, energy-saving technologies
for aluminum and aluminum silicon alloy production from alternative raw materials, which could be
kyanite [25, 26]. After the reduction of unprofitable capacity and the mothballing of several plants
with obsolete electrolysis cells, raw material shortages amount to approximately 45 % of all alumina
production in the Russian Federation [27-29].

Systematic research is being conducted using aluminum and silicon industries wastes [10-15] in
order to provide new types of aluminum-containing raw materials [30, 31]. Ore reserves of aluminum-
silicon raw materials are studied as well in order to use them in processing [31, 32]. The end products
of these technologies satisfy only a certain narrow demand of the industries due to the specific prop-
erties of the raw material and technological solutions. However, these studies are not focused on one
of the promising areas, the direct production of aluminum silicon alloys, containing aluminum and
silicon oxides by means of carbothermic reduction.

At present, the use of kyanite ores in various branches of industry is a highly topical issue due
to the considerable number of reserves and simplicity of their development [33] in the Urals [36] and
Keivy [34, 35] Mountains. Besides the production of refractories and ceramics, this type of raw ma-
terials can be used for production of alumina and silicon oxide after beneficiation and separation of
the concentrate [37-39]. However, calculations show that the technology of kyanite disintegration is
economically unprofitable in current conditions of traditional alumina production by the method of
Bayer-sintering [40, 41].

Several attempts to study kyanite ores of the Kola Peninsula were made during the 20th century.
The first study carried out by V.S.Artamonov, P.A.Borisov, and N.A.Volotovskaya dates back to
1929. The Mekhanobr Institute received preliminary data on beneficiation of kyanite-quartz material
in 1939. All-Russian Aluminium-Magnesium Institute tested kyanite ore to produce kyanite concen-
trate by the flotation method in industrial conditions in 1949. In parallel, the geological aspects of
kyanite deposits were studied, and 27 deposits were identified. A preliminary assessment of ore re-
serves showed 966 million tons located at depths of up to 100 m. The total volume of the deposits
was 11 billion tons. Favorable geological conditions of ore occurrence make it possible to develop
them by open-pit mining with high performance.

In this regard, the studies on the issues of direct reduction of the kyanite charge for the production
of hypereutectic aluminum silicon alloys are of high scientific and practical interest (28 % of silicon
in the final alloy). There are studies on the carbothermal reduction of alumina for production of alu-
minum [42-45]. Thus, calculations of technical and economic indicators in the work [43] confirmed
the promising nature of this technology. The environmental analysis carried out in this work indicates
a low ecological impact by the production of aluminum and its alloys compared to the current pro-
duction. The analysis of the literature shows that methods of direct processing of charge materials
[41, 46] without the use of fluorine-containing and carcinogenic substances (as in the electrolysis of
molten salts according to Hall — Eru method) are promising, which is certainly a favorable positive
factor. On the other hand, the carbothermal method of aluminum production had many difficulties in
the implementation of the technological process in the 1970s and 1980s due to the formation of car-
bide compounds. The presence of these compounds reduces aluminum yield and with an increase of
silicon content the production process was more active from the thermodynamic point of view. The
low level of technology, insufficient study of the issues associated with reduction of charge, and the
use of inadequate thermal aggregates could not have created the conditions for a wide distribution of
industrial carbothermal production of aluminum.
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Despite the existing scientific background and practical experience in the studies of the reduction
of aluminosilicate charges, the issues of the direct reduction of the charge to the metallized state
remain unresolved. There are no data on the kinetics and mechanism of interaction in the Si-Al-O-C
system, which is an important technological factor and scientific justification for the implementation
of the carbothermal process of aluminum silicon alloy production from kyanite concentrates or simi-
lar charge materials. The solution of this problem is especially important for improving the energy
efficiency of the production of basic aluminum alloys.

Methods. Metallurgical processes based on the reduction of metals from their compounds by
carbon and carbon-containing materials take place in ore-thermal furnaces at elevated temperatures
and have high energy losses (part of the heat is waste, partly spent in the assembly units and on the
reduction of impurity elements and incorrectly composed charge material). In the course of this work
we considered a method that allows us to study more extensively the chemistry of the carbothermal
reduction of kyanite charge materials when producing aluminum silicon alloy and eliminate energy
losses in the metallurgical process. A non-isothermal method was used for the reduction of the kyanite
charge in this work. The method is usually based on a constant heating rate of the charge, i.e., in the
presence of a linear relationship between time and temperature, the following equations are valid

dT =mdt and fa _ m%,
dt dT
where m — heating rate, °C/min; a — degree of conversion the metallic phase (reactivity).

The experiments were carried out on a high-temperature unit with a carbon-graphite heater with
an additional element — a directed arc. A directed plasma arc is required for intensive heating and
implementation of the non-isothermal method of processing the kianite charge to the specified tem-
peratures (2000-2300 °C).

A sample of beneficiated kyanite concentrate with a minimum content of titanium oxide and iron
(Table 1) with a molar ratio of SiO2:Al,03 = 0.73 was used in the conducted experiments. The carbon
content in the sample was 110 % of the theoretically required amount for the reduction of oxides to
metal (aluminum silicon alloy). The reduction was carried out using a directed plasma arc (controlled
plasma flow) at heating rates of 10, 20, and 40 °C/min in the temperature range from 1100 to 2200 °C.
The total heating rate and process Kinetics were estimated by the rate of gas releasing during the
reduction reaction (Fig.1) and by the amount of carbon dioxide registered by the MGL-98 gas ana-
lyzer. The temperature data were recorded by the WRe-5/20 tungsten-rhenium thermocouple con-
nected to the OVEN TRM1 thermostat.

Table 1

Results of X-ray spectral analysis of kyanite samples, %

Fraction Na,O MgO A|203 SIOz P205 S K,O CaO T|02 MnO Fezo3

Non-magnetic 0.2 <0.01 51.33 37.63 0.12 0.013 0.5 0.05 0.6 <0.01 0.18
Magnetic 0.25 0.21 50.98 35.64 0.19 0.029 0.49 0.25 0.67 0.054 1.85

For thermodynamic calculation of the process in a given temperature range, possible reactions
are considered in wider values of 1400-1900 °C according to the following group of equations:

Si02 + Ceharge = SiO + CO; 1)
SiO + 2Ccharge = SiCcharge + CO; )

SiO2 + 2Cgraphite= SiO2 + CO; 3)
SiO + 2Cgyraphite = SiCgraphite + CO; 4)
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3Al203 + Ceharge = 2Al203 + CO; (%)
2AI1203 + 3Ccharge = Al4O4C + 2CO, (6)

where equations (3) and (4) refer to the interac-
tion of oxides with fine fractions of carbon in
the graphite environment of the furnace, and
the rest of the equations refer to the interaction
of oxides with solid carbon in the charge.

The kinetics of reduction of silicon dioxide
in the given temperature range of 1100-1900 °C
was studied at a constant heating rate of
20 °C/min. The studied sample was quenched
every 100 °C, then the change in mass was de-
termined, and the chemical analysis of the re-
sulting material was carried out (Table 1).

The results of calculations are shown in
Fig.2, as well as in Table 2. The flow of reac-
tions in the temperature range 1400-1900 °C
according to the analysis of waste gases was not
recorded.

The most expedient way to carry out ki-
netic studies of the reactions (1) and (2) in con-
ditions of polythermal heating (prompt-burst
plasma heating) is to apply the generalized Kol-
mogorov — Erofeev topokinetic equation [8]:

where k and n are constants and Erofeev, re-
spectively, and the rate constant can be calcu-
lated by the ratio

K = nk/m,

Results and discussion. Since the reduc-
tion occurs in a narrower temperature range at
a relatively high temperature, the most prefera-
ble option is to set heating temperature Ts SO

da d’a
that at T = Ts(0 = 0) o7 max or e 0,
defining it for solving the problem as the tem-
perature of the reaction maximum for the
energy-efficient melting mode.

The graphs a = f (T) and va = f(T) were
plotted based on the obtained kinetic depend-
encies for the reaction (1) and (2) and defined
as, Ts ¥ vag. The calculated kinetic parameters
n, E u Ko prove that the reaction is valid and
the production of metallic charge (hypereutec-
tic aluminum silicon alloy) is possible.
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Table 2

The results of the reduction of the kyanite sample at the constant heating rate of 20 °C/min

Final Sample mass, g co.q Chemical analysis of residues, %
temperature, °C | Before test After test ’ SiOzgen AlOsgen Al:Og0 Sic c

1100 - - - 25.92 42.32 - - 28.62
1500 8.85 8.69 0.185 25.98 41.81 1.56 - 28.46
1600 8.93 8.60 0.305 26.29 45.42 1.34 - 28.08
1700 9.05 8.11 0.861 38.73 48.2 0.77 5.33 24.83
1800 8.87 6.96 1.737 30.37 53.50 1.30 1.87 21.04
1900 8.49 6.29 2.081 31.28 58.33 0.56 17.3 18.33

By substituting the expression for Ko, we obtain the equation and the dependence shown
in Fig.3:

0. (7)

nE

In|—In(1-a) |=
I: ( )] RTSZ
The equation (7) is the equation of anamorphosis of the kinetic curve modified for conditions of
linear polythermal heating by controlled plasma arc. Therefore, the graph of the dependence
In[-In(1 — a)] depends on 6 or 7, and results in the linear relationship based on the equation

0 = T — Ts with the slope of tgp = F?E In this case is the heating and melting time of the charge is

S

decisive, which affects the energy mode of melting.

Thus, the linear form of the kinetic anamorphoses (Fig.3) indicates the possibility of describing
the reaction rate in considered heating conditions and in a narrower temperature range by the mod-
ified Kolmogorov — Erofeev equation. This has a positive effect on the overall energy consumption
of the unit — there is the most efficient use of the heat received, both in terms of process time and in
absolute values of energy consumption.

The obtained mathematical model provides data for development of an algorithm for control-
ling the technological process of reduction of kyanite concentrate to a metallized state in the set
temperature range for the complete cycle of the reaction ex-change and creates prerequisites for the
justification and development of the modern energy efficient technology.

It is possible to create a universal thermal unit using the obtained dependencies and considering
the thermodynamics of the processes and current technological level in order to optimize the pro-
cess of carbothermal reduction of the charge to a metallized state (alloy).

Description of the reaction rate using the

08 A 5 modified Kolmogorov — Erofeev equation has

an in-depth character of increasing the effi-
ciency of aluminum silicon alloys production.

2

o General technical and economic comparative
= characteristics with the existing methods of
o 0 - aluminum silicon alloy production are not
T 1950 2000 10 2100 2150 toC mentioned, since there is no need to produce
= o4 aluminum and silicon separately. It enables to

decrease considerably energy consumption for
aluminum silicon alloy production, operating
08 costs, and capital expenses. The advantages of
_ o the method of direct processing of silicon-alu-
F'gf'gr' :egect?gﬁg‘gfggge(szg";%eh'ggﬁggc ey minum ores for aluminum silicon alloy pro-
1 - reaction (2): 2 - reaction (1) duction are the following:
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« combining energy-intensive aluminum and silicon production in a single smelter and the ability
to process raw materials with high Al and Si content (up to 60-70 % in total), in particular, kyanite;

« in comparison with industrial electrolysis cells, orethermal or plasma furnaces are characterized
by a substantially higher specific capacity, low capital and operating costs, and high environmental
friendliness.

Conclusion. The non-isothermal method was used for the reduction of kyanite charge in the ore-
thermal furnace, which is based on a constant rate of charge heating, i.e. with a linear relationship
between time and temperature, which greatly saves electrical energy.

The expediency of using kyanite raw materials for energy-saving production of aluminum- and
silicon-based alloys and aluminum silicon alloy has been substantiated.

The research on the kinetics and interaction mechanism in the Si-Al-O-C system was carried out
on a high-temperature installation with a graphite heater in conditions of controlled plasma flow with
symmetrical heating, focused on stabilization and energy losses reduction. A sample with the molar
ratio of SiO2:Al>0O3 = 0.73 was used in the experiments. The carbon content in the sample was 90 %
of the amount theoretically required for the reduction of the mineral oxide to metal. The sample con-
sisted of kyanite ore subjected to electromagnetic separation and a complex reduction agent. The
reduction was carried out at heating rates of 10, 20, and 40 °C/min in the temperature range from
1100 to 2200 °C. Calculations and obtained dependencies indicate a favorable operating mode of the
furnace at the temperature of 1450 to 1650 °C.

The non-isothermal method was used for the reduction of kyanite charge.

The linear type of kinetic anamorphosis testifies to the possibility of describing the reduction
reaction rate in the process of carbothermic reduction of aluminosilicon ore required for energy-sav-
ing technological melting regimes. This makes it possible to reduce specific power consumption for
reduction smelting of kyanite ore by 15-20 % as compared to the existing indicators for ore-thermal
furnaces. The solution of this problem is especially important for increasing the energy efficiency of
the production of basic aluminum alloys.

A promising direction for the development of the aluminum industry is the use of plasma flow
in the carbothermic reduction of pre-enriched kyanite concentrate. A large volume of kyanite deposits
in the Murmansk region, the existing infrastructure, and an excess of cheap electric power create
favorable logistics for organizing large-scale production of aluminum alloys.

A positive factor is the presence of the Kandalaksha aluminum smelter (United Company
“RUSAL”), the only aluminum smelter in the world producing primary aluminum, located beyond
the Arctic Circle, which, unlike the productions of the Western division, has maintained the full pro-
duction volumes.

The development of technologies for deep, environmentally safe, and energy-efficient pro-
cessing of kyanite ore in high-tech melting plants and furnaces is of great scientific and technical
interest. These technologies ensure a high degree of aluminum silicon alloys extraction and obtain-
ing multi-purpose commercial products, which will increase the competitiveness of the aluminum
industry.
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Abstract. The paper presents the results of studies of the predictive models development based on retrospective data on
planned electricity consumption in the region with a significant share of enterprises in the mineral resource complex.
Since the energy intensity of the industry remains quite high, the task of rationalizing the consumption of electricity is
relevant. One of the ways to improve control accuracy when planning energy costs is to forecast electrical loads. Despite
the large number of scientific papers on the topic of electricity consumption forecasting, this problem remains relevant
due to the changing requirements of the wholesale electricity and power market to the accuracy of forecasts. Therefore,
the purpose of this study is to support management decisions in the process of planning the volume of electricity con-
sumption. To realize this, it is necessary to create a predictive model and determine the prospective power consumption
of the power system. For this purpose, the collection and analysis of initial data, their preprocessing, selection of fea-
tures, creation of models, and their optimization were carried out. The created models are based on historical data on
planned power consumption, power system performance (frequency), as well as meteorological data. The research
methods were: ensemble methods of machine learning (random forest, gradient boosting algorithms, such as XGBoost
and CatBoost) and a long short-term memory recurrent neural network model (LSTM). The models obtained as a result
of the conducted studies allow creating short-term forecasts of power consumption with a fairly high precision
(for a period from one day to a week). The use of models based on gradient boosting algorithms and neural network
models made it possible to obtain a forecast with an error of less than 1 %, which makes it possible to recommend the
models described in the paper for use in forecasting the planned electricity power consumption of united power systems.

Keywords: electricity power consumption; forecasting; gradient boosting; artificial neural network; machine learning
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Introduction. Energy-saving approaches occupy an important place in the modern world. One
of the areas of research in the field of energy saving, which has a high practical and scientific signifi-
cance, is the forecasting of electricity consumption. This is primarily due to the fact that electrical
energy is a resource necessary to ensure all spheres of society. Especially large electricity power
consumption is observed in industry, in particular, at the enterprises of the mineral resource complex.
At the same time, power consumption forecasting is used in solving various problems, each of which
is necessarily subject to one goal — the optimal management of power consumption, i.e. minimization
of electricity consumption while maintaining the required level of quality of performance of the main
functional processes.

In line with the concept of price-dependent electricity consumption, known under the term “de-
mand response” [1, 2], it has become possible to create economically beneficial conditions for the
production, distribution, and consumption of electricity for all participants in the electricity market:
generating companies, electricity power grid companies, large consumers of electricity, etc. Whole-
sale electricity and capacity markets (WECM) are currently operating in many countries. In WECM
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various conditions for the purchase of electricity are offered. The day-ahead market and the balancing
market are segments of the WECM. The main condition necessary for participation in them is the
availability of a reliable forecast of electricity consumption. In this regard, forecasting is an actual
production and scientific problem, which solution determines the economic efficiency for all partici-
pants in the WECM and contributes to the development of forecasting methods in general.

The efficiency of energy saving by forecasting of electricity power consumption is represented
in many scientific papers [3-5]. At the same time, researchers use various methods for predicting
power consumption, such as methods of classical and deep machine learning [6-8], mathematical
models with fuzzy logic [9], as well as models that take into account the seasonality of power con-
sumption time series [10] and other approaches [11, 12]. The review [13] presents the results of a
comparative analysis of methods for forecasting electricity power consumption in accordance with
the classification of the methods used depending on the forecast horizon. It should be noted that de-
spite the wide variety of methods for forecasting electricity power consumption, there are no universal
approaches that allow obtaining a reliable forecast of electricity power consumption for each subject
area. This is mainly due to changing requirements for forecasting precision, the need to take into
account a large number of factors that characterize the specifics of the subject area, for which fore-
casting is carried out, as well as progress in the field of data mining technologies which makes it more
efficient than traditional methods of mathematical statistics (exponential smoothing, moving average,
etc.) to process large data arrays, and for other reasons. Therefore, it was decided to conduct an ap-
plied research, which consists in forecasting electricity consumption using modern data mining tools
for the united energy system with a large share of enterprises of the mineral resource complex. Thus,
the purpose of this work is to predict planned electricity consumption, assess the precision of fore-
casting, and develop recommendations for the practical application of some of the proposed fore-
casting methods, as well as for the need to take into account the factors that characterize electricity
consumption.

Forecasting of electricity consumption was carried out on the example of the united energy sys-
tem of the Ural — a region with a large concentration of enterprises of the mineral resource complex,
which are large consumers of electricity in the wholesale electricity and capacity market. Figure 1
shows the structure of electricity consumption for 2021 according to the Unified Interdepartmental
Information and Statistical System” for the Ural Federal District (UFD). The largest consumption of
electricity falls on the extraction of minerals (70888.4 GW-h) is shown at Fig.1.

Underground

Tram, trolleybus transport

Activities of other land transport

Transportation of gas and products of its processing
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Transportation of oil and oil products
Household consumption of the rural population
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For own needs of the power plant

Losses in public power networks

Household consumption of the urban population
Population consumption

Manufacturing industries
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0 10000 ' 30000 50000 70000
Electricity consumption, GW-h
Fig.1. Structure of electricity consumption in the Ural Federal District in 2021

* Unified Interdepartmental Information and Statistical System. URL: https://www.fedstat.ru/indicator/43277 (accessed
12.03.2023).

393
This is an open access article under the CC BY 4.0 license



155EE  Journal of Mining Institute. 2023. Vol. 261. P. 392-402 EDN FJGZTV
[T
PR
e

The deviation of actual values from the planned ones leads to an increase in costs for all partici-
pants in the wholesale electricity market [14-16]. Therefore, the purpose of this study is to support
management decisions in the process of determining the optimal values of electricity generation and
consumption through hourly forecasting of planned consumption and generation of electricity for a
period from a day to a week. The goal was achieved in several stages: the previous world experience
in applying various approaches to forecasting electricity power consumption was analyzed; retrospec-
tive data on planned electricity power consumption, weather data, and data of indicators of the work
of the energy system under consideration were obtained, and their analysis was carried out; predictive
models were built and their reliability was assessed, and the main conclusions of the study were for-
mulated. The scientific novelty of the work lies in the study of factors affecting the amount of elec-
tricity consumption of the integrated energy system, as well as in the creation of predictive models
based on modern gradient boosting algorithms and artificial neural networks, and their optimization.
The end result of the study, which is of scientific value, is recommendations on the use of economic
and meteorological factors in the development of predictive models for large energy systems with
consumers — enterprises of the mineral resource complex, as well as the experience of using specific
machine learning algorithms and the configuration parameters of the models obtained as a result of
the study.

Methods. Before description of the specific methods used in this study, we will note some of the
most modern approaches used to forecast electricity power consumption.

For this purpose, a search has been carried out in the database of scientific publications on the
websites ScienceDirect.com and ResearchGate.net by the keywords: forecasting, energy power con-
sumption, machine learning, deep learning, modeling, short-term forecasting, mining industry, etc.
Search results contain more than 1000 scientific publications. A part of these papers, most corre-
sponding to the objectives of this study, was considered and the table was also compiled with the
results of the analysis of some of the existing forecasting methods (Table 1), in which the analyzed
studies are grouped according to the forecasting methods used, which also reflects such quantitative
and qualitative characteristics of the research results as forecast depth, input and output data, brief
description of the object, the forecasting of electricity consumption of which is carried out, the fore-
cast error.

Table 1
Analysis of methods for forecasting power consumption
. Forecast - Refe-
Forecast method Object of study depth Forecast quality Input/output data rence
Long Short Term Memory Port of Busan, 1 month R2=0.973 Input data: forecast of the [17]
Model (LSTM) South Korea RMSE = 107105 monthly throughput of the
port.
Forecast value: electricity con-
sumption
Hybrid: seasonal and trend Australian Wholesale 12 h SMAPE =0.75-3.18 % | Input data: electrical load time |[18]
decomposition using locally Electricity Market 24 h SMAPE = 1.56-7.72 % | Series.
weighted regression, Operator Predicted value: electrical load
XGBoost gradient boosting
and support vector regression
Ensemble model: LSTM, Data from Bejaia 1 month MAPEmin=0.64 % | Input data: power consumption |[19]
GRU and TCN Electricity Company, MAPEmax= 10.16 % | data for the previous 12 months.
Algeria Output data: electricity
consumption
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Various forecasting methods were used in the papers presented in Table 1. In papers [18, 19],
retrospective data on electricity consumption were used as predictors, in article [17], a factor that
significantly affects the amount of electricity consumption was studied. However, these works do not
present a study of exogenous factors that nonlinearly affect the amount of electricity consumption,
such as meteorological, social, economic, etc.

The paper [20] presents the results of electricity sales forecasting based on a Deep Spatio-
Temporal Residual Network (ST-ResNet). Sales forecasting is directly related to the planning of
power generation, so this actual problem was effectively solved. The use of the artificial neural
network ST-ResNet made it possible to reduce the value of the mean absolute percentage error of
prediction by more than 2.5 % compared to the use of various forecasting models (recurrent neural
networks, moving average, exponential smoothing, etc.) in the short-term (1 day) and medium-term
forecasting (1 week). When forecasting, the authors used weather data, a binary sign of the type of
the day of the week (workday/day off), data on sales of electricity consumption 1 hour ago.

Forecasting allows you to optimally control the operating modes of electricity storage devices,
which contributes to a more rational use of electricity. In research paper [21] presents the results of
forecasting electricity power consumption by means of a decision tree model using exogenous varia-
bles. The results of forecasting are used in the decision support system in the process of determining
the optimal capacity of an electric power storage device on an industrial scale.

The results of a comparative analysis of machine learning methods and traditional methods for
forecasting electricity power consumption, carried out in paper [22], confirm the significant supe-
riority of machine learning methods in terms of forecast accuracy, which, in turn, indicates the rele-
vance of developing predictive models based on neural networks and algorithms of classical machine
learning. However, as noted in paper [23], the main disadvantage of using these methods is compu-
tational complexity, which makes the task of improving the efficiency of data mining algorithms
especially relevant.

In research paper [24], machine learning models were built to predict the power consumption of
a small industrial facility. The model based on the gradient boosting algorithm of the CatBoost library
turned out to be the best model.

In study [25], a hybrid model was developed that combines the use of singular spectrum analysis
for partitioning the time series of power consumption and a fully connected neural network. The
model described in paper [25] made it possible to improve the results of forecasting the electricity
power consumption of a mining and metallurgical plant compared to using a neural network (without
singular spectrum analysis) for forecasting. The application of data mining methods and best practices
for their implementation are given in paper [26]. A promising direction is the use of hybrid forecasting
models using a combination of several mining methods [27-29]. However, even when using the most
modern approaches for forecasting power consumption [30] scientists note limitations in the applica-
tion of some methods [31]. This only confirms the need for research to modernize and expand the
methodological arsenal used in solving the problem of forecasting electricity power consumption. As
applied to mining enterprises, the research results are given in papers [32, 33].

Therefore, it is advisable to conduct systematic reviews, such as in papers [13, 34], reflecting the
current state of research in the field of electricity power consumption forecasting. Taking into account
the undying interest of the scientific community in the issues of energy saving, the progress of means
and methods of intelligent data processing, and the high practical significance of the development of
energy-saving technologies, it is necessary to conduct applied research in order to develop recom-
mendations on the possibility of using various forecasting methods.
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The study was carried out in the Python programming language (v. 3.10.0) in the Jupyter Note-
book programming environment. The NumPy and Pandas libraries were used for calculations and
data manipulation, Matplotlib, Seaborn (for data visualization), SKLearn, XGBoost and CatBoost —
for data preprocessing and loading regression model instances, tensorFlow.keras — for creating arti-
ficial neural networks . The choice of algorithms is justified by the recommendations in the literature
[8, 19, 24] and the need to conduct a comparative analysis of the application of different algorithms
in the same conditions. The advantages of ensemble approaches and neural networks are high gener-
alizing ability, low overfitting of models. Linear regression and k-nearest neighbors algorithms were
chosen to validate the non-linearity of the original data and compare the results with more sophisti-
cated methods.

The initial data for the study were hourly data for the period from 04.03.2020 to 04.03.2023: on
the planned electricity consumption of the united power system of the Ural; the power system opera-
tion indicator (frequency); production calendar data on the type of day (workday/day off/a day before
holiday); data on the heating period. All data are taken from open sources. Since the study [35] ana-
lyzed the influence of climatic factors, confirming their significant impact on the magnitude of power
consumption, it was decided to add the actual meteorological data of the administrative center — Eka-
terinburg, as the initial ones.

The following assumptions were made when creating forecast models: the actual meteorolo-
gical factors of the administrative center were used, despite the fact that the district occupies a vast
territory belonging to various climatic zones; the data on the frequency in the power system were
also taken actual.

A schedule of the planned electricity consumption is shown on Fig.2 and Fig.3 shows an example
of a weekly schedule of planned electricity power consumption. On Fig.3, the index (serial number)
of the time interval is plotted along the abscissa axis, the magnitude of the planned power consump-
tion is plotted along the ordinate axis. Analysis of the graphs allows us to conclude that the amount
of electricity power consumption depends on the time of day and the season.
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where x and y are pairwise enumerated features and the target variable.

Table 2
Description of the target variable and factors
Name Units Designation

Volume of planned electricity consumption MW-h y

Frequency Hz X1
Index of equilibrium prices for the purchase of electricity | rub./MW-h X2
Index of equilibrium prices for the sale of electricity rub./MW-h X3
Maximum equilibrium price index rub./MW-h X4
Minimum equilibrium price index rub./MW-h X5
Heating season in Ekaterinburg (yes 1/no 0) - X6
Type of day (working 0 / non-working 1 / pre-holiday 2) - X7
Temperature °C X8
Relative humidity % X9
Direction of the wind rhumbs X10
Wind speed m/s X11
General cloudiness % X12
Horizontal line of sight km X13
Dew point temperature °C X14
Day - X15
Month - X16
Year - X17
Hour - X18

0.4 03 006 02 01 -02 -08 002 -0.1 |04 0.1 1

0.03 0.008 -0.03 0.01 -0.04 0.007 0.02 0.009 0.01 -0.003 0.006 -0.003 0.02 0.1

(53 -0.02 0.06 005 -0.2 0004 04 01 02 -002 002 003 04" 04

Xl 001 005 004 02 0003 01 01 02 -003 002 003 04 04

04 -02 -01 02 -02 001 003 005 02 041 -0.02 004 02 04

0.05 0.03 -0.09 -0.02 -0.01 0.08 008 004 -01 002 003 04 02

001 -0.2 005 M 009 -08 03 009 02 008 -0.3 -08 -003 -0.1 0.1 -0.000

-0.03 -0.06 -0.05 -0.1 003 0.09 [ENN-0.04 0.02 005 0.02 0.04-0.0002-0.06 -0.07 -0.1 -0.05-2e-16
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Fig.4. Correlation matrix of features and target variable

As a result of the analysis of the correlation matrix, it was decided to exclude the factors
X3-X6, X14 from further research due to the presence of multicollinearity of features. All the other
factors were used as input features in forecast models.

The next step was the normalization of features using the MinMaxScaler function of the SKLearn
library. Using normalization, the values of all features were brought to the same scale

X = — o min_
Xmax ~ Xmin
where x is the actual value of the attribute; Xmin and Xmax are the minimum and maximum values.
The following algorithms of the SKLearn library were used to create forecast models: Linear
Regression (LR), k-nearest neighbors KNeighborsRegressor (KNN), random forest Random-
ForestRegressor (RFR). Ensemble methods were also applied (XGBRegressor extreme gradient
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boosting and CatBoostRegressor gradient boosting) and a Long short-term memory (LSTM) recur-
rent neural network model was created in tensorFlow.keras. The algorithms of various complexity
were used: from linear regression to ensemble methods and neural networks. The choice of these
machine learning algorithms is due to the need to conduct a comparative analysis of algorithms ap-
plied in the same conditions. The reliability of some of the methods used is confirmed in some works,
such as [12, 24, 36].

The neural network model was created by performing a series of experiments on the selection of
parameters and the choice of the optimal network structure. The best-fitted network configuration is
as follows: two LSTM layers of 30 and 25 neurons, respectively, with an activation function of hy-
perbolic tangent (tanh), one linear layer, including 25 neurons, the output layer. The Adam optimiza-
tion algorithm was used as an optimizer, and the root mean square error was used as a loss function.
The training of the neural network model took place with partitioning into batches, the optimal batch
size turned out to be 5, the convergence of the result is observed at 1000 iterations.

The mean absolute error in percent (MAPE) and the coefficient of determination (R?) were cho-
sen as forecast quality metrics:

1y, — V.
MAPE(y. ) = 5 I 100 06
Nizo Y
n n N2
2y —¥)
R*(y,9) =1-5——,
a(yi ~y)?

where y and y are the actual and forecast values of the volume of planned electricity power consump-

tion, n is the length of the time series.

The training and test data (datasets) were divided in a ratio of 80:20. The corresponding values
of the quality of predictive models are shown in Table 3. Selection of parameters for RFR, KNN,
XGBoost, and CatBoost models was performed using the cross-validation tool GridSearchCV.

Table 3
Assessment of the predictive models quality
Forecast quality metrics
Model Training dataset Test dataset MAPE of forecast for n days, % (n = 17 )
MAPE, % R? MAPE, % R? n=1 n=2 n=3 n=4 n=5 n=6 n=7
LR 3.37 0.86 3.39 0.86 2.08 | 2.09 1.93 1.79 1.89 216 | 2.22
KNN 1.26 0.97 1.66 0.96 110 | 1.25 1.50 1.55 1.79 193 | 184
RFR 0.41 0.99 0.78 0.99 1.39 1.31 141 1.37 1.59 164 | 1.59
XGBoost 0.73 0.99 0.82 0.99 047 | 063 | 0.71 | 0.74 1.07 1.20 | 1.17
CatBoost 0.17 0.99 0.36 0.99 042 | 086 | 0.75 | 0.71 0.71 0.68 | 0.64
LSTM 0.36 0.99 0.40 0.99 0.36 | 0.74 | 0.64 | 0.62 0.59 0.59 | 0.55

For these models the forecasting was carried out for a period from one day to a week. The values
of forecast errors for each period (n) of forecasting are shown in Table 3. So, with n = 1 24 forecast
values (1 day) were obtained, with n = 2, the forecast was made for 48 points (2 days), etc. up to
7 days. As can be seen from Table 3, with an increase in the forecasting horizon, the accuracy of the
forecast decreases, but the error does not exceed 1-2 %. The best forecast was shown by the LSTM
recurrent neural network model, the mean absolute percentage error (MAPE) of which is less than
1 % for a weekly lead period. The results obtained allow us to consider the model reliable.
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Fig.5. Actual and forecast values

Graphs of volumes of planned electricity power consumption (y) and its forecasted values ob-
tained by different models for the week ahead are shown on Fig.5. As can be seen from Fig.5, the
largest deviations of the forecasted values from the actual ones are observed in the XGBoost model
with a forecast for a period of 4 to 7 days. With a forecast horizon of up to 4 days, the error is com-
parable to other methods. Therefore, it can be assumed that for a weekly period it is better to use
LSTM neural network models and the CatBoost ensemble algorithm. It is possible that combining
the analyzed models using the stacking technology will make it possible to obtain the smallest fore-
cast error.

The results of forecasting electricity power consumption using the Holt — Winters method for
two days ahead are presented in paper [33]. At the same time, MAPE was 1.08 %. In the mathematical
modeling of power consumption based on the maximum likelihood sample, described in [14], the
forecast error was 2.19 %. In addition, when forecasting electricity consumption using a multifacto-
rial regression model, the forecasting error turned out to be 3.32 % [37].

Using the models reviewed in this study, it is possible to reduce the forecast error (when fore-
casting two days ahead, using the XGBoost model, the MAPE value was 0.63 %, when using the
model based on the CatBoost algorithm, 0.86 %, when using the neural model LSTM network
0.74 %). All of this confirms the effectiveness of ensemble methods and deep learning methods for
forecasting electricity power consumption.

The discussion of the results. During the study, the machine learning models were created that
made it possible to obtain a short-term forecast of planned electricity power consumption (from a day
to a week) with an error of 0.63 %. The results obtained will make it possible to take into account the
forecast data obtained using the models described in this study in the process of making managerial
decisions when forming applications for the production and consumption of electricity, which will
allow making more in-formed decisions when planning the volume of electricity consumption. Thus,
the presence of a reliable forecast should help to reduce the deviation of actual volumes of electricity
consumption from the planned ones due to the intellectual analysis of retrospective data and taking
into account a large number of weather (X8-X13), technical (X1, X7), economic (X2) factors, etc. It
should be noted that without the assumption made in this study regarding weather factors, the forecast
error may change. On the one hand, when using more detailed climatic data, for example, several
settlements with different climatic conditions, the forecast error should probably decrease. On the
other hand, the study used actual climate data rather than predictive ones. Therefore, in the presence
of forecast data, the magnitude of the error in the forecast of electricity consumption will increase
due to the error in the weather forecast. In this reason, one of the promising areas is the further study
of meteorological factors and their influence on the target result.

Economic factors are subject to the influence of macro- and microeconomic indicators. In par-
ticular, it is worth assessing the risks of unforeseen situations related to the concept of the so-called

399
This is an open access article under the CC BY 4.0 license



EDN FJGZTV

“black swan” (accidents, sanctions, etc.). The forecasting of electricity consumption is based on past
events and established correlations between factors, new events can be taken into account based on
the detection of a large mismatch error at the moment when the “black swan” appears. In this case,
the error will occur immediately, and by detecting it, it is possible to investigate the influence of a
new factor caused by an unforeseen situation and evaluate its relationship to the forecast of power
consumption directly. Then, taking into account the new factor, the model is reset. If there is a sharp
change in the economic factor (X2) or any other factor already existing in the model, caused by sharp
changes in the economic situation, then it is necessary to update the weights in the models, select the
optimal hyperparameters and retrain the models.

Since one of the problems in forecasting electricity consumption is the lack of the universal
models suitable for all subject areas and different forecast lead times, a promising direction of re-
search is the search for universal approaches to creating predictive models. Thus, the results of this
study, in particular, the structure of input forecast features, can be used in similar researches. In ad-
dition, the recommendations obtained in this study include the effectiveness of using gradient boosting
models and neural networks in forecasting electricity consumption.

Conclusion. The conclusions of a practical and theoretical nature were obtained as a result of
the study. Prognostic models were developed, their comparative analysis was carried out according
to the quality metrics of predictive values. It can be argued that the use of ensemble (gradient boosting
algo-rithms CatBoost and XGBoost) and the LSTM neural network model showed close results.
However, with a better generalizing ability of the neural network and, as a result, more precise results,
the disadvantage of this method compared to the ensemble ones is the high computational complexity
and the time spent on training the model. The direction of future research is to increase the forecasting
horizon, compare forecasting methods in terms of the forecast execution time, and optimize model
parameters. The practical significance of the study lies in the use of forecasting results in making
managerial decisions in the process of drawing up applications for the WECM. The models developed
in this study can be implemented in the decision support system for participants in the whole-sale
electricity markets, in particular, JSC “Administrator of the Trading System”, who are involved in
the calculation of the volume of the total planned electricity consumption. In addition, the results of
this study can be used in the development of decision support subsystems for generating companies
when forecasting demand for electricity and for large industrial enterprises when calculating planned
electricity consumption.

REFERENCES

1. Faria P., Vale Z. Demand Response in Smart Grids. Energies. 2023. Vol. 16. Iss. 2. N 863. DOI: 10.3390/en16020863

2. Zhukovskiy Yu.L., Kovalchuk M.S., Batueva D.E., Senchilo N.D. Development of an Algorithm for Regulating the Load
Schedule of Educational Institutions Based on the Forecast of Electric Consumption within the Framework of Application of the De-
mand Response. Sustainability. 2021. VVol. 13. Iss. 24. N 13801. DOI: 10.3390/su132413801

3. Iftikhar H., Bibi N., Canas Rodrigues P., Lopez-Gonzales J.L. Multiple Novel Decomposition Techniques for Time Series
Forecasting: Application to Monthly Forecasting of Electricity Consumption in Pakistan. Energies. 2023. Vol. 16. Iss. 6. N 2579.
DOI: 10.3390/en16062579

4. Almuhaini S.H., Sultana N. Forecasting Long-Term Electricity Consumption in Saudi Arabia Based on Statistical and
Machine Learning Algorithms to Enhance Electric Power Supply Management. Energies. 2023. Vol. 16. Iss. 4. N 2035.
DOI: 10.3390/en16042035

5. Weijie Zhou, Huihui Tao, Jiaxin Chang et al. Forecasting Chinese Electricity Consumption Based on Grey Seasonal Model
with New Information Priority. Sustainability. 2023. Vol. 15. Iss. 4. N 3521. DOI: 10.3390/su15043521

6. Sayed H.A., William A., Said A.M. Smart Electricity Meter Load Prediction in Dubai Using MLR, ANN, RF, and ARIMA.
Electronics. 2023. Vol. 12. Iss. 2. N 389. DOI: 10.3390/electronics12020389

7. Lin Pan, Sheng Wang, Jiying Wang et al. Research on Central Air Conditioning Systems and an Intelligent Prediction Model
of Building Energy Load. Energies. 2022. Vol. 15. Iss. 24. N 9295. DOI: 10.3390/en15249295

8. Alsharekh M.F., Habib S., Dewi D.A. et al. Improving the Efficiency of Multistep Short-Term Electricity Load Forecasting
via R-CNN with ML-LSTM. Sensors. 2022. VVol. 22. Iss. 18. N 6913. DOI: 10.3390/s22186913

400
This is an open access article under the CC BY 4.0 license



EDN FJGZTV Journal of Mining Institute. 2023. Vol. 261. P. 392-402  [=I;
© Roman V. Klyuev, Angelika D. Morgoeva, Oksana A. Gavrina, Igor I. Bosikov, Irbek D. Morgoev, 2023

9. Poczeta K., Papageorgiou E.I. Energy Use Forecasting with the Use of a Nested Structure Based on Fuzzy Cognitive Maps
and Artificial Neural Networks. Energies. 2022. Vol. 15. Iss. 20. N 7542. DOI: 10.3390/en15207542

10. Vyalkova S.A., Nadtoka I.1. Analysis of the noise component of the daily schedules of active power energy systems
and meteofactors at short-term forecasting. Smart Electrical Engineering. 2018. N4, p.25-34 (in Russian).
DOI: 10.46960/2658-6754_2018_4 25

11. Yotov K., Hadzhikolev E., Hadzhikoleva S., Cheresharov S. Neuro-Cybernetic System for Forecasting Electricity Consump-
tion in the Bulgarian National Power System. Sustainability. 2022. VVol. 14. Iss. 17. N 11074. DOI: 10.3390/su141711074

12. Xin Hu, Keyi Li, Jingfu Li et al. Load forecasting model consisting of data mining based orthogonal greedy algorithm and
long short-term memory network. Energy Reports. 2022. Vol. 8. S. 5, p. 235-242. DOI: 10.1016/j.egyr.2022.02.110

13. Klyuev R.V., Morgoev 1.D., Morgoeva A.D. et al. Methods of Forecasting Electric Energy Consumption: A Literature
Review. Energies. 2022. Vol. 15. Iss. 23. N 8919. DOI: 10.3390/en15238919

14. Mokhov V.G., Demyanenko T.S. Forecasting of consumption of electric energy on the wholesale market of energy and
power. Bulletin of the South Ural State University Series “Economics and Management”. 2014. Vol. 8. N 2, p. 86-92 (in Russian).

15. Karpenko S.M., Karpenko N.V., Bezginov G.Y. Forecasting of power consumption at mining enterprises using statistical
methods. Russian Mining Industry. 2022. N 1, p. 82-88 (in Russian). DOI: 10.30686/1609-9192-2022-1-82-88

16. Poluyanovich N.K., Dubyago M.N. Assessment of influencing factors and forecasting of power consumption in the regional
power system, taking into account its operating mode. Izvestiya SFedU. Engineering sciences. 2022. N 2, p. 31-46 (in Russian).
DOI: 10.18522/2311-3103-2022-2-31-46

17. Geunsub Kim, Gunwoo Lee, Seunghyun An, Joowon Lee. Forecasting future electric power consumption in Busan
New Port using a deep learning model. The Asian Journal of Shipping and Logistics. 2023. Vol. 39. Iss. 2, p. 78-93.
DOI: 10.1016/j.ajsl.2023.04.001

18. Ribeiro M.H.D.M., Gomes da Silva R., Ribeiro G.T. et al. Cooperative ensemble learning model improves electric short-
term load forecasting. Chaos, Solitons & Fractals. 2023. Vol. 166. N 112982. DOI: 10.1016/j.chaos.2022.112982

19. Hadjout D., Torres J.F., Troncoso A. et al. Electricity consumption forecasting based on ensemble deep learning with appli-
cation to the Algerian market. Energy. 2022. VVol. 243. N 123060. DOI: 10.1016/j.energy.2021.123060

20. Min Cao, Jinfeng Wang, Xiaochen Sun et al. Short-Term and Medium-Term Electricity Sales Forecasting Method Based on
Deep Spatio-Temporal Residual Network. Energies. 2022. Vol. 15. Iss. 23. N 8844. DOI: 10.3390/en15238844

21. Senchilo N.D., Ustinov D.A. Method for Determining the Optimal Capacity of Energy Storage Systems with a Long-Term
Forecast of Power Consumption. Energies. 2021. Vol. 14. N 21. N 7098. DOI: 10.3390/en14217098

22. Habbak H., Mahmoud M., Metwally K. et al. Load Forecasting Techniques and Their Applications in Smart Grids. Energies.
2023. Vol. 16. Iss. 3. N 1480. DOI: 10.3390/en16031480

23. Szczepaniuk H., Szczepaniuk E.K. Applications of Artificial Intelligence Algorithms in the Energy Sector. Energies. 2023.
Vol. 16. Iss. 1. N 347. DOI: 10.3390/en16010347

24. Morgoeva A.D., Morgoev 1.D., Klyuev R.V., Gavrina O.A. Forecasting of electric energy consumption by an industrial
enterprise using machine learning methods. Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2022. Vol. 333.
N 7, p. 115-125 (in Russian). DOI: 10.18799/24131830/2022/7/3527

25. Vyalkova S.A., Morgoeva A.D., Gavrina O.A. Development of a hybrid model for predicting the consumption of electrical
energy for a mining and metallurgical enterprise. Sustainable development of mountain territories. 2022. Vol. 14. N 3 (53), p. 486-493
(in Russian). DOI: 10.21177/1998-4502-2022-14-3-486-493

26. Yuhan Xie, Yunfei Yang, Lifeng Wu. Power Consumption Forecast of Three Major Industries in China Based on Fractional
Grey Model. Axioms. 2022. Vol. 11. Iss. 8. N 407. DOI: 10.3390/axioms11080407

27.Qingyong Zhang, Changwu Li, Conghui Yin et al. A Hybrid Framework Model Based on Wavelet Neural Network
with Improved Fruit Fly Optimization Algorithm for Traffic Flow Prediction. Symmetry. 2022. Vol. 14. Iss. 7. N 1333.
DOI: 10.3390/sym14071333

28. Zichao He, Chunna Zhao, Yaqun Huang. Multivariate Time Series Deep Spatiotemporal Forecasting with Graph Neural
Network. Applied Sciences. 2022. Vol. 12. Iss. 11. N 5731. DOI: 10.3390/app12115731

29. Qiang Xiao, Hongshuang Wang. Prediction of WEEE Recycling in China Based on an Improved Grey Prediction Model.
Sustainability. 2022. Vol. 14. Iss. 11. N 6789. DOI: 10.3390/su14116789

30. Narwariya J., Verma C., Malhotra P. et al. Electricity Consumption Forecasting for Out-of-Distribution Time-of-Use
Tariffs. Computer Sciences & Mathematics Forum. 2022. Vol. 3. Iss. 1. N 1. DOI: 10.3390/cmsf2022003001

31. Frikha M., Taouil K., Fakhfakh A., Derbel F. Limitation of Deep-Learning Algorithm for Prediction of Power Con-
sumption. Engineering Proceedings. 2022. Vol. 18. Iss. 1. N 26. DOI: 10.3390/engproc2022018026

32. Zhukovskiy Y.L., Semenyuk A.V., Alieva L.Z., Arapova E.G. Blockchain-based digital plat-forms to reduce the car-
bon footprint of mining. Mining Informational and Analytical Bulletin. 2022. N 6-1, p.361-378 (in Russian).
DOI: 10.25018/0236_1493_2022_61_0_361

33. Senchilo N., Babanova I. Improving the Energy Efficiency of Electricity Distribution in the Mining Industry Using Dis-
tributed Generation by Forecasting Energy Consumption Using Machine Learning. International Multi-Conference on Industrial
Engineering and Modern Technologies (Far East Con), 06-09 October 2020, Vladivostok, Russia. IEEE, 2020, p. 1-7.
DOI: 10.1109/FarEastCon50210.2020.9271335

34. Aguiar-Pérez J.M., Pérez-Juarez M.A. An Insight of Deep Learning Based Demand Forecasting in Smart Grids. Sensors.
2023. Vol. 23. Iss. 3. N 1467. DOI: 10.3390/523031467

35. Shklyarskiy J.E., Batueva D.E. The influence of external climatic factors on the accuracy of the forecast of energy con-
sumption. E3S Web of Conferences. 2019. Vol. 140. N 04014. DOI: 10.1051/e3sconf/201914004014

401
This is an open access article under the CC BY 4.0 license



#E  Journal of Mining Institute. 2023. Vol. 261. P. 392-402 EDN FJGZTV
_-t- © Roman V. Klyuev, Angelika D. Morgoeva, Oksana A. Gavrina, Igor I. Bosikov, Irbek D. Morgoev, 2023

36. Aseeri A.O. Effective RNN-Based Forecasting Methodology Design for Improving Short-Term Power Load Forecasts:
Application to Large-Scale Power-Grid Time Series. Journal of Computational Science. 2023. Vol. 68. N 101984.
DOI: 10.1016/j.jocs.2023.101984

37. Mokhov V.G., Demyanenko T.S. Definition of the significant factors for consumption volume forecasting of the electric
energies for the united energy system of the Ural based on regression analysis. Bulletin of Ural Federal University. Series Economics
and Management. 2017. Vol. 16. N 4, p. 642-662 (in Russian). DOI: 10.15826/vestnik.2017.16.4.031

Authors: Roman V. Klyuev, Doctor of Engineering Sciences, Professor, https://orcid.org/0000-0003-3777-7203 (Moscow Poly-
technic University, Moscow, Russia), Angelika D. Morgoeva, Postgraduate Student, m.angelika-m@yandex.ru, https://or-
cid.org/0000-0003-2949-1993 (North Caucasian Institute of Mining and Metallurgy (State Technological University), Vladikavkaz,
Russia), Oksana A. Gavrina, Candidate of Engineering Sciences, Associate Professor, https://orcid.org/0000-0002-9712-9075
(North Caucasian Institute of Mining and Metallurgy (State Technological University), Vladikavkaz, Russia), Igor 1. Bosikov, Can-
didate of Engineering Sciences, Head of the Department, https://orcid.org/0000-0001-8930-4112 (North Caucasian Institute of Mining
and Metallurgy (State Technological University), Vladikavkaz, Russia), Irbek D. Morgoev, Postgraduate Student, https://
orcid.org/0000-0003-4390-5662 (North Caucasian Institute of Mining and Metallurgy (State Technological University), Vladikavkaz,
Russia).

The authors declare no conflict of interests.

402

This is an open access article under the CC BY 4.0 license



ISSN 2411-3336; e-ISSN 2541-9404

JOURNAL OF MINING INSTITUTE oum,

Zapiski Gornogo instituta

Journal homepage: pmi.spmi.ru

Research article

Application of the cybernetic approach to price-dependent demand response
for underground mining enterprise electricity consumption

Aleksandr V. NIKOLAEV![, Stefan VOTH?, Aleksey V. KYCHKIN?

1 Perm National Research Polytechnic University, Perm, Russia

2 George Agricola Graduate School of Technical Sciences, Bochum, Germany

3 National Research University Higher School of Economics, Branch in Perm, Perm, Russia

How to cite this article: Nikolaev A.V., Vith S., Kychkin A.V. Application of the cybernetic approach to price-
dependent demand response for underground mining enterprise electricity consumption. Journal of Mining Institute.
2023. Vol. 261, p. 403-414. EDN CJGQKP. DOI: 10.31897/PMI.2022.33

Abstract. The article considers a cybernetic model for the price-dependent demand response (DR) consumed by an
underground mining enterprise (UGME), in particular, the main fan unit (MFU). A scheme of the model for managing
the energy consumption of a MFU in the DR mode and the implementation of the cybernetic approach to the DR based
on the 10T platform are proposed. The main functional requirements and the algorithm of the platform operation are
described, the interaction of the platform with the UGME digital model simulator, on which the processes associated
with the implementation of the technological process of ventilation and electricity demand response will be simulated
in advance, is shown. The results of modeling the reduction in the load on the MFU of a mining enterprise for the day
ahead are given. The presented solution makes it possible to determine in advance the necessary power consumption
for the operation of the main power supply unit, manage its operation in an energy-saving mode and take into account
the predicted changes in the planned one (e.g., when men hoisting along an air shaft) and unscheduled (e.g., when
changing outdoor air parameters) modes. The results of the study can be used to reduce the cost of UGME without
compromising the safety of technological processes, both through the implementation of energy-saving technical, tech-
nological or other measures, and with the participation of enterprises in the DR market. The proposed model ensures a
guaranteed receipt of financial compensation for the UGME due to a reasonable change in the power consumption
profile of the MFU during the hours of high demand for electricity, set by the system operator of the Unified Energy
System.
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Introduction. Underground mining is associated with a significant energy costs for produc-
tion, almost half of which (according to some sources, up to 70 %) is spent on ventilation of an
underground mining enterprise [1-3]. The main fan unit (MFU) has the highest energy consumption
in the ventilation system. In this regard, underground mining enterprises, in order to reduce the cost
of mined and processed products, actively introduce various technical and technological solutions
into production, which make it possible to reduce the cost of electricity for the operation of the
MFU and the ventilation system in total. These solutions include: struggling with the external air
leaks [4, 5], air recirculation usage [6, 7], application of energy efficient air conditioning technol-
ogies [8-10], etc.
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However, in the field of electric power industry, in addition to the cost of electricity, there is a
problem of power balance in the form of generated and consumed electricity comparison, since
most of the power plants in industrial areas continuously produce it during the day, while energy
consumption is of the cyclical nature, tied to a 24-hour time interval. This leads to the fact that the
electrical power produced during low demand hours is not demanded, while there is a shortage
during peak demand hours [11]. The inability to automatically respond to demand dynamics leads to
a decrease in the flexibility of the power system and, as a result, high operating costs [12-14].

The world practice of creating flexible energy systems shows the high efficiency of price-
dependent electricity demand response methods in the day-ahead load planning mode. The method
provides for the analysis of historical data on energy consumption, the identification of the most
repeated (predicted with high accuracy) energy consumers, the assessment of the expected de-
mand for the day ahead and, the formation of a plan for the generation of electric power on their
basis [15-17].

Russian demand response technologies are theoretically well developed and presented by a
number of publications by Russian scientists; the papers present algorithms for regulating the load
schedule of educational institutions based on the forecast of energy consumption [18-20]; the papers
[21, 22] describe the proposed ways to accumulate electricity during hours of low demand (flexible
systems). Despite this, the scientific and practical experience of their use in the real market has not
been fully formed. This is largely due to the fact that the demand response market is new for Russia,
regulated by regulatory documentation approved by Decree of the Government of the Russian Fe-
deration dated March 20, 2019 N 287. To implement these measures, the Electricity Response Man-
agement Aggregator was introduced — an electric power industry entity that combines the resources
of retail consumers to provide services for managing the demand for electricity consumers to provide
electricity demand response services. The aggregator is a participant in the wholesale electricity mar-
ket that manages the change in the load of a group of consumers (for example, at mine or a shaft), in
order to sell the set of regulation capabilities as a single object as a product/service on the wholesale
market and/or on the system services market.

Despite the opening of the market, the processes associated with the automation of the partic-
ipation of an underground mining enterprise have not been fully explored and are promising for
reducing the cost of mining raw materials.

Formulation of problem. The cybernetic approach to price-dependent demand response for
mines and shafts involves the use of a calculation model for the analysis of energy consumption
and automatic reduction during the hours set by the system operator (SO) of the Unified Energy
System (UES) of Russia. The reduction is achieved by reducing the productivity of the MFU,
which, in turn, can be planned and unplanned. Thus, the performance of the MFU can be reduced
when workers descend or ascend the ventilation shaft. These actions are known in advance, and the
results of a decrease in productivity at such moments can be used in energy planning in day-ahead
mode [23].

It is more difficult to reduce the productivity, and hence the energy consumption of the MFU
outside of the planned technological processes. This is due to the fact that a large number of random
factors affect the ventilation process [24]. For example, in the process of ventilation between mine
shafts, the so-called “general mine natural draft” acts — the phenomenon of convective heat transfer,
when warm air tends up and cold air goes down [25]. In this regard, the value and the direction of the
general mine natural draft will depend on the parameters of the outside air. In this case, the resulting
thrust can be directed in the direction of air movement, i.e. will contribute to ventilation (the so-called
positive natural draft), or, vice-versa, may act in the opposite direction — interfere with the operation
of the MFU (“negative” natural draft). Consequently, the ventilation mode will depend on the param-
eters of the air entering the mine shafts.
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In [26] a method for calculating the predicted general mine natural draft with possible changes
in the parameters of the outside air is presented. Since the meteorological forecast in the short term
has an accuracy of 85-90 % [25, 27], then it is possible to determine the value of the general mine
natural draft a day ahead and set the required MFU operation mode. During the air preparation period,
in addition to the MFU, it is necessary to control the mine air heaters (MAH) modes, which compli-
cates the process. But, taking into account the dependence of the operation of the MAH on the pa-
rameters of the outside air, and taking into account the heat output of the heaters, it is possible to
determine the parameters of the air in mine shafts and predict the magnitude and direction of the
general mine natural draft. The MFU operation mode depends on the magnitude and direction of the
general mine natural draft. Under the action of positive general mine natural draft, it is possible to
reduce the productivity of the MFU by reducing the cost of electricity for ventilation.

The potential possibility of unloading the power supply system of an underground mining enter-
prise as a result of reducing electricity consumption during the general natural draft operation can be
used in practice after the implementation of an electricity demand response cybernetic model as part
of the Internet of things platform. There are limitations to the use of such a platform at facilities, since
it is impossible to control the operation of the MFU in automatic mode according to security rules.
In this case, a necessary condition for ensuring the operability of the proposed solution is the use
of a digital twin of the shaft (mine) ventilation process, in which measurement information will be
accumulated, simulation modeling of technological processes will be carried out, and forecasts of
the MFU productivity will be made when external factors change [28]. The architecture of the In-
ternet of Things (loT) platform and its interaction with the digital twin of the ventilation process
are given in [26].

Methodology. The research methodology is based on the structural-algorithmic organization of
the process of demand response for electricity for underground mining enterprises.

In general terms, electricity demand response (DR) is understood as the process of reducing the
energy consumption of an object relative to a certain base level at time points set by the energy system
operator, followed by receiving a monetary reward for successfully implemented unloading events.

From the point of view of the technical effect, the energy system of the region where under-
ground mining enterprises operate receives a balancing tool that replaces the commissioning of ex-
pensive sources of electricity with an equivalent unloading in terms of volume, i.e. if an underground
mining enterprise participates in DR activities, the load profile in this industrial area and partially
beyond it will be smoother. The effect of the participation of the enterprise in the process of managing
the demand for electricity is shown in Fig.1 [29].

Electricity supply curve S in the region increases sharply on the right side (Fig.1), which is due
to the connection of backup energy sources, additional costs for planning, maintenance, etc.
Reducing consumption during peak hours from
the value P1 to P2 leads to a shift in the demand b C cu. D1
curve D1 into a curve D2 and a decrease in elec-
tricity prices by the amount AC12. Similarly, the
decrease in consumption during peak hours
from the value P> to Ps leads to a shift in the
demand curve D into curve D3 and a decrease
in electricity prices by the amount AC23.

It is important to note that with an equiva-
lent decrease in the load of an underground min-
ing enterprise D1 — D7 and D, — D3 cost effect
will vary. This indicates the expediency of strict
observance of the unloading time. In order to Fig.1. The dependence of the price on the electricity demand
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ensure the timeliness of unloading within the framework of DR events, it is necessary to draw up
an energy consumption plan in advance, in a day-ahead mode, coordinate this plan with the DR
service operator, and on the day of the unloading event, implement a reduction in energy consump-
tion in accordance with the previously adopted plan just in time (Fig.2).

In the presented model of process response for electricity of an underground mining enterprise,
which is adapted for the Russian market, the following elements are distinguished:

* The system operator — body of operational and dispatching control, which, within the frame-
work of the proposed DR model, forms a command for unloading for pre-selected aggregators and
controls the fulfillment of obligations and pays for unloading.

* The aggregator — a power industry entity that acts as an intermediary between the system op-
erator and the UGME, issues commands to reduce the energy consumption of the UGME after re-
ceiving unloading commands from the SO when the MFU is ready for unloading.

* The Internet of Things platform — an information product [30, 31], that monitors and manages
the energy consumption of technological machines and equipment, in particular the MFU, generates
notifications about the readiness to unload the UGME.

» Consumer — a UGME site that takes part in DR activities, for which it reduces energy con-
sumption at certain hours of the day using manual, automated or automatic switching of the MFU
operation modes.

« Controller — a device for measuring energy consumption at the input of the power receiving
device of the ventilation system, in particular the MFU, as well as the implementation of control
actions (in the event of receiving a control command from the Internet of Things platform), if neces-
sary, automatic switching of the MFU operating modes.

* Load — a power receiving device that is involved in the technological processes of ventilation
of the UGME, controlled by a controller.

Figure 2 shows several loads, since the demand response system itself involves other
consumers in addition to the MFU. If there are several MFUs in the shaft (mine), then their work
will be coordinated. The mechanism for managing the power consumption of the MFU in DR mode
using the loT platform is shown in detail in Fig.2.

An underground mining enterprise enters into a contract with a demand aggregator for the DR
service. The contract is concluded for a fixed period of time, for example, one quarter. The aggregator
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| Unload command Unload command
l F 3 1 / /
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and notices L <
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Fig.2. Power management model for MSU in DR mode using loT platform
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calculates the volume of unloading for each consumer within the organizational structure of the en-
terprise. Within the framework of the contract, the total volume of unloading, which the consumer
must realize, is indicated. Every day, the consumer of an underground mining enterprise notifies the
aggregator or system operator with whom he has concluded the contract for DR that unloading is
ready for the next day.

As soon as the system operator identifies the possibility (forecast) of overloading the power sys-
tem, he determines the need to reduce the load in the region. After that, the system operator sends this
request to the aggregators with which there is an agreement. Aggregators must allocate the required
amount of reduction in electricity consumption among the consumers of the UGME with whom they
have an agreement, and notify them the day before reducing the load of the system. They can do it
manually or with the help of an Internet of Things platform that connects through controllers to energy
consumers [32, 33].

The aggregator, in turn, at the time of the load reduction event, undertakes to reduce energy
consumption by the declared amount of electricity and, in case of successful fulfillment of the condi-
tions, receive the remuneration established by the contract.

The consumer, receiving the appropriate signal, implements unloading, for example, by reducing
the power consumption of the MFU. No more than five unloading signals per month are allowed. The
signal contains information about the power unloading time and its value in kW (MW). The duration
of the unloading period is two or four hours. At this time, the consumer must reduce his energy con-
sumption (electrical power) by the specified amount. The consumer can implement this either manu-
ally or with the help of a controller and automation tools available at the enterprise.

Discussion. As part of the discussion, the following results of the authors' direct research were
proposed:

1. Cybernetic scheme of price-dependent demand response-at an underground mining enterprise
with energy consumption forecasting.

2. Implementation results of a cybernetic approach to price-dependent demand response for an
underground mining enterprise based on the Internet of Things platform.

When implementing a demand response-strategy on the aggregator side, it becomes necessary to
plan a reduction in energy consumption between UGME loads a day before the actual load reduction.
At the same time, consumers also need to prepare in advance for unloading and know at what time it
will be possible to reduce power. The magnitude and direction of the general mine natural draft de-
pends on the parameters of the outside air, which may not change significantly in the required period.
In this case, it will not be possible to achieve a reduction in the electricity consumed by the MFU,
taking into account the general mine natural draft. The solution to the problem is short-term forecast-
ing of energy consumption, which, in the absence of actual data, allows you to determine the load in
terms of indicators based on past data that affect pricing and demand.

Figure 3 considers an algorithm for constructing a load reduction schedule in the process of
managing demand for electricity for an underground mining enterprise based on the calculation of
base load schedules offered by “System Operator of the Unified Energy System of Russia” JSC. The
diagram illustrates the algorithm for determining the possible amount of load reduction during the
hours indicated by the SO, and then plotting the load reduction schedule for one calculation day based
on the actual energy consumption profiles of an underground mining enterprise for previous calcula-
tion periods.

The algorithm for scheduling unloading as part of the DR activities of an underground mining
enterprise is as follows:

1. Construction of base load schedules for consumers, including MFU.

2. Construction of actual load curves for consumers.
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Fig.3. Scheme of price-dependent demand response-for consumed electricity with UGME energy consumption forecasting

BLS — base load schedule; CML — conditional maximum load; MBL — maximum base load; DLS — declared load schedule;
SO — system operator; P — performer; UGME — underground mining enterprise; SD — standard deviation; EE — electric energy

3. Calculation of the planned deviation of the actual from the base load with the determination
of periods of excess / shortage of energy for each consumer (both planned and unplanned).

4. Distribution of consumers with excess productivity by hours of the settlement day.

5. Superposition (summation of values) of base load curves and actual load curves for consumers
with excess power.

6. Calculation of excess productivity for a group of energy consumers of an enterprise by hours
of the settlement day: calculation of the difference between the aggregated value of the basic load
plan and the aggregated plan of the actual load (with a surplus);

« deviations sum calculation of the actual load from the base load with excess productivity for
each hour of the settlement day (step 3-4).
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7. Cases number estimation of load reduction Ng for each for the current month (current settle-
ment day); must be Ng < 5 for the whole month.

8. The choice of a specific consumer within the power system of an underground mining enter-
prise to reduce the load in order to fulfill the unloading volume set by the aggregator during the
specified hours is based on the calculation of excess productivity (step 6) with an emphasis on those
technological objects that comply with the established reduction restrictions load (humber of load
reductions for the billing month Ng < 5).

Service-oriented implementation of the cybernetic approach to DR based on the Internet of
Things platform requires compliance with a number of functional requirements:

« formation of a detailed consumption structure at a mining enterprise; classification of power
receivers installed at the facilities of the enterprise by type of activity and modes of operation;

» monitoring the dynamics of energy consumption of an underground mining enterprise techno-
logical equipment, including MFU, with fixation of critical deviations and registration of electric
power indicators in real time;

« description and preparation of initial data for energy consumption analysis with specification
of features for power receiver classes;

« differentiated analysis with clustering of consumers in the energy system of a mining enterprise
by the level and mode of energy consumption with the identification of typical regularities (patterns)
taking into account the days of the week and seasonality;

« intelligent analysis of energy consumption data with the identification of peak load zones as
potential time intervals from the DR point of view;

« ensuring the repeatability of load profiles and reducing excess (peak) energy flows, developing
scenarios for typical control actions on switching (off-off) loads to smooth out the daily profile;

« statistics on operation and maintenance, including the withdrawal of mining enterprise power
receivers for repair, reporting on energy consumption reduction at DR hours;

« forecasting of energy consumption for certain categories of power receivers of the power
system of an underground mining enterprise;

« stabilization of the demand and consumption ratio, taking into account the predicted values
(DR-modeling);

« development of alternative and integrated solutions for managing the energy consumption of
technological units, including the MFU, with the determination of the duration of the decrease, the
sequence of automatic shutdown/switching of power receivers.

The presented requirements are implemented programmatically through the development of a
typical Internet of Things platform, for example, Tibbo Aggregate, InfluxData, Siemens MindSphere,
GE Predix, etc. Such platforms are designed specifically for the implementation of various services
basedon 10T technologies, with the connection of many data sources, using analytics, including ma-
chine learning, time series databases. The architecture is based on the loT technology stack, which
allows developing various applications using tools for collecting, storing, visualizing and analyzing
data (Fig. 4). The platform provides integration of all elements of the demand management system at
a mining enterprise into a single cyber-physical system [11, 34], which includes various types of
controllers, web servers, and application servers that collect power consumption data and implement
DR logic. All communications of the underground mining enterprise with SO can be processed by
the data collection and transmission unit, which also allows you to receive data from the demand
aggregator. This implementation is capable of handling up to 1,000,000 controller connections. In-
formation about energy consumption and the DR platform is available to end users in the personal
accounts of the platform website.

The platform works as follows. The source of data is the controllers C*, which record the energy
consumption of the mining enterprise during several settlement periods (at least 45 days preceding
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Fig.4. Scheme for the implementation of a cybernetic approach to DR of UGME based on the Internet of Things platform

the settlement day for which the analyzed load graph will be built). This implies that the enterprise
includes one or more large loads in the form of local consumers (MFU in our case). The load profile
is formed on the basis of electricity consumption indicators with a 30-minute interval and is stored in
the energy monitoring process [35]. To simplify the demand response problem, the presented scheme
does not take into account the reactive power flows when calculating the energy consumption indi-
cators of the equipment of a mining enterprise.

For information interaction between the platform and real equipment, a message broker is used
that supports the typical Internet of Things protocol, such as MQTT. Data from the broker, as well as
from the automated information system for commercial electricity metering (AISCEM) of the de-
mand aggregator, enters the data collection and transmission unit and then to the time series database.
In online mode, these data are processed using the notification and alarm block, in case the parameters
go beyond the required ranges, users are informed.

Calculation of energy consumption with the extraction of peak load zones is performed by typical
days (working/weekend days of each month) in the pattern detection block. The DR-modeling block
implements the calculation of hourly consumption statistics for the facilities of an underground min-
ing enterprise; analysis of hourly statistics on the composition and modes of operation of the included
equipment; calculation of the coefficients of the ratio of deficit and surplus of electricity (capacity)
in the case of unloading; values of expected (preferred) restrictions on electricity consumption in case
of participation in DR events.

The prediction block implements the construction of base load graphs for typical days. The pre-
dicted values of energy consumption for the objects of the mining enterprise are stored in the rela-
tional database of attributes for each calculation month (quarter). The results of unloadings are also
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stored there, deviations of the actual volumes of unloadings from the values specified in the frame-
work of contractual obligations are additionally calculated.

Visualization of a summary graph of load reduction for a mining enterprise implemented using
the graphical user interface of the lIoT platform, available on the company's local network as a web
server [36].

The presented cybernetic approach implies the possibility of introducing new analytical func-
tions that improve the efficiency of estimating the total cost of electricity at a mining enterprise [37].
However, before using the above architecture scheme in practice, it is necessary to adapt the database
and prediction blocks, taking into account the characteristics of specific enterprises. In particular,
information security issues should be additionally considered, which are placed in the block of regis-
tration and authorization of users in the diagram.

Conclusion. The cybernetic approach to price-dependent demand response for electricity con-
sumed by an underground mining enterprise involves providing the user with the following graphical
screen forms:

* power consumption summary (including base load);

« report on the fulfillment of requests for unloading, logs of information exchange between the
aggregator and consumers (statistics of requests, confirmation of readiness to fulfill requests);

« information on the calculation models for the distribution of SO commands by loads;

* base load forecasts, MFU unloading results, expected load energy profile calculations using
Modelica Digital Twin [38, 39].

An example of a screen form showing the real power consumption of a MFU without unloading
(Active_power_Power_Station) baseline plots (demand response baseline), base line with unloading
(demand response discharge), predictive unloading profile (demand response expected) in the day
ahead mode is shown in Fig.5.

It is proposed to build two types of reports for end users of the platform:

* PLAN report with predicted cumulative load reduction schedule according to the algorithm,
which presents the baseline, predicted and expected load schedules, the RRMSE score as a metric for
forecast accuracy, energy deficit and surplus. The following parameters are used: target day, time and
duration of load shedding, total shedding volume (MW).

* FACT report that shows the actual graph of the cumulative load reduction. It shows base load
curve, actual energy consumption, set load reduction commitments, RRMSE as a predictive accuracy
metric, unload result (success/failure) by hour. The following parameters are used: target day, time

20k T ¥
Active power, kW ‘ ‘

15k - — —
25/03/19 180000

Pawer_Station: (IN) Active_power_ Fower_ Station
H 1798.00

r)- demand response baseline
E| 1789.60

ﬁl}: demand response discharge
10k ——— W 173960 e

() demand response expected
M 173800

) | |

.0
000000 01:06:40 021320 032000 042640 05:33:20 06:40:00 07:46:40 08:5320 10:00:00 11:06:40 1213520 132000 1426:40 15:3320 16:40:00 17:46:40 18:5320 200000 21:06:40 22:1320 23:4559

Fig.5. Modeling the load reduction on the MFU of a mining enterprise for the day ahead
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and duration of unloading, total amount of load shedding (MW), load shedding readiness indicator,
electricity demand response event presence indicator.

Consumers of a mining enterprise can be connected to the 10T platform with an implemented
price-dependent demand response service in the following ways:

* By installing hardware (master controllers) in the infrastructure of a mining enterprise. Con-
trollers will allow you to receive data on energy consumption, as well as automatically control the
load of the consumer based on pre-installed scenarios or commands through a user application.

« It is assumed that the consumer has a high level of energy management automation (EMS).
Then the integration of the platform can be implemented by software (without installing additional
hardware) — connecting the 10T platform to the consumer's EMS and receiving data on energy con-
sumption from it.

The presented cybernetic model of electricity demand response can be built into the cyber-
physical ventilation system of an underground mining enterprise, in which all kinds of scenarios
for changing technological processes and parameters of the involved electrical equipment will be
implemented.

The analysis of the information received will be carried out by the Internet of Things platform,
as a result of which at least two possible scenarios for reducing load consumption will be developed:

« based on the analysis of the operating modes of all energy consumers obtained from the read-
ings of electricity meters;

« based on an analysis of external factors (reduction of unplanned load), for example, on the basis
of a change in the parameters of the outside air that enters the mine shafts and affects the distribution
of air between them (the volumetric flow rate of the incoming air changes due to a change in the value
of the general mine natural draft), and therefore for the work of the MFU.

When analyzing external factors, as a result of modeling technological processes in a digital
twin, it is possible to predict in advance (for example, within a day) options for a possible decrease
in the performance of the MFU and, consequently, the consumed electricity.

The architecture considered in the paper will allow underground mining enterprises to occupy a
niche in the DR price-dependent energy demand response market, thereby achieving sustainable de-
velopment and adhering to energy saving policies. From the point of view of achieving a financial
result, an enterprise can reduce the cost of the mining process to 700 thousand rubles. per 1 MW as a
result of a decrease in electric power during the hours established by the SO.
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Abstract. The actual task of the state is to increase the energy efficiency of the oil refinery. The object of research is a
vacuum distillation unit, including a preheating unit for raw materials and a furnace for heating fuel oil before the
column. Pinch analysis allows to analyze and optimize a large number of heat flows. In this study the analysis and
enhancement of efficiency of the research object is carried out by enthalpy pinch analysis. In order to reduce the heat
load of the furnaces, the additional flows were introduced into the heat exchange system of the oil heating unit. Para-
metric optimization of the new heat exchange system was carried out. The minimum needs of the heat exchange sys-
tem in external energy carriers are determined. An enthalpy cascade of the heat exchange system has been construct-
ed, which clearly shows the distribution of heat between each heat flow of the system. In the analysis of the energy
efficiency of a furnace, an important point is the determination of the optimal heat capacity of the combustion prod-
ucts. In this work, we have determined the optimal flow heat capacity, at which the heat loss with the exhaust gases is
minimal. As a result of the studies carried out, the efficiency of the fuel oil preheating unit has been increased by
maximizing heat recovery, and the cost of external energy carriers has been minimized. By reducing heat loss with
flue gases, it was possible to increase the efficiency of the furnace.

Keywords: vacuum distillation unit; energy efficiency; pinch analysis; heat cascade; enthalpy
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Introduction. Increasing energy efficiency is the main factor in the economic growth of an en-
terprise and the state [1-3]. Energy efficient technologies can reduce the consumption of natural re-
sources and reduce environmental damage [4-6]. Federal Law N 296-FZ of July 2, 2021 “On Limit-
ing Greenhouse Gas Emissions” confirms the relevance of reducing emissions to the environment.

Scientists around the world create energy efficient technologies [7-9]. Modern research in-
cludes computer technology [10-12]. There are many different methods for assessing energy effi-
ciency [13-15]. Current areas of research are the so-called 4-E [16]: enthalpy, exergy, exergoeconomics,
and economic analysis. Research is moving forward and 4-E can be supplemented with environmental
analysis [17-20].

One of the efficient methods for optimizing heat flows is pinch analysis [21]. Theoretical foun-
dations in the field of integration of thermal processes and pinch analysis are presented in the work
of R.Smith et al. [22, 23]. Pinch analysis makes it possible to work with a large number of heat
flows. This method performs parametric and structural optimization of the heat exchange system.

The oil refining industry is energy intensive [20] — the plants have a large amount of heat flows
with large potentials of thermal energy. Therefore, the use of pinch analysis is advisable in oil re-
fineries [24-26].
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The study [27] presents in detail a method for improving the energy efficiency of primary oil
distillation units without making changes to the structure of the heat exchange network. Increasing
the economic efficiency of process units is achieved through the use of mathematical programming
methods. The authors of the study also achieved a reduction in carbon dioxide emissions into the
environment.

A common method for designing heat exchange networks is the graphical method of process
integration [28]. This method has a number of significant advantages, in particular, interactive visu-
alization of the heat exchange network analysis is provided. This advantage can replace the use of
various software products (Aspen Energy Analyser, etc.). This method was practically used in the
modernization of an oil refinery in Kuwait [29]. However, this method is applicable only to heat ex-
change networks with one minimum temperature difference.

One of the main results of the study [30] is the development of a graphical tool for designing heat
exchange networks with the simultaneous presence of several minimum temperature differences.

The work [31] gives an example of optimization of the heat exchange network of the primary oil
distillation unit located in Bahrain. Particular attention is paid to the reduction of carbon dioxide emis-
sions.

Pinch analysis includes various tools: parametric optimization, structural optimization, grand
compound curve, and thermal cascades. There are various options for using pinch analysis: enthal-
py, exergy, etc. [32-34]. The method of structural and parametric optimization based on exergy
pinch analysis was described in previous studies [35]. The novelty of this study is the use of pinch
analysis technology to analyze and develop measures to improve the energy efficiency of a vacu-
um distillation unit of fuel oil.

Methods. Vacuum tubular distillation unit of the fuel profile is designed for processing the fuel
oil fraction and fraction of atmospheric gasoil from the atmospheric tubular plant AT-5 in order to
obtain vacuum diesel fuel, light vacuum gasoil (LVG) and heavy vacuum gasoil (HVG). The general
scheme of the investigated blocks of the vacuum distillation unit VVT-1 is shown in Fig.1.

The objects of study are the fuel oil preheating unit VT-1 and the furnace for heating fuel oil
before the column. The main stages of the study are:

« analysis of the existing heat exchange system of the fuel oil preheating unit using enthalpy
pinch analysis;

« pinch analysis of the vacuum distillation unit:

— parametric optimization of the new heat
exchange system of the preheating unit;

— construction and study of the enthalpy
3 cascade, which shows what is the proportion of

enthalpy in each temperature range;
ﬂL 4 — analysis of the heat exchange system using
Y a grand composite curve, which will optimize the
operation of the fuel oil preheating furnace.

Analysis of the existing heat exchange sys-
tem of the fuel oil preheating unit. Before pro-
ceeding to the conversion of heat flows, namely
6 their integration, it is necessary to understand

=+

Fig.1. General scheme of the investigated blocks
of the vacuum distillation unit

1 — fuel oil in HE-27/1.2; 2 — vacuum component of diesel fuel
and the first pumparound in ACU-10/1.2; 3 — light vacuum gasoil
in HE-22/1.2; 4 — heavy vacuum gasoil and the second pumparound
in HE-26/3.4; 5 — tar and quench in HE-31/3.4;

6 — vacuum column C-4; 7 — furnace F-3; 8 — furnace F-3N;

9 —fuel oil preheating unit

the general structure of the fuel oil preheating
unit. The heat exchange system of the vacuum
unit for the distillation of fuel oil is shown in
Fig.2. The raw material of the unit is fuel oil or
a petroleum product similar in physical and
chemical properties.
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Fig.2. Heat exchange system of the fuel oil preheating unit

According to the set operating mode of the vacuum column, the temperature of the fuel oil
entering the distillation column should be 393 °C. To achieve this temperature, fuel oil after the
heat exchanger HE-31/3.4 enters the block of fire heating of raw materials (fuel oil), which con-
sists of tubular furnaces for heating fuel oil F-3N and F-3. Fuel oil passes through the convection
and radiant sections of the F-3N furnace, where it is heated to a temperature of 320 °C. At the
same time, the F-3N furnace is four-flow. Fuel oil enters it in four flows and is also removed from
it in four flows. Further, the fuel oil enters the F-3 furnace, where, when passing through the con-
vection and radiant sections, it is heated to a temperature of 393 °C.

After passing through the fire heating unit, fuel oil with a temperature of 393 °C enters the
vacuum column in two streams. Vacuum distillation column is designed for vacuum separation of
fuel oil into fractions according to the following fuel scheme: vacuum diesel fraction; light and
heavy vacuum gasoils; tar.

The cold flow of the unit is fuel oil. But for the construction of a cold composite curve, this
flow will be represented as four separate cold flows. Hot flows are fuel oil fractions withdrawn
from the distillation column for this technological scheme. After analyzing the technological
scheme of the unit, five hot streams can be distinguished, which are used to heat fuel oil (cold
streams) in the preheating unit. Heat flows are determined. The flow data are presented in
Table 1.

The flow enthalpy change with a change in its temperature (at constant value of heat capacity
within a given temperature interval) is determined according to the formula

AH =CP[T,-T,], (1)

where CP — flow heat capacity, is the product of mass flow and specific heat capacity, W/°C; T1—
initial temperature; 7> — final temperature.

The hot compound curve combines flows that give off heat. Fuel oil flows that require heating
are combined into a cold composite curve. Cold and hot composite curves are plotted using flow data
(Fig.3, a).
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Table 1
Initial data of heat flows of the unit
Temperature, °C Specific heat Flow
Mass capacity Flow heat enthal
Type Flows flow, at constant capacity, h Py
Initial Final kg/s pressure, kW/°C C '\E/ilr\]/?/e’
kJ/(kg-°C)
Hot flow 1 Heavy vacuum gasoil and second 328 255 56.0 2.8 154.1 -11.2
pumparound from column to HE-26/3.4
Hot flow 2 Heavy vacuum gasoil and second 232 176 56.0 2.4 136.7 7.7
pumparound from E-32/2 to HE-25/1.2
Hot flow 3 | Tar and quench from P-19/1.2 to HE-31/3.4 362 270 442 2.7 118.5 -10.9
Hot flow 4 Tar from E-33/2 to HE-30/1.2 250 150 35.0 2.3 81.5 -8.2
Hot flow 5 Light vacuum gasoil from HE-22/1.2 238 175 21.0 25 52.9 -3.3
to HE-24/1.2
Cold flow 1 Fuel oil from P-201/1.2 to HE-27/1.2 86 101 79.2 2 160.2 2.4
Cold flow 2 Fuel oil from HE-27/1.2 to HE-24/1.2 101 284 39.6 2.4 935 17.1
Cold flow 3 Fuel oil from HE-27/1.2 to HE-23/1.2 101 225 39.6 2.3 89.7 11.1
Cold flow 4 Fuel oil in HE-31/1.2 255 393 79.2 2.7 217.2 29.8
a b
Qrec =41.3 MW QHmin=19.3 MW
390 I 12.6 MW
400
330
300 ATmin =12 °C
270 ATmin =19 °C
g $
~ 510 & 200
150 100
% 4.3 MW
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
H, MW H, MW

Fig.3. Flow composite curves before (a) and after (b) transformation
1 - cold; 2 — hot

The value of the minimum temperature difference in the heat exchange system is obtained by
changing the position of the cold composite curve on the temperature-enthalpy plane. This is due to
the fact that the initial and final temperatures of the flows must be preserved, but the enthalpy is a
relative value. Only the change in the flow enthalpies is preserved, therefore, compound curves can be
shifted along the x-axis on the TH-diagram [22].

Plotting hot and cold composite curves on the temperature-enthalpy diagram allows you to de-
termine the values of heat recovery, the values of external hot and cold utilities.

We obtained the data by analyzing the composition of the curves:

« the minimum temperature difference is the distance between the compound curves along the
temperature axis on the TH-diagram:

ATmin = 19 OC;

* maximum heat recovery
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QREC =41.3 MW;
« hot utilities
Qrimin=60.6—-41.3=19.3 MW;

« cold utilities
QCmin =0 MW.

The values of hot utilities Qnmin determine the amount of external thermal energy, that is, the
energy of cold streams is not enough. This energy must be supplied from external energy sources.
The external sources are the F-3N and F-3 furnaces.

The cold utility Qcmin values determine the amount of heat energy to be removed from the
system. For a vacuum distillation unit, the residual heat of the hot flows is removed in refrigera-
tors and air coolers. In order to reduce the required number of external hot utilities, it is necessary
to investigate the possibility of post-cooling the existing hot flows in the fuel oil preheating unit
before supplying them to refrigerators and air coolers. We will reduce the heat load of the F-3H
and F-3 furnaces.

Consider the possibility of additional use of each of the hot streams presented in Table 1:

» Heavy vacuum gasoil and second pumparound from E-32/2 to HE-25/1.2. This flow passes
through the heat exchangers HE-25/1.2, HE-23/1.2 and then enters the air-cooling units (ACU).
After passing through the ACU, the flow is cooled from 176 to 150 °C. Although heavy vacuum
gas oil must be cooled down to 80.4 °C before entering the park, the column's second circulating
reflux must be cooled exactly to 150 °C, since this flow after the ACU enters the distillation
column. Therefore, changing the temperature of the second circulating reflux of the column is
unacceptable, as this may cause a change in the operating mode of the vacuum column. But it is
possible to exclude ACU from work. We propose to cool this flow in heat exchangers
HE-25/1.2 and HE-23/1.2 immediately to 150 °C. This will reduce the load on external hot utili-
ties and reduce the power consumption of the ACU.

 Tar from E-33/2 to HE-30/1.2. This flow passes through the heat exchangers and enters
the refrigerators, where it is cooled by heating the circulating water. This tar cooling is neces-
sary. The temperature of the tar when entering the park or bitumen plant should be 96 °C. The
temperature of the tar at the outlet of the preheating unit is 150 °C. We will consider the possi-
bility of additional cooling of tar to 96 °C due to heat recovery. Thus, we exclude the operation
of refrigerators R-35/1.2 and R-35/3.4.

* Light vacuum gasoil from HE-22/1.2 to HE-24/1.2. This flow passes through the heat ex-
changer HE-24/1.2. Then the flow enters the air coolers. Then the flow is discharged into the park
or into the tar line into the park (depending on the requirements for the resulting products). The
temperature of the light vacuum gas oil after the heat exchanger (HE-24/1.2) is 175 °C. The tem-
perature of the light vacuum gasoil at the outlet of the unit should be 80 °C. We propose to cool this
flow down to 80 °C in a preheating unit. We will exclude air coolers and reduce the heat load of
furnaces (F-3N and F-3).

Enthalpy pinch analysis of a fuel oil vacuum distillation unit. Data flows after transfor-
mations are presented in Table 2. Parameters of other flows are not changed. Composite curves on
the temperature-enthalpy plane are shown in Fig.3, b. These composite curves are approximated
to ATmin =12 °C.
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Table 2
Data flows after transformations
R Specific heat
Temperature, ¢ Mass flow capacity Flow heat enﬁ:\z\:\l
Type Flows ! at constant capacity, Py
P kals pacity change
Initial Final pressure, kwree MW
kJ/(kg°C)
Hot flow 2 Heavy vacuum gasoil and second 232 150| 56.0 24 134.2 -11
pumparound from E-32/2
to HE-25/1.2
Hot flow 4 Tar from E-33/2 to HE-30/1.2 250 96} 35.0 2.1 74.4 -11.5
Hot flow 5 Light vacuum gasoil from 238 80} 21.0 2.3 48.7 1.7
HE-22/1.2 to HE-24/1.2

We obtained the data by analyzing the composition of the curves:

« the minimum temperature difference is the distance between the compound curves along the
tem-perature axis on the TH-diagram ATmin = 12 °C;

« the amount of heat recovered (maximum heat recovery), which is determined by the area
of overlap of the flow composite curves along the enthalpy axis on the TH-diagram:
Qrec = 48 MW,

« hot utilities Qumin = 12.6 MW,

« cold utilities Qcmin = 4.3 MW.

The values of external hot and cold utilities were determined with the minimum temperature
difference between the process flows (ATmin = 12 °C).

Due to the construction of composite curves, it is possible to set the value of the minimum
temperature difference in the heat exchange chemical-technological system. So, for shell-and-tube
heat exchangers, the minimum temperature difference must be at least 10 °C. This requirement is
due to the fact that at small values of ATmin, heat exchangers must operate only in counterflow
mode. When designing a new or reconstructing an existing heat exchanger, the optimal value of
ATmin is chosen by achieving an economic compromise between the dependencies on the minimum
temperature difference between process flows in heat exchange equipment, the cost of external utili-
ties (energy carriers), and capital investments in the heat exchange system.

The next stage of research and optimization of the unit is the construction of a heat cascade.
The cascade clearly shows the process of heat exchange between flows [22]. To construct a heat
cascade, it is necessary that the shifted compound curves touch each other at the pinch point. Imag-
ine that hot flows are colder by ATmin/2, and cold flows are colder by ATmin/2. As a result of such a
shift of composite curves along the temperature axis, heat transfer becomes possible between flows
containing composite curves in cold and hot within each temperature interval. Changing the bound-
aries of temperature intervals keeps the heat balance of the entire system.

The energy values of external utilities and the localization of the pinch point will be deter-
mined at ATmin =12 °C. To construct a heat cascade, it is necessary to obtain new temperatures
shifted by ATmin/2. The changed values of the initial and final temperatures of the flows are present-
ed in Table 3. The location of technological flows on the temperature axis after transformations is
presented in Table 4.
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Table 3
Shifted temperature intervals
Flow Type Tin, °C T, °C Tin, °C T, °C
1 Cold 86 101 92 107
2 —— 101 284 107 290
3 - 101 225 107 231
4 - 255 393 261 399
5 Hot 328 255 322 249
6 - 232 150 226 144
7 —— 362 270 356 264
8 - 250 96 244 90
9 —— 238 80 232 74
Table 4
Heat balance in shifted temperature intervals
Temperatures at Value of the Enthalpy
the boundaries of T temperature | ZCPcoig— XCPhot, | change of the .
the intervals Flow distribution interval KW/°C interval, Excess/deficiency
T,°C T,°C MW
399 vy
7 43 217.2 9.339 Deficiency
356 o
51 w» 34 98.7 3.356 Deficiency
322 N 3
N N 32 -55.4 -1.773 Excess
290 N S f RS -
Q. © v 26 38.1 0.991 Deficiency
264 Ol... 1
S 3 156.6 0.469 Deficiency
261
Iil v 12 —60.6 -0.727 Excess
249
|?| 5 935 0.468 Deficiency
244
< Ii 12 19.1 0.229 Deficiency
232 <
I ~ 1 -29.6 -0.029 Excess
231 o & o @
0 ‘1 5 60.1 0.301 Deficiency
VR T — pLy W ; @)
Q'L © Sy 82 -74.1 —6.076 Excess
L1V R— e e G o ‘;L 3
Qg © I 37 60.1 2.224 Deficiency
107 [ 5
5 2113 15 37.1 0.557 Deficiency
92 r———
1 2 -123.1 —0.246 Excess
90 il \
16 —48.7 -0.779 Excess
74 Y

To solve the tabular problem, it is necessary to determine the energy balance for each shifted tem-
perature interval. Formula for determining enthalpy change:

AH; :(ZCF::old —2.CRy )i AT; ()

where XCPcold, ZCPhot — the sum of the flow heat capacities of all cold and hot flows, respectively,
W/°C; ATi — value of the i-th temperature interval, °C.

In formula (2), AH; is the change in enthalpy for each shifted temperature interval. A positive
value of AH; means that there is a shortage of thermal energy in the i-th interval. It is necessary to
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A Hot utilities supply heat from external sources. A negative value
of AHi means that there is an excess of thermal
energy in the i-th interval. Enthalpy changes of each
temperature interval are presented in Table 4.

To consider the possibility of heat recovery be-
tween temperature intervals, it is necessary to build
a cascade of heat flows (enthalpy cascade). The cas-
cade sums up the enthalpy change from top to bot-
tom. It is necessary to build two cascades. In the
first case, the first temperature interval does not re-
ceive thermal energy from external energy carriers,
i.e. Qumin = 0.The enthalpy cascade at zero hot utili-
ties is shown in Fig.4.

Figure 4 shows that the first temperature inter-
val has a net deficiency of thermal energy equal to
-9.339 MW. This deficiency is transferred to the
second temperature interval. The second interval
also has a deficiency of thermal energy of hot
streams 3.356 MW. As a result, the deficiency in the
system is already —12.695 MW. The third tempera-
ture interval has an excess of thermal energy of hot
flows —1.773 MW. The heat deficiency in the sys-
tem decreases and becomes equal to —10.992 MW.
According to this principle, an excess or deficiency
of thermal energy is determined at each temperature
interval. But the task of the study is to determine the
location of the pinch, the values of hot and cold
Cold utilities utilities using a heat flow cascade. It is necessary to
build a second cascade, with non-zero hot utilities.

Heat flows cannot be negative because it is im-
possible to transfer energy up the temperature scale
(from low temperatures to higher temperatures). There should be no negative flows. For this, the
value of the largest negative value is brought to the first interval. In this study —12.69 MW (Fig.4).
The resulting heat flow cascade is shown in Fig.5.

From the constructed cascade, we can conclude that in this case there are no negative heat
fluxes. This indicates the possibility of transferring heat from one temperature interval to another. In
this case, the heat flux is zero in the temperature range 322-356 °C. It can be concluded that the
values of hot and cold utilities are Qnmin = 12.6 and Qcmin = 4.39 MW, respectively. The data are
equal to the values obtained when constructing flow composite curves on the TH-diagram (see
Fig.3, b). The pinch temperature is 322 °C. At the pinch point, the heat flow at the boundary of the

intervals is zero. The real values of hot and cold flows at the pinch point are equal to Tp'?,‘:;h =328

Fig.4. The enthalpy cascade at zero hot utilities

and Tpﬁ‘n"cdh =316 °C respectively. Values are consistent with data obtained from hot and cold compo-

site curves.

Thus, the thermal cascade algorithm makes it possible to simplify the calculation of external
energy carriers and determine the localization of the pinch point. The construction of composite
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[ok
Hot utilities
"
", °C Enthalpy
A balance, MW
R A Cold flow 4 3.356
:{> AH =9.339 MW .
386 o---o--ooreoor oo
Hot flow 3 Cold flow 4 0
AH =4.029 MW AH =7.385 MW
322 Do
Hot flow 1 Hot flow 3 Cold flow 4 1.773
AH =4.931 MW AH =3.792 MW AH = 6.950 MW
290 —--oeemmemmmeemmem s
Hot flow 1 Hot flow 3 Cold flow 2 Cold flow 4 0.782
AH = 4.006 MW AH =3.081 MW AH =2.431 MW AH =5.647 MW '
L I IR
Hot flow 1 Cold flow 2 Cold flow 4 0.313
AH = 0.462 MW AH =0.280 MW AH =0.652 MW :
261 [-ooeeoeeeeee e
Cold flow 2
Hot flow 1 1.040
— —> ()
e R
Cold flow 2
> [ e 0572
244 o-eeeeoeee e
Hot flow 4 Cold flow 2
R . H
Hot flow 4 Hot flow 5 Cold flow 2 0.372
AH =0.074 MW AH =0.048 MW AH =0.093 MW )
P O . IR
Hot flow 4 Hot flow 5 Cold flow 2 Cold flow 3 0.071
AH =0.372 MW AH =0.244 MW AH = 0.468 MW AH = 0.448 MW :
L
Hot flow 2 Hot flow 4 Hot flow 5 Cold flow 2 Cold flow 3 6.147
AH =11.004 MW AH =6.101 MW AH =3.993 MW AH = 7.667 MW AH =7.355 MW .
L . I
Hot flow 4 Hot flow 5 Cold flow 2 Cold flow 3 3.923
AH = 2.753 MW AH =1.801 MW AH = 3.459 MW AH=3.319 MW .
407 oommeme e
Hot flow 4 Hot flow 5 Cold flow 1
AH = 1.116 MW AH = 0.730 MW AH = 2.403 MW 3.366
92 ey
Hot flow 4 Hot flow 5
90 [rerrrrernenesasieges e
Hot flow 5
— 391
TA Lo
Cold utilities
4.391

Fig.5. Thermal cascade of the heat exchange system of the fuel oil distillation unit
Thinen = 322 °C; Tk, = 328 °C for hot flows; T, = 326 °C for cold flows
flow curves makes it possible to visualize the relationship between hot and cold flows of a heat ex-
change system, i.e. this is necessary for a “conceptual understanding of the process”. The heat trans-
fer system is then analyzed using the third pinch analysis tool, the grand compound curve. This
analysis will optimize the operation of the furnace, which is an external hot source.

The grand composite curve is built on the basis of the thermal cascade obtained earlier. It is
a curve on the plane of shifted temperatures by ATmin/2 and enthalpy. On the x-axis put down the
value of the deficiency of thermal energy in a given temperature interval (Fig.6). Furnace efficiency
before optimization was 80 %. To analyze the furnace, a graph of flue gas temperatures is plotted,
which is an inclined straight line. The same graph shows a grand composite curve. The first point is
the burning temperature (T1fumace = 2000 °C), the second point is the flue gas temperature.

In the unit for different heat exchangers — different value ATmin. For the flows of the heat ex-
change system of the object of study, the shift in temperature intervals is defined and equal to
6 °C. For furnace flue gases, the shift will be equal to 25 °C. Then on recuperative flow heat ex-
changers ATmin =12 °C, and on heat exchangers that transfer heat from flue gases to flows,
ATmin=6+25=31°C.
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2040 Since the ordinate shows shifted
1840 temperatures by AT/2, the flue gas profile
1640 starts at temperature 2000 — 25 = 1975 °C.
The slope of the straight line above the pinch
1440 is unrestricted. By changing the slope of the
o 1240 curve, fuel consumption is optimized. For
- 1040 3 comparison, Fig.6 shows two flue gas lines
840 drawn from the starting point. Line graph N 1
2 passes through the pinch point, line graph N 2
640 passes through the maximum temperature of
440 cold streams. After crossing the straight axis of
/4( 1 ordinates, the heat of the flue gases is removed
16 to the atmosphere, i.e. this is the loss of the

3 -1 01 3 5 7 9 11 13 furnace with flue gases.
AH, MW It can be seen from the graph that flue
Fig.6. Grand compound curve and furnace flue gas profiles gases N 1 for the furnace are more efficient:
1 grand compound curve: 2 flue gases N 1 heat losses with exhaust gases are minimal
CP =0.0076 MW/°C; 3 — flue gases N 2 CP = 0.008 MW/°C and equal to 2.29 MW, flow heat capacity is

minimal.

Actual flue gas temperature 322 + 25 = 347 °C, it is above the acid dew point, i.e. eliminates
the possibility of formation of sulfuric acid, which adversely affects structural materials. Minimum
hot utilities are Qmin = 12.6 MW. Let us determine the optimal flow heat capacity of flue gases us-
ing the formula

b Qi _ 1269

flue gases — - =0.0076 MW/°C. (3)
T,-T, 1975-322

In the ideal case, the energy given up by the fuel Qrel, is equal to the energy that the flow gases
gave up when cooled from the theoretical combustion temperature to the ambient temperature.
Therefore, the formula is applied

Quet = CPhe gasesAT =0.0076(2000-15) =15 MW. (4)

The furnace efficiency is determined by the formula

— Qumin .100%:%.100%:84%. (5)

fuel

1/]furnace

Discussion of the results. Improving the energy efficiency of an oil refinery is an important
and complex task. Pinch analysis allows you to analyze and optimize a large number of heat flows.
Analysis and improvement of the energy efficiency of the objects of study were carried out by en-
thalpy pinch analysis.

Optimization measures are proposed:

+ Change the final temperature of hot flow 2 from 176 to 150 °C, hot flow 4 from 150 to 96 °C,
hot flow 5 from 175 to 80 °C. Thus, the enthalpy of hot flows increases and the costs for their cool-
ing decrease.

« After parametric optimization, the values of the maximum heat recovery, the minimum values
of external energy carriers were determined. In further studies, the structural optimization of the heat
exchange system by pinch analysis will be carried out.

* The efficiency of the furnace can be increased by reducing heat loss with flue gases.
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The technical characteristics of the furnace indicate that the flue gas temperature before opti-
mization is 400 °C. Actual flow heat capacity of flue gases for heating cold flows 12.6 MW:

= 1269 =0.008 MW/°C.

CPuess = 1975 400

If take Qfuel for the ideal case:

Qqe = 0.008(2000—15) =15.88 MW.

The furnace efficiency before optimization is determined by the formula (5):

Numace = % -100 % =80 %.

The calculated efficiency under design conditions is approximately the same. In this study, the
furnace efficiency is increased by 4 %.

Conclusion. The existing heat exchange system of the fuel oil preheating unit was analyzed us-
ing enthalpy pinch analysis, the ways of optimization were determined. To reduce the heat load of
the furnace, the additional flows were introduced into the heat exchange system of the fuel oil pre-
heating unit.

The enthalpy pinch analysis of the fuel oil vacuum distillation unit and the parametric optimi-
zation of the new heat exchange system have been carried out. Hot and cold composite curves are
plotted on the temperature-enthalpy plane. The minimum needs of the heat exchange system in ex-
ternal energy carriers are determined.

An enthalpy cascade at ATmin =12 °C is constructed, which confirms the correctness of pinch
point determination and the values of external energy carriers determined by parametric optimization.

The heat exchange system is analyzed using a large compound curve. This step made it possi-
ble to optimize the operation of the fuel oil heating furnace. The search for the optimal flow heat
capacity of the combustion products of the furnace is an important point in the analysis of the ener-
gy efficiency of the furnace. The optimal flow heat capacity is determined, at which heat losses with
outgoing gases are minimal.

Measures are proposed to improve the efficiency of the fuel oil preheating unit. Heat recovery
is maximized and external energy costs are minimized. By reducing heat loss with flue gases, it was
possible to increase the efficiency of the furnace from 80 to 84 %. The results of the study can be
used to improve the energy efficiency of existing and projected facilities of the oil refining industry.

The authors are grateful to D.D.Tupikov for help in collecting information on the object of
study and to Yu.V.Borisova for informational support.
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Abstract. The electric vehicles development has a high potential for energy saving: an energy-saving traffic control can
reduce energy resource consumption, and integration with the power grid provides the ability of daily load pattern
adjustment. These features are also relevant for underground mining. The critical element of vehicle-to-grid integration
is the charging infrastructure, where wireless charging is promising to develop. The implementation of such systems in
underground mining is associated with energy efficiency issues and explosion safety. The article discusses the devel-
opment and research of a wireless charging system for mining electric locomotive A-5.5-600-U5. The analytic hierar-
chy process is used for justification of the circuitry and design solution by a comparison of different technical solutions
based on energy efficiency and safety criteria. A complex computer model of the wireless charging system has been
developed that gives the transients in the electrical circuit of a wireless charging system and the high-frequency field
density distribution near the transmitting and receiving coils in a 3D setting. An approach to ignition risk evaluation
based on the analysis of high-frequency field density in the charging area between the coils of the wireless charging
system is proposed. The approach using a complex computer model is applied to the developed system. The study
showed that the wireless charging system for mining electric locomotives operating in the gaseous-and-dusty mine is
technically feasible and there are designs in which it is explosion safe.

Keywords: mining electric locomotives; wireless charger; analytic hierarchy process; effectiveness; explosion safety;
integrated computer model; field density
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Introduction. Energy saving and reduction of anthropogenic load on the environment is a global
trend in the development of science and technology [1]. This research area includes the development
of electric transport that has significant potential for energy saving. For instance, in China, where the
fleet of electric vehicles accounts for more than 50 % of the world's total [2], replacing internal com-
bustion engines with electric vehicles can reduce fossil fuel consumption by 50-60 % [3], which is
estimated at 40.99 million tons of reference fuel savings by 2025 [4].

A prominent position in this area is occupied by the concept of integrating electric vehicles into
the power grid known as V2G (vehicle-to-grid), which allows to reduce the peak demand for elec-
tricity and adjust the power consumption profile [5, 6]. The V2G concept consists of many compo-
nents that provide energy saving, for example, electric vehicle traffic control systems [7], car battery
monitoring systems [8], complex charging infrastructure, etc. [9]. Charging infrastructure is a key link
between electric vehicles and the power grid and can be implemented using wired and wireless tech-
nologies [10].
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Compared to wired ones, in addition to affecting energy efficiency wireless chargers, in addition
to affecting energy efficiency, also contribute to increasing the autonomy of electric vehicles, since
they do not require human participation in the charging of their batteries [11]. These advantages
allow us to consider wireless charging systems for industrial electric vehicles operating in the con-
ditions of increased danger to personnel. A similar industry is underground mining, for which un-
manned technologies are actively developing. The study [12] describes the experience of introduc-
ing unmanned technologies at a Chinese underground mine, where diesel underground mining
trucks were used to transport minerals, although at this time there is a trend in underground mining
to switch from diesel transport to electric battery analogs [13]. Wireless charging is a promising
solution for these tasks.

In Russia, at the underground mining enterprises, a common type of battery electric transport is
electric locomotive haulage. Wireless charging for mining electric locomotives can reduce operating
costs and the duration of the charging procedure since this technology phases out the prescribed safety
requirements need to disconnect the battery and transfer it to the surface for charging in a specially
equipped room [14]. The joining of the charging procedure with the technological operations of loading
and unloading ensures a consistently high level of mining electric locomotive battery charge. As a re-
sult, wireless charging facilitates the automatic control systems operation for traction electric drives,
supporting the required traction force with high accuracy, which can vary significantly depending on
the track profile, the friction coefficient with the rails, and other factors [15].

An important detail of wireless chargers for the batteries of mining electric locomotives is their
operating conditions since a significant part of underground mines in Russia is hazardous because of
the explosive gaseous-and-dusty atmosphere. The studies [16, 17] assess factors affecting the in-
creased risk of overheating at the wireless charger elements. The development of such a device for
mining electric locomotives should include an assessment of explosion safety. The objective of this
study is to scientifically substantiate the technical solution for the wireless charger for mining electric
locomotives, which simultaneously provides high energy efficiency and explosion safety.

Methods. The wireless charging principle and its main components. The wireless charging
(Fig.1, a) is based on the principle of inductive coupling and magnetic resonance coupling between
a stationary transmitting coil and an onboard receiving coil installed on a mining electric locomotive
(Fig.1, b) [18, 19]. The transmitting and receiving coils in combination with compensation capacitors
are the resonant circuit compensation topology. The resonant circuit is supplied by a high-frequency
inverter. The high-frequency magnetic field induces the electric field in receiving coil, and the re-
ceiving voltage is transmitted through a DC power converter to the battery. When the wireless charg-
ing system operates in resonant mode, wireless power transfer is highly efficient. In the power range
from 5 to 100 kW, wireless chargers have a distance between the coils from 50 to 200 mm and an
efficiency above 90 % [20]. The energy efficiency of wireless chargers is mostly determined by their
circuitry, and their explosion safety mainly depends on design solutions.

On the mining electric locomotive, all the elements of the receiving circuit, excluding the receiving
coil, are placed in the battery container, and the elements of the transmitter is placed in a special cabinet.
This allows for explosion protection of the “flameproof enclosure” type for all elements of the system,
except for coils, for which such placement will act as a screen preventing wireless power transfer [21].
The coils can be insulated or encapsulated with a compound for explosion protection. However, the
charging area between them remains located in the explosive atmosphere, and therefore, the impact on
the explosion safety of the electromagnetic field is subject to analysis.

Justification of the circuitry and design solution. Analysis of specific circuitry for the wireless
charger under consideration can be performed using the analytic hierarchy process [22]. This method
supposes to make paired comparisons for each of the possible circuit solutions with respect to all
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Fig.1. Wireless charging system for mining electric locomotive A-5.5-600-U5:
a — block diagram of the wireless charger; b — possible design

1 — transmitting coil; 2 — transmitter enclosure; 3 — receiving coil; 4 — mining electric locomotive;
5 — charging area; 6 — battery container; 7 — frame
decision criteria, then determine the local priorities of the decisions that show the weight of solutions
with respect to each decision criterion, and finally determine the global priorities that indicate the
final circuitry.
The following decision criteria were considered: surface temperature K1; electromagnetic radi-
ation energy K2; transferred power K3; efficiency K4 [23]. The two-level hierarchy that describes

the main components of the wireless charging system was considered as possible circuit solutions
(Table 1).

Table 1
Hierarchy of solutions
First level Second level
Designation | Component of the wireless charging system | Designation Circuit solutions

R1 High-frequency inverter R1.1 Matrix converter
R1.2 Current-source inverter
R1.3 Voltage-source inverter

R2 DC power converter R2.1 Diode-bridge rectifier
R2.2 Active rectifier
R2.3 Synchronous rectifier

R3 Compensation topology R3.1 Series
R3.2 Parallel
R3.3 Hybrid

R4 Coil type R4.1 Circular
R4.2 Rectangular
R4.3 Polarized
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For high-frequency inverters R1, there is a high variability of circuitry [24, 25]. They are divided
into single-stage and dual-stage power converters. The first ones are matrix converters R1.1 and,
as there is no intermediate DC link, they have smaller dimensions and higher total efficiency, but
the second-order harmonic appears in the receiving circuit, and, consequently, in the battery charg-
ing current. Dual-stage converters, despite some loss in weight and overall dimensions, are much
more common, since they are used in a wide range of electrical applications, are well debugged
and, in addition, have a high potential for optimizing components and parameters, which can level
out the difference in efficiency.

In the dual-stage converters, a current-source inverter R1.2 and a voltage-source inverter R1.3
can be employed. The current-source inverters are usually used for the resonant circuits with parallel
compensation topology to mitigate current loading and overvoltages, as well as improve the harmonic
content of the transmitting current. Compared to other inverter types, they have a lower current stress
on all elements, which leads to lower losses in semiconductor switches. This effect is achieved by
using a powerful inductor with large dimensions, so such inverters are inferior voltage-source inverters
in terms of weight and overall dimensions.

The DC power converter R2 provides the battery charging current and can be a diode-bridge rec-
tifier R2.1 or an active rectifier R2.2, or a synchronous rectifier 2.3. The diode-bridge rectifier is the
most common due to its simplicity and minimal dimensions, however, in a wide load range due to its
nonlinearity, it provokes a significant decrease in the coupling coefficient [26]. Diodes in the active
rectifier are replaced by transistors, and due to the adjustable phase shift, this rectifier provides im-
pedance matching but requires a relatively complex control system [27, 28]. An alternative to the
active rectifier that also provides impedance matching is the synchronous rectifier, consisting of
a diode bridge and a boost converter [29]. The active rectifier and the synchronous rectifier cannot
operate without a closed-loop control system.

The compensation topology R3 of the resonant circuit differs in the placement of additional in-
ductors and capacitors relative to the transmitting and receiving coils [30, 31]. The basic compensa-
tion topologies are series R3.1 and parallel R3.2. Series topology is usually used in conjunction with
voltage sources. It has a higher power transfer coefficient and less sensitivity to misalignment be-
tween the transmitting and receiving coils [32]. Parallel topology is typically used with current
sources and requires an additional series inductor, which makes the system more complex. This to-
pology provides more impedance and is easier to control.

In addition to series and parallel, there are also hybrid topologies R3.3 that can have a parallel
compensating capacitor in the transmitting circuit and a series one in the receiving circuit or the use
of several compensating inductors and capacitors simultaneously in different connection options.
They are used to reduce the misalignment sensitivity [33], to provide switching the battery charging
mode from current charging to voltage charging [34], to reduce sensitivity to load changes [35], and
in other specific tasks.

The coil type R4 for transmitting and receiving coils is fundamentally divided into non-polarized
coils (circular R4.1 and rectangular R4.2), and polarized coils R4.3 (solenoid, flat bipolar coil,
“double D”, etc.) [36, 37]. Circular ones provide the highest coupling coefficient and efficiency for
a comparable active mass and coil area. Rectangular coils are somewhat inferior to circular, but
they are better than polarized coils with respect to leakage flux in both vertical and lateral direc-
tions. Polarized ones are more resistant to misalignment of the coils compared to circular and rec-
tangular coils.
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Since it is difficult to quantify the described hierarchy of solutions, to compose paired compari-
son matrixes (PCM) the seventeen-digit Saaty scale” was used. In addition to the above characteristics
of the particular circuit solutions, the design limitations were also taken into account. For example, if
the compared solutions differ in size, given the volume limit of the flameproof enclosure it becomes
necessary to reduce the power for the larger alternative. The PCMs for the first-level solutions R1-R4
relating to criterion K1 are composed, and the local priorities were found.

Let us consider in detail the PCM for the high-frequency inverter R1 relating to the surface tem-
perature K1. Since the second-level solution R1.1 has smaller dimensions and higher efficiency, the
heating losses are less, consequently, the surface temperature is lower than for R1.2 and R1.3. Solu-
tions R1.2 and R1.3 were taken as equivalent. Thus,

1 2 2)\|Rl1

R1.2.

1/2 1 1)|R1.3

Arguing similarly, the PCMs for R2-R4 relating to K1 were obtained:

1 1/2 1/2)\|R21 1 5 3)\|R31 1 1 3)\|R41
2 1 1 )|R2.3 1/3 1/2 1)|R3.3 1/3 1/3 1)|R4.3

All PCMs are highly aligned. The consistency indices kcikiri-Kcikira and the consistency ratios
Kcrkir1-Kcrkira for the given PCMs are:

Keriary =0<0.2; Keprare =0<0.2; Kepars = 0.14 0.2 Kepira =0<0.2,

which indicates the correctness of the assessment made.

The general solution R comprises a combination of one second-level solution from each of the
first-level solutions R1-R4. Taking that the paired comparison is the ratio of the weights for the con-
sidered solutions relating to a particular criterion, and the weight of the combinational solution is
determined by the product of the weights of its constituents, the PCM for the general solution R is
defined as the Kronecker product of the PCMs for R1, R2, R3, and R4:

CKl,R = CKl,Rl ® CKl,RZ ®CK1,R3 ®CK1,R4 :

For clarity, let us expand the Kronecker product for the last two factors, which demonstrates the
increase in the dimension of matrices:

CKl,R4(M) CKl,R4(1,2) CK1'R4(1,3>
Cers ® G =(C Care)=| G G G G
k1R3 @ Ckira = CkeRr3; ) CkiRa KLR3ip | TKIRAey  "KIRdey  "KLRAeq | |

CKl,R4(3V1) CKl,R4(3v2) CKl,R4(3V3)

and therefore Ckir is an 81x81 matrix.

It should be taken that not all the second-level solutions are compatible. For example, it is inef-
ficient to combine the current-source inverter R1.2 with the series compensation topology R3.1. This
means that the hierarchy is not complete, and therefore the assessment of unrealizable combinations
and their reciprocals should be replaced by zero. Further, from the obtained PCM, the local priorities
vector was calculated

* Saaty T. Decision making. Analytic hierarchy process. Moscow: Radio and communication, 1993. 278 p.
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yn; H KLR.j

n

VKl,R = KlR(,)

where n = 81.

Similarly, the PCMs Ckzr-Ckar for general solutions R relating to each criterion K2-K4 were
sequentially obtained. Further, based on these PCMs, the local priorities vectors Vkor-Vkar Were
calculated. By combining Vki,r-VkaRr, @ general local priorities vector Vr was obtained from which
the global priorities vector was determined:

Gr =VRVk = (VKl,R !VKZ,R 'VKS,R 1VK4,R )VK )
where Vk was taken equal to [23]

Vi =(0.133; 0.147; 0.125; 0127)

The global priority is the solution where the value of Gry; is maximum. The obtained global pri-
orities vector has the maximum at the solution R = R13UR2.1UR3.1UR4.2 with Grsg = 0.102.

The electrical circuit for this solution is shown in Fig.2. Let us determine the parameters of the
circuit elements for the mining electric locomotive A-5.5-600-U5 that is equipped with a lithium-ion
battery LIAB-70 TRV-BK. This battery has a nominal voltage of 130 V and a maximum charging
current of 270 A. To ensure the system reliability, the nominal charging current was assumed to be
260 A, because short-term in-rush currents are possible. Thus, the equivalent load resistance Rioad IS
equal to 0.5 Ohm.

The parameters of the transmitting and receiving coils were determined based on a given design
(according to P.L.Kalantarov and L.A.Tsejtlin). The coils have the same design, which means coil
inductances are equal L1 = L> = L and their internal resistances are equal R1 = R2 = R too. The receiving
coil dimensions are 3000%700 mm as the coil is limited by the external surface of the battery container
at the electric locomotive. The coil-to-coil distance was assumed to be 100 mm, which sufficiently
guarantees a gap between the transmitter when the electric locomotive is moving, on the one hand,
but on the other hand, it provides a high enough coupling coefficient. Then the inductances of the
transmitting and receiving coils are determined as follows:

2
:—povvz(b+c)[l 2_bc__1 (c+\/b2+c2)—L1n(b+x/b2+c2)+2b—+c 1 0447—}
b+ b+c b+c 2 c+b

where po is the vacuum magnetic permeability; w is the number of turns; b and c are the length and
width of the coil outer boundary; r is the width of the winding pitch, which was taken equal to 15 mm.
Mutual inductance M is calculated as

P10 P ol PO L
m cHyct+b?+x? X b+yc?+h%ex? X

+2(\/c2 wb20e —(JeF i — b2 ne +x))]

where X is the coil-to-coil distance.
Internal resistances are determined as

2(b+c)-2rw

R=wp, S

b
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Fig.2. The electrical circuit of the wireless charger

where S is the cross-section of the winding wire; pm is its resistivity. The high-voltage high-frequency
wire “LELOR-E” with a nominal cross-section of 50 mm? and a maximum diameter of 15 mm was
chosen as the winding wire.

The parameters of the coils and the load at a given resonant frequency determine the capacitance
of the compensation topology capacitors. Owing to the resonant circuit symmetry, the capacitances
of the transmitting and receiving circuit capacitors are also considered equal, i.e. C1=C,=C. It is
difficult to determine an analytical expression for C, since the equation describing the resonant
frequency fr for the wireless charger shown in Fig.2 has a high dimension. Therefore, the capaci-
tance C was determined by numerical methods using a specially written computer program. The
resonant frequency was selected according to the recommendations of the SAE J2954 standard, and
fr = 90 kHz.

The design values of the wireless charger electrical parameters are given in Table 2 for a different
number of turns. The efficiency design value for the wireless charging system was obtained as the
possible maximum over the entire operating frequency range. It does not consider switching and con-
ductive losses in semiconductor switches as well as dielectric losses in capacitors. The efficiency was
used only to compare the different designs for one device. The data obtained show that the highest
efficiency of the wireless charger is provided for w = 1, and such a design is the simplest. Therefore,
the transmitting and receiving coils with the number of turns of 1 were accepted for further consider-
ation. The resulting circuitry and design solution is the basis to analyze the impact on the explosion
safety of the electromagnetic field in the charging area of the wireless charger in an explosive gas-
and-dust atmosphere.

Table 2

The design values of the wireless charger electrical parameters

w,ul L,pH | MypH | R,Ohm | C, puF n io/ui, AIV

1| 166 2.7 0.003 | 0.162 | 0.994 From 0.606 to 2
2 | 437 10.5 | 0.006 | 0.058 | 0.988 | From 0.15to 1.96
3 | 787 | 232 | 0.009 | 0.031 | 0.983 | From0.07 to 1.93

Determining the conditions for the safe operation. Given the flameproof enclosures for all the
components of the wireless charger except the transmitting and receiving coils, the only potential
ignition source is the charging area between the coils. Simulation of temperature distribution shows
that under normal operation, the high-frequency alternating magnetic field is not a heat source, and the
heating of the explosive atmosphere in the charging area occurs mainly due to the laws of heat-and-
mass transfer from ohmic losses in winding wires [38, 39]. But the situation fundamentally changes if
there is a foreign metal object between the coils as in this object the eddy currents are induced. Since
the specific heat capacity of metals is generally low, the heating losses from the eddy currents can
significantly increase the surface temperature.
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To evaluate the ignition risk from the foreign metal object heating, it was assumed that in the
metal object with the limited volume, the heating power from eddy currents cannot exceed the power
of the inducing magnetic field. Given that the high-frequency alternating magnetic field at each point
of the charging area changes sinusoidally with an angular frequency ®, and the magnetic induction
distributes over the metal object volume V is uniform, the power of the magnetic field converting into
heating power is determined as follows

2
p, = el )
Kol

where u is the magnetic permeability; Bmax is the magnetic induction amplitude.
The temperature to which the foreign metal object will be heated is determined by thermal equi-
librium. Assuming that the thermal field potential is uniformly distributed over the metal object vol-

ume, and the heat is transferred due to natural convection, the temperature exceedance over the am-
bient temperature is determined as (according to S.S.Kutateladze, V.M.Borishanskiy)

T=—", )
o
where o is thermal diffusivity, depending on the shape and size of the heated metal object, as well as
the product of the Prandtl number Pr and the Grashof number Gr.

The temperature exceedance T was determined based on GOST 31610.0-2019 standard. It pre-
cepts that for equipment of group I, i.e. for equipment in explosive atmospheres of underground
mines, the maximum surface, on which coal dust is unlikely to be deposited in the form of a layer,
the temperature should be no higher than 450 °C, and the ambient temperature is taken equal to 40 °C.

Analyzing (1) and (2) together, we determine the limiting value of the magnetic induction am-

plitude as:

B_ = ‘/*(‘;:f Ale\/IES if 1<2.574 mm;
B = *’%A"\E if 2.574 <1 <88.044 mm;
B, = /% A3/x if 1>88.044 mm,

where Ay, A2, Az are coefficients depending on

air temperature; | is the length of the cube 0.021
edge.
If the magnetic induction is lower than 2.4 0.015
Bmax, the maximum possible surface temper- 18 0.009
ature of the foreign metal object heated by the '
eddy currents does not exceed 450 °C with - 1.2 0.003
a guarantee. &5 06
The dependence of Bmax on | for the con- 0 40 60 80 100
ditions under consideration is shown in Fig.3. u
Considering that the distance x was assumed ‘
to be 100 mm, the length of the cube edge of 0 50 100 150 200 250 300
the foreign metal object cannot exceed this I, mm
value_. Consequently, 'the magnetic induction Fig.3. The limiting value of the magnetic
amplitude of the wireless charger at any induction amplitude

point in the charging area should not exceed
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1.929 mT. It is possible to determine whether this condition is met for the wireless charging system
under consideration using computer simulation.

Complex computer model. Computer simulation of the wireless charger under consideration can
determine the magnetic induction of the magnetic field at the charging area in a 3D formulation,
taking into account the physical properties of the transmitting and receiving coils' materials and the
environment. Using a finite element model in combination with a dynamic model of the wireless
charger electrical circuit describes the transients in the system, including changes in the electromag-
netic radiation energy. Such a complex computer model was implemented employing the MatLab
Simulink and Altair Flux.

The MatLab Simulink model of the wireless charger has the following assumptions: the rectifier
in the dual-stage voltage-source inverter is ideal, and the DC link voltage is constant; semiconductor
switches of the inverter and the rectifier are idealized and do not describe their switching losses and
conductive losses; the compensation topology capacitors are idealized and do not describe their die-
lectric losses. The model is made using the SimPowerSystems library which ensures a high level of
its adequacy since the elements of this library have been widely tested (Fig.4).

The Altair Flux model of the transmitting and receiving coils and the charging area is based on
a 3D drawing consisting of two elements shaped as curved cylinders with a cross-section of 50 mm?
which are rectangular in plan with dimensions of 3000x700 mm, placed at the distance of 100 mm
between the cylinders axes with no misalignment. In the simulation, a dynamic mesh was used with
automatic selection of finite elements size, providing an error of no more than 1-10°° T at each cal-
culation step.
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Fig.4. The MatLab Simulink model of the wireless charger
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Results and discussion. Prototype test. To demonstrate the feasibility of the wireless charger
with the described design and to confirm the adequacy of the computer model used, the electric loco-
motive prototype was made on a scale of 1:10, equipped with the wireless charging system having
the following parameters: Ly = L> = 100 uH; M = 10 pH; R: = R2 = 0.01 Ohm; Cy = Cz = 33 nF;
Rioad = 6 Ohm (Fig.5). The high-frequency inverter is built on IRFP9ON20DPBF transistors with the
nominal voltage of 200 V and the nominal current of 94 A, and the DC power converter is based on
Schottky diodes of VS-80CPQ150-N3 with the nominal current of 40 A and the nominal voltage of
150 V. The Delta Elektronika SM330-AR-22 DC power supply with a power of 3300 W was used as a
power source. A Fluke TiS20 thermal imager and a DS1074Z-S oscilloscope were used as measuring
equipment for the prototype test.

The prototype test was carried out at a power supply voltage of 24 V, an operating frequency of
91 kHz, and a duty cycle of 0.28. During the tests, voltages uc1, Ucz, and ULz, Uc2 were measured on
the coils and the capacitors of the transmitting and receiving circuits respectively. The same parame-
ters for the same conditions were simulated using MatLab Simulink. The obtained results are shown
in Fig.6.

The thermogram demonstrates the operation of the wireless charging system, and it is an indirect
tool showing the magnetic field distribution between the coils (Fig.6, a). The heating source at the
charging area is the heating losses in the coils' wire caused by flowing currents as the central region
of the coils has a significantly lower temperature.

The oscillograms show the measured voltages, where the division values are 100 V on the volt-
age scale and 2 ps on the time scale (Fig.6, b, d, f). The corresponding voltages obtained by simulation
are shown in Fig.6, c, e, g. Comparison of the simulation and experiment results indicates that, except
for micro transients, when semiconductor switches activate, there is a quantitative and qualitative
correspondence of the considered voltages in both the amplitude and the phase. The maximum dis-
crepancy between the simulation and experiment results is 3.28 % which indicates a high adequacy
of the computer model (see Fig.4). This result justifies using the above-described complex computer
model to analyze the explosion safety of the wireless charging system for the mining electric loco-
motive A-5.5-600-U5.

Simulation results. The complex computer model gives the high-frequency field density dis-
tribution in the charging area of the wireless charging system for mining electric locomotive
A-5.5-600-U5. The simulation was carried out in two stages. In the first stage, the transients were
simulated, including the current of the transmitting and receiving coils that were subsequently used
in the second stage as the input data for the magnetic field simulation.

10 9 8 7

Fig.5. The electric locomotive prototype equipped with the wireless charging system

1 — transmitter; 2 — electric locomotive prototype; 3 — high-frequency inverter; 4 — transmitting circuit capacitor;
5 — receiving circuit capacitor; 6 — load; 7 — DC power converter; 8 — transmitting coil; 9 — receiving coil; 10 — charging area
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When working with the model in MatLab Simulink, the operating frequency and duty cycle were
set at the input of the system. It should be noted that when the wireless charger parameters were
calculated the resonant frequency was set at 90 kHz. Hence, the receiving current i> has the maximum
at this frequency, where in case the resonant circuit input voltage uz is constant, the current transfer
coefficient io/uy = 2 A/V. The efficiency of wireless power transfer at this frequency is 0.988, while
the theoretical maximum is 0.994. Therefore, it is advisable to set the operating frequency differing
from the resonant one to find a balance between striving for maximum efficiency and providing the
required charging current.

In the case under consideration, the charging current is 260 A, so the current amplitude of i2 is
368 A. The theoretical minimum of the current transfer coefficient i>/uy = 0.606 A/V, hence the
voltage amplitude of u; should be no lower than 607 V. As the effective phase to neutral voltage of
three-phase mains is 660 V, the DC link voltage is 891 V, and the required charging current can be
provided at any operating frequency. Based on this, the operating frequency was set at 97.1 kHz
where the efficiency has the maximum. The duty cycle that provides the resonant circuit input voltage
of 607 V is 0.68.

The currents i1 and i obtained from the MatLab Simulink model for the described conditions are
shown in Fig.7, a. The amplitudes of these currents, as well as the phase shift between them, were
used as the input data for the Altair Flux model that determines the magnetic induction distribution
vectors in the charging area during the period of current change. The simulation results of the mag-
netic field distribution in the charging area are shown in Fig.7, b, c. They show that the induction of
the high-frequency magnetic field outside the winding wire vicinity of the transmitting and receiving
coils is negligible and is equal to zero in the center of the 3000%700 rectangle. This indicates fairly high
electromagnetic compatibility and safety for people according to the criteria of SanPiN 1.2.3685-21
sanitary norms.

Analyzing the magnetic field in the winding wire vicinity, it was found that the maximum mag-
netic induction amplitude outside the winding wire is 3.548 mT, whereas as early as the distance of
18 mm, the magnetic induction amplitude does not exceed 1.929 mT. Since it was initially supposed
to use encapsulation as the coils' protection, with an insulation layer of 20 mm thick, the ignition risk
could be neglected for any metal object between the transmitting and receiving coils. As an additional
measure, the charging current reduction can be used. It proportionally slows down the charging pro-
cess of the mining electric locomotive battery but increases the system reliability against explosion.

Conclusion. The study showed that the wireless charging system for mining electric locomotives
operating in the gaseous-and-dusty mine is technically feasible and there are such designs and oper-
ation modes in which it is explosion safe. The obtained circuitry and design solutions provide the
basis for developing the detailed engineering drawings and a set of technological documentation nec-
essary for the manufacture of a prototype wireless charging system and its subsequent submission to
the certification authority for proof-of-compliance tests according to the requirements of the Customs
Union technical regulation TR CU 012/2011.

The implementation of the considered wireless charging system for mining electric locomotives
and other similar mine transports can increase mining efficiency by reducing operating costs that are
caused by the need to turn off the batteries and charge them outside the hazardous area. In the case
of the implementation of integrating the wireless chargers with the power grid on large mine transport
systems, the wireless chargers can be used to adjust the load, ensuring an increase in the energy effi-
ciency of the entire enterprise.

Further study of the wireless charging system under consideration includes modernization of its
dynamic model so that switching losses and conduction losses in semiconductor switches as well as
dielectric losses in the compensation topology capacitors are taken into account. It allows us to evaluate
not just the efficiency of wireless power transfer but the efficiency of the entire wireless charger.
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It is advisable to analyze the high-frequency field density distribution near the transmitting and re-
ceiving coils in the conditions of their misalignment, such as coil-to-coil distance deviations, as well
as horizontal and angular misalignment. Additionally, as a development of the system, it is possible
to optimize its parameters, as well as to introduce a closed control system.
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Abstract. The paper investigates the harmonic impedance determination of the power supply system of
a mining enterprise. This parameter is important when calculating modes with voltage distortions, since the
determined parameters of harmonic currents and voltages significantly depend on its value, which allow the most
accurate modeling of processes in the presence of distortions in voltage and current. The power supply system of
subsurface mining is considered, which is characterized by a significant branching of the electrical network and
the presence of powerful nonlinear loads leading to a decrease in the power quality at a production site. The
modernization of the mining process, the integration of automated electrical drive systems, renewable energy
sources, energy-saving technologies lead to an increase in the energy efficiency of production, but also to a
decrease in the power quality, in particular, to an increase in the level of voltage harmonics. The problem of
determining the grid harmonic impedance is solved in order to improve the quality of design and operation of
power supply systems for mining enterprises, taking into account the peculiarities of their workload in the ex-
traction of solid minerals by underground method. The paper considers the possibility of determining the grid
impedance based on the measurement of non-characteristic harmonics generated by a special nonlinear load.
A thyristor power controller based on phase regulation of the output voltage is considered as such a load. Simu-
lation computer modeling and experimental studies on a laboratory test bench are used to confirm the proposed
method. The recommendations for selecting load parameters and measuring device connection nodes have been
developed.

Keywords: harmonics; power quality; nonlinear electrical load; thyristor power controller; distortion; grid harmonic
impedance
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Introduction. The development of mining and processing technologies is characterized by
an increase in energy consumption and in process automation. New technologies of electrothermal
metallurgy are being introduced [1-3], renewable energy technologies are used to supply remote
power plants in the oil and gas industry [4-6] and for autonomous power supply using hybrid plants
[7, 8]. New technological installations are based on the use of power electronics devices, which are part
of various semiconductor converters. This leads to harmonic currents injection into power supply system.
The negative effects of voltage and current distortion are known and widely reported [9-11].

Underground mining power supply systems have such features as a high length of power lines
and a dispersal of high power electrical installations [12-14]. This circumstance is one of the main
reasons for the increase in voltage distortion levels, which depend on the equivalent impedance of the
power supply system and on the harmonic currents. When modernizing energy-intensive installations
in mining, such as drainage systems, fans, electric hoisting installations, etc., the automated converter
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technology is used [15-17]. Such installations increase the energy efficiency of the technological pro-
cess, but they are sources of voltage and current distortions. The possibility of modeling such drives
is studied in more detail in the works [18-20]. Predicting the voltage distortion
levels, when modeling processes in an electrical grid in the presence of harmonics, is an important
and urgent challenge for a design engineer or researcher. The paper [18] confirms the importance
of taking into account the power quality indicators when calculating electrical loads and choosing
the parameters of the main equipment at mining enterprises.

The impedance of the power supply system is widely used in the calculation of the electrical
grid operating modes, including non-sinusoidal conditions [21-23]. It was shown in [23] that,
depending on the measured values of the system impedance, it is possible to determine the dominant
harmonic source at the point of common coupling of consumers. One of the features of underground
mining power supply systems is the remoteness of electrical loads from the power source, and hence
the high impedance value of the system. As a result, the levels of voltage distortion can significantly
exceed the requirements of regulations. The efficiency of harmonic distortion compensation devices,
such as passive harmonic filters, directly depends on the impedance of the supply system. Therefore,
when choosing the parameters of such devices, it is necessary to know the value of the harmonic
system impedance. The impedance of the power supply system can help in determining
the harmonic source, i.e. settle disputes between the supplier of electrical energy and the
consumer [24-26].

The harmonic system impedance can be determined by calculation or by measurement. The de-
termination of the harmonic impedance using calculations is based on the assumption of its inductive
nature and linear dependence on frequency:

XM =nx{

where n — harmonic order; X — inductive impedance at the fundamental frequency.

This method is simple and does not require the use of additional equipment. However,
when modeling the operating modes of the power system, the accuracy of determining the har-
monic levels decreases. This is due to the fact that the energy system impedance includes resistive
and capacitive components, and has a nonlinear character [27, 28]. The application of an ana-
Iytical method for estimating system impedance for wind turbines is shown in the work [29].
Also, the impedance of the power supply system can change over time, i.e. it can be non-stationary
due to the connection of various additional loads upstream of the point of common coupling
[30, 31]. On the other hand, the application of the measuring method is more laborious, but gives
more accurate results [32, 33].

Measuring methods can be invasive and non-invasive. Invasive methods are based on the use
of harmonic current generators, non-invasive methods are based on the measurement of harmonic
currents and voltages for two consecutive times. A comparison of various methods for determining
the system impedance is given in the article [34]. Using the method based on harmonic generators
requires additional expensive equipment, as well as preliminary measurement of current harmonics
in the power supply system in order to generate a special signal that excludes the existing ones.
The method of two consecutive measurements is easier to apply. However, its principle is based
on changing the parameters of nonlinear loads from the grid side or from the consumer side
relative to the point of common coupling. It does not allow accurate measurement of the grid
harmonic impedance in the condition of simultaneous changes in the load parameters from
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the grid side and from the consumer side. Error estimation of the system impedance measurement
method based on load fluctuations is given in [35].

Another problem when investigating the impedance of an underground mining power supply
system is that the loads can be highly variable at many connection points, and the harmonic system
impedance can also be a non-stationary value. Approaches to determining harmonic system impedance
in real time are described in [36, 37].

This paper proposes a method for measuring the harmonic system impedance based on connecting
an additional nonlinear load with a certain range of harmonics, which does not require large imple-
mentation costs. However, nonlinear loads may have significant internal impedance in their compo-
sition, which may depend on frequency, thus being comparable in magnitude to the harmonic system
impedance. Therefore, it is necessary to study the influence of the internal impedance of an additionally
connected nonlinear load, the parameters of its power consumption and operating modes.

Methods. To determine the harmonic system impedance by the method under consideration,
it is necessary to use a nonlinear electrical load that satisfies two conditions. Firstly, the nonlinear
load should generate harmonic currents that are uncharacteristic for the power supply system. Non-
characteristic harmonics of the nonlinear load are understood as harmonics that are absent or ex-
tremely small in the voltage spectrum when this nonlinear load is not connected. Secondly, this non-
linear load should have no internal harmonic impedance. So, it can be represented in the equivalent
circuit as a set of parallel-connected current sources without additional impedances. The presence of
internal impedance in the nonlinear load also distorts the value of the harmonic system impedance, since
the internal impedance in the equivalent circuit is connected in parallel with the system impedance and
therefore the calculated value of the system impedance is less than its real value. These conditions should
be observed in order to accurately determine the harmonic system impedance. For example, in the
equivalent circuit, the presence of voltage harmonics of the same frequency as the current harmonic of
an additionally connected nonlinear load leads to an error in calculating the harmonic system impedance,
because it is necessary to take into account the influence of this voltage source on the calculation.

Let us consider a simplified power supply scheme for underground mining associated with the
extraction of solid minerals (Fig.1).

The power supply of underground consumers depends on many factors: the depth of the de-
veloped horizons, the voltage of underground electrical system, the overall load and type of power
receivers, the method of mining, etc. However, all this is associated with an increase in the length of
the distribution feeders and the dispersal of power receivers. The majority of mining machines and
mechanisms are driven by asynchronous motors with a squirrel-cage rotor. Variable electrical drives
are widely used in the mining and developing areas of coal mines. Often, six-pulse semiconductor
frequency converters are used to control the rotation speed of motors. For energy-intensive customers
where speed control is not required (main ventilation fans, compressors), synchronous motors are
widely used. Recently, even for energy-intensive hoists, high-power frequency-controlled asynchro-
nous motors are increasingly being used, which leads to problems in the field of power quality in
terms of harmonics. Applications are found for soft starters made according to the scheme of thyristor
voltage regulators, in particular, for conveyor installations. It should be noted that there are develop-
ments and tools that allow minimizing the influence of semiconductor converters of individual instal-
lations on the power supply system (active rectifier, input power active and passive filters). The high
cost of such devices is one of the main reasons for the low rate of their implementation.

Thus, from the point of view of the goal set, it is possible to highlight the main positions.
In underground mining power supply systems, there is a nonlinear load with the harmonics order
n=6k+l, where k=1, 2, 3, ...; that is characteristic for sixpulse rectifiers. In the current spectrum
there are also even harmonics, which are characterized by a short duration of presence in starting
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modes of electrical equipment. The power supply system is an extensive radial grid and a sharply
variable load at different points of connection to the grid.

As a nonlinear load that is necessary to determine the harmonic impedance of the power supply
system, a specialized semiconductor device that generates uncharacteristic for an external power
supply system harmonic currents can be used. It should be loaded with linear resistive elements,
the parameters of which do not depend on frequency. According to the results of the experiments,
it was revealed that such loads are, for example, a thyristor power controller (TPC) and an un-
controlled rectifier without a capacitive DC filter [38]. The uncontrolled rectifier has a spectrum
that includes harmonics 6k+1, which can often be found in the external power supply grid. The
TPC current consumption spectrum contains even harmonics, which in most cases are absent in
the external grid. Therefore, TPC was chosen as the generator of uncharacteristic harmonics. This
choice has some disadvantages. Firstly, TPC creates other harmonics in addition to uncharacter-
istic ones, including the current at the fundamental frequency, the value of which in all modes is
greater than other harmonics. Secondly, to increase the accuracy of the measurement results, it is
necessary to increase the TPC load power, therefore, the overall dimensions of the installation
also increase.

Thus, to measure the harmonic system impedance, it is necessary to:

» Make sure that there are no uncharacteristic voltage harmonics in the supply grid when the
uncharacteristic harmonics generator is turned off. If there are devices that generate even har-
monics, they should be turned off. This is possible due to the small number of such devices in
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Fig.1. Simplified power supply scheme for mining production

MSS — main step-down substation; MUS — main underground substation;
T — power transformers; HV — high voltage; LV — low voltage;
UDP — underground distribution point; MLUS — mobile local underground substation;
EMS — explosion-proof mine starters
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Fig.2. Simulation model in Matlab/Simulink

subsurface mining power supply systems. In the case of a short-term activation of such devices
(for example, in the starting modes of engines), preliminary measurements can be carried out
without turning them off with the control of such periods of switching on engines.

* Turn on the generator of uncharacteristic harmonics. Devices generating even harmonics can
also be included in the work. In this case, it is necessary to take into account the location of such a
load during measurements.

» Measure current and voltage waveforms at the connection point of the harmonic generator.

+ Obtain the current and voltage spectrum at the input of the generator.

« Calculate the system impedance at uncharacteristic harmonics.

To verify the proposed method for calculating the harmonic system impedance, a simulation
model was created in the Matlab/Simulink (Fig.2). The simulation model consists of a three-phase
symmetrical source (sources of sinusoidal voltage U_A, U_B,
U _C), a thyristor power controller with a control system
(TPC unit), thyristor regulator loads (Z_load unit), a system
impedance (Z_sys unit) and a measurement and calculation of |
the system impedance unit (CALCULATION Z_sys). The TPC
unit consists of three pairs of an inverse-parallel thyristors and
operates in the phase regulation mode of the output voltage.
CALCULATION Z_sys unit performs the calculations of the har-
monic system impedance based on phase voltage and TPC current
waveforms. The developed model was used to determine the har-
monic system impedance with different value and type of the sys-
tem impedance.

The verification of the computer model was carried out on a
laboratory test bench (Fig.3), which consists of a three-phase sym-
metric voltage source (1), a TPC (2), loads in the form of electrical
heating tubes (3), three induction coils (4) and voltage and current
meter (5). As a registration device, an oscilloscope Rigol 1202 and
a power quality analyzer Resource PQA were used. The obtained
waveforms were processed in Matlab. Fig.3. Laboratory test bench
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The parameters of the TPC and the system impedance are shown in the Table. All parameters of
the model are identical to the parameters of the laboratory bench, and the algorithm for the TPC model
operation is fully consistent with the operation of the real device.

Laboratory equipment parameters

Name of equipment Parameters

System impedance

Stage 1 R=045Q;L=1mH

Stage 2 R=112Q;L=41mH

Stage 3 R=184Q;L=88mH
Load of thyristor controller R=96Q
Thyristor power controller lrated = 30 A
Three-phase supply grid Urated = 380 V; f = 50 Hz
Short circuit power

Stage 1 263 kVA

Stage 2 85 kVA

Stage 3 44 kVA
System resistance 10Q
System capacitance 2350 pF

Induction coils have three stages of regulation, its parameters are shown in the Table. The mag-
nitude-frequency characteristic of inductance is linear, which has been confirmed using a laboratory
source of a variable frequency from 0 to 500 Hz. As an assumption, it is accepted that the impedance
of 10 kV grid and above is not taken into account, since its value is much smaller than laboratory
linear inductance.

The system impedance can have a complex dependence on the frequency and consist of different
types of impedances. Experiments with various types of the system impedance, which depend on the
frequency differently, have been conducted. In addition, a test of the proposed method on these types
of impedance has been carried out.

Discussions. The simulation model in Matlab/Simulink has been verified using laboratory
equipment with various TPC loading (from 0 to 50 %). TPC waveforms obtained during modeling
and as a result of measurement on a laboratory test bench have been compared. This is confirmed by
the waveforms presented in Fig.4. In Fig.4, a a comparison of waveforms obtained by modeling (1)
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—1 —2 &3
ot
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< <
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05¢
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t,s Harmonic order n

Fig.4. Waveform (a) and current spectrum (b) of TPC
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and by an experiment on equipment (2) is presented. In Fig.4, b a spectrum of TPC current is
presented.

The computer model under consideration has fully confirmed its performance for all even har-
monics, i.e. the active and reactive impedance of the system have been determined. The error in de-
termining the harmonic system impedance was less than 1 %. Thus, it is confirmed that equivalent
circuit for uncharacteristic harmonics consists only of harmonic current sources and the system im-
pedance. Therefore, the nth harmonic vector voltage of the system can be found according to the
equation:

where U™ — the nth harmonic vector voltage; i ™ _ the nth harmonic vector current.

To verify the proposed method, an experiment on a laboratory stand has been conducted. The
TPC has worked in the phase control mode and its load has changed from 0 to 50 %. With a 100 %
load, current distortions are zero and the load operates in a completely sinusoidal mode, so this mode
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Fig.5. Calculated coil inductance values L1 (a), L2 (b), L3 (c)
for harmonics 2, 4, 8, 10 and different power of TPC
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is not considered. Figure 5 presents the calculated values of the L1, L2, L3 coils inductance for the
2nd, 4th, 8th and 10th harmonics with various TPC load. An important parameter when determining
the harmonic system impedance using the proposed method is the short circuit power. This is due to
the fact that with various harmonic currents, the corresponding voltage drop in the harmonic system
impedance occurs, which may be within the meter error. In order to achieve the required values of
harmonic currents and voltages, it is necessary to determine the range of corresponding TPC power
values depending on the short circuit power of the system when performing calculations.

The characteristics presented in Fig.5 reflect the values of the calculated inductance for the 2nd,
4th, 8th and 10th harmonics depending on the TPC power and the short circuit power at the connec-
tion point of receivers. The dotted line shows the value of the inductance measured using a program-
mable laboratory source. The ratio of TPC power to short circuit power can serve as a criterion for
selecting the TPC power that is suitable for the grid under study. Based on the dependencies obtained,
the following conclusions can be drawn:

» TPC operating modes with minimum load (5-15 %) can be attributed to outliers, since in this
case the values of the second harmonic of current and voltage are insignificant and the inductance
calculation has a large error. The rest of the TPC operating modes are suitable for measuring and
calculating inductance and have negligible error;

« taking into account the other modes of TPC operation (20-50 %), the average deviation from
the measured value of the inductance is less than 5 %;

« the TPC harmonic equivalent circuit can be represented as parallel-connected current sources
without internal impedance;

» when a TPC power value is 0.2 % of the short circuit power then the inductance of the power
system is determined with the required accuracy.

Further, experiments have
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calculated system capacity at different frequencies on the ratio of the TPC power to the short circuit
power of the system. Using the described method, the system capacitance can only be determined
with an error of 50 % at low-frequency harmonics, which can be explained as follows. Firstly, the
TPC power does not exceed 4 % of the grid short-circuit power in laboratory conditions due to the
low system impedance. Secondly, the capacitance becomes even smaller at higher frequencies, so it
is not possible to reliably measure currents and voltages at these harmonics and calculate the system
capacitance on their basis in laboratory conditions.

In most cases, for subsurface mining power supply systems, the impedance of the power system
is active-inductive, especially for medium and low voltage grids. Therefore, the proposed method can
be implemented without significant increases in the power of an additionally connected nonlinear
load. The methodology for applying the developed method for determining the power supply system
impedance of the subsurface mining consists of the following steps:

1. The analysis of the underground mining power supply system for the presence of uncharac-
teristic harmonics in the supply voltage is carried out on the basis of preliminary measurements of
power quality indicators with the uncharacteristic harmonic generator turned off. An analysis of the
types of power semiconductor converters in production is also carried out. If there are semiconductor
converters that generate uncharacteristic even harmonics, they should also be turned off for the dura-
tion of the measurements. In the case of a short switching on of such devices (for example, in the
starting modes of engines), preliminary measurements are possible without turning them off, with
control and exclusion of such periods from the measured data. In the absence of uncharacteristic
harmonics in the supply voltage, the transition to the next step is carried out. The presence of uncharac-
teristic harmonics in the supply voltage leads to an additional error in the calculation of the harmonic
system impedance. This error was not evaluated in this work.

2. The selection of TPC power is determined based on the short circuit power at the investigated
point of connection:

Ssc_ <500.

TPC
When measuring in a low-voltage electrical grid of a mining enterprise, which is characterized
by the worst indicators in terms of distortion in comparison with grids of medium and high voltage
class, the TPC power will be an insignificant value from ones to tens of kilowatts.
3. Selection of connection points for measuring devices. The section of the grid (substation)
is determined where it is necessary to solve
the required problem. Namely, it is the calculation
of distortion levels at the connection point of new
nonlinear consumers, at the connection point
of consumers when the load parameters and reac- MSS
tive power compensation devices change, at the '
connection point of consumers when installing MUS
harmonic reduction devices, etc. Figure 7 shows
a simplified single-line electrical diagram, which
considers the connection of the TPC and measure-
ment circuits to the selected section of the grid.
If the power quality standards are exceeded and
it is necessary to select the parameters of harmonic Fig.7. Simplified electrical single-line scheme
reduction devices, for example, on the buses of TA — current transformer; TV — voltage transformer
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a low-voltage (LV) substation, it is necessary to determine the harmonic grid impedance at this node.
The TPC connection is carried out on the LV substation buses (point 1), the measurement of the
harmonic phase voltage is also carried out on the LV buses (point 2). The presence of internal
impedance of such a nonlinear load can be minimized by correctly connecting the current measuring
circuits. In this case, the measurement of harmonic currents is carried out at the input feeder of the
substation (point 3). This choice of connection points for measuring circuits also applies to other
voltage levels.

If there are additional devices on the LV substation buses that generate the same spectrum of
non-characteristic harmonics, the same connection of the measuring current circuits on the input
feeder is necessary. The presence of such devices only increases the uncharacteristic harmonic cur-
rents flowing through the impedance of the upstream grid. Consequently, the uncharacteristic har-
monic voltages at this point and the accuracy of calculating the harmonic system impedance increase.
If the enterprise has devices in the HV grid that also generate a spectrum of non-characteristic har-
monics, it is necessary to connect measuring devices at such a substation (for example, main step-
down substation). Then based on the measurements, the harmonic system impedance from the bus of
main step-down substation is determined. At the LV substation, the harmonic system impedance will
differ only by the parameters of the supply line from LV to the main step-down substation.

4. Calculation of the harmonic system impedance based on the measured data of non-charac-
teristic harmonic currents and voltages.

Conclusion. The conducted studies confirm the possibility of measuring the harmonic im-
pedance of the system based on determining the response to uncharacteristic current harmonics
generated using the proposed device in the form of a TPC. The use of such a device as a source of
non-characteristic harmonics can be implemented to determine the system impedance at harmonic
frequencies, which is confirmed by studies on physical and mathematical models in the absence
of non-characteristic harmonics in the supply voltage. The TPC is a simpler and cheaper device than
expensive harmonic generators.

The ratio of the short circuit power of the grid to the TPC power connected at the same node
should be used as a selection criterion for the TPC power to determine the harmonic impedance of
the system. Based on the analysis of short circuit power values in underground mining power supply
systems, it was found that the TPC power will be from units to tens of kilowatts, depending on its
connection node location. A technique for applying the proposed method to underground mining
power supply systems is presented, which contains a preliminary analysis of the network and load,
the selection of the required TPC parameters and the places for connecting the measuring circuits of
current and voltage in the presence and absence of additional devices that generate a spectrum of
characteristic and non-characteristic harmonics in the internal power supply system of the enterprise.

There are several directions for further research. First, thyristor controller improvement to am-
plify only non-characteristic harmonics and reduce the current magnitude at the fundamental fre-
guency. Second, an assessment of the influence of uncharacteristic harmonics generated from the grid
side. Third, the application of the proposed method for field measurements in order to measure the
harmonic system impedance and develop a methodology for processing the measured data.
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Abstract. This article addresses the issue of developing renewable energy in coal mining enterprises in the Russian
Federation. The study presents a methodology for assessing the technical and economic efficiency of introducing re-
newable energy sources based on simulation modeling. An analysis of the potential of solar and wind energy for coal
mining regions in Russia is conducted. The authors use a custom software developed by them to simulate the power
supply system for various scenarios of renewable energy integration, including solar generation, wind generation, solar
generation with energy storage, wind generation together with solar generation. Based on the example of the Rostov
region, a feasibility study of the considered options is presented. Additionally, the research includes a sensitivity
analysis of the investment project in the conditions of uncertainty in the development of Russian renewable energy.
The research findings indicate that even in market conditions with CO2 emission quotas and prices at the level of the
Sakhalin experiment, renewable energy in coal mining enterprises in Russia remains unattractive and requires addi-
tional support.
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Introduction. In accordance with the ratified Kyoto Protocol to the United Nations Framework
Convention on Climate Change, the Paris Agreement, as well as the agreements adopted at the
Climate Change Conference in Glasgow (2021) and Sharm el-Sheikh (2022), the Russian Federa-
tion took on commitments to reduce the carbon footprint by decarbonizing the economy [1]. Many
countries are actively introducing carbon payments, declaring a complete phase-out of fossil energy
resources, including coal, and setting the goal of achieving carbon neutrality in the period
2045-2060 [2]. Despite this, the coal industry continues to play a significant role in the global
energy sector. As of 20211, coal provided about 27 % of global energy consumption (10.9 % in
Russia), and the electric power industry accounted for 36.7 % of coal consumption in the world
(17.3 % in Russia). The share of coal use is especially high in Asian countries: China — 62.93 %,
India — 74.17 %, Indonesia — 61.46 %. According to EIA and IEA analytical reports, coal will retain
a significant role in the power industry until 2050. Thus, despite the active lobbying for measures to
decarbonize the economy and the constant increase in the use of renewable energy sources (RES),
the coal industry remains an important component of the global energy balance.

! Ritchie H., Roser M., Rosado P. Energy. URL.: https://ourworldindata.org/energy (accessed 14.04.2023).

455
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2023. Vol. 261. P. 455-469 EDN LNSCEY
sF f © Fedor S. Nepsha, Kirill A. Varnavskiy, Vyacheslav A. Voronin, llya S. Zaslavskiy, Andrey S. Liven, 2023

However, the implementation of the economy decarbonization strategy is not the only challenge
for the Russian coal industry. Unprecedented sanctions pressure, reorientation to new sales markets
in the countries of Southeast Asia and the Indian Ocean, increase in the logistics chain and transpor-
tation costs, export price volatility are also serious external shocks for the Russian coal industry [3].
Of particular importance is the increase in the competitiveness of Russian coal companies through
the introduction of modern technologies such as 10T (Internet of Things) and Big Data, as well as the
energy efficiency of power supply to coal enterprises [4]. The introduction by coal companies of
highly efficient technologies, including digital ones, in the processes of coal mining and processing
is provided for by the Program for the Development of the Russian Coal Industry for the period up to
2035. Large investments are also aimed at creating a set of technologies that increase the efficiency
of coal mining and coal processing?.

One of the ways to reduce the carbon footprint of Russia without harming the coal industry is to
“green” the internal power consumption of coal mines through the introduction of the distributed
generation. Studies [5, 6] noted the possibility of reducing the cost of purchasing electricity from the
power grid and the volume of carbon dioxide emissions by coal mines when using their own genera-
tion on coal mine methane. The relevance and necessity of RES in the conditions of enterprises of the
mineral resource complex (MRC) is substantiated in the work [7]. The article [8] considers the pos-
sibilities of integrating distributed generation based on RES for MRC enterprises, gives a positive
assessment of the use of RES to provide electricity and heat supply. The work [9] is devoted to the
study of the effectiveness of the use of hybrid energy systems based on solar, wind and diesel power
plants, as well as the replacement of diesel transport with hydrogen for coal mines in Northern
China. A high potential for reducing CO2 emissions and reducing diesel fuel consumption was noted.
The study [10] evaluated the effectiveness of the introduction of cogeneration on coal mine methane
and noted a significant dependence of the investment attractiveness of the project on tariffs for CO.
emissions. There are a number of projects on the use of RES at MRC enterprises: the introduction
of mobile solar power plants by SunShift (Australia) at coal mines®, 36 MW hybrid solar power
plant at a gold mine in southwestern Mali4, mining dump trucks with electric motors and the sub-
sequent development of electric transport charging infrastructure as one of the business diversifi-
cation options.

The studies mentioned above suggest that incorporating renewable energy into the power supply
systems of MRC enterprises has the potential to reduce their carbon footprint, lower coal mining costs
by reducing energy expenses, increase reliability, minimize financial losses from power outages, and
create new high-tech employment opportunities.

The problem statement. The use of RES in industrial enterprises was considered by many sci-
entists. The paper [11] considers the possibility of achieving energy independence of industrial en-
terprises through the use of RES. It is noted that the introduction of renewable energy sources (RES)
in power utilities may present certain challenges, such as potential increases in electricity prices,
complexities in managing power systems, and a reduction in reliability. Simultaneously, the study
concluded that there are promising opportunities for utilizing renewable energy sources as decentrali-
zed energy sources within the power supply systems of industrial enterprises. This approach involves
energy sources exclusively for the enterprise's consumers, without the possibility of transferring
power to the grid. In the study [12], a system for managing energy flexibility in industrial enterprises

2The Order of the Government of the Russian Federation N 1144-r dated 11.05.2022 “On approval of the comprehensive scientific and technical
program of the full innovation cycle “Development and implementation of a set of technologies in the areas of exploration and production of solid
minerals, ensuring industrial safety, bioremediation, creating new products of deep processing from coal raw materials while consistently reducing the
environmental impact on the environment and risks to the life of the population”.

3 SUNSHIFT Global Fleet of Modular Moveable Megawatt Scale Solar Assets. URL: https://www.climatefinancelab.org/ideas/ sunshift-global-
fleet-of-modular-moveable-megawatt-scale-solar-assets/ (accessed 20.06.2023).

4 Takouleu J.M. MALLI: Reuniwatt to buid weather forecasting system for Fekola solar hybrid power plant. URL: https://www.afrik21.af-
rica/en/mali-reuniwatt-to-buid-weather-forecasting-system-for-fekola-solar-hybrid-power-plant/ (accessed 11.03.2023).
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is proposed. The findings indicate that the RES integration in industrial enterprises can have a positive
impact on the development of the energy flexibility market. In the paper [13] the conclusion that there
is a high potential for renewable sources in the territory of the Russian Federation was made based
on an assessment of solar activity and wind speed data in different regions. It notes a mismatch be-
tween the periods of maximum solar radiation and wind speed for several regions in Russia through-
out the day. Considering this, it is recommended to use hybrid solar-wind power plants to minimize
the installed generation capacity in microgrids. Similar conclusions were made by foreign researchers
in [14], who considered the application of a hybrid power plant (solar-wind power plant). This
option has resulted in a reduction in electricity costs from $5,300,000 to $2,400,000 per year and
the generation of additional income from selling electricity to the grid, amounting to $1,300,000
per year. As a result, the project has an estimated payback period of approximately six years.

Researchers from Tsinghua University [15] are studying the problem of selecting the optimal
combination of solar generation, wind generation, and biogas generation for rural electrification.
This research examines numerous grid development options involving different combinations of
renewable energy generation. The most feasible approach is a hybrid system whereby the village's
grid can operate both in parallel with and independently from the external grid. The study empha-
sizes the favorable impact of distributed energy resources on the environment and social factors.

As a solution to improve the reliability of power supply of the oil sector, the paper [16] con-
siders the use of wind-diesel power plants for power supply of submersible electric motors of elec-
tric centrifugal pumps in oil wells. The article [17] considers the introduction of a cogeneration
plant at oil production facilities with the possibility of additional power generation with a low de-
mand for heat. Such a system could be promising in coal mines utilizing methane as the primary
energy source.

In [18], Chinese researchers presented a hybrid power supply system, including wind and solar
generating sources, as well as a pumped storage power plant (PSPP). PSPP acts as a backup power
source on windless days and periods of increased cloud cover, ensuring the stability of the power
supply system. It is proposed to use spent underground mine workings of coal mines in the Ningxia
Hui Autonomous Region of China as reservoirs for water storage. A similar approach has been
proposed by Spanish scientists [19] for the spent coal mines in the Asturian coal basin in Spain.
Hydrodynamic models are presented that reflect the movement of mine water flows. It is noted that
the absence of such models hinders the implementation of projects for the creation of PSPP in
underground workings due to the impossibility of assessing their effectiveness. In the research [20],
the same researchers analyze the technical and economic feasibility of using mine water from
flooded coal mines to provide thermal and electrical energy to consumers located in nearby areas.
The developed economic model shows that the performance of such a power supply system depends
on many factors, but with proper development of implementation options, it can be very effective
and will optimize consumers’ power supply costs, as well as reduce carbon dioxide emissions into
the environment.

The article [21] considers the problem of determining the optimal location of a PSPP in under-
ground workings using the example of the Chinese province of Shanxi. The study is based on a
multi-criteria decision-making method, four assessment criteria are given, and a number of quanti-
tative indicators for real examples are presented. The necessity of improving the method by intro-
ducing additional assessment criteria is noted.

Another study on the problem of the optimal location of PSPP in the underground workings of
closed mines, conducted by European scientists, is presented in [22]. A mathematical model is pro-
posed to estimate the impact of hydrogeological factors, rock chemical composition, and other vari-
ables when selecting an appropriate location for an underground PSPP.

The article [23] shows the analysis of the current state and trends in usage of RES by Australian
mining enterprises. The study highlights the factors that encourage mining enterprises to adopt RES,
as well as the challenges that hinder their widespread implementation. However, the article notes that
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due to inadequate scientific and technical research on RES implementation in MRC enterprises, only
approximately 7 % of Australian mining enterprises currently utilize RES.

The research [24] is devoted to the study of the possibilities of optimizing energy consumption
using RES on the example of Zimbabwean mines. It is shown that the use of traditional methods for
improving energy efficiency (optimization of the operating mode, increasing the power factor, etc.)
without RES is the best option in terms of economic efficiency. Nevertheless, RES can prove to be
beneficial in developing mechanisms for their own payback.

The article [25] proposes the developed multicriteria algorithm for the operation of the dispatch
center of an integrated energy system that uses coal mine methane, mine water, etc. as primary energy
sources. The algorithm has been tested in a coal mine and allows solving a wide range of problems
from optimizing energy consumption and increasing the reliability of energy supply to reducing
greenhouse gas emissions.

The study [26] presents the model of an integrated power supply system for a coal mine including
energy storage devices and RES. Using this model and real data from one of the coal mines in Western
China, the algorithm for two-stage optimization of the power supply system in the conditions of un-
certainty was worked out. The algorithm application results in optimal loading of power equipment,
enhancing the energy efficiency and reliability of the coal mine power supply system.

Researchers from the University of Virginia in [27] proposed the concept of using spent oil and
gas wells, as well as spent underground workings of coal mines as compressed air accumulators,
which can be used to stabilize the operation of nearby wind farms on windless days. The complexity
of the implementation of such projects is noted, but at the same time, it points at a significant socio-
economic effect from the development of infrastructure, the creation of new jobs, as well as an im-
petus in the development of mining science in the direction of finding and substantiating alternative
approaches to the operation of mine workings.

The article [28] investigates the possibility of using low-potential heat sources typical for coal
industry enterprises. A schematic diagram of the complex processing of mine waters with the pro-
duction of thermal energy, drinking and technical water (suitable, for example, for the agro-industrial
complex) is presented. According to the authors, the use of the proposed scheme will improve the
reliability of heat supply to industrial and domestic consumers, as well as reduce the negative impact
of the coal industry on the environment.

The paper [29] presents a thematic study on the possibilities of utilizing underground workings
of coal mines as PSPP, compressed air energy storage systems, and geothermal energy sources.
It is noted that the energy potential of underground excavations amounts to approximately
197 GW:-h/year, with a significant reduction in CO2 emissions.

In the article [30], the results of utilizing mine water from a flooded copper mine in the state of
Michigan, USA, as a source of thermal energy for nearby consumers, are presented. The study con-
cludes that the proposed solutions exhibit high efficiency. Additionally, the research indicates that
the knowledge gained from implementing these technologies can be applied not only in the USA but
also in other mining regions worldwide.

The topic of the optimal use of mine water as an energy source in the conditions of the closed
mine Markham Colliery (Great Britain) is presented in [31], where the chemical composition of mine
water is studied, measures are proposed to improve the efficiency of power equipment, as well as to
increase its service life.

The article [32] is devoted to the study of the control algorithm for an electrical engineering
complex, including a wind power plant, batteries, and a diesel generator. The study emphasizes that
incorporating climatic factors and energy consumption forecast data for the upcoming day into the
control algorithm enhances the efficiency of the power supply system. The findings are pertinent in
analyzing models of power supply systems with RES for domestic MRC enterprises since the climatic
conditions in Russia's mineral deposit regions can vary significantly.
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Despite a considerable amount of research on RES implementation in industrial enterprises, the
effectiveness of RES in coal mining enterprises in the Russian Federation remains inadequately ex-
plored. Further study is necessary to assess the feasibility of introducing RES during the construction
and modernization stages of these enterprises. The assessment of renewable generation efficiency and
its integration into coal mine power supply systems is conducted using a custom computer program
developed in Python programming language, along with specialized libraries such as pvlib and
windpowerlib.

Methodology. There are several foreign software available for simulating hybrid power supply
systems, including HOMER, iIHOGA, PVsyst, SAM, RETScreen Expert, EnergyPlan, and many
others [33]. The most efficient and convenient tool is HOMER PRO, which surpasses other available
options with similar functionality [34]. However, HOMER PRO does not consider the special features
of the Russian electricity and capacity market. Therefore, there is a need to develop domestic software
that could account for these features and subsequently be used for preliminary testing and developing
control systems for distributed energy facilities. The authors have developed a computer program that
performs following functions:

« forming a profile of RES generation using location data while taking into account seasonality
and installed capacity;

« forming an annual balance for a hybrid power supply system using optimal control algorithms;

« creation of a financial and economic model that allows assessing the sensitivity of an invest-
ment project and the risks of its implementation.

It is worth noting that foreign software has the potential to address these issues. However, chal-
lenges arise when it comes to implementing the financial and economic model in the context of the
Russian electricity market. Furthermore, the optimization algorithms used are not sufficiently de-
scribed to enable their integration within an actual control system. According to the authors of the
software, in order to select the optimal equipment composition, the hybrid power supply system and
its automated control system should be interconnected using common control algorithms. This will
ensure a high degree of certainty that the results obtained during the equipment optimization process
correspond to the actual operating experience of the control system.

Simulation model structure. Figure 1 provides a diagram of the power supply system model for
the mining enterprise, which takes into account the integration of renewable energy sources. This
model comprises the following components:

External grid Electrical load
* Pricing zone (1 or 2)
: Eﬁg:SS retail company N i « Uncontrolled load (hourly),
« Price category (1-4) [====] kw
« Tariff voltage level
+ Power category
Electrical energy storage system (EESS) Renewable generation
A
\4
« Charge-discharge efficiency, % « Solar generation (hourly), kW RES potential
E) * Maximal depth of discharge (DOD), % assessment module
» Maximal charge-discharge power, kW __./ » Wind power generation (pvlib, windpowerlib)
* « Rated voltage, V \_NX_ (hourly), kW
« Permitted depth of charge (DOC), KW-h 1 I 1

Fig.1. Block scheme of the simulation model for a hybrid power supply system
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« external grid the parameters of which are determined by the region of connection of the mining
enterprise, as well as the contract for the sale of electrical energy and the contract for services for the
transmission of electrical energy. In some cases, small enterprises may only need to sign one energy
supply contract with an energy retail company;

« electrical load represented by mining equipment and the own needs of distributed energy
facilities. The simulation model uses the load profile of a Kuzbass coal mine to set the consumption
profile, which is assumed to be similar to the load schedule for coal mines in other regions due to
their round-the-clock mode of operation;

* RES generation comprises a wind power plant (WPP) and/or a photovoltaic power plant (PVP).
The generation profile is first generated using the pvlib and windpowerlib libraries and then used in
the calculations to generate the annual profiles of wind and solar generation;

« electric energy storage system (EESS) is represented by the accumulation (storage) and power
conversion subsystems.

Algorithm for feasibility study of the RES integration at the mining enterprise is shown in Fig.2
and includes the following steps:

« Setting a location. The coordinates of the object in question are entered, which are used in the
formation of requests to external services.

« Loading data from external services. Data requests are generated for meteorological parameters
(solar insolation, air temperature, atmospheric pressure, wind speed) using the NASA POWER API.

« Setting the power consumption profile. The power consumption profiles of mining equipment
are entered.

« Setting the parameters of the generation equipment. The parameters of the main equipment of
the hybrid energy complex are being entered: PVP, WPP, EESS.

« Formation of the RES generation profile. It is carried out based on data on the location of the
object and the specified parameters for the nominal capacities of the PVP, WPP, and EESS. To cal-
culate the generation profiles of solar and wind power plants, the pvlib and windpowerlib python
libraries are used, which allow considering the main characteristics of photovoltaic panels with in-
verters and the parameters of wind turbines.

« Simulation modeling and balance calculation involve calculating the power balances, which
include power consumption profiles from the external grid using the obtained RES generation profiles
and a given electrical load profile. In the presence of EESS, its optimal management is ensured to
reduce power consumption during peak load hours and absorb excess RES generation.

* NPV and LCOE calculation. To assess the energy efficiency of the considered hybrid power
supply system, the net present value (NPV) and the levelized cost of electricity (LCOE) are cal-
culated:

N
NPV =)’ CF_” —~CAPEX , (1)
= ([L+0)"

where CF, — cash flow for the n-th tear; CAPEX — capital expenditures; N — duration of the project,
years; i — discount rate, which is taken at a level of 7.5 %

In terms of income, the economic model considers the savings achieved by reducing the amount
of electricity purchased from the grid, as well as penalties for indirect carbon dioxide emissions into
the atmosphere. In terms of expenses, the model considers capital investments in the purchase of
equipment and operating expenses, including regular maintenance.

To evaluate the profitability of RES generation, the present value of electricity is calculated. This
represents the cost of producing one kilowatt-hour of electricity throughout the entire life cycle of the
project:
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Fig.2. Algorithm for feasibility study of the RES integration at the mining enterprise

LCOE = ELEJAC, )

gen

where EUAC — equivalent uniform annual cost taking into account discount rate, min rub./year;
Eqen — power generation per year, GW-h.
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Equivalent uniform annual cost taking into account discounting, is determined by the formula

. A\ N
i(1+i)
EUAC = NPC———, (3)
(1+i) -1
where NPC — net present cost, min rub.,
N
NPC=3" OPE_Xn“ +CAPEX, (4)
t=0 (l+|)

OPEXn — operational expenditures in n-th year, min rub.
The reduction in indirect carbon footprint for the year is calculated by the formula (3):

Co,,.,. =1000EF., ...E (5)

2 reduct CO,, year —gen?

where EF., ., —carbon dioxide emission factor COz, tonn/MW"h, accepted according to the site of

JSC “ATS™.
As a condition for stopping the calculation, the condition for maximizing NPV is taken:

0< PPVP < PPVPmax;
max NPV( PPVP1 PWPP’ PEESS) while| 0 < PWPP < WPPmax 7 (6)
0<P_ <

EESS — ~ EESSmax !

where Ppvp, Pwep, Peess — installed capacities of the PVP, WPP, and EESS, MW Ppvpmax, Pwppmax,
Peessmax — maximum values of the installed capacity of the PVP, WPP, and EESS which limit the
search area for the optimal solution, MW.

In addition to economic effects, social effects were also calculated. According to the article [35],
the potential of PVP to create new jobs is 0.27549 - 10~ kW-h/year.

* The sensitivity of the investment project was analyzed by determining the payback period sen-
sitivity to changes in the unit cost of the installed capacity of PVP, WPP, and EESS, the discount rate,
and the cost of electric energy and capacity. The developed computer program can be used to select
the optimal RES generation configuration at other industrial enterprises.

Results and discussion. The research focuses on the power supply system of a coal mine.
A time series of hourly power consumption measurements for the year 2020, obtained from a coal
mine in the Kemerovo region, was utilized to model electricity consumption. This dataset spans a
one-year time period and includes 8,784 measurements. The analysis proceeds under the assumption
that such a time series accurately characterizes the profiles of electricity consumption of coal mining
enterprises in Russia and undergoes minor changes when evaluating the economic effectiveness of
the proposed solutions. The considered mine operates round-the-clock, with an average annual con-
sumption of 8.51 MW. The annual and daily load profiles are shown in Fig.3. According to Fig.3, a,
it can be observed that the consumption peaks of the coal mine mostly occur in the period after noon,
around 20:00 local time. Hourly consumption values during this period can range from 2.6 to 17 MW.
There is noticeable cyclicality in the technological process of the coal mine. The most demanding
hours are 3-4 am, 12 pm, and 5 pm. The identified intervals of maximum load partially coincide with
the peak load hours for wholesale and retail markets, as well as the peak load hour in the respective
region of the Russian Federation. According to Fig.3, b the mine load has the lowest value during
the summer months and the highest consumption during the autumn and spring periods. Seasonal

5 Carbon dioxide emission factor for the first pricing zone of the UES of Russia (from JSC “ATS” website). URL: https://www.
atsenergo.ru/results/CO2 (accessed 05.08.2022). For calculations, the actual value of the CO2 emission factor for 2022 was used, which
is 0.348 tonn/MW:-h.
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Fig.3. Load patterns of the considered coal mine: a — daily profile; b — annual profile
1 — winter; 2 — summer

variations in the coal mine consumption amount to approximately 25 %. Further examination of the
effectiveness of renewable energy integration is carried out for the main coal mining regions in the
Russian Federation.

The annual average values of parameters characterizing the renewable energy potential in coal
mining regions are presented in Table 1. The data in Table 1 indicate that the Rostov region has the
highest solar energy potential, with the total solar insolation being approximately 25-30 % higher
than in the other considered regions. It is worth noting that the highest solar activity is recorded in
June, while the lowest is in December. The insolation clearness index varies across the regions,
ranging from 0.55 p.u. during the winter months to 0.72 p.u. in the spring period.

Table 1
Average annual values of parameters by region
P " Rostov Republic | Kemerovo Sakhalin | Zabaikalsky | Primorsky |Krasnoyarsk Komi Republic of
arameters region Sakha region region krai krai krai Republic Khakassia
Daily global horizontal irradiance 3.85 2.98 3.01 3.09 3.36 3.62 2.66 2.29 331
(GHI), kW-h/m?
Insolation clearness index, p.u. 0.66 0.66 0.66 0.69 0.72 0.7 0.66 0.61 0.68
Wind speed, m/s 6.80 3.66 5.57 5.26 4.89 4.54 5.52 4.76 5.25

Wind speed values were obtained from the NASA® database for a surface height of 50 m. In the
considered territories the value of average wind speed during the year varies from 3 to 9 m/s. The
highest wind energy potential is in Rostov region with an average annual wind speed of 6.8 m/s, while
the lowest is in Sakha Republic with a value of 3.66 m/s, which is 54 % lower. The highest wind
speed is observed in winter and spring months.

The most attractive region for the introduction of WPP and PV power plants is Rostov region,
which has the greatest potential for wind and solar energy. Further, the installation of RES-based
generation only in Rostov region as the most attractive region in terms of RES potential is considered.

Simulation modeling and calculation of balances are carried out. Structural schemes are pre-
sented in Fig.4. Specific values of capital and operating costs adopted for simulation modeling were
determined as a result of the analysis of the Order of the Ministry of Energy of Russia’ and are pre-
sented in Table 2.

6 NASA Prediction of Worldwide Energy Resources. URL: https://power.larc.nasa.gov/data-access-viewer/ (accessed
01.03.2023).

" The Order of the Ministry of Energy of Russia N 146 dated 28.02.2022 “On approval of the scheme and program for the
development of the unified energy system of Russia for 2022-2028".
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Fig.4. Considered variants of the hybrid energy system: a — solar generation; b — wind generation;
¢ — solar generation and EESS; d — solar generation and wind generation

Table 2
Specific values of capital and operating costs
Component of hybrid energy system PVP WPP EESS
CAPEX? 800 $/kwW/ 2000 $/kw/ 800 $/kW-h/
61850 rub./kW | 154650 rub./kW | 61850 rub./kW
OPEX for the year 23 $/kw/ 100 $/kW/ 12 $/kW/
1778 rub./kW 7732 rub./kW 928 rub./kW

To select the installed capacity of solar panels, we used the method of coordinate descent [36] —
a gradual decrease in the installed capacity of PVP, starting from a value equal to the peak consump-
tion of the coal mine under consideration. At the same time, the library pvlib was used to select the
required number of solar panels and inverters. The criterion for optimization was the net discounted
income for 10 years (6). In the process of searching for the optimal configuration, it was found that
the optimal installed capacity of PVP plant for the Rostov region is 8 MW (51040 polycrystalline
solar panels ET-P660255WWAC from ET Solar Industry with a capacity of 255 W and a size of
1640x992 mm) with an area of 15 hectares. Figure 5 shows the energy balance graph of the coal mine
during the period of maximum solar generation. The selection of the installed capacity of WPP was
performed in the same way. The optimal option was the installation of one E-53/800 wind turbine
with a total installed capacity of 0.8 MW. In the case of EESS and PVP plant implementation, the
value of installed capacity of PVP plant determined in the first scenario was taken as the initial ca-
pacity for PVP plant. In this case, the accumulator was used for price arbitrage and absorption of
excess solar generation during peak hours of solar activity with the purpose of further discharge dur-
ing peak load hours. Figure 6 shows a graph of the EESS operation. The data in the figure shows that
he storage device is charged during the solar maximum hours, the discharge takes in the hour with

8 The exchange rate used in the calculations is 77.32 rub./dol.
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the sign of peak hour to get additional effect.
Table 3 shows the comparison of the consid-
ered options. The LCOE value ranges from
0.07 to 0.1%/ kW-h (from 5.41 to 7.73 rub./
kW:-h), which is higher than the world level,
which is 0.048 $/kW-h according to IRENA®
in 2021. The analyzed alternatives do not
yield a return on investment within the 20-
year study period, primarily due to the low
cost of electricity and nominal penalties for
COz emissions (16 rub. per 1 ton of CO»).

The sensitivity analysis of the investment
project is given for the considered case for the
implementation of EESS and PVP in the Rostov
region. Since the greatest impact on the NPC
has the unit cost of PVP and EESS, and the in-
come values depend on the cost of CO2 emis-
sion quotas and electricity tariffs, the parame-
ters and values presented in Table 4 were taken
for calculations.
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Table 3
Comparison of RES implementation options for Rostov region
PVP 9 MW + PVP 8 MW +
Parameter PVP 8 MW WPP 0.8 MW + EESS 1 MW-h +WPP 0.8 MW
Electrical energy production, GW-h 11.82 242 13.32 14.18
Share of RES, % 18.84 3.35 21.71 23.47
NPC, million rub. 639.56 187.48 790.52 827.04
NPV for 20 years, million rub. -14.35 -61.21 -85.69 -78.8
LCOE, rub./kW-h/$/kW-h 5.11/0.066 7.32/0.093 5.60/0.071 5.51/0.07
CO2 emissions, kt 22.97 26.41 22.46 22.11
CO2 emissions reduction, kt 4.33 0.89 4.88 5.19
Employment creation 9.77 2.00 11.01 11.72
(for the project lifespan)

9 Renewable Power Generation Costs in 2021. URL: https://www.irena.org/publications/2022/Jul/Renewable-Power-Genera-

tion-Costs-in-2021 (accessed 01.04.2023).
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Table 4
Researched parameters in the sensitivity analysis of the investment project
Parameter Value Researched effect
PVP unit cost ratio, p.u. 0.3-1.3 NPC, LCOE
EESS unit cost ratio, p.u. 0.3-1.3 NPC, LCOE
Electrical power and energy tariffs, p.u. 1-5 NPV, DPP
CO2 emissions quotas, $/t/rub./t 0-100/0-7732 NPV, DPP
a 13
5 L1 '
o
g e
B 09
g :
= 07
E
a DPP = 9.3 years
2 05 * 05
3.9 I
03 * 0.4
0.3 0.5 0.7 0.9 11 1.3 NPC,
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b
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?UE) 4
i 2000
=
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Fig.7. Sensitivity analysis of investment project results: a— PVP and EESS unit cost ratio impact on NPC and LCOE
(LCOE values is shown on top of the figure); b — CO2 emissions quotas (NPC — const) and electrical power
and energy tariffs impact on NPV and DPP (DPP values is shown on top of the figure)

According to calculations, the unit cost of RES and EESS has decreased significantly over the
past 10 years. Figure 7, a shows the effect of changing capital costs and LCOE in relation to current
conditions.

The data in Fig.7, a show that the LCOE and NPC values can be reduced by up to 50 % if the
unit costs of PVP and EESS are reduced by 70 %. It should be noted that in the Russian Federation
the unit cost of renewable energy generation is 2-4 times higher than the world average, which creates
significant barriers to the implementation of such projects. However, even a two-fold reduction in
prices will reduce the payback period only to 9 years.

The cost of electricity and the cost of quotas impact on emissions is shown in Fig.7, b.

According to Fig.7, b, with an increase in the cost of emission quotas to the European level
(80-100 $/t CO2/6186-7732 rub./t COy), the level of investment attractiveness of the project (DPP)
remains insufficient (=11 years). In the case of setting the cost of quotas for CO2 emissions equal
to the values in the Sakhalin experiment (1000 rub. = 12.8 $/t CO2) of limiting greenhouse gas
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emissions'?, the payback period is reduced to only 18 years, which also remains unacceptable. It
should be noted that tariffs for electric energy and power have the greatest impact on the payback
period of such projects. Project does not pay off with the current tariff values. With electricity tariffs
at the level of prices for industrial consumers in Germany in 2021 (0.21 $/kW-h/16.24 rub./kW-h),
the payback period is reduced to 4.5 years. With the current electricity price level (0.4 $/kW-h/
30.93 rub./kW-h in 2023), conditions are becoming even more favorable in Germany, which is help-
ing to accelerate the development of renewable energy. In Russia, such conditions have not been
created at the moment, and a renewable energy sources capacity delivery agreements is not designed
to support industrial consumers. Thus, even in the context of the creation of a market for CO emissions
quotas and pricing at the level of the Sakhalin experiment, renewable energy at enterprises of the min-
eral resource complex in Russia remains unattractive and requires additional support.

Conclusions. Global goals to achieve carbon neutrality create new challenges for Russian enter-
prises of mineral resource complex. At the same time, additional problems arise that increase social
tension, in particular, the reduction of jobs employed at coal mining enterprises, and, as a result, active
depopulation and a decrease in the standard of living of single-industry towns. One of the options for
solving the above problems is the introduction of RES. To evaluate the feasibility of this approach,
the authors analyzed the RES potential of nine coal-mining regions of Russia and selected the Rostov
region for further investigation. To assess the prospects for the introduction of renewable energy
sources, the author's computer program was used, which allows modeling electric power balances
when implementing RES generation. In further studies, it is planned to perform a feasibility study on
the creation of a hydrogen cluster based on the infrastructure of a coal mine.

The presented study is important from the perspective of the climate agenda and achieving car-
bon neutrality in the Russian Federation by 2060. It shows that in the conditions of the Russian elec-
tricity and capacity market, even if a market for CO> emissions is created, additional funding will be
required for projects to introduce RES at enterprises of MRC to ensure their payback. Thus, according
to the authors’ opinion, it is advisable to develop measures of state support for the decarbonization of
enterprises of mineral resource complex to stimulate projects for their “greening”.

The effectiveness of RES implementation also depends on the daily electrical load profile. In
cases where power consumption and generation peaks do not align (and grid output restrictions exist),
EESS are necessary to correct the RES generation profile and prevent the limitation of generated
power. This requirement increases investments in the hybrid energy complex and extends its payback
period. However, in the considered case of the implementation of a hybrid energy complex at a 24/7
operation enterprise, the entire potential of solar generation is utilized as there is no reduction in
power consumption during peak solar activity hours.
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Abstract. The article discusses the emergency modes of operation of an autonomous electrical complex of a drilling
rig. The concept of voltage failure and its influence on the technological process of industrial enterprises is revealed.
A description of the methods used in the power supply of industrial enterprises to overcome voltage dips and load
surges in autonomous power systems is presented, from which it is possible to single out the accelerated lifting of
critical equipment to prevent emergency conditions, as well as the use of backup storage, usually batteries. An algorithm
has been developed for the interaction of the battery and the diesel generator set as backup power sources during various
modes of operation of the electric motor, taking into account load surges, which allows successfully overcoming voltage
dips in the system both in transient and in steady state. It is proposed to use a combined method to eliminate the voltage
dip, a feature of which is the use of a combined structure of backup power sources as part of a diesel generator set and
a battery, acting on the base of the proposed interaction algorithm in autonomous electrical complexes. The method
makes it possible to overcome sudden load surges and voltage dips caused by a shortage of reserve power in the elec-
trical system. The use of a rechargeable battery as a transitional element makes it possible to switch between the main
and backup power sources without stopping the technological one and to expand the overload threshold of an autono-
mous electrical complex up to 60 %. The use of the combined method increases the energy efficiency of the autonomous
complex due to a reduction in the number of emergency shutdowns of equipment, process interruptions and additional
power consumption.

Keywords: energy efficiency; voltage dip; generator; drilling rig; backup power
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Introduction. Autonomous power supply systems of high power, remote from high-voltage
electrical networks, are powered mainly from autonomous power plants with two diesel generator
sets, one of which is the main one, and the other is a backup source [1-3]. The use of autonomous
electrical complexes is widespread in the regions of the Far East and the Far North, where, for eco-
nomic and technical reasons, it is difficult to carry out a centralized power supply. Remote isolated
energy regions account for 60 % of the territory of the Russian Federation with extensive mineral
reserves: 70 % of oil, 90 % of natural gas, 90 % of precious metals and stones. In isolated areas, the
total number of generation sources is about 5,000 with a total capacity of about 2,500 MW.

Autonomous electrical complexes are divided according to the following features [4].

« Purpose and nature of consumers: for use in the power supply of the main technological con-
sumers (industrial production, etc.); to provide power supply for the auxiliary needs of industrial
facilities (industrial and domestic needs).
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« According to the mode of operation: the main ones are power complexes with an operating
time per year of more than 3000 hours, with a number of starts per year of less than 20, a continuous
operation time of more than 350 hours, a start-up and acceptance time of 100 % load up to 30 minutes;
reserve — power complexes with an operating time per year from 200 to 3000 hours, the number of
starts from 20 to 50 and the time of starting and receiving 100 % of the load is not more than
5 minutes; emergency ones are power complexes with an operating time per year up to 200 hours, the
number of starts per year over 50 and the time of starting and receiving 100 % of the load from 5 to
30 seconds. Emergency power complexes are used for emergency power supply to consumers of the
first category and the first category of a special group, for which a break in power supply is allowed
only for the duration of the ATS, when the main or backup power source is turned off.

* By type of prime movers: diesel; gas piston; gas turbine; microturbine; combined with re-
newable energy sources.

In systems with low load power, the backup power source is usually the battery [5]. In such
isolated systems, special attention should paid to the indicators of the quality of electricity, on which
the operability, reliability and efficiency of the equipment depend [6].

Voltage dip according to GOST 32144-2013 is a decrease in voltage in the electrical network
below the threshold value of 0.9 to a minimum of 0.1 of the nominal voltage value. It is characterized
by such parameters as the depth of the dip and its duration [7, 8]. After a voltage dip after a time
interval of 10 ms, the voltage should be restored to a value of 90 % or more of the nominal value.
A voltage dip below 0.1 of the nominal voltage for a certain period of time is a short-term power
interruption. However, failures are the most critical emergency violations that lead to shutdowns,
overload and failure of the electrical equipment of generators and consumers of electricity.

Due to short electrical connections, the lack of power maneuverability, as well as a small power
reserve, autonomous power supply systems are sensitive to voltage dips. In addition, the performance
of energy complexes is greatly affected by a high level of insulation pollution in industries with the
stage of crushing/grinding ore, unauthorized contact with live parts with objects, errors in operational
maintenance of personnel, natural factors, for example, lightning strikes. Starting high-power asyn-
chronous electric motors with a squirrel-cage rotor leads to a decrease in frequency and, accordingly,
voltage dips in isolated electrical networks, which has a direct impact on the operation of other con-
sumers [9]. When the voltage in the electrical network decreases below the level allowed by GOST,
it is possible to turn off the protection for the minimum voltage of the contactors of electric motors
[10]. At the same time, which is relevant for the mining industry, voltage dips can occur due to
various emergencies due to the peculiarities of the operation of electrical complexes, such as equip-
ment jamming during drilling, etc. [11]. A voltage dip can also be caused by the onset and end of a
short circuit or a sharp increase in the value of the flowing current in the electrical system or electrical
installation connected to the mains, as well as disconnection of power supplies [12, 13].

For autonomous electrical complexes, there are three main causes of voltage dips: emergency
shutdown of power supplies; a sharp increase in load caused by external technological circumstances;
short circuits in the system.

Drill tool sticking is quite common during well drilling. One of the reasons leading to stuck drill
strings is a voltage dip and inability to overcome the stick, and the subsequent power outage. To
overcome these emergency modes, which account for a significant percentage of the total number of
emergencies, a significant amount of time (at least 4 hours) and free reserve capacities in an isolated
electrical network are required. To compensate for the negative impact of voltage dips on the contin-
uous technological processes of industrial enterprises in the mining industry and to improve the reli-
ability and stability of isolated power supply networks, it is necessary to develop integrated protection
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methods that take into account various disturbances in the power systems of electric drives of drilling
rigs [14, 15].

The main difficulties in solving the problems of power supply for remote autonomous power
supply systems of industrial enterprises are the remote location of mineral deposits from centralized
power systems, the distributed location of production facilities within one mining and processing
plant (up to 10 km), and a continuous technological process, the violation of which leads to significant
economic costs for the enterprise [16].

An analysis of the literature and practical experience of various industrial plants in eliminating
voltage dips allows us to identify the main and most common methods and devices: energy storage
devices (uninterruptible power supplies, batteries), active filter, static compensator (STATCOM),
boost converter and flywheel [17-19].

In electric drive systems of drilling rigs, in case of voltage dips, the speed of rotation of the drill
string decreases, and due to the great depth of earth rocks and a relatively small moment of inertia,
an instantaneous (up to 2-3 s) “sticking” of mechanisms. Accordingly, in the conditions of limited
receipt of additional power from the external network, the search for ways to overcome voltage dips
in isolated systems by using the reserves of existing equipment in a short period is relevant to mini-
mize losses and increase the reliability of power supply to plants [20, 21]. The elimination of each
"sticking" requires a restart of the technological process, which takes up to 4 hours and requires a
significant consumption of electricity and financial resources [22].

The combined method [23, 24] is applied on the example of a drilling rig installed at a gold
deposit in the Magadan region. According to statistics, in 2022 recorded an average of 19 emergency
shutdowns at this field for each of the eight drilling rigs. The time of repeated restoration of the
technological mode is 4 hours. Taking into account the fact that the capacity of the drilling rig is
500 kW, and the approximate cost of 1 kWh of electricity generated by a diesel generator set (DGS)
is 25 rubles, the total annual additional costs for electricity are 7.6 million rubles. Thus, it is obvious
that the task of improving the energy efficiency of an autonomous power supply system of a drilling
rig in case of voltage dips is of great practical and scientific importance [25].

Methods. Figure 1 shows a schematic di-
D1
SCZD%

consisting of diesel generators, switches, a fre-

D2

quency converter and asynchronous load mo-
G2 tors [26-28]. The diagram (Fig.1) uses the fol-
Q2

lowing designations: D1-G1, D2-G2 — diesel
generators; Q1, Q2, Q3, Q4 — switching de-
vices; VD1, VD2 — rectifiers as part of the fre-
quency converter; B1, B2 — rechargeable bat-
teries; C1, C2 — capacitors (filters) as part of
the frequency converter; VT1, VT2 — con-
trolled igbt-transistors as part of the frequency
S aln H e converter; M1, M2 — load motors.

The drilling rig located at a considerable
distance from the main power complex (about

@ @ 3 km), so the power comes from its own diesel

agram of an autonomous electrical complex,
VD1 E

VT1 VT2

generator set, located in close proximity to the
Fig.L. Schematic diagram of autonomous consumer [29]. Uncontrolled rectifiers uses as
electrical complex (compiled by the authors) the DC link of the frequency converter [30, 31].
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In this electrical complex, two-pole asynchronous electric motors with a squirrel-cage rotor
5AMN315M2 with a power of 250 kW are used, the main parameters of which are given below [32]:
total electric motor power 284.5 kVA; nominal slip 0.0083 %; rated current of the stator winding
431 A; preliminary active resistance of the stator 0.017 Ohm; rotor active resistance 0.0043 Ohm;
critical slip 0.044 %; stator active resistance 0.012 Ohm); stator leakage inductance 0.102 Ohm; in-
ductive resistance of the magnetization circuit 1.968 Ohm; magnetizing circuit inductance 0.0063 H.

The calculated parameters uses for modeling electric motorsin the Simulink software package
[33]. The Asynchronous Machine building block is used.

As an additional backup power source in the electrical complex, there are a stationary low-
maintenance lead-acid battery (OPzS). The use of this type of battery is due to extensive operating
experience, high reliability and low cost compared to other types of batteries, for example, lithium-
ion [34].

The battery capacity calculate by the formula

Cy 2 loto : (1)
K Kp

where Ig is the amount of current consumed by the battery during load, A; tg is the period of operation
of the battery during the load, ts = 0.5 h, taking into account the features of work and the categoriza-
tion of consumers; Kq — coefficient of available capacity, Kq = 0.9-1 p.u.; Kp — coefficient of the depth
of discharge of the battery, Ky = 0.5-0.7 p.u.
The amount of current drawn from the battery during load
= @1 2)
nUg

IB

where Pioad is the average value of the load power, W; ni — efficiency of converting direct current into
alternating current using an inverter, ni = 0.9-0.95; Ug — nominal voltage of the storage battery, V;

B = _S00000 =14148 A,
0.93-380

> 1414.8-0.5 _1241 Ah.
0.95-0.6

The operating time of the battery and, accordingly, the calculated capacity are taken based on
the required time to ensure the reliability of power supply, according to the criterion of the probable
maximum duration of the voltage dip, taking into account the necessary reserve to eliminate signifi-
cant load surges.

Based on the calculations (1), (2), for further research of the voltage dip, the nearest value of the
battery capacity is selected according to the factory catalogs — 1500 Ah (type 12 OPzS 1500) with
the following parameters: voltage of one cell — 2 V; internal resistance — 0.21 mOhm; type — lead-
acid; the type of positive electrode is a tubular plate.

The calculation of the required power of diesel generators was carried out in accordance with
GOST R 53987-2010, according to which the continuous power of autonomous AC diesel generators
is selected with a reserve of 30 % of the installed load power. Installed capacity the installed load
power of the autonomous electrical complex is 500 kW from two 5AMN315M2 electric motors with
a power of 250 kW. According to GOST R 53987-2010, the calculated power of a diesel generator
set must be at least 500-1.3 = 650 kW.
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Fig.2. Computer model of the combined composition of backup power sources

Diesel-Generator Set Three-Phase Breaker1

Figure 2 shows a computer model of the combined composition of backup power sources (diesel
generator set and battery) as part of an autonomous electrical complex of a drilling rig in the Simulink
software package.

To ensure reliable power supply and continuity of technological processes, it is proposed to con-
sider the combined operation of various backup power sources by introducing an appropriate algo-
rithm (Fig.3) [35, 36].

The algorithm for the combined method of eliminating voltage dips is as follows: in the steady
state operation of electric motors, when powered by one main diesel generator set, there is a sharp
increase (surge) in the load on the shaft. For example, for drill strings — stuck in solid underground
rocks. Accordingly, when the load is applied, the automatic control system sends two parallel control
signals: the first to start the backup diesel generator, which will be ready to receive the load after
reaching the nominal speed (approximately 3 s), the second to rapidly connect an additional backup
power source — the battery. The task of this battery is to ensure short-term load acceptance together
with the main diesel generator by issuing peak power — a seamless transition while maintaining the
required level of voltage in the network until acceleration, reaching nominal speed and receiving the
load of the backup diesel generator [37]. Then the battery is disconnected, the load distribute between
two (main and standby) DGS.
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Computer simulation of the voltage dip process and _ _
. T . . . Starting the main
its elimination is performed using the above-described power supply
algorithm for the interaction of a diesel generator set and and loads
a battery in the MatLab Simulink software package.

In the process of simulation, the acceleration of
electric motors lasts 3 s until the moment of reaching the Permanent
nominal speed of rotation of time, then there is a sharp working mode
increase in the load. According to the algorithm (Fig.3),
at the time t = 3 s, the battery connects to network. At
the same time, a backup diesel generator set starts from

the control action. Further, at the time t =5 s, power is Load surge
transferred to the started backup diesel generator set and
the operation mode continues until t =8 s.
The discussion of the results. Modeling of modes Battery The command

with different values of load surge was carried out. connection e Sta”ggsba"k”p
Figure 4 shows graphs for a load surge of 1600 Nm.

During the acceleration of the electric motor, the
largest load value is 1000 Nm, accordingly, this value is :

. Partial load DGS

taken as the rated power of the electric motor. acceptance is on rated speed

According to the calculations, with a load surge of
30 %, the operating mode of the electrical system is
maintained with a minimum deviation of the voltage
value (within the permissible limits according to
GOST), while the rotation speed of the electric motor
does not decrease. With this load value, the stator cur-
rent is approximately 1750 A.

The data in Fig.4 show that the combined operation Overcoming

Partial load
acceptance

of the proposed composition of backup power sources, voltage dip
namely, the diesel generator set and the storage battery,

based on the proposed control algorithm makes it possi- Fig.3. Algorithm for connecting sources
ble to overcome the load surge of 60 % of the rated of backup power (compiled by the authors)

power of the main diesel generator without interruption

of technological processes. Figure 4, b shows that when the battery is turned on, the rotation speed
of the electric motor is maintained in the allowable range and the required time interval (3 s) for
starting, accelerating, and connecting a backup diesel generator set.

Further calculations are performed to study the operating mode at a load surge of 65 and 70 %
of the rated power of the system. In this mode, the estimated capacity of the battery is not able to
ensure a smooth transfer of the load to the backup diesel generator set, since the battery is discharged
in 2 s. In this case, the stator current reaches maximum (starting) values, which indicates an overload
of the autonomous electrical complex. In addition, the rotation of the electric motors slows down
almost instantly. In this case, according to the standard method, it is necessary to apply an emergency
lifting of drilling mechanisms to save equipment and minimize financial costs.

Similar studies have been carried out on the operating modes of an autonomous electrical com-
plex with load surges of various sizes with an increased capacity of a lead-acid battery up to a value
of 2500 Ah.
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3000 %, 1650 Nm). Compared to the value in accord-
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the energy complex has increased to 65 %.

1000 y Additionally, a mode with a load surge
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Time, s veloped. The results show that for a battery
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1000 _‘) ! after the load is applied) and the process is

A not supported.

| The results obtained show that with an
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Time, s cess of the calculated value, a significant

Fig.4. Graphs with a load surge of 1600 Nm: improvement in the characteristics of an

? ‘_S;f‘;g{rg‘r’nr;z]’:etﬁ tgr;l:‘;tg; oo e o autonomous electrical complex for the abil-

ity of the power system to overcome volt-

age dips is not provided. There is a clear incommensurability of the resources spent on the achieved

technical results.

Conclusion. As a result of applying the combined structure of backup power sources, acting on
the base of the proposed interaction algorithm to overcome the voltage dips that occur in autonomous
electrical complexes of drilling rigs, it has been established that the use of a rechargeable battery
makes it possible to increase the allowable value of the system overload capacity by 23 % while
ensuring the continuity of the technological process and switching between the main and backup
diesel generator set in case of voltage dips.

At the same time, an increase in the battery capacity by 66 % relative to the calculated value
(from 1500 to 2500 Ah) makes it possible to increase the maximum load surge that the autonomous
power supply system can handle in the event of a voltage dip by 3.1 % (from 1600 to 1650 Nm).

It is shown that when using the combined composition of backup power sources together with
the interaction algorithm, the number of shutdowns, restarts and, accordingly, additional power con-
sumption decreases. The combined results lead to a reduction in operating costs and an increase in
the energy efficiency of the complex.

The study proved that with an increase in the capacity of the battery in excess of the calculated
value, a significant improvement in the characteristics of an autonomous electrical complex for the
ability of the power system to overcome voltage dips is not provided. This decision leads to increased
capital costs without the proper technical and economic effect.
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Abstract. Renewable energy sources are gradually becoming useful in mining industry. They are actively used in re-
mote, sparsely populated areas to power shift settlements, geological and meteorological stations, pipeline equipment,
mobile cell towers, helicopter pads lighting, etc. In comparison with diesel generators, systems with renewable sources
do not require fuel transportation, have short payback periods and flexible configuration for different categories of
electrical loads. The main obstacles to their spread are instability of generation and high cost of produced electricity.
One of the possible ways to solve these problems is to develop new technologies, increase power density of generators
and energy storage systems. The other way represents energy saving and rational use of affordable resources. The new
solutions for implementation of the second method are proposed in this work. The object of the study is autonomous
DC electrical complex with photovoltaic and wind power sources. In such systems the generated power from renewable
sources is transferred to consumers via intermediate DC bus, the voltage level of which affects the power losses in the
process of power transmission. The vast majority of complexes have a problem that their DC bus voltage is constant,
while the optimum voltage level with lowest losses varies depending on the generated and consumed power. Therefore,
electrical complexes potentially lose a part of the transmitted energy. To avoid this, a special algorithm was added to
automatically adjust DC bus voltage to optimum level according to changes in working conditions. An additional con-
tribution to efficiency improvement can be made by dynamic change of operating frequency in power converters de-
pending on their load. The evaluation based on results of computer simulation showed that in a complex with rated
power 10 kW active power losses during its lifetime can be reduced by 2-5 %.

Keywords: renewable energy; efficiency; wind turbines; solar panels; power electronics
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Introduction. The global electrical industry is rapidly changing. Because of development of
technologies, changes are not only quantitative, but also qualitative, irreversibly changing the princi-
ples of modern electrical systems. The key principles of such systems are decentralization, digitali-
zation, and intellectualization of the processes of generation, distribution, and consumption of elec-
trical energy.

New trends also have an impact on mining industry. The tasks of optimizing technological
chains and increasing labor productivity come to the fore [1-3]. Thus the problem of providing
electricity to remote and sparsely populated areas rich in deposits of natural resources is quite acute.
The high cost of electricity there slows down the speed of development, forcing consumers to look
for new power sources, as well as to form their own, more efficient small local power grids (mi-
crogrids) [4, 5].
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Russia has a sustainable centralized power supply system, thus the use of autonomous microgrids
with their own generation sources is justified only in the northern and northeastern regions [6-8].
In the past their inclusion in centralized power supply system was considered inefficient and too
expensive. As a result, power supply in these territories was carried out from diesel generators with
low efficiency and high cost of electricity generation, which reaches 80-120 rub./kW-h [9].

The use of renewable energy sources (RES) with a lifetime of 20-25 years can reduce the cost to
25-35 rub./kW-h [10]. The cost depends not only on money expenses, but also on the efficiency of
energy conversion and transmission to the consumer. The purpose of this study is to propose a new
approach to increase energy efficiency of autonomous microgrids with renewable energy sources.
The relevance of the work is connected with the importance of the topic of energy saving for mining
industry consumers placed in remote northern territories, which receive support of the Russian go-
vernment.

Methods. The lifetime of microgrids with RES is more than 20 years. Money expenses include
capital costs at the start of the project, annual maintenance costs, and disposal costs at the end of the
project. The cost of electricity (COE) is equal to the ratio of total monetary expenses to the total
consumed electricity. At the same time, the consumed electricity W is not equal to the generated Wgen
due to the losses in the power system:

We = nWoen, (1)

rae n — efficiency of electrical energy transfer. The higher n, the lower the COE, in modern microgrids
n =0,8-0,85 [11].

For mining industry the use of renewable energy is most justified for powering small loads
(1-10 kW) that are tens and hundreds of kilometers away from the main power transmission lines
[12-14]. Such consumers are small shift settlements, geological and meteorological stations, mobile
cell towers, pipeline equipment, engines of small pumps, corrosion protection systems, helicopter
pads lighting systems, security or communication objects, leak detection equipment, etc.

Microgrids with RES may have variety of architectures and control principles. The system can
be based on direct or alternating current [15], centralized or decentralized control principles [16], may
work autonomously or exchange energy with another microgrids [17, 18]. The simplest autonomous
microgrid with RES is shown in Fig.1, a. Coordination of RES and loads is carried out through inter-
mediate DC bus with Upc voltage level. The battery (BAT) is directly connected to the bus. The
battery charge is carried out with energy received from solar panels and wind turbines and converted
by pulsed DC/DC and AC/DC converters. All converters work independently of each other.

However, when the battery is directly connected to DC bus, it leads to its faster obsolescence [19].
Pulse currents of random magnitude and shape from plenty of generators and power loads connected
to DC bus shorten the battery life. Depending on the degree of battery obsolescence and its charge
level, the bus voltage can vary greatly, which causes problems with stability of the system. Real
practice shows that most of the failures of autonomous microgrids consist precisely in the failure of
batteries [20]. At the same time, the cost of battery replacing can be up to 60 % of the cost of the
entire system.

To extend the battery lifetime, it is connected to DC bus not directly, but through a bidirectional
DC/DC converter that controls battery charge and discharge processes [21]. This converter maintains
the stability of DC bus voltage level and controls the battery current. The use of centralized control
(Fig.1, b) ensures coherent operation of all converters. The stable operation of the complex has a
balance in generated Pgen and consumed Pioad power, which, taking into account losses Pjoss, can be
written as:

Pgen — Pload — Pioss = 0. 2)
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All voltage converters connected with renewable energy sources operate in maximum power
point tracking (MPPT) [22-24]. In this mode, their input resistance is regulated in such a way as to
receive maximum power from RES [25, 26]. For example, operating point of a solar panel with a
photovoltaic (PV) Ppy output power (Fig.2, a) will be set to position A, and when the generated power
changes, it will be automatically moved to position B (Fig.2, b).

Boost circuits are most often used as DC/DC converters with MPPT mode [27]. An increase of
voltage is necessary since the output voltage of RES is usually small, especially during poor genera-
tion. The output voltage-ampere characteristic (VAC) of boost converter operating in MPPT mode is
a hyperbola (Fig.2, ¢), the power at all points of which is the same (Fig.2, d). The maximum output
current is limited at short-circuit current Isc of solar panel. The maximum output voltage is limited at
level Uiim by inner overvoltage protection circuit. The output current of MPPT converter depends on
the voltage level of DC bus Upc and inversely proportional to it

o ©

out — Uy,
Considering by analogy the work of the other converters in microgrid, it is possible to identify
general patterns. The principle of operation of bidirectional DC/DC battery charge-discharge con-
verter is described in [28, 29], of inverter in [30, 31]. When microgrid operates, each converter has

its own operating point. Since they are all connected to a common DC bus, the position of the points
will be affected by the voltage level Upc.
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Fig.2. Operation of solar panel with boost DC/DC converter: a — scheme; b — MPPT mode;
¢ — output VAC of the panel and converter; d — power characteristics of the panel and converter

1 — operating point of solar panel; 2 — of converter

The lower limit of permissible Upc values should be higher than the maximum output voltage
generated by RES. The upper limit is limited by economic criterion — with an increase of Upc voltage,
the electronic components of converters become more expensive. Works [32-34] are devoted to the
choice of DC bus voltage. For household grids with rated power of up to 10 kW, the most common
levels are 12, 24, and 48 V [35], for grids of greater power 380 and 400 V [36].

For the vast majority of microgrids DC bus voltage level is constant. When microgrid operates,
voltage deviation is allowed within no more than £10 % of the nominal value. At the same time, it
was shown in [26, 37] that the optimum voltage, which will be characterized by the lowest losses
during power transmission, varies depending on the volume of generation and consumption. As a result,
microgrids with constant voltage level inevitably lose a part of the transmitted power.

The authors of [26, 37] have not shown how to implement automatic adjustment of DC bus
voltage to the optimum, so this issue requires further exploration. As we already know, the efficiency
of voltage converters in microgrid depends on the voltage level of DC bus Upc. Having a mathema-
tical model of power losses in each converter, this dependence can be calculated. The power loss
model for boost DC/DC converters was obtained in [38], for buck converters in [39], for inverter in
[40, 41], for bidirectional battery charge-discharge converter in [42, 43].

The active power losses in pulse converters, if all necessary parameters of the circuit are known
and the operating frequency of conversion is determined, can be reduced to a function of three
variables

I:)Ioss = f(Uin’ Iout’ Uout)’ (4)

where Uin, Uout — input and output converter voltage; lout — output converter current. For DC-converters,
these variables characterize direct current. For AC-converters, these variables are rms values of phase
currents and voltages.

Since all converters in microgrid are connected to DC bus, one of these three variables repre-
sents Upc voltage. The flow of reactive power in microgrid, thanks to the use of DC bus and pulse
voltage converters, is actually reduced to zero. Therefore, calculations of reactive power are not
considered in this research. The efficiency of all converters will be related to active power losses
Ploss by formula
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Fig.3. Graphs of the dependence of active power losses on DC bus voltage: a — for boost converter;
b — for battery charge-discharge converter; ¢ — for inverter; d — total losses in microgrid

1
n(Uin’ Iout’ Uout)Z—P' (5)
loss
14—l

IOUIU
On the basis of mathematical models of losses according to the formula (4), the dependences of
Piess 0N Upc bus voltage for boost converter, for battery charge-discharge converter, and for inverter
were plotted (Fig.3, a-c). For plotting a microgrid with the total generated power of 4 kW was consi-
dered. The output voltage of RES was set to 100 V DC, the battery voltage was 96 V, the output voltage
of inverter was 220 V, and the DC bus voltage range was 310-600 V. The graphs of losses were plotted
with three different loads on every converter, i.e. by setting three different values of their output current

lout. Total power losses of the entire system will be equal to the sum of the losses of the converters:

Potat Upc) = NRyoost Upe) + MR, (Upe) + KPR, (Upe), (6)

where N — number of operating boost converters; M — number of battery charge-discharge converter;
K — number of inverters.

By summing up the loss graphs of all converters according to formula (6), the Ptotal(Upc) loss
dependence graph of the entire complex was determined. Piotal l0ss graphs (Upc) were plotted with
different values of N, M, and K (Fig.3, d).

It can be seen from Fig.3, d that the point of minimum losses with different structure of microgrid
and different converters load will be different. By adjusting the Upc voltage level of DC bus according
to the minimum of losses during the microgrid operation, it is possible to increase the total energy
efficiency.

In addition, power losses of the system can be reduced not only by varying the DC bus voltage,
but also by changing the operating frequency of pulse converters depending on their load. Active
power of the converter load

out
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P = Ef, @)

where E is the energy converted in one working cycle, J; fs is the operating frequency of the con-
version, Hz.

The operating frequency affects the dynamic losses in switching semiconductor elements. The
higher it is, the higher the losses. If load power changes, then at E = const. according to the formula (7),
the operating frequency can also be changed. Thus, if the load decreases, the efficiency of the con-
verter can be improved by reducing its operating frequency.

The proposed algorithm for adaptive adjustment of operating modes of microgrid, which in-
creases its energy efficiency, is based on the assessment of active power losses in converters using
their mathematical models.

To carry out calculations, a computing unit (CU) has been added to the complex, in which power
loss models of all converters are stored (Fig.4, a). In addition, the array of possible values of DC bus
voltage Upc is stored in CU memory, from which the best value is determined as a result of calculations.

Communication channels are established between local controllers (LC) of voltage converters
and CU. Local controllers, using current and voltage sensors, measure the variables which are neces-
sary for calculating power losses according to formulas (4) and (6). According to the measured value
of current, the load on the converter is estimated by local controller and, according to formula (7), the
operating frequency of the conversion is adjusted.
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b — algorithm for finding the optimal DC bus voltage level
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Further, the measured values of variables are transmitted via communication channels to CU,
which calculates converters power losses with different Upc bus voltage variants and selects the variant
at which the total calculated losses Piotal(Upc) of the system would be minimal. The found value is
transmitted from CU to the LC of the battery charge-discharge converter, which stabilizes the Upc
bus voltage at the received value. The block diagram of the algorithm is shown in Fig.4, b. To test
the proposed idea, a simulation computer model of an autonomous microgrid with rated power of
10 KW in MatLab Simulink software package was created.

Simulational models of solar panel and battery were taken from [44]. The model of the wind
generator is based on [45], where the operation of wind turbine with diode rectifier was considered.
The authors have shown that if a filter capacitance is connected after the rectifier, then the voltage at
the output of the rectifier at the maximum generated power point is associated with this power by the
expression

UVVT =£ LKV I F)max - _Ud! (8)
N2 L e 0 e)(R
2P eIy

e Kv — constructive coefficient of proportionality, Ky = 0.69 [45]; p — air density, p = 1.225 kg/m?;
R — length of wind turbine blades; Cp — wind turbine power coefficient, depending on tip speed ratio

A and pitch angle 6, lying in range 0-0.6; U4 — voltage drop in diode rectifier.
At the same time, maximum power value taken from wind turbine depends on the wind speed v
Pmax

= %an2v3Cp X)) (9)

The simulation computer model of the complex is shown in Fig.5. It comprises three arrays of
solar panels and one wind turbine, which produces an already rectified DC voltage. Power loads are
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simulated by Load unit powered by DC/AC voltage converter. The power taken from renewable
sources is converted by pulsed DC/DC converters. The output power of these converters is summed
up, as a result the total generated power is determined. After that, in Voltage Balance block, the
power consumed by the loads is subtracted from the total generated power. If the difference turns
out to be positive, it goes to the battery charge. If negative, it is replenished by discharging of
battery. The bidirectional battery charge-discharge converter is represented by two DC/DC blocks:
Buck Charge Converter — carrying out the charge, and Boost Charge Converter — carrying out the
discharge. The parameters of RES and battery models are given in Table 1, the models of pulse
voltage converters — in Table 2.

Table 1
Parameters of RES and battery

Solar panel Wind turbine Battery

Nominal power 250 W

Open circuit voltage 37.98 V

Short current 9.04 A

Voltage at maximum power point 30.63 V
Current at maximum power point 8.79 A

Nominal power 7500 W

Open circuit voltage 240 V

Tip speed ratio A =7

Length of wind turbine 1.6 m
Permissible wind speed 3-14 m/s

Open circuit voltage 96 V

Capacity 10 A-h

Input resistance 0.0048 Ohm
Permissible state of charge 20-100 %
Initial charge 25 %

Table 2
Parameters of pulsed converter models
DC/DC DC/DC DC/DC

Parameters of solar panel of wind turbine of charge-discharge battery DC/AC

Operating mode MPPT MPPT Stabilization of Upc Stabilization
of voltage for loads
Scheme Boost converter Boost converter Buck-boost converter Full-bridge converter
[22] [43] [28] [30]
Transistors
Type MOSFET MOSFET MOSFET IGBT
Operating frequency 100 kHz 100 kHz 100 kHz 20 kHz
Open channel resistance/voltage drop
in open state 0.002 Ohm 0.002 Ohm 0.002 Ohm 18V
Average time of turn-on/turn-off 30 ns 30 ns 30 ns 42 ns
Output capacity 100 pF 100 pF 100 pF 200 pF
Gate threshold voltage 12V 12V 12V 12V
Diodes
Voltage drop 0.3V 0.3V 0.3V 1V
Dynamic resistance 0.9 Ohm 0.9 Ohm 0.9 Ohm 0.7 Ohm
Reverse recovery time 45 ns 45 ns 45 ns 60 ns
Inductor
Inductance 70 uH 50 uH 50 uH 30 uH
Resistive load 0.3 Ohm 0.2 Ohm 0.15 Ohm 0.8 Ohm
Electrolytic capacitors

ESR 0.020hm |  0020mm | 0.02 Ohm 0.02 Ohm

The input of the solar panel model receives the data about hourly intensity of solar radiation

(Fig.6, a) and ambient temperature (Fig.6, b) throughout the year. The input of the wind turbine model
receives the data about hourly wind speed (Fig.6, c). All of them are hourly average meanings taken
from NASA meteorological database. Meteorological data from the north of Zabaikalskiy krai for
2022 were used for modeling.
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Fig.6. Data for modeling of microgrid: a — solar radiation intensity; b — ambient temperature;
¢ — wind speed; d — hourly load consumption profile

Power taken from solar panels gets to DC/DC converters MPPT Boost PV Converter, which
power losses model is based on formulas from [38]. The input data for the model represents operating
frequency of conversion fs, DC bus voltage Upc, generated by solar panels voltage Uwppr and power
Ppyv. The output data represents calculated power 10sses Pioss boost Pv, OUtpUt power Pout boost Pv and
efficiency of conversion Efficiency boost PV.

Power taken from wind turbine supplies DC/DC converter MPPT Boost Wind Converter, which
power losses model is also based on [38]. The input data for this model represents generated by wind
turbine power Pwind and voltage Uwmpprt, Operating frequency fs and DC bus voltage Upc. The output
data represents 10sSes Pioss boost wind, OUtPUt power Pout boost wind, and efficiency of conversion Efficiency
boost wind.

The DC/AC converter power losses model is based on [40, 41]. The input of the model receives
the data about operating frequency of conversion fs, hourly power consumption of the load Pioad
(Fig.6, d), voltage level of DC bus Upc. As a load a small shift settlement consisting of several resi-
dential structures was considered, where the main consumers are electrical appliances and lighting.
The data about power consumption was taken from the LoadProfileGenerator™ database. The output
data for the DC/AC converter model represents power losses Pioss inv, €fficiency of conversion Effi-
ciency and consumed from the DC bus power Pin inv.

The DC bus model is represented by Voltage Balance block. This block compares total generated
power Input output and total consumptive power Output Power. If their difference turns out to be
greater than zero, then this excess power Pch is directed to the battery charge, if less, then the lack of
this power Pgis will be taken from the battery discharge.

Bidirectional DC/DC charge-discharge converter is represented by Buck Charge Converter and
Boost Discharge Converter blocks. The model of converter in charge mode Buck Charge Converter

* LoadProfileGenerator — modeling tool for residential energy consumption. URL: https://www.loadprofilegenerator.de
(accessed 02.03.2023).
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is based on the works [39, 42]. This converter has a current protection circuit limiting the maximum
charge current Protection Current. The input data for the model represents charge power Pch, DC bus
voltage Upc, battery voltage Unat, and operating frequency fs. The output data represents power losses
Ploss buck, OUtpUt power Pout buck, €fficiency of conversion Efficiency buck, and excess power dissipated
on ballast resistors Paump.

The model of converter losses in battery discharge mode Boost Discharge Converter is based
on [43]. The input data represents operating frequency fs, DC bus voltage Upc, battery voltage Ubat,
and power Pgis injecting to DC bus. The output data represents power Phat dis taken from the battery,
power losses Pioss boost dis, and efficiency of conversion Efficiency.

The calculation of total microgrid power losses is carried out in Total Losses Calculation block.
The input of the unit receives information about power losses of all converters, then these losses are
summed up.

Results. During the process of computer simulation our microgrid operation was reproduced
throughout the year including 8760 hours. The simulation results are shown in Fig.7. In order to
represent the waveforms on enlarged scale, the time interval only from 2000 to 2600 hours is shown.
The RES output waveforms (Fig.7, a) is represented by two graphs: generated power of solar panels
Ppv, generated power of wind turbine Pwr. Pioad is @ waveform of load active power, state of charge
(SOC) is a battery charging level.

The voltage Upy and current Ipy waveforms generated by one array of solar panels are shown in
Fig.7, b. The voltage Uwr and current lwt waveforms of one wind turbine are shown in Fig.7, c. Battery
voltage and charge-discharge current are shown in Fig.7, d. Efficiency of explored microgrid was as-
sessed by measuring its total power losses Pital. Initially, these power losses were measured in case of
constant DC bus voltage 400 V and constant operating frequency of converters: 100 kHz for DC/DC
converters and 20 kHz for DC/AC converters. After that, power losses were adjusted to a minimum
(for implementing Piwta = min) by means of regulation of operating frequency fs of the convertors
(Fig.7, e) and DC bus voltage Upc (Fig.7, f). The values of 370-600 V were used as DC bus voltage
range. Operating frequency of DC/DC converters varied between 20-100 kHz depending on their load.

The waveform of total microgrid power losses Piotal 1S sShown in Fig.7, g. As a result of use of
proposed technical solution, the microgrid losses were decreased. To quantify this decrease, Protal
power losses were summed up over 8760 hours, as a result of which the total losses for the year were
determined. The increase of microgrid efficiency for one year was calculated as follows:

otal —
totall

AP, = [@ —1} 100 %, (10)

where Piotair represents total losses of active power for one year in case of constant DC bus voltage
and operating frequency of all converters; Potai2 represents total losses of active power for one year
in case of variable bus voltage and operating frequency of all converters.

The evaluation of Pt Showed that the use of proposed technical solution made it possible to
decrease power losses for one year by 2 % with varying bus voltage and by 5 % with variation of
both DC bus voltage and operating frequency of all converters. Since power losses throughout the
entire life are equal to the sum of losses of separate years, the reduction of losses over the entire life
of the microgrid thanks to the use of our proposed solution can be also estimated at 2-5 %.

Discussion of the results. The efficiency increase of autonomous microgrid with RES was
achieved thanks to the adaptive regulation of its operating modes. The proposed method is based on
the use of mathematical models of converters power losses, therefore, a large amount of calculations
is required for its implementation. Specifically for this purpose, a separate CU was added to mi-
crogrid, storing all mathematical models in its memory. This unit is connected to the converters by
communication channels and continuously receives from them the values of variables necessary for
calculations. There are the following features of the system functioning:
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Fig.7. Microgrid modeling:
Prota, W a — total generated and consumed power;
1 2 b — output voltage and current of one array of solar panels;
00 __[\ \l \ ¢ — output voltage and current of wind turbine;
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« Digital control of converters is required using microcontrollers (MC) or Field-Programmable
Gate Arrays (FPGA). With the help of current and voltage sensors, they measure the variables nec-
essary to calculate power losses and transmit them to CU via communication channels. Based on the
measured current, the operating frequency of the conversion is adjusted.

« Computing unit is a digital unit which represents a computer or a separate board with its own
MC or FPGA, the memory of which stores mathematical models of power losses of all converters.

« Efficiency encrease depends on the accuracy of mathematical models. For this reason, cali-
bration of models with real converters is desirable during the microgrid development. All electrical
circuits and parameters of electronic components inside power converters should be known in ad-
vance. It is possible to replace the elements only with full functional analogues.
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* The speed of data exchange between CU and LC of converters must be consistent with the
speed of calculations, i.e. CU should have time to perform calculations before it receives new values
of currents and voltages of the converters.

* Due to the above features, it will not be possible to use any converters available on the market.
The system requires purposeful development of converters, which, however, is not very complicated
process.

The developed method of intelligent microgrid control makes it possible to increase the effi-
ciency of autonomous microgrids with RES. The disadvantages of the proposed method include the
need to use digital controllers and the need to add some more communication channels for data ex-
change between converters and CU, which leads to increase of microgrid total cost. In addition, the
system will be characterized by low flexibility, since any change in its structure or component ele-
ments will lead to a discrepancy between mathematical models embedded in CU and the actual
microgrid operation. In this case, you will need to make edits to the models.

Conclusion. The new time dictates new requirements. That is why mining industry in modern
world should be technological, efficient, reliable, safe, constantly improving sector of the economy.
In our country most of the natural resources are located in remote, sparsely populated areas where
there is no readily accessible electricity. The use of fuel generators is associated with low environ-
mental friendliness and high cost of electricity generation, which hinders the development and forces
mining companies to bear high money expenses. The use of renewable energy is a modern techno-
logical solution that can give a “second life” to many objects of mining industry and stimulate the
development of new projects.

Despite the solution of logistical and environmental problems, the instability of electricity ge-
neration and the poor development of storage systems continue to be one of the main obstacles to the
spread of autonomous microgrids with RES. One of the possible ways to solve these problems repre-
sents energy saving and rational use of affordable resources. A new solution was proposed to improve
the efficiency of autonomous microgrid by adaptive regulation of its operating modes. The voltage
level of intermediate DC bus and operating frequency of electric power converters in microgrid were
considered as regulated parameters. In case of permanent changing of generated and consumed power
typical for all power systems with RES, the optimum microgrid operating mode with least power
losses also changes. In the course of the study, a new algorithm was developed for automatic regula-
tion of microgrid operating modes, based on the use of mathematical models of converters power
losses. The models make it possible, taking into account the volume of generated and consumed
power, to calculate the optimal voltage level of the DC bus and the operating frequency of power
converters for the current working conditions.

The results showed that in 10 kW microgrid the reduction of active power losses over the year
was about 2 % with regulation of DC bus voltage only and about 5 % with regulation of bus voltage
and operating frequency of power converters.

The direction of future research will be devoted to the efficiency estimation of hybrid microgrids
with renewable energy sources and diesel generators.
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