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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.
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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.

475
This is an open access article under the CC BY 4.0 license



#%RAE  Journal of Mining Institute. 2023. Vol. 261. P. 470-478 EDN MGAPVA

a The power system, including the

4000 battery, copes with the load surge Tm =

=1650 Nm. The rotation speed of the

motors is slightly slowed down, but without

affecting the continuous process. Accord-

ingly, with an increase in the capacity of the

6 7 battery from 1500 to 2500 Ah (by 66 %), the

Time, s threshold for overload and system perfor-

b mance expands by 3.1 % (from 1600 to

3000 %, 1650 Nm). Compared to the value in accord-

ance with GOST, the overload capacity of
the energy complex has increased to 65 %.

1000 y Additionally, a mode with a load surge

= of 70 % (Tn = 1700 Nm) of the nominal

0 1 2 3 4 5 6 7 value of the diesel generator power was de-

Time, s veloped. The results show that for a battery

with an increased capacity, this load is crit-

ical, the electric motors go into a sharp de-

celeration (rotation speed is O rpm in 1.2 s

1000 _‘) ! after the load is applied) and the process is

A not supported.

| The results obtained show that with an

1 2 3 4 5 6 7 increase in the capacity of the battery in ex-

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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