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Abstract

The article is devoted to solving the problem of voltage fluctuations in the power supply systems of ore mining enter-
prises. The connection of high-power consumers with abruptly variable operating mode (for example, high-voltage
mining excavators) causes voltage fluctuations and sags, disabling electrical equipment, communication, and automa-
tion devices in the 6-10 kV distribution network, which disrupts technological processes, etc. The use of existing solu-
tions and methods to reduce voltage variations caused by dynamic loads is not effective. To solve the problem, booster
transformers with high-speed thyristor switches can be used to work out switching the control steps towards increasing
or decreasing the voltage. The authors offer a new circuitry solution for a thyristor booster device (TBD) with a pulse-
phase control method. The purpose of the research is to determine the control laws of TBD, which enable to effectively
reduce voltage fluctuations from dynamic load in the power supply systems of mining enterprises. The article provides
a schematic diagram of the TBD and describes the principle of operation of the device. Some modes of increasing and
decreasing the output voltage of the TBD, as well as the basic mode (without voltage addition) are provided. Mathe-
matical modeling of TBD control processes was carried out and adjustment characteristics were set taking into account
the load power factor. On a simulation computer model of a 6 kV electric network with a dynamic load, the verification
of the adjustment characteristics of TBD obtained during mathematical modeling was carried out. Based on the research
results, the laws for regulating the output voltage of TBD were established. The TBD effective control range with
normal permissible limits of odd harmonics have been determined. The conducted research will make it possible to
implement the device control system.

Keywords
ore mining enterprises; power supply systems; dynamic load; voltage fluctuations; thyristor booster device; laws of
regulation

Funding
The research was conducted with the support of a Russian Science Foundation grant N 24-29-00872,
https://rscf.ru/en/project/24-29-00872/.

Received: 11.04.2024 Accepted: 07.11.2024 Online: 17.01.2025 Published: 25.04.2025

Introduction

The mining industry plays an important role in the Russian economy [1]. The strategy of the
Russian Federation mineral resource base development until 2035” includes the development of ad-
vanced technologies for mining, transporting and processing minerals, and building new infrastruc-
ture elements. The solution to these problems is associated with a continuous increase in the capacity
of power plants and the consumption of electrical energy.

The power supply of ore mining enterprises is characterized by the consumers’ territorial disper-
sion [2], the continuous advancement of the mining front and the displacement of electric energy
consumers [3, 4]. The connection of high-power consumers with abruptly variable operating mode

* Decree of the Russian Federation Government, dated 22 December 2018, N 2914-r “The strategy of the Russian Federation
mineral resource base development until 2035”.
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(for example, megawatt mining excavators) causes Vvoltage fluctuations which exceed
permissible values in the electrical network that negatively affects other loads [5]. Thus, a malfunc-
tion in the operation of powerful elevator machines, autogenous tumbling mills and other
mining loads sensitive to voltage fluctuations leads to a shutdown of the production process,
accidents, etc. Therefore, the issues of developing technical solutions for high-speed devices
that provide voltage variations reduction in the electrical grid of ore mining enterprises are
essential.

The facilities to reduce voltage fluctuations include soft-start devices, static reactive power
sources, longitudinal compensation units, twin reactors, etc. [6, 7]. It is known that the inrush
current of an electric motor can exceed the rated current eight times, causing mechanical and
electromagnetic shock loads on both the electric drive and the actuators [8, 9]. Soft-start devices
can ensure a smooth load increase [10]. However, it is possible that the soft starters and electric
motor overheating is critical with drive frequent starts and shutdowns.

Siemens Industry Inc. produces active input frequency converters (AFE — Active front end)
based on IGBT transistors for dragline operation (a monobucket excavator widely used in the mining
industry) [11]. Despite the fact that AFE are more resistant to grid insurges (voltage sags, fluctua-
tions) even when operating in inverting modes, this reliability depends on the dynamic response of
the rectifier control circuit [12, 13].

A distribution static compensator (D-STATCOM) [14-16] based on a voltage inverter with con-
trolled IGBT transistors can be used to eliminate voltage fluctuations and sags. The D-STATCOM
compares the shape of the linear and reference signals that provides the correct measure of compen-
sation for a reactive power delay or advance [17]. However, IGBT transistors have a lower overload
capacity compared to thyristors, so it is more appropriate to use high-speed thyristor devices in a
6-10 kV electrical grid.

A new type of mine flameproof stabilizing transformer has been developed [18] to
reduce voltage fluctuations in mine power supply systems. The compensating voltage is applied
to the electrical grid voltage through a compensating transformer connected in series with the
power supply line. Thus, the deviation of the electrical grid voltage amplitude is restored in
real time.

The Energy Equipment Company has proposed a dynamic voltage compensator (DVC), a device
with double voltage conversion [19-21] and individual phase control. The DVC is built based on
controlled rectifiers, through which voltage is transmitted to capacitors [22, 23]. DVC output termi-
nals are connected to the load via an inverter unit with IGBT modules and a booster transformer with
secondary winding that induces EMF to compensate voltage sags [24, 25].

An uninterruptible power system using renewable energy sources [26] and a multi-stage
device for automatic switching over to a reserve source [27] is known. However, even
if the power source of a mining enterprise is a sufficiently powerful power plant, additional
generators are needed to maintain the required short circuit level, which increases operating
costs.

A two-transformer substation with a common dual-band controlled voltage regulator [28]
can be distinguished among the approaches and devices for reducing voltage fluctuations.

The devices under consideration allow to reduce voltage fluctuations. However, their significant
disadvantages are the high cost and control schemes complexity. As fluctuations relate to voltage
changes lasting from half a period to several seconds, it is necessary for the device to respond quickly
to voltage changes for subsequent regulation. In existing electrical grids, operational voltage regula-
tion is performed using an electromechanical on-load tap changing device (OLTC) [29, 30]. The
OLTC taps switching time is about 10 s, and the device does not have time to respond to voltage
fluctuations.
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The authors have developed a high-speed thyristor booster device (TBD) [31], which imple-
ments the function of longitudinal regulation that allows using a voltage boost to compensate for
voltage variations on the consumer's buses. The relevance of the work is due to the need to find
effective and low-cost measures to improve the power supply quality of ore mining industry
facilities.

The research purpose is to determine the TBD regulation laws, which allow to effectively
reduce voltage fluctuations due to dynamic load in the power supply systems of ore mining
enterprises.

Methods

To conduct the research, it is necessary to develop simulation math and computer models of the
electrical grid with TBD and dynamic load, that allow to obtain TBD adjustment characteristics for
various modes of operation of the device and load parameters. Schematic circuit diagram and equivalent
circuit of the developed TBD are shown in Fig.1.
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Fig.1. Thyristor booster device:
a — schematic circuit diagram; b — equivalent circuit

T1, 72 — shunt and series transformers;
TS1-TS4 — phase A, B and C thyristor switch modules
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The TBD includes a three-phase thyristor switch, three-phase shunt T1 and series T2 trans-
formers. Each phase of the thyristor switch is a bridge converter with two-direction switches
TS1-TS4 in each branch (Fig.1, a). The TBD operation principle is based on the introduction of a
boost voltage when the device output voltage amplitude changes relative to the input voltage.

32 control stages are provided for the three main TBD operation modes (1 — output voltage in-
crease; 2 — basic mode (without voltage boost); 3 — output voltage reduction): 16 steps correspond to
mode 1 (0-15 steps); 16 steps correspond to mode 3 (17-32 steps); control stage 16 corresponds to
basic mode 2. Each stage corresponds to definite values of thyristor control angles a: and ao. The
required block of counter-parallel thyristors is opened in each phase depending on the set mode — TS1
and TS4 for mode 1, TS2 and TS3 for mode 3. The forward conductance mode (basic) corresponds
to the opening of counter-parallel thyristors blocks TS2 and TS4. The time of one TBD switching is
about 20 ms, the maximum switching time of all 32 control stages is 1 s.

EMF of control stage est is added in mode 1, when it is necessary to increase the voltage level on
the load buses:

UL = Ug + esta

where UL and Ug are the load and electrical grid RMS voltage.
EMF of control stage est excluded from the current circuit in mode 2 (basic).
In mode 3, if the voltage level on the load needs to be reduced, the following equation is true:

UL = Ug — Bst.

Two-zone control is provided: the conversion from mode 1 to mode 2 is carried out by increasing
the thyristors control angle o1 from 0 to 180° with a constant value of the control angle o2 = 180°,
and then decreasing a2 from 180 to 0° with a constant ax = 180°. The same alternating two-zone
control is used for a smooth conversion from mode 3 to mode 2.

The TBD control system includes active adaptive algorithms that allow the device to operate in
automatic mode. TBD thyristors are controlled in a phase-pulse method, ensuring the accuracy and
efficiency of voltage regulation [32]. The current sensors application is not required, that preserve the
TBD control properties while responding promptly to load currents changes.

The line voltage (there is no neutral wire) is regulated in 6-10 kV electrical grid, using the TBD.
The TBD operation principle is considered using the example of line voltage regulation Uag: TS1a,
TS4a, TS1g, TS4g are activate in mode 1; TS24, TS4a, TS2g, TS4s — in mode 2; TS2a, TS3a, TS2s,
TS3g — in mode 3.

The advantages of TBD over thyristor regulators [33, 34] are a reduced number of thyristor
switch modules and reduced transformer power (that increases the device reliability and safety), as
well as less distortion of the output voltage curve.

Math and computer simulation of TBD increasing and decreasing voltage modes, taking into
account the load parameters, enable to determine regulation laws which will form the basis of the
device control system in the electrical grid.

Math simulation of TBD operation modes. The laws of load voltage change (phase and linear)
when TBD switching from mode 1 or 3 to basic mode 2 by alternating changing the thyristor control
angles a1 (in the intervals of the positive power direction) and a2 (in the intervals of the negative
power direction) are described in detail in [35]. An example of diagrams of voltage changes is
shown in Fig.2 when the TBD is switched from mode 1 to mode 2 by alternating changing the
angles a1 (Fig.2, @) and a2 (Fig.2, b).

Due to TBD operation analysis based on the diagrams, it is possible to describe mathematically
the processes of TBD output voltage regulation and determine the main parameters, that affect the
behavior of the device adjustment characteristics, i.e., it is possible to identify the dependence of RMS
output voltage on the control voltage Ucont at different load angles.
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Fig.2. Load instantaneous phase and line voltage
in TBD mode 1 on change oz (a) and oz (b)

Math equations describing the adjustment characteristics were obtained using the method of
alignment boundary values [36, 37]. The method allows to describe processes in piecewise-linear
systems. The integration constants are determined by conjugating equations at the boundaries of ad-
jacent intervals in each time interval, using the first and second switching laws (conditions for conti-
nuity of current in inductive elements and voltage across capacitors) at the switching moments. The
Accepted assumptions are: the resistance of the magnetic circuit and winding T2 is not taken into
account (Fig.1, a); the load is active-inductive, linear. The amplitude of the electrical grid phase voltage
is taken as the basic value.

Instantaneous values of phase voltages on the load side are obtained based on the analysis of
TBD modes 1 and 3, according to the diagrams. The instantaneous values of the line voltage of the
load, which connected between A and B phases, are determined by the formula

ul* = u;L _UZL' (1)

where u’,, Uy, are the load instantaneous voltages on phase 4 and B, a.u.
The RMS load voltage are calculated using the formula

Ugws = lj(Ur)zde, (2)

where U, is a load line voltage, a.u.

The conversion of TBD from modes 1 and 3 to mode 2 in the effective variation intervals a1 and
a2 is considered. Effective intervals are intervals that provide a significant change in the shape and
amplitude of the voltage.

TBD mode 1 in the range of increasing oz from 0 to 180 °while a2 = 180 °= const. It can be seen
from the diagram (Fig.2, a) that the change in the line load voltage during the half-cycle can be di-

. . 21 2n 2n 21
vided into four ranges: ¢, —a,; o, —?+ QL 3 +0, —?+ 0y ?+ o, —m+@, . Instantaneous values
of phase and line voltages on the load side are obtained for all ranges (1).
Instantaneous value of the line voltage:

« for the first range

U,=U, -U, =sin6—(1+kst)sin(6—2?n);
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« for the second range

u,=U}, -U, = (1+ kst)sin6—(1+ kst)sin(e—z—;j;
« for the third range

Uj=Uj -U; =(1+ky)sin6- sm(e—z—;j,
« for the fourth range
. . . ) 21

U,=U, -U, = (1+k )SInG—(1+kst)sm(9—?j.

The law of regulation of RMS output voltage according to the equation (2):

\/(Siﬂ (20,)—sin(2¢, )+2(o, —otl))(3kSt +2k52t)+3n(1+ kszt)l
2n

Similarly, equations are obtained for TBD mode 1 in the range of effective variation oz; for mode 3
in the ranges of effective variation as and ao.
TBD mode 1 in the range of reduction a2 from 180 to 0 °while a1 = 180 °= const. Changes of the

load line voltage (Fig.2, b) during the half-cycle are divided into four ranges: 0—a.,; az—z—;;

u ;MS = 3

2 2n 2n
———+0,; —+0,—T.
3 3 3

Instantaneous value of the line voltage:
« for the first range

Up=U U, =(1+k,)sin6- sm(e—%’rj,
« for the second range
U,=U, —U, =sinb- s1n£6—2—;j,
« for the third range
Uy =Uj —Uj =sino—(1+k, )sm(ﬂ—z—;j,
« for the fourth range

U,=U, -U, =sinb- sm(e—z—::}

RMS load voltage

Ups = 4

o (4)

TBD mode 3 in the range of reduction oz from 180 to 0 °while a2 = 180 °= const. Changes of the
load line voltage are divided into four ranges during the half-cycle, according to [35]: from O to ay;

2n 2n . 2n 2n
from azto —; from — to —+o,; from —+a,to .
c 3 3 3

\/(2(11 —sin(2a, ))(3kSt +kZ ) +3n
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Instantaneous value of the line voltage:
« for the first range

U,=U; -U; :sinﬁ—(l—kst)sine(ﬁ—z—;j;
« for the second range
. . . 21
Ug, =U7, ~U;, =(1—k, )sin0—(1-k, )sm(@—?j,
« for the third range
U,=U; -U; =(1-k,)sin6— s1n(9—2?nj,
« for the fourth range
. . . i ) 2n
U, =U, -U, =(1- kst)SInG—(l—kst)sm(G—?J.

RMS load voltage

(5)

o _\/(2al—sin(2a2))(3k5t—2k52t)+3n(1—kst)2
RMS — 271: '

TBD mode 3 in the range of reduction o2 from 180 to 0 °while a1 = 180 °= const. Changes of the
load line voltage are divided into ranges during the half-cycle, according to [35]: from ¢, to a; from

2n 21 21 2n
oz to ?+<pL; from ?+(pL to ?+a2; from ?+a2 tom+ L.

Instantaneous value of the line voltage:
« for the first range

U,=U, -U, = (1—kst)sin6—sin9(0—2—;j;
« for the second range
U,=U} -U, =sin6- sm(e—z—;}
« for the third range
U,=U; -U; =sino—(1-k, )sm(@—%j,
« for the fourth range
U,=U} -U, =sino- s1n(6—2—?:[j
RMS load voltage

. (Sin(2(pL)—Sin(20Lz)+2(0L2 —(pL))(kszt —3kst)+3ﬂ?
Ugws = o '

(6)

The analysis of the control laws (3)-(6) indicates the influence of the load phase angle ¢, the
control angles a1 and a2 and the depth of the control stage kst on the TBD RMS output voltage.
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The control angles a1 and a2 depend on the control voltage Ucont With range from 0 to 2. Thus,
the TBD RMS output voltage also depends on the Ucont. The amplitude of the reference sawtooth
voltage of the phase-pulse control circuit is taken as the base value. At the same time, thyristor
switching pulses are formed at the moments when the control voltage and the reference voltage are
equal.

The TBD adjustment characteristics in modes 1 and 3 at . = 0°, 30° and 60° are determined
according to equations (3)-(6). The graphs are constructed at the depth of the control stage kst = 0.1
and electrical grid voltage U = 6,000 V.

Computer simulation. A computer simulation model of a 6-10 kV electrical grid section was
developed in the Matlab (Simulink) simulation environment, and it enables to verify and refine the
TBD adjustment characteristics obtained during the math simulation. Both existing elements of the
SimPowerSystems library and masked blocks missing from the standard library are used in the model.
The high calculation accuracy and high performance of the TBD model are due to a two-step approach
to solving differential equations (the ode23th method was used for the solution). The Runge — Kutta
method is used at the first stage, and the method based on the second — order inverse differentiation
formulas is used at the second stage.

Rated load power S = 630 kV-A. The power regulated in the developed TBD model when
changing the angle of shift of the main harmonic of the output voltage relative to the input voltage
in the range of + 5° and regulation the output voltage in the range of £14 % is ~20 % of the load
power. The passport values of device power elements (transformers, thyristors, etc.) are entered in
the block of parameters of the TBD model elements to simulate the operation of the device in real
conditions.

Fig.3 shows a block diagram of the electrical grid section computer simulation model with the TBD.
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Fig.3. Simulation model of electrical grid section with TBD

1 — three-phase power supply block (U = 6 kV; f =50 Hz; R = 0.231 Ohm; L = 0.00368 H);
2 — shunt transformer block (S =106 kV-A); 3 — thyristor switches module;
4 — series transformers block (S = 3x28 kV-A); 5 — electrical load block (U = 6 kV; S =630 kV-A);
6 — higher harmonics measuring block (Fourier transform); 7 — measuring instruments
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The computer simulation model includes seven main blocks: a power source (three-phase voltage
source); three single-phase shunt transformers; three TBD single-phase longitudinal regulation mo-
dules; three single-phase series transformers; three-phase electric load; measuring instruments (oscil-
loscope, ammeters and voltmeters); a three-phase measuring block of the TBD output line voltage
parameters.

Voltages that are either in phase with or out of phase with the corresponding phase voltages,
are generated at the output terminal of TBD. Mode 1 is implemented when the specified voltages
are in phase, and mode 3 is implemented, if the specified voltages are out of phase. A three-
channel oscilloscope is used for visual control of input currents, output voltages and EMF
introduced by TBD into the electrical grid. The TBD adjustment characteristics (RMS voltages)
in modes 1 and 3 for different load angles are constructed using the computer simulation
model.

Discussion of results

The research of the TBD adjustment characteristics obtained on the basis of the math and com-
puter simulation under different device operating modes and load parameters allowed to determine
TBD regulation laws for the control system when it is integrated into the electrical grid. Examples of
TBD adjustment characteristics in mode 1 as part of the electrical grid obtained by math and computer
simulation are shown in Fig.4.

An analysis of the computer simulation graphs showed that the boost voltage is 551 V (9.4 %)
in the voltage increasing mode. The amplitude of the RMS output voltage is reduced by 590 V
(i.e. by 10 %) in the output voltage reduction mode. The load angle influences the behavior of the
TBD adjustment characteristics in both modes.

Effective change of the thyristor control angles a1 and a2 to change (Fig.4) the load voltage is in
following ranges:

o, <o, <180%
0°<a, <q,.

A comparison of the math and computer simulation TBD adjustment characteristics showed a
coincidence of their character and shape (Fig.5). The computer simulation dependencies are lower
than math simulation dependencies. It is explained by taking into account the voltage drops in the
power supply line and on the TBD power elements, as well as taking into account the switching
ranges where boost voltage value is zero. The largest deviation of the characteristics 6 is observed for
mode 1 at ¢ = 60° and is 3.5 %.

a

. 6,600 -
6,600
r 6,400 F
6,400
> >
H] [ % 6,200
£ 6200 5 6200 r
6,000 | 6,000 -
5,800 L 1 L 1 L 1 L 1 L ] 5,800 I I I 1 ]
0] 04 08 12 16 o] o4 0.8 12 16
Maximum Ucont, a.U. Basic Maximum Ucont, a.U. Basic
mode <€« ——————————— mode mode €<——————————— mode
0=0° 0 =30° 0 =60°

Fig.4. Adjustment characteristics of TBD in mode 1 as electrical grid part, obtained
by math (a) and computer simulation (b)
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THD, %

12 16
0.4 08 12 16 2 Maximum Ueont, a.U Basic
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Fig.5. Adjustment characteristics
for the voltage boost mode at ¢ = 60°: Fig.6. Graph of the total harmonic distortion
1 — math simulation; of the TBD output voltage dependence
2 — computer simulation in the voltage boost mode

Odd harmonics are generated in the electrical grid with the phase-pulse control method for TBD
thyristors. The values of these harmonics do not exceed the allowable limits. Computer simulation
allowed to obtain graphs of the change in the total harmonic distortion THD of the TBD output voltage
in modes 1 and 3. An example of the TBD output voltage THD graph in mode 1 at different load
power factors (cosoL) is shown in Fig.6.

It can be seen from Fig.6 that TBD output voltage THD is inversely proportional to the load
power factor, i.e. THD increases with a cose. reduction. THD takes the lowest value at active load
(coseL = 1).

Conclusion

As a result of the conducted research, the TBD regulation laws that allow to reduce
voltage fluctuations by adding a voltage boost to the electrical grid have been obtained. The
regulation laws represent the dependences of the TBD RMS output voltage on the load phase
angle ¢, the depth of the voltage step regulation ks, control angles a1 and az. The required
stage of regulation Ucont is automatically selected depending on the magnitude of the voltage
variation,

The Equations of the TBD regulation laws allowed us to obtain the TBD adjustment characteris-
tics. Depending on the control voltage, the limits of RMS output voltage regulation were £10 %. The
TBD thyristors phase-pulse control method ensures a smooth change in the output voltage. At the same
time sine voltage total harmonic distortion coefficient over the entire range of effective control zones is
within the range of acceptable values set by State standard 32144-2013.

The introduction of the TBD into the electrical grid of the ore mining enterprises will improve
the reliability of power supply and increase the capacity of power transmission lines.
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