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Abstract. In the work, a study of the conditions of normal operation of the
power supply system of mining enterprises with limited capacity of the
power system was carried out. Based on complex studies, conclusions were
drawn about the structure of electrical loads in coal mines, which are
characterized by a non-linear and non-symmetric nature. The problem of
higher harmonics and interharmonics with limited short-circuit power,
which is characteristic of an autonomous power supply system, is
highlighted. Stable operation of the power supply system and main
consumers is achieved by matching the mode of the generator set with the
mode parameters of the load. New dependencies of regime parameters were
obtained, which evaluate energy efficiency in complex situations caused by
military risks. Experimental studies of voltage quality indicators and energy
efficiency in the conditions of power supply systems of coal mines of
Ukraine confirmed the adequacy of the proposed analytical models.

1 Introduction

Ukrainian energy today faces the harsh realities of military aggression by the Russian
Federation, necessitating the implementation of an entirely new paradigm for the functioning
and development of power systems [1]. The conflict has imposed severe disruptions,
challenging the resilience and stability of the national energy infrastructure. Adapting to these
unprecedented conditions requires innovative strategies and robust measures to ensure the
continuity and reliability of the power supply amid ongoing hostilities [2].

The main challenges posed to the Ukrainian energy system include technical constraints
caused by frequent blackouts and infrastructure damage [1,3]. These disruptions necessitate
the rapid development and integration of renewable energy sources, which are redefining the
principles of decentralization and autonomy through the creation of energy islands [4]. These
self-sufficient energy units can operate independently of the main grid, providing a more
resilient and flexible power supply, crucial in conflict zones where traditional power
infrastructure is vulnerable to attack [5].
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The structure of electrical loads has undergone drastic changes in frontline and occupied
regions. The electromagnetic compatibility of power supply systems is increasingly tested by
the presence of powerful asymmetric and non-linear loads, all within the limited capacity of
the existing energy system [6]. These loads can cause significant fluctuations and
inefficiencies, further complicating the management of the grid [7]. Addressing these issues
is vital for maintaining stability and ensuring that both civilian and military operations can
continue to function effectively under these challenging conditions [8].

The main tasks for the government in addressing the energy challenges involve several
key initiatives. Firstly, the implementation of the electricity market with accurate forecasting
of electricity consumption is crucial [9]. This step ensures that supply meets demand
efficiently, reducing waste and optimizing resource use. Additionally, the formation of a
unified model of the Integrated Energy System is essential [10]. This model should
incorporate distributed generation, which leverages smaller, localized power sources.
Compatibility with European system models is another priority, facilitating integration and
cooperation with broader energy networks. Ensuring the stability and reliability of power
supply in this evolving landscape is paramount. This comprehensive approach not only
enhances energy efficiency but also strengthens the resilience of the national power
infrastructure [11].

The current situation in the Ukrainian electric power industry is characterized by an
excessively high level of energy losses during transmission, reaching up to 20%. This figure
is significantly higher than those observed in economically developed countries. In Western
European nations, energy losses during transmission are typically around 4 —5%. In the
United States, this figure stands at approximately 6% [12]. The stark contrast highlights
inefficiencies within the Ukrainian power infrastructure. Addressing these losses is crucial
for improving the overall efficiency and sustainability of the country's electric power industry
[13]. The high level of losses in Ukraine’s electrical grids is associated with several critical
issues. Significant damage to the energy infrastructure, often due to conflict and inadequate
maintenance, plays a major role. Additionally, there is a low level of compensation for
reactive power, which leads to inefficiencies in power transmission [14]. Outdated key assets
of electricity generation facilities further exacerbate these losses [15]. Furthermore, there is
an insufficient use of modern optimization tools for operating modes and voltage regulation,
which are essential for efficient grid management. Unresolved issues related to the quality of
electrical energy, such as fluctuations and interruptions, also contribute to the high loss levels.
Addressing these multifaceted challenges is crucial for enhancing the efficiency and
reliability of Ukraine's electrical grids [16]. The low quality of electrical energy in systems
with limited capacity leads to a significant decrease in the energy efficiency of electrical grids
across a range of indicators [17]. The problem of electrical energy quality is a crucial
component of the comprehensive concept of electromagnetic compatibility within the power
supply system (PSS). This issue is widely recognized by leading global scholars and industry
experts [18]. It is considered one of the most critical challenges in modern electric power
engineering. Poor electrical energy quality can lead to inefficiencies, equipment damage, and
increased operational costs [19]. Addressing this problem is essential for improving the
overall performance and reliability of power supply systems. Moreover, it forms a significant
part of the broader challenge of enhancing the energy efficiency of electrical grids. Efforts to
improve energy quality are integral to achieving more sustainable and resilient power
infrastructures worldwide [16, 18, 20].

Ensuring the sustainability of the power supply system for mining enterprises under war
risks is a multifaceted challenge that involves technical, logistical, and strategic considerations.
The first step is thorough risk assessment and mitigation planning [21]. This involves
identifying specific risks associated with the conflict, such as physical attacks on infrastructure,
cyber-attacks, supply chain disruptions, and workforce safety [22]. Once threats are identified,
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their probability and impact are assessed through scenario planning and modeling. This helps
in developing comprehensive plans to mitigate risks by fortifying infrastructure, diversifying
energy sources, and creating redundancies in the power supply system .

A critical aspect of this strategy is the protection of infrastructure. This includes
strengthening the physical security of critical power supply facilities, such as power plants,
substations, and transmission lines, through barriers, surveillance systems, and security
personnel [24]. Cybersecurity is equally important, requiring robust measures to defend against
cyber-attacks that could disrupt the power supply. Regular updates, monitoring, and incident
response planning are essential to maintain cybersecurity [25].

Diversification of energy sources and the development of backup systems are also crucial.
By incorporating renewable energy sources like solar, wind, and biomass, mining enterprises
can reduce dependence on centralized power plants that may be vulnerable to attacks [26]. The
implementation of microgrids and distributed generation systems allows local areas to maintain
power independently from the main grid [27]. Installing backup generators and investing in
energy storage solutions, such as batteries and pumped hydro storage, ensure a reliable power
supply during outages.

Effective supply chain management is essential to sustain the power supply. This involves
diversifying suppliers to reduce vulnerability to supply chain disruptions and maintaining
adequate reserves of essential supplies, including fuel and spare parts [28]. Workforce safety
and training are also vital, with safety protocols in place to protect workers from the dangers
associated with conflict zones and regular training on emergency response procedures.

Finally, collaboration and continuous monitoring are key to sustaining the power supply
system. Mining enterprises must work closely with government and military agencies to align
on security measures and response plans [29]. Collaboration with other mining enterprises and
industry bodies allows for sharing best practices and resources. Continuous monitoring of the
power supply infrastructure and the external environment enables real-time detection and
response to threats [30]. By adopting these strategies, mining enterprises can enhance their
resilience and maintain operations even in the most challenging conditions.

Given the strategic importance for the energy security and defence capabilities of
Ukraine's mining and extraction enterprises, it is necessary to emphasize the relevance of
conducting comprehensive research on energy efficiency, electromagnetic compatibility, and
the reliability of power supply for mining enterprises. This consideration considers the non-
stationary conditions of technical and legal functioning of power systems, as well as the
requirements for implementing the future smart energy system.

The idea of this work is to analyse the conditions for the stable operation of the power
supply system for coal mines in both “weak” power system modes and autonomous modes
without any connection to the grid. In doing so, it is essential to meet the requirements of
electromagnetic compatibility, consider individual harmonic and interharmonic profiles of
powerful stationary installations, while maintaining optimal reactive power flux and
monitoring system reliability indicators.

2 Literature review

The operating conditions of mining enterprises’ power supply systems are determined as a
set of climatic and mechanical factors that affect the operation modes of the main electrical
equipment [12]. In underground mining operations, humidity, temperature, dust, and
corrosive substances have the most significant impact among the climatic factors [13 — 16].
All these factors affect the insulation of electrical equipment and reduce its reliability.

The operating conditions of mining equipment have formed a special class of electrical
“mining” networks, to which standard approaches to designing and modelling electrical
regimes in the presence of non-linear loads cannot be applied [15, 16]. To introduce justified
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assumptions and initial conditions in mathematical modelling, let’s consider the peculiarities
of this class of electrical grids [12]:

— high reliability requirements for the power supply system for mines prone to gas and
dust hazards;

— separate power supply for underground consumers;

— complexity of organizing reactive power compensation in conditions of instability in
underground workings;

— extensive power cable lines with voltages of 6 — 10 and 0.66 — 1.14 kV;

— high power of stationary installations (up to 5 MW);

— specifics of coal underground mining technology leading to cyclic operation of
machines and mechanisms with frequent stops and idle running;

— difficulty in meeting voltage quality standards for surface and underground electrical
receivers.

These factors form the basis for new models of calculating the quality and reliability of
power supply for mining enterprises to achieve maximum energy efficiency.

Analyzing the components of the energy balance of coal mines by technological sections
(Fig. 1), it was found that stationary installations account for up to 60% of the total expenses
and form the power consumption mode with specific repetitive short-term cycles [12, 15, 16].

Over the past 10 years, there has been a large-scale modernization of technological
electrical equipment in all production areas of mining enterprises using frequency converters
of various types and capacities.
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Fig. 1. The energy balance of a coal mine by technological stages [31].

Fig. 2 illustrates the dynamics of the growth of non-linear load in the energy balance of
mining enterprises:

Main fans (MF) use asynchronous thyristor cascades and frequency converters with a
direct current link with a power of 1.6 — 5.0 MW,

Hoisting machines (HM) (coal and rock) primarily employ rectifiers with a 6 or 12-phase
valve commutation scheme with a power of 0.8 — 4.0 MW,

Extraction complexes have an installed power of approximately 1 MW for one section,
with almost all electric motors equipped with a frequency drive;

Underground transport includes battery-powered and contactless electric locomotives,
and modern conveyor lines are equipped with converters, almost completely displacing the
so-called “clean” electric drive in underground electrical grids;
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Drainage systems currently do not use frequency converters due to technical
characteristics of pump equipment.
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Fig. 2. The dynamics of non-linear load growth in the energy balance [31].

Therefore, existing methodologies for the design and analysis of electrical loads and
modes of mining enterprises are outdated and do not meet modern requirements. The energy
efficiency of the operation of this class of electrical grids with non-linear loads should be
ensured. So, the development of new comprehensive criteria for the quality and reliability of
power supply, taking into account the modes of converters, is necessary.

3 Research methods

The equivalent electrical load for the 6 — 10 kV section of the mining enterprise (cable lines
(CL), transformers, asynchronous motors (AM) and synchronous motors (SM)) is
represented by the following equivalent circuit (Fig. 3).

Fig. 3. Equivalent circuit of the generalized load [32, 33]: XL — inductive reactance of CL, transformers,
AM and SM; RL — active resistance of CL, transformers, AM and SM; Rscs — active resistance of the
capacitor battery (CB) circuit; Cscs — capacity of the CB.

The equivalent load complex impedance is determined from the equivalent circuit (Fig. 3):

R + JX| )(Rgcg — X
ZL1=( L+ X )(Rscp — | sca). )

R+ JX_ +Rsce — 1Xsca

When modelling, the following assumptions are made:

1. The equivalent circuit of FC consists of two parallel-connected current sources. The
justification for this assumption lies in the fact that the distortion of the input current curve
of the converter is determined by canonical higher harmonics of the rectifier and
interharmonics of the inverter, the level of which depends on the output frequency. In certain
cases, a zero background of interharmonics is possible [13, 16, 33].

2. The voltage on the FC terminals deliberately considered are as hon-sinusoidal:
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u(t) =Uy [sinat+U, sin(vot+9,)], @

where U, is the fundamental frequency voltage; U, is the higher harmonics voltage.

Based on the adopted assumptions and using the general laws of electrical engineering,
the parameters of the equivalent circuit of the load centre with frequency converters are
determined:

1) Grid current;

ic (t) =irc (t) +iLoad (1), ®)

where igc (t) is the current consumed by the frequency converter; i oqq (t) is the current of

the complex load.
2) FC load current;

irc () = in, () +inn (), 4)
where i, (t) is the total higher harmonics current; iy, (t) is the total interharmonics current.
3) Rectifier current (switching function):
ip (t) = lemv sin(vant + g, ). (5)
V=
4) Inverter pulsating current:
Ugyp COS(Npaant + ¢y ) N

R§+(np2xd)2

i, (t)=%|d[cosab +cos(ay +yb)}+2§ (=)™, (8)

1 Ugyy COs(Npyant + ¢, )

RE +(np2rXg)”

where w1 and w; are FC input and output frequency; p2 is the number of inverter pulsations;
x is the relative frequency; n is the harmonic number.
5) Equivalent impedances of the FC are expressed as:

u) ()
Bo MO @

The analytical representation of the frequency converter as an element of the power
supply system and the proposed equivalent circuit allows considering the initial phases of
higher harmonics and interharmonics, the output frequency of the inverter, the control angles
of the rectifier and the inverter, and the harmonic distortions of the power grid. The
aforementioned has not been previously addressed in scientific literature.

Analysis of the technical characteristics and schemes of frequency converters currently
present in the power electronics market has shown that virtually all manufacturers use the
“rectifier-inverter” scheme with various connections of semiconductor switches. Therefore,
the FC equivalent circuit, which includes two parallel current sources modelling distortions
from canonical higher harmonics and interharmonics, is proposed.

In electrical devices, the most common and impactful disturbances are the so-called
interharmonic interferences.

There is a known gradation of various harmonic components [13]:

Harmonic: f =hf;, here h >0 (h—whole number);

Interharmonic: f = hfy, here h>0 (h —whole number),
Subharmonic: 0-Hz < f < f;.

U]

2y (t) =
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where f; is the fundamental frequency of the supplying grid.

Let’s assess and predict the levels of interharmonics (IH) as components of the distorted
spectrum with frequencies that are not multiples of the supplying grid frequency. In the
amplitude-frequency spectrum, they are located between canonical (higher) harmonics,
including the fundamental, as well as between the DC component and the fundamental
harmonic. Non-canonical harmonics and subharmonics are considered as separate cases of
IH [13, 35, 36].

Sources of interharmonics are consumers that operate in a transient mode either
permanently or for a short time. This mode is caused either by a load change related to the
technological process or by the features of electromagnetic processes when electric devices
operate (for example, the sequential operation of FC valves). In the first case, the processes
of current (voltage) changes are random, meaning they are non-periodic. In the second case,
neglecting the influence of various random disturbances, the processes of current (voltage)
changes from IH sources can be considered periodic. This determines the approach to the
analysis and calculation of IH generated by various sources.

Interharmonics in power supply system’s arise as a result of modulation of the
fundamental frequency and higher harmonics by other frequency components. They are
observed when static power converters operate (cycloconverters, asynchronous motors
(AM), asynchronous conversion cascades, controlled rectifiers, etc.). In general,
interharmonics (IH) act similarly to higher harmonics (HH), and their influence may be
stronger than that of HH [13, 36].

The presence of interharmonics (IH) leads to additional losses of active power and
electrical energy. If the non-linear load with impedance Zo, which is a source of both higher
harmonics and interharmonics, is connected to a sinusoidal EMF source e;(t) with impedance
Zs (Rs, Ls), then the current i(t) can be represented as:

I(t) =g (t) +ipp (1) +iip (1), (8)

where i (t), i (t), in(t) is the currents of the fundamental harmonic (HH and IH,

respectively).
Alternatively,

i) =@+ Y i O+ 3 i (0): ©)
k=2 n=2
Voltage at load terminals [13, 36]:
UL(t):el(t)+i(t)RS +LS % (10)

Thus, it is possible to perform mathematical modelling of the interharmonics impact on
the parameters of the operation mode of electrical grids at mining enterprises when powerful
non-linear loads are in operation.

4 Research results

The modelling results were validated for adequacy by comparing them with experimental
values of interharmonics levels in various operating modes of the FC (Figs. 4 and 5).

To establish the principles of ensuring energy efficiency in the conditions of an operating
enterprise, it is necessary to conduct a comprehensive study and develop technical solutions
to the issue. One of the most crucial stages is the optimization of electrical modes while
ensuring a rational flux of reactive power [14 — 16, 35]. Based on scientific and experimental
studies of the electrical modes in coal mines, the following sequence of actions is performed:
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1) calculation of electrical loads for stationary installations, underground loads, and the
enterprise as a whole;

2) verification of voltage conditions up to the furthest electrical receivers;

3) verification of voltage quality indicators when operating powerful nonlinear loads,
taking into account the cyclic nature of operation;

4) selection of configurations for circuits and intersections of cable lines (CL) in electrical
grids;

5) selection of reactive power compensation devices (RPC) and their distribution among
0.4, 0.66 kV, and 6 kV grids (Fig. 6).
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Fig. 4. The value of THD: during experimental studies of the FC energy performance with a direct
current link at a frequency f2 = 50 — 20 Hz.

During the modernization of production and the implementation of energy converters in
various technological stages, it is evident that the power of transformers, as well as the cross-
section of cable lines, may need refinement. Electromagnetic compatibility of underground
and surface electrical receivers with the power supply system also requires normalization.
When formulating the research task, it was indicated that the limited power of the power
system affects specific modes of stationary installations in coal mines. In a comprehensive
approach to solving the problem of energy efficiency, these installations create unique
correspondence between the parameters of electromagnetic processes of electrical energy
transmission and transformation. As shown, the specificity of operation lies in the fact that
the reactive power consumption and generation of higher harmonics have a variable nature,
and the degree of reactive power consumption depends on the consumed active power.

Compensation of reactive power in the electrical grids of mining enterprises, in the
presence of powerful non-linear loads and higher harmonics, requires the justification of new
algorithms for finding the optimal distribution of capacitance compensating devices in the
grids of 0.4, 0.66, and 6 — 10 kV. In doing so, it is necessary to consider the features of load
variations in stationary installations, non-stationary and unstable loads of underground
consumers, and the possibility of limiting the power of the power system in decentralized
power supply.
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Fig. 5. The values of current interharmonics during experimental studies of the FC energy performance
at a frequency f2 = 50 — 20 Hz.
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Fig. 6. Distribution of reactive power compensation devices in the power supply system of a coal mine.

The idea of reactive power compensation itself involves reducing active power losses in
the elements of electrical grids as the source of reactive power approaches its consumption
point [12, 35]. To obtain the optimization target function for reactive power compensation,
two components of active power losses will be considered. They are losses due to reactive
power flux at the fundamental frequency and additional losses due to the flux of higher
harmonics components. The objective is to minimize the active power loss function. The
function has the following form [20, 34, 35]:
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n R nm R .
AP = 3.(0 -0 ) oot glvgz[(gvi ~0 ) U—zj —> min, (11)

where Q;, Q,; is the reactive power of the electrical grid section at the fundamental frequency
and at the frequency of higher harmonics, respectively; Q; is the total power of compensating
devices at the fundamental frequency and at the frequency of higher harmonics; R;, R,; is the

resistances of the power supply system elements at the fundamental frequency and at the
frequency of higher harmonics, respectively; U,, is the voltage of the v-th harmonic.

The specificity of this form of loss dependency lies in considering only the reactive
component, which varies depending on the degree of compensation. The fraction of active
losses in this issue formulation remains constant and is not considered in the dependencies.

Given the complexity of the electrical regimes of underground and surface consumers,
the task of optimal distribution of compensating devices in the power supply system belongs
to the issues of constrained optimization. It is solved using the Lagrange method [20, 34, 35].

Regarding the 6 — 10 kV load center, the electrical grid of the mining enterprise can be
represented in a radial form (Fig. 7). In this case, circle 1 characterizes the connection of the
6 — 10 kV capacitor bank, circle 2 represents the electrical loads and compensating devices
at 0.4 kV on the surface, and circle 3 represents the electrical loads and compensating devices
at 0.66 kV in the underground part of the scheme.
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Fig. 7. Radial scheme of compensating devices distribution in the electrical grid of a mining enterprise.

Relative minimum of the objective function is determined under the condition of
preventing the generation of reactive energy in the power grid of the energy system [35, 36]:

ilei =Q, or _ilei -Q =0. (12)
1= 1=

The Lagrangian for the derived objective function takes the form of [35, 36]:

i=1 U i=1lv=2

2 R n m 2 Ry n .
L=3(Q-Qi) —5+% | (Qi—Qu) 02 +A| 2 Qi —Q¢ |—>min. (13)
v i=1
The minimum of the Lagrangian occurs when the partial derivatives of the primary
function are equated to zero [35, 36, 37]:

10
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oL 2R (Q-Qu) 2Ri1(Q1-Qu)

_ . _ 5 + A1 — min,
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oL _ z(Qz2 ka)_ VZ(Qv22 Qk2)+z_>min,
Q2 U u, (14)
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0Qk3 u u,
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= - =0.
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Analysing the system of equations (14), the correlations for the optimal distribution of
capacitor banks capacitance across the three levels of power distribution in the mining
enterprise are obtained. They consider the requirements of electromagnetic compatibility:

Ry (Q—Qu1)+Ru1(Q1 —Qu1) =Ro (Q —Qk2)+Ry2(Qu2 = Q2 ) =
=Rg(Q-Q3)+Ry3(Q3—Q3)-

Thus, in a comprehensive assessment of the energy efficiency of the power system of
mining enterprises, dependencies for the optimal distribution of compensating devices across
the hierarchy levels of power distribution have been obtained. With reliable information on
the technical parameters of the autonomous power system and the operating modes of non-
linear loads, it is possible to derive new correlations for the quantity and power of reactive
power compensation devices and determine the optimal points of their connection.

(15)

5 Conclusions

The differences in the obtained objective function and its solution lie in simultaneously
considering power losses at the fundamental frequency and at higher harmonics frequencies.
Considering the high value of the non-linear load fraction and the prospect of transitioning
to a decentralized principle of power system construction, it is necessary to introduce a series
of variables that consider non-sinusoidality into all fundamental electrical calculations
(selection of grid elements, short-circuit current calculations, relay protection settings, etc.).
Reliable operation and the ability to operate power systems of large enterprises can be
ensured only through comprehensive research with the derivation of correction coefficients
for the given parameters.

The perspective development of the created approaches to optimizing reactive power flux
parameters includes considering interharmonic components of the distorted current and
voltage spectra. This involves developing a reliable mathematical tool for assessing and
analysing interharmonics in the operation of energy converters.

Analysis of the electrical modes of typical electrical receivers of mining enterprises has
allowed to identify their unique features: cyclicity of operation, a significant part of time
operating in the unloaded mode. Considering the mandatory compliance with high
requirements for the reliability and explosion safety of the power supply systems of coal
enterprises, special requirements are defined for the structure of electrical grids and the control
of power consumption modes. The combination of reliability and power supply quality
indicators has allowed to offer comprehensive performance indicators for the power supply
system obtained under specific combinations of the coal enterprises and power system modes.

Developments have been made in the methods of mathematical modelling of physical
processes related to the transmission and distribution of electrical energy in the power supply

11
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systems of mining enterprises with non-linear electrical loads. These methods are used as a
basis for predicting levels of electromagnetic compatibility.

The new theoretical bases for conducting research in modern power supply systems,
considering the increasing power of non-linear loads, have allowed the development of
scientific principles for the analysis and synthesis of energy processes in multiphase electrical
systems. Additionally, methods for correction have been offered considering the complex
interaction of electromagnetic interference sources, which are typical for mining enterprises.
These approaches aim to assess their impact on the reliability and efficiency of the main
electrical technological equipment.

The methodology for compensating reactive power in electrical grids has been developed
based on a comprehensive analysis of individual higher harmonics distortion profiles and
coordinated control of the parameters of filter-compensating devices. This approach, along with
the justification of preventive measures and mitigation of abnormal modes in power supply
systems, allows for optimizing reactive power fluxes and reducing electrical energy losses.
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