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The object of research is coal enterpri-
ses where powerful electrical equipment is 
used (underground installations up to 3000 kW, 
tunneling complexes of 500–1500 kW, techno-
logical complexes of 6–10/0.4 kV, etc.). The 
deficit of generated capacities, caused by grow-
ing energy consumption, can be reduced by 
regu lating power consumption modes.

The relevance of this issue is determined by 
the need to conduct a research of the electrici-
ty consumption system, to determine the quali-
tative and quantitative characteristics of elec-
tricity consumption using mathematical models. 

The lack of mathematical models makes it 
difficult to analyze energy intensity and con-
sumption modes of each technological operation 
in the overall balance of electricity consumption 
of coal enterprises.

The article considers the structure and clas-
sification of the main technological groups of 
energy consumers, the development of mathe-
matical models for each type of load modes, as 
well as a generalized model of electricity con-
sumption of coal enterprises, with the use of 
mathematical apparatus of probability theory 
and mathematical statistics.

As a result of the work, mathematical mo dels 
of the electricity consumption process for the 
main technological groups and for models of 
daily electricity consumption of coal enterpri-
ses as a whole were developed, and it was also 
established that technological objects of electri-
city consumption are divided into three different 
values, in terms of power consumption modes: 
constant, uniform and pulse. For each class  
of consumers their statistical characteristics 
were obtained.

The work results can be applied for manag-
ing power consumption modes of coal enterprises
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1. Introduction

For efficient and reliable operation of the power supply 
system for underground mining, it is necessary to timely 
identify and eliminate the mode of excess consumption of ac-
tive power and penalties from the power system. It is known 
that up to 80 % of violations occur due to non-compliance 
with the specified power consumption modes.

To date, mainly the modes and standards of power supply 
for general industrial enterprises have been studied, and for 
coal enterprises, the modes of power consumption mana-
gement have been studied to an insufficient degree, there 
are no modes of power consumption for energy-intensive 
installations, the existing methods of analysis and calculation 

of justified values of non-standardized parameters of power 
consumption for coal enterprises are not effective enough.  
It can also be noted that these methods control only the 
modes of power consumption at the main inputs of feeding 
substations, without affecting the features of the modes 
of power consumption of individual technological groups.

The listed shortcomings make it relevant to develop 
mathematical models and control algorithms for energy-in-
tensive installations based on measuring the active power of 
electrical energy for individual technological consumption, 
which takes into account both the mode of electrical con-
sumption and its volume for various technological groups.

In this regard, research on development of mathematical 
models of expected power consumption modes for coal enter-
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prises in general and for individual technological groups of 
consumers is relevant.

2. Literary review and problem statement

The article [1] presents the results of a studying the 
problem of optimizing power systems by smoothing the 
load profile. There is proposed an algorithm for optimizing 
the modes of power systems, taking into account simple 
and functional limitations in the form of inequalities in the 
conditions of the probabilistic nature of the initial node 
information, based on the use of matrices for calculating the 
objective function and constraint functions. 

One of the disadvantages of this study is the use of 
a simplified mathematical model that includes only two 
consumers and two thermal power plants. Such a model does 
not adequately reflect the complexity of real power systems, 
where the number of consumers can reach several dozen.

In the article [2], the authors present the results of an 
experimental study of the dynamics of changes in specific 
energy consumption depending on the volume of extracted 
rock per shift and the rate of excavation. Energy technology 
profiles of energy characteristics have been obtained to assess 
the efficiency of tunneling operations. 

It should be noted that the profiles created are applicable 
only for estimating the energy consumption of mining equip-
ment. However, in order to comprehensively assess the energy 
consumption of a coal mine, it is necessary to expand the study 
and include an analysis of the energy consumption of processes 
such as mining, transportation, ventilation and lifting. 

The article [3] presents the results studying the optimi-
zation of production processes in conditions of limited peak 
capacity of the workshop using a mathematical model and 
heuristic solutions.

One of the disadvantages of this study is that the results 
obtained are applicable only to one workshop with a single 
power supply source and a limited set of technological pro-
cesses and does not consider more complex systems with 
multiple power sources.

The article [4] presents the results of a study in which, 
using a multi-criteria optimization algorithm, it was possible 
to reduce the energy consumption of CNC machines by op-
timizing milling parameters. One of the disadvantages of this 
study is the study of one technological consumer (a CNC 
machine). The model does not take into account the com-
plexity of real enterprises with many consumers that require 
an integrated approach to optimizing energy consumption.

The article [5] presents the results of a study of an op-
timization model for regulating a ventilation system using 
mixed integer nonlinear programming. It is shown that ma-
thematical models take into account changes in the geometric 
parameters of the mine, meteorological conditions and other 
factors. One of the disadvantages of this work is the study of 
the operating modes of a low-power fan (70–75 kW). This 
model does not take into account the specifics of industrial 
enterprises, where the total capacity of ventilation systems 
can reach 4–6 MW.

The article [6] presents the results of a study in which, 
using mathematical models, the dependence of the maximum 
water flow on the diameter of the water meter and other 
factors was studied. Time series analysis methods were used 
to analyze hourly fluctuations and determine peak loads.  
In general, the approaches used in this work can be adapted 

to our task, although we are dealing with other objects and 
types of energy.

The article [7] presents the results of a study of the operat-
ing modes of complex mechanized stopping faces. The analysis 
of the interrelationships between various factors affecting 
power consumption, using statistical methods, allowed to  
create a mathematical model that optimizes the operating 
modes of complex mechanized stopping faces. The disadvan-
tage of the work is that the developed methods are applicable 
only to mining combines, whose share in the total energy con-
sumption of the mine is only 2–5 %, which limits their impact 
on optimizing the energy consumption of the mine as a whole.

The authors [8] use simple and multiple linear regression 
analysis in their work, as well as quadratic regression ana-
lysis to hourly and daily data from the research center. The 
disadvantage of this work is the narrow specialization of the 
proposed models, which are applicable only to residential 
buildings. Coal enterprises represent a much more complex 
system for analysis, which requires the development of spe-
cific models.

The article [9] presents the results of a study of various 
strategies for reducing energy consumption using the exam-
ple of a coal mine in Mpumalanga (South Africa). The lack 
of a detailed analysis of power consumption modes and 
insufficient control at the level of individual processes are 
significant disadvantages of this work.

The article [10] presents the results of a study of simu-
lation models for optimizing the operation of a complex 
mechanized coal mine face. Prototypes of combine harvester, 
conveyor, crusher and loader models have been obtained. The 
disadvantage of the work is that the analysis was carried out 
only for the complex mechanized face of a coal mine, without 
a detailed consideration of the impact of various types of 
equipment on energy consumption.

Thus, the considered works mainly studied the modes 
and norms of power supply for general industrial enterprises, 
shops, and for coal enterprises the modes of power consump-
tion control are studied insufficiently, there are no modes of 
power consumption for all energy-intensive installations, and 
the existing methods of analysis and calculation of justified 
values of non-standardized parameters of power consump-
tion for coal enterprises are not effective enough.

The foregoing justifies the need to develop mathemati-
cal models for the research of power consumption modes of 
mining enterprises using the probability theory and mathe-
matical statistics.

3. The aim and objectives of the study

The aim of the study is to develop a comprehensive 
system of mathematical models for the power consumption 
of coal enterprises, allowing for detailed analysis, real-time 
forecasting, and long-term planning of energy consumption 
modes for coal enterprises, power supply centers, technologi-
cal processes, and individual consumers:

– develop mathematical models for the process of active 
power consumption for the main technological groups of  
a coal enterprise, taking into account their specific characte-
ristics and operating modes;

– develop a generalized mathematical model of the elec-
trical load of a coal enterprise, combining the models of indi-
vidual technological groups and considering the interaction 
between them;
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– develop a mathematical model of the daily electricity 
consumption of coal enterprises;

– construct daily load curves and histograms of the elec-
trical load distribution for various technological groups and 
the enterprise as a whole, and analyze their features.

4. Materials and methods of research

The object of research is energy-intensive electricity 
consumers of coal enterprises, for which it is proposed to 
determine the energy intensity and consumption modes of 
each technological operation in the overall electricity con-
sumption balance of coal enterprises, as well as to develop 
mathematical models of the electricity consumption process. 
To simplify the analysis, numerous underground electric con-
sumers are united into technological groups.

Among power consumers under consideration, two main 
groups can be distinguished: power consumers who consume 
electricity continuously and power consumers who consume 
electricity at discrete moments. The first group includes: main 
ventilation units, vacuum pumping stations, boiler rooms, 
surface transformers and underground load [11]. The second 
group of energy receivers includes skip and cage hoists. The 
main indicators of power consumption at the Kostenko coal 
mine in Karaganda coal basin are shown in Table 1.

Some of the energy consumers under consideration in-
clude dozens of independent energy receivers. For example, 
the underground load is determined by hundreds of ma-
chines: mining and tunneling combines, manual and column 
electric drills, winches, conveyor lines, electrical haulage, etc. 
Some power receivers consist of one or two powerful energy 
consumers, for example, a boiler room. 

4. 2. Ventilation plant
Ventilation of cleaning and development faces is one of the 

most energy-intensive processes. Power losses during mines 
ventilation reach significant amounts. Electrical consump-
tion for mines ventilation of with high methane abundance 
of coal beds in the overall mine energy balance is 30–40 %.  
The main and local ventilation units consist of two indepen-
dent units, one of which is a stand-by unit. Powerful syn-
chronous motors are usually used to drive main ventilation 
fans, which are used to increase the overall power factor of 
the mine (cosj) [12].

4. 3. Surface transformers
The group of energy receivers supplied with 380/660 V 

voltage from transformers installed on the mine surface 
includes various groups of mechanisms, for example, techno-
logical complex, providing transportation and loading of coal 
into railroad cars, administrative and household facilities, 
auxiliary needs of stationary installations, etc. If to consider 
each group of energy receivers separately, they have very dif-
ferent operating modes depending on a number of reasons of 
technological, climatic and technical nature. In the future, it is 
possible to consider them as a single group of energy receivers, 
generalizing them according to the principle of territoriality 
of energy supply. Analyzing the graph of power consumption, 
it is possible to say that the load on 6 kV feeders supplying  
this group of power consumers is a continuous value chang-
ing in time [12].

4. 4. Underground load
The underground load is a large group of individual ener-

gy receivers (up to several hundred in the largest mines), 
including transport mechanisms (conveyor units, electric 
locomotives, winches), mining and tunneling equipment, etc. 
Magnitude of underground load and its share in the overall 
energy balance of the mine depend on many factors, the main 
ones are the number of mined beds, their depth, mining tech-
nology, etc. Some energy receivers (drainage, conveyor trans-

port) have a relatively continuous schedule 
of energy consumption, the rest (electric 
drives of mining and tunneling equipment, 
winches, electric locomotive transport) be-
long to the group of indexing mechanisms. 
The total electrical load for the entire group 
is a continuous random value [12].

4. 5. Boiler room
The boiler installation is a continuous 

energy consumer with a pronounced seaso-
nal cycle, which is caused by heating of mine 
buildings and air heating entering into the 
mine during fall and winter. In addition to 
seasonal fluctuations in the level of power 
consumption, boiler installations have daily 
fluctuations related to shift work (showers, 
laundries) [12].

4. 6. Vacuum pump stations
Vacuum pump stations (VPS), designed for degassing coal 

beds are installed on the mine surface. The VPS operating mode 
is constant. The amount of electrical load on the feeders feeding 
vacuum pumping stations depends on the number of simulta-
neously operating pumps (usually 1–3 pcs.). Changes usually 
occur when the production unit transfers to a new longwall.

Thus, the amount of power consumption for the VPS is 
a continuous and constant value, with unchanged topological 
structure of the mine field. VPS power consumption planning is 
carried out in accordance with the mining plan for each bed [12]. 

4. 7. Lifting installations
Lifting installations, by nature of their electrical load over 

time, can be classified as cyclic intermittent mechanisms. 
In particular, cage hoisting installations must provide men 
hoisting (for example, in a 4-shift operating mode – up to 
8 hours a day), hoisting auxiliary materials into the mine, rock 
and mechanisms hoisting need to be repaired. For each cage 

Table	1
Main	indicators	of	power	consumption	in	a	coal	mine

Energy receivers S, kVАr PF Р, kW PF Q, kVAr PF cosj

Ventilation 9366 0.169 2300 0.311 627 0.146 0.910

Cage hoist 6388 0.115 840 0.143 567 0.132 0.828

Skip hoist 8390 0.151 1400 0.189 949 0.221 0.847

Vacuum room 1120 0.020 175 0.034 156 0.036 0.891

Surface transformers 7610 0.137 583 0.039 426 0.099 0.760

Boiler room 2800 0.050 112 0.015 92 0.021 0.821

Underground load 19845 0.357 1986 0.268 1485 0.345 0.748

Mine 55519 – 7396 – 4302 – 0.825

Note: S – installed capacity, kVA; PF – participation factor; Р – active power, kW; 
Q – reactive power, kVAr; cosj – power coefficient.
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hoisting installation, a work schedule shall be drawn up in ac-
cordance with the daily operating schedule of the entire mine.

Operating mode of the skip hoisting installation is di-
rectly dependent on the amount of coal mined. The work 
schedule of skip hoisting also provides for the time required 
for carrying out preventive and repair operations (usually 
during a repair shift provided for by the general mine daily 
cycle of work) [11, 12].

5. Research results of power consumption modes  
for technological groups in underground mining  

and at coal enterprises in general

5. 1. Development of mathematical models for the pro-
cess of active power consumption for the main technological 
groups of a coal enterprise

All technological consumers of electricity from the point of 
view of statistical characteristics can be divided into 2 groups:

– continuous consumption mode, which in turn can be 
divided into 2 types: with uniform (UD) and normal (ND) 
distribution;

– pulse distribution mode (ID). 
UD group are vacuum and ventilation installations. The 

amount of power consumption is a randomly varying value 
within small limits, and distribution may be considered uni-
form [12]. Then, for the UD group the distribution function 
will obey the following law:
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where Рmax – maximum power value; Рmin – mi- 
nimal power value.

The ND group is boiler rooms, surface 
transformers, underground load. The results 
of statistical data processing [13, 14] show 
that the power consumption mode of this 
group has a normal distribution law of load 
amplitude on the feeders supplying power 
receivers of this group:
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σ π
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where dND – mean-square deviation of po-
wer consumers of ND group; mx – expec-
ted value.

The most important characteristic of po-
wer consumers of the ND group is the cor-
relation function. This characte ristic is ne-
cessary to determine the probability of load 
surges occurring. The correlation functions 
of power consumers of the ND group are 
described with sufficient accuracy by an ex-
ponential dependence such as [15]:

r et btα t( ) = − 2 2

cos , (3)

where α, b – correlation coefficients of load 
values; t – corre lation interval.

The ID group are power receivers ope-
rating in pulse mode (skip and cage hoisting 

installations), which use up to 20 % of all electricity con-
sumed by a coal mine. Therefore, even a slight reduction in ir-
rational energy consumption per ton-kilometer of lifted load 
will save tens and hundreds of thousands of kilowatt-hours 
per year at each installation.

Electrical consumption by skip and cage hoisting is an 
intermittent process. Periods of continuous operation of  
hoists (tct – cycle time) alternate with periods of down-
time (tbc – time between cycles) (Fig. 1), i. e. hoisting operates in 
"blocks" of cycles. The number of cycles in a "block" (tw – block 
operating time) and the time between "blocks" (tb – down-
time) are determined largely at random (Fig. 2).

It is very difficult to obtain complete information about 
the process of electrical consumption in real conditions. 
According to the results of measurements (hourly load) the 
condition of hoisting unit (operates – does not operates) 
and power consumption are known. The task is to determine 
complete information about the power consumption of hoists 
based on the results of hourly measurements.

The process of hourly load measurements can also be rep-
resented as a pulse deterministic process according to Fig. 3.

The pulses height of a single consumption flow of skip 
and cage hoists is deterministic h Pi i

SH CH»( ), ,  i. e. the pulses 
height is equal to the probability of operation of skip and 
cage units.

The duration of time between adjacent pulses of this 
process is 60 minutes, Fig. 3. The control measurement of 
consumed electricity actually occurs in a very short period of 
time (can be read instantly). However, for further operation 
with the generalized mathematical model, it is necessary to de-
termine the maximum time t3, during which, with a high prob-
ability, no significant change in the observed process occurs.

 tbc. tct.

Fig.	1.	Periods	of	continuous	operation	of	hoists	with	downtime	periods

 
tw. tb.

Fig.	2.	Cycles	operation	in	"blocks"

60 min.tw. tb.t3

Fig.	3.	Electrical	load	pulses	of	the	hoist	system
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For processes of the UD and ND groups, this time is de-
termined by the type of correlation function and, within the 
framework of the adopted model (the process under study is  
assumed to be constant between hourly measurements),  
is equal to at least 60 minutes.

For the ID group processes, a different qualitative and 
quantitative picture is observed. Here time t3is determined 
by the probability of pulse-pause and pause-pulse transition. 
Let’s determine time t3 for pulse processes.

Let the beginning of measurement be the point t (Fig. 4), 
which randomly falls on a pulse process with the following 
characteristics:

f t e
tw

t
tw

1

1

1

1( ) =
−

, (4)

g t e
tb

t
tb

1

1

1

1( ) =
−

, (5)

where f1(t) and g1(t) – distribution laws of impulses and 
flow pauses, respectively; tw1

, tb1
 – average flow pulse and 

pause time.
For example, this point fell at the base of pulse. Then dis-

tribution of random values t1 and t2 is determined by a two-di-
mensional probability density [15, 16]:

F t t
t

t t
w

1 2 1 2

1
, ,( ) = +( )α  (6)

where α(t) – pulse duration lighting.
Distribution of random values α1(t1) and α2(t2) identical 

and found by calculating the integral [15]:
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In the case of exponential distribution:

α1 1 1t f t( ) = ( ). (8)

Then the probability that the value of t1 will be at least t3, 
is equal to:

P t f t t e
t w t t

t

tw= ( ) =
∞ ∞ −

∫ ∫
1

3 1

3

1 1d d* . (9)

With the value Р = 0.9 in (9) let’s obtain t tw3 0 1» . *  (or for 
a pause . *t tb3 0 1» ). According to data [15], the values tw and 
tb are on average 10 min, whence t3 » 1 min. Thus, let’s obtain 
a maximum sample interval equal to one minute.

The problem of finding characteristics of power con-
sumption of hoisting installations is formalized as follows: 
according to information about coincidence of two pulse 
flows, х1(t) with characteristics (4) and (5), and the se-
cond х2(t) – deterministic pulse flow with characteristics 
t tw2 3 1= = min, t tb2

60 593= − = min, tw1
, tb1

 need to be deter-
mined of the power flow. 

Let’s determine characteristics of the processes of coinci-
dence of two independent flows x1(t) –power consumption 
flow and x2(t) – flow of measurements. Duration of pulses 
and pauses of the measurement flow is fixed and satisfies dis-
tributions according to the formulas (10)–(12):

f t t tw2 2
( ) = −( )d , (10)

g t t tb2 2
( ) = −( )d , (11)

where d – delta function; tw2
, tb2

 – respectively, duration of 
pulse and pause of deterministic flow.

In this case, mathematical expectations of pulses and pauses 
duration of each flow are respectively equal to tw1

, tw2
,  tb1

,  tb2
. 

Pursuant thereto, the average pulse repetition rate of a sta-
tionary pulse flow is equal to:

m i
w bt t

=
+
1

1 1

. (12)

Let’s consider coincidence of two pulses a success, if their 
duration is overlapped at least partially. The pulse formed as 
a result of time overlap of both pulses will be called a coin-
cidence pulse. Since this paragraph examines time characte-
ristics of pulse processes, this allows to consider the shape of 
each pulse of the flows x1(t) and x2(t) to be rectangular, and 
the amplitude to be equal to one. If the flows are stationary, 
then at an arbitrary point of time t* at t→∞ the equali-
ty x (t* = 1) is satisfied with the probability [16]:

P ti i wi
= m * . (13)

Using the theory of impulse flows [15], let’s obtain for-
mulas for coincidence process of the load flow and measure-
ment flows:

m d m m22 1 2 2 1( ) = −( )* * ,t P  (14)

P t P22 1 12d m m( ) = * * * , (15)

α t
t t

22
1 2

2 1

1
1

1( ) =
+ − −

−( )
( * *

* *
,*t P t P

t P t P
et P  (16)

where m22 – pulse repetition rate; P22 – proba-
bility of coincidence of two pulses; α22 – pro-
bability density (distribution of pulse dura-
tion of the coincidence flow); m1, m2 – average 
pulse repetition rate of two flows; t  – average 
measurement time; P1, P2 – occurrence pro-
bability of the first and, accordingly, the se-
cond pulse; t – correlation interval.

When determining the first moments (du-
ration and probability) t P* 1  and t P* 2 some 
certain difficulties arise (only the complex 
m = +( )1 1 2t P t P* *  is determined), There-
fore, in subsequent work with the generalized  

 t

t1

tw.

t2

Fig.	4.	Changing	the	electrical	load	of	hoisting	units:	а	–	electrical	load	pulses	
of	the	hoist	system;	b	–	hoist	operating	cycle
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model, it seems possible to use the probable characteristics Pw 
of hoist operation and Рb – downtime probability. 

Upon receiving information about t P* 1  and t P* 2 or the 
average number of skips in one pulse, it is possible to deter-
mine all the characteristics of power consumption processes 
by hoisting installations.

5. 2. Development of a generalized mathematical mo-
del of the electrical load of a coal enterprise

General picture of electrical consumption at mining 
plants consists of energy consumption by individual techno-
logical groups (UD, ND, and ID groups). In each load group, 
extensive (pulses time characteristics for the ID group) or 
intensive (amplitude values for the UD, 
ND groups) characteristics are random 
values with different distribution laws. 
Each group of power consumers satis-
fies the stationarity and ergodicity hy-
potheses.

There is arise the task to determine 
the probabilistic characteristics of the 
energy consumption process at mining 
plants obtained by summarizing the 
above-described components of its ran-
dom processes [15].

Let’s consider the physical picture 
of total load formation in a coal mine, 
shown in Fig. 5.

The loads of the UD and ND groups 
are continuous quantities with a ran-
dom amplitude (Fig. 5). They form the 
main "constant" level of energy con-
sumption of a coal mine. It can be 
called "permanent" conditionally, since 
the amplitude of this level is a random 
value. Next, the load from intermittent 
skips (i. e., probability of operation of 
skip (РSH1 and РSH2) and cage (pro-
bability of operation of cage hoist РCH) 
hoists is summed up to a constant level 
of energy consumption [17]. Therefore, 
above the constant level, a type of load 
surges is formed, Fig. 6.

The main task is to determine the 
probabilistic characteristics of both the 
main load level and the process of co-
incidence of the operating moments of 
skip cage hoists.

Determining the nature of change in the load of power 
consumers of the ID group is a task for summing up seve-
ral independent pulse processes of electrical consumption.  
To solve it, there is necessary to perform a sum operation:

Y t x t
i

n

( ) = ( )
=
∑

1
1 , (17)

where Y(t) – total load of power consumers of the ID group; 
xi(t)– summarized loads of various processes.

Simultaneous coincidence of k pulses from n sequences, 
calculated under the condition that their coincidence will 
last at least t, is determined by the correlation [15]:

P
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= =
∏1

1 0

 (18)

where Pwi
t( ) – probability of installation operation; Pbi

t( ) – pro- 
bability of installation downtime (pause); t – pulse coincidence 
interval duration.

Pwi
t( ) and Pbi

t( ) are determined accordingly by the for-
mulas (19) and (20):

P x g t tb x ii
d m

d( ) = ( )∫ ∫
∞

0
d d ,  (19)

P x f t tw x ii
d m

d( ) = ( )∫ ∫
∞

0
d d , (20)

where m – average pulse repetition rate of stationary flow;  
gi(t) – flow pause distribution law; fi(t) – pulse distribution law.

In addition to the probabilistic characteristics of the 
coincidence flow, important indicators are the average fre-
quency mn,k(t) of k coincidence from n sequences, calculated 
under the assumption that the duration of their coincidence 
is not less than tand distribution of pulse duration of the 
coincidence flow fn,k(t):

m t
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t α t
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f t
d
dt
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0

2

2m
 (22)

And then let’s obtain the ID for the energy consumers of 
the group:
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РHD, aver.
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Р, kW 21

t min., 

Fig.	5.	Total	load	of	coal	mine	of	power	consumers	of	the	ND	group:		
1	–	actual	electricity	consumption;	2	–	probabilistic	model
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Fig.	6.	Total	load	of	coal	mine
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Thus, formulas (23)–(25) represent the final probabilis-
tic characteristics of the electrical load of energy consumers 
of the ID group.

5. 3. Development of a mathematical model for the 
daily electricity consumption of coal enterprises

To define the daily electrical consumption, let’s use 
the load mode models of the above mentioned mine power 
consumers. If to represent an hourly load of an individual 
power consumer as a random function of time x(t) then 
hourly electrical consumption shall be determined as follows:

Y t U x t( ) = ( )* * ,h  (26)

where U – voltage level, V; h – standard coefficient (dimen-
sionless value, including the cosj values, performance factor 
and constant coefficients).

Daily electrical consumption Wday. can be represented as 
the sum of hourly consumption during a day:

W Y tday
t

. .= ( )
=

∑
1

24

 (27)

Determination of daily electrical consumption of the 
ND group consumers appears as summing up the sums of 
normal values. Daily electrical consumption by energy re-
ceivers from the ND group is a random value, which is fully 
characterized by a mathematical expectation and a correla-
tion function. According to the addition theorem [16], the 
mathematical expectation of daily electrical consumption by 
energy receivers from the ND group is as follows:

m U mDAY ND NDi. * * ,= 24  (28)

where mNDi
 – load value of the i-th power consumer of the 

ND group. The correlation function [16] of daily electrical 
consumption can be found as:
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where KNDi
t( ) – autocorrelation function 

of hourly load values for the ND group.
For the dispersion of daily flow let’s 

obtain:

D
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∑24 2 24

0

23

 (30)

where DNDi
 – dispersion for groups with 

normal distribution; K kNDi
( ) – auto-

correlation function of daily load values for the ND group. 
Daily consumption of power consumers from the P group 
is determined by summing up the sums of uniformly distri-
buted values. This operation results in a value with a normal 
distribution law.

Mathematical expectation and dispersion [16] of daily 
energy consumption process of power receivers form the  
P group are determined by the formulas:

m U mDAY UD UDi. * * ,= 24  (31)

where mUDi
 – load value of the i-th power consumer from the 

UD group:

D D k K kDAY UD UD
k

UDi i. ,= + −( ) ( )
=
∑24 2 24

0

23

 (32)

where DUDi
 – dispersion for the UD group; K kUDi

( ) – auto-
correlation function of daily load values for the UD group.

Due to independence of summarized processes, the cha-
racteristics of the distribution law of general mine electrical 
consumption are determined from the formulas:

W W
i

n

iS =
=
∑

1

, (33)

D D
i

i

n

iS =
=
∑

1

, (34)

where Wi and DSi – respectively, the mathematical expec-
tation and dispersion of the i-th group of power consumers.

Since the number of electrical consumption pulses during 
a day is also a random value, it is possible to come to a model 
for summing a random number of pulses having a random 
amplitude. In this case, the daily total electrical consump-
tion by skip and cage hoists is a random value with a normal 
distribution law. In the absence of a priori information about 
the duration of current load pulses, the characteristics of the 
distribution laws of the total amount of electrical consump-
tion by energy receivers from the ID group are determined 
based on statistical information processing data.

5. 4. The results of the experiment. Construction of daily 
load curves and histograms of the electrical load distribution 
for various technological groups and the entire enterprise  
as a whole

Table 2 shows daily values of electric load by groups of 
main consumers of the coal mine of the Kostenko coal mine, 
and Fig. 7 shows their daily schedules.

Table	2

Daily	values	of	electric	load	of	the	main	consumers	of	the	coal	mine		
of	the	Kostenko	coal	processing	plant

Energy 
consumers

Electrical load, kW

MVF 1020 1000 1160 1230 1160 1200 1000 1140 1140 1140 1300 1160

ST 360 480 520 550 480 670 750 720 500 580 520 550

BR 40 80 30 78 100 90 90 120 130 128 180 120

UL 1000 1600 420 1100 1700 2000 3500 3000 3500 3000 2700 1600

TL 2420 3160 2130 2958 3440 3960 5340 4980 5270 4848 4700 3430

t, h 0 2 4 6 8 10 12 14 16 18 20 22

Note: BR – boiler room; ST – surface transformers; UL – underground load; MVF – main 
ventilation fans; TL – total load. 
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The obtained histograms of the distribution of a random 
va lue of active electrical power for the main technological 
proces ses of the coal mine named after Kostenko is shown  
in Fig. 8–12.

 

Fig.	8.	Histogram	of	electric	boiler	load		
distribution

 

Fig.	9.	Histograms	of	electrical	load	distribution	surface	
transformers

The obtained results of the experiment and calculation 
of the values of mх, Dх, d, Kv and Pearson’s criterion of agree-
ment (l2) of the empirical distribution with the normal law 
of distribution of electric load values are presented in Table 3.

 

Fig.	10.	Histogram	of	the	distribution	of	electrical	
underground	load

 

Fig.	11.	Histogram	of	the	electrical	load	distribution		
of	the	main	ventilation	unit
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Fig.	7.	Daily	power	consumption	schedules	of	the	main	consumers	of	the	Kostenko	coal	mine
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Fig.	12.	Histogram	of	the	distribution	of	the	total	electrical	
load	of	the	mine

Table	3

Statistical	characteristics	of	the	active	load	of	the	mine’s	
energy	consumers

Energy consumers
Statistical characteristics

mx, kW dх, kW Kv l2

Main ventilation fans 1,100 48.1 0.045 18.1

Surface transformers 583 73.8 0.126 17.7

Boiler room 112 20.4 0.182 58.7

Underground load 1,986 654 0.331 16.0

The general form of histograms and statistical characte-
ristics of the active load of mine energy consumers allows to 
classify boiler plants, surface transformers and underground 
load as normal distribution law, and main fans as uniform 
distribution law. Processing of values of skip load and cage 
hoists was carried out separately due to the pulsed nature of 
the energy consumption mode by hoisting units.

6. Discussion of the results of developing  
the mathematical models of electricity consumption  

of coal enterprises

The work revealed that dozens or even hundreds of 
individual consumers participate in the process of power 
consumption of coal enterprises. The main energy-intensive 
consumers have been identified and classified into groups of 
technological processes, the power consumption indicators of 
which are given in Table 1.

Fig. 8–10 show that all technological groups of electric 
consumers in terms of statistical characteristics can be di-
vided into 2 groups: continuous consumption mode (with 
normal and uniform distribution) and pulse consumption 
mode (skip and cage lifting installations). The results of data 
processing (Table 3) show that for a group with a uniform 
distribution, the statistical characteristics of power con-
sumption modes are determined by formula (1), for groups 
with a normal distribution (underground transformers, boi-
ler plants) – by formula (2), for groups with pulse consump-
tion – by formulas (4), (5). Fig. 3, 4 show that the consump-
tion of electrical energy by cage and skip lifting installations 
is an intermittent process: periods of operation alternate with 
periods of downtime, which are formed randomly. Formu-

las (14)–(16) define the process of energy consumption by 
lifting installations. The total electrical load of a coal mine 
consists of electricity consumption for individual techno-
logical groups, shown in Fig. 6. The loads of groups with 
uniform and normal distributions are continuous and form 
the main level of power consumption, after which the loads 
of lifting installations are summed up to it. The final prob-
able characteristics for the pulse type group are expressed 
in formulas (23)–(25). Mathematical models of the modes 
of daily electricity consumption have been developed: for 
groups with a normal distribution law, they are determined 
by formulas (28)–(30), for groups with a normal law – by 
formulas (31), (32). Formulas (33), (34) determine the total 
energy consumption of the mine as a whole.

In the article [18], the authors analyze the modes of elec-
tricity consumption by mining excavators, the data obtained 
from which can be used to optimize their operation. The 
research presented in the article [5, 19] is aimed at solving 
problems of improving the energy efficiency of mine ventila-
tion systems. The authors of the work [20] consider the fea-
tures of the power consumption of conveyor systems. Unlike 
these works, which study certain types of mining equipment, 
our research covers the entire technological process of under-
ground coal mining. The statistical modeling method were 
used to carry out a comprehensive analysis.

A feature of this study is the possibility of applying 
the developed mathematical models of power consumption 
modes for any coal enterprises.

The limitation of this study is that the study was con-
ducted only at the level of technological groups, without 
detailing to individual mechanisms.

The disadvantage of this study is that it studied only 
consumers who were connected to outgoing feeders with  
a voltage of 6 kV of the supply centers and equipped with 
metering devices for active and reactive electricity. 

For the perspective of the development of this study, 
it is proposed to install a technical control and accounting 
system for each outgoing feeder, which will allow a detailed 
analysis of energy consumption for each electric drive of 
technological installations. The proposed system will allow 
creating consumption models for each technological process 
and optimize energy consumption. 

For the perspective of the development of this study, it is 
proposed to install a technical control and accounting system 
for each outgoing feeder, which will allow a detailed analysis 
of energy consumption inside the mine. The proposed system 
will allow creating consumption models for each technologi-
cal process and optimize energy consumption. 

7. Conclusions

1. Mathematical models for the process of active power 
consumption for the main technological groups have been 
developed. For efficient management of power consumption 
modes in coal enterprises, energy-intensive consumers were 
classified by types of mining operations into the following tech-
nological groups: ventilation installations, surface transformers, 
underground load, boiler plants, and hoisting installations.

2. A generalized mathematical model of the electrical load 
of coal enterprises has been developed, based on the sum-
mation of different types of technological consumer groups. 
In this case, pulse power consumption (hoisting installa-
tions) generates load surges.
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3. A mathematical model of the daily electricity con-
sumption of coal enterprises has been developed, based on the 
application of probability theory and pulse flows.

4. The analysis of the histograms of electrical load distri-
bution showed that the power consumption modes of various 
technological groups in coal enterprises can be described by 
three types of distributions: uniform, normal, and pulse. For 
hoisting installations, the distributions are characterized by 
pronounced peaks (pulse), indicating the presence of periodic 
or random short-term loads. The data analysis showed that the 
power consumption of surface equipment transformers at the 
Kostenko mine varies from 360 to 780 kW. The underground 
load is characterized by a wider range, from 420 to 4200 kW. 
Boiler plants consume from 30 to 180 kW, and the main venti-
lation fans consume from 780 to 1200 kW.
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