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Abstract

Purpose is the development of the research format of a mathematical model to select and assess input parameters of an al-
gorithm controlling distribution of electric energy flows in the monitoring structure of electricity supply/consumption by using
equipment of mining enterprises engaged in underground iron ore raw materials extraction.

Methods. The analytical research involved a theory of random processes adapted to the real conditions. For the purpose,
results of experimental measurements have been applied obtained under the conditions of active iron ore enterprises using
underground procedures of the raw materials mining. Methods of random functions (i.e. elements of correlation theory) have
helped identify the basic input and output parameters characterizing rather completely electric supply consumption as a sto-
chastic process to develop a control algorithm for the process.

Findings. A mathematical model of an electric supply/consumption complex as a stochastic process has been developed to
assess its features as well as its levels of influence on the economic operational indices of electric power system of under-
ground mining enterprises. Formation of the algorithm to control distribution of electric power flows among consumers of the
analyzed types of iron ore enterprises took into consideration stochastic nature of the mentioned complex activity.

Originality. The procedure of electric supply/consumption by underground iron ore enterprises has been analyzed in the for-
mat of process of a stochastic process of their operation. For the first time, the synthesized mathematical model has been built;
both average and disperse stochastic characteristics of electric consumption capacity have been identified; average period of elec-
tric energy consumption as a stationary random function during the specified time has been determined; and average number of
electric consumption peaks for the interval has been defined as well as average duration of their surges. Analysis of the electric
supply/consumption process as a stochastic process has helped solve a problem of the peak influence on the modes of electric
energy consumption by receivers of the enterprises, i.e. the random function crossing the specified electric consumption level.

Practical implications. According to the available computing formats, a calculation procedure of the operation parameters
of electric supply/consumption is of insufficient accuracy since average values are applied and stochastic nature of the process
is ignored, which is typical for the analyzed mining enterprises. The abovementioned restricts the possibility to develop ade-
quate system to control the electric power process in terms of the types of mining enterprises and specificity of their operation-
al technology. The developed methods of electric supply/consumption functioning dynamics as a stochastic process help ex-
pand its use while forming and making efficient managerial decisions in the context of the analyzed process.
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1. Introduction sity of IORMs extraction. Moreover, in the format of the

The current techniques of surface (open pits) and under- ~ current _tech_niques_, a natural process of mining deepening
ground (mines, ore workings) extraction of iron ore raw factors inevitably into stable increase of energy segment in
materials (IORMs), being the basic Ukrainian type of miner-  the complex of the extracted IORMs [3]-[5].
als as well as the basic export material of the state, are the If adequate decisions are not made, the situation may be-
examples of non-energy efficient technologies influencing ~ come tragic for Ukraine since it will have to leave the world

negatively the prime cost of its extraction [1], [2]. Hence, it ~ Market of raw materials stopping its role as an active player in
is required to solve the problem of decrease in energy inten-  the field of IORMs export, and their metallurgical redistribution.
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The present, being a segment of tolerant time uncertainty
of a problem as for the increase in the electric power effi-
ciency of the domestic industrial enterprises on the whole,
and mining ones in particular, dictates severely the necessity
to make the promptest decisions in terms of the political and
economic tendency being important for Ukraine.

The enforcement of the Law of Ukraine [6] creates poten-
tially real possibilities to implement programs of the im-
proved energy efficiency of enterprises in the state. Thus,
according to the abovementioned Law, intraday segment of
the electricity market is under development with hourly
prices per day forward. In this context, each following day,
prices vary depending upon bidding results, i.e. electricity
purchase and sale in the energy market of the state. Such an
approach provokes significant uncertainty in the activities by
consumers who plan their long-term operations relying upon
their logistics. Such enterprises involve mining and metallur-
gical companies; among other things, those ones engaged in
underground ore extraction.

In the final format, determination of the required transi-
tion to the day ahead level of electric energy (EE) consump-
tion influences greatly correctness of iron ore extraction cost
by a customer, applying for such an energy type. In turn,
either unsubstantiated or poorly substantiated request will not
be successful for the current economy of the enterprise. To
minimize the problems, one should change the available
approaches as for labour organization in the power sector of
the enterprise, and as for the actual monitoring and control of
EE consumption during hours of each current day.

Introduction of the system to control EE consumption is a
difficult task; it becomes a challenge if option of a manual
control mode is implemented; what is more, it may become
unrealistic. It is quite reasonable to perform the operation
automatically on the platform of an adequate automated
control system (ACS). In this vein, its efficiency will depend
upon soundness as well as the developed proper functioning
algorithm. The latter will be sufficient to make energy effi-
cient decisions in terms of correct development of input
parameters for the ACS operation. In such a way, the topical
task is formulated to develop a control system based upon
preventive assessment and processing of input data complex
with further proper command giving.

To solve such problems and obtain real solution, it is re-
quired to involve several optimization methods inclusive of
mathematical modelling. However, to have results of the
desired reality level, logistics of the research should repre-
sent the electric power process as a dynamic complex being
electric supply/consumption (ESC). At present, there is no
analysis of such a research block, which prevented from
assessment of input parameters with the required accuracy,
and receiving of the final result to develop relevant ACS with
necessary efficiency [7].

In this context, it is important to understand that the de-
velopment of further research tactics should rely upon the
idea that functioning processes of ESC complex of iron ore
mines differ greatly from technological analogue of the types
of coal mining enterprises as well as other ones [8].

1.1. Review of scientific sources and statement of the problem

While summarizing (in the format of the paper structure)
history of archival scientific inquiries in the list of methods
to improve energy efficiency of IORMs extraction under the
conditions of underground iron ore enterprise specificity, it is
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necessary to mention the topic is “eternal”; nevertheless, time
corrects and changes both its format and research methods.

The outlook has shaped the fundamental scientific re-
search being currently the basis for the development of
search format in this regard.

Particular attention should be paid to the forefront
studies [9]-[11] in the research cases. The matter is that
their findings first highlighted the problems of assessment
and analysis of energy characteristics of consumers as a
subject of the current control of their EE consumption. In
this vein, energy characteristics of using EE equipment
were first represented as multivariate statistic associations
between their current functioning modes and levels of their
energy potential use.

[12]-[14] studies look like continuation of the search
format. Their authors have proved dependence between the
levels of EE consumption and technological parameters of a
mining enterprise operation.

During different years of their activities, a number of
other researchers [15], [16] made significant mark in the
development of scientific and methodical activities, and
analysis of aspects concerning electric supply/consumption
by the domestic mining enterprises [15], [16]. Nevertheless,
while assessing positively the research findings, we should
mention it was carried out exclusively for coal mining enter-
prises, and based upon corresponding procedure of their
functioning. In turn, which is logical, predecessors did not
analyze the possibility to apply proper findings for the condi-
tions of underground enterprises engaged in IORMs extrac-
tion. According to the specificity of the mineral mining, the
method is (or rather should be) the personified search way.

To a great extent, the certain underdetermination of the
mentioned studies has been compensated by foreign re-
searchers. In such a way, papers [17]-[19] propose multipur-
pose models to control EE flows at the enterprises while
changing consumer load levels depending upon the time of
day. To obtain a solution, minimizing EE consumption cost,
it is proposed to use electricity tariffs as the input parameters
for a target function; the abovementioned is planned to
achieve through the maximum shift of energy loads to the
economical tariff zones. i.e. hours of the day.

Paper [20] represents point of view of its authors as for
the optimal integration of EE control process taking into
consideration uncertainty of energy supply to an enterprise
consuming the EE. Papers [21]-[24] also concern the prob-
lem of consumer EE control taking into account changes in
electric energy tariff during a day.

Nevertheless, while summing up, we mention with the
appropriate level of correctness that depending upon the
natural time influence, tendencies to solve the problem are
deformed from a format of strictly canonical forms towards a
new positive modern aspect, i.e. control of ESC complex
functioning in accordance with the available options of po-
wer supply system (PSS) structures [25], [26].

It is logical in such an interpretation that efficiency of the
expected decision will depend upon an algorithm format of
the process control; in turn, the latter should involve all in-
fluential factors of an enterprise functioning technology and
“develop” structurally multicriteria option to manage the
corresponding control system.

At the same time, to assume following managerial
measures, the research tactics concerning the development of
the expected structure of the algorithm, achievement of suffi-
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ciently qualitative final result should take into consideration
and monitor constantly the nature (namely, dynamics) of
changes in EE consumption modes both by the specific users
and the enterprise on the whole.

In terms of the analyzed problem, the structure of the cur-
rent search is interesting from the viewpoint that recently the
list of the available problems as for the development of a
format of ESC control algorithm has been added by the ne-
cessity to take into consideration functioning mode of the
abovementioned complex connected with the centralized PSS
transition to the mixed centralized-autonomous power sup-
ply. In this context, PSS format is meant with the dispersed
generation defining the necessity to control EE flows in more
complex technical option.

Hence, the control process should be based upon such a
control algorithm where against the current PSS structure
and EE tariffs, both technological parameters of enterprise
and electric energy supply/consumption of users have to be
involved. Unfortunately, such strategic alternatives have not
been developed yet.

Relying upon the listed arguments, following decision
may seem trivial but it is really logical and really efficient in
the context of the research. It is proposed to assume the ne-
cessity of actual input parameter identification as a starting
point for further development of the functioning algorithm as
well as for the operation mode of electric power complex.

In turn, the solution may be obtained only on the basis of
a set of preventive model studies which will rely upon multi-
functional model with integration of actual operation pa-
rameters of a mining enterprise in its structure and adequate
functioning of electric power complex.

It is obvious that according to old methods, the available
approaches to the development of the research model, based
upon specific features of ECS complex of iron ore enterprises,
cannot meet the modern requirements concerning computing
quality; hence, new approaches are required.

As it has been mentioned, in the context of the previous
results, obtained by researchers, representation of electric
power complex of enterprises in the differentiated format
(i.e. either electric supply or electric consumption) played its
negative role.

The format prevents from gaining the expected positive re-
sult since the research object is not represented as the unified
dynamic system. The approach to the analysis of processes in
the abovementioned complex intended to obtain real manage-
rial parameters for the functioning of adequate ESC control
system that helps develop a research mathematical model
which, in turn, will make it possible to find the final solutions
to develop both algorithm and the whole control system.

In this vein, representation of the functioning mode of
electric power complex as a stochastic process, involving its
actual characteristics, is among the real approaches in the
mathematical modelling procedure.

1.2. The research tasks

Purpose is to develop such a research format of a mathe-
matical model to select and assess input parameters of a
control algorithm distributing electric energy flows in the
monitoring structure of electric energy supply/consumption
by using equipment of mining enterprises engaged in under-
ground extraction of iron ore raw materials.

To achieve the purpose, following problems have been
formulated and solved:

95

— develop a mathematical model of electric power complex
functioning: electric supply/consumption as a stochastic pro-
cess to assess its specificity, and produce input parameters for
the development of adequate algorithm to distribute electric
power flows within the structure of the process control;

— carry out research as for the electric power complex func-
tioning: electric supply/consumption according to the proposed
methods in terms of operating iron ore mine, and obtaining
results maximally approaching their practical implementation.

2. Methods

Suppose in the process of the research that in its broad
sense, electric supply/consumption W(t) is a stationary
random procedure, i.e. mathematical expectation is constant
and correlation function depends only upon the difference
of arguments:

x=MI[W (t)]=m,, = const;
Ky (t1.tp) = Ky (7).

where:

T=1t 1.

Formulas (1) make it possible to take into consideration
stochastic nature of changes in the EE consumption levels.
Hence, to characterize the ESC parameters as a stochastic
process within a correlation theory, it is required to know its
average value, correlation function, and dispersion.

In this vein, one should involve that in practice, problems
arise to calculate ECS per specified time interval, i.e. it is
necessary to identify an integral of electric consumption level
as a stochastic function:

@)

Q(T)= W (t)ct, @

0
where:

[0; T] —the specified time interval for electric consump-
tion level assessment, hours.

Mathematical expectation of Function (2) is defined us-
ing the Formula:

M[Q(T)]=M EW (t)dt} :E MW (t)]dt :Emwdt =my T,
®)

Taking into consideration the fact that under the sign of
integral, Function (2) is steady, correlation function of Inte-
gral (2) will be recorded in the form of a double integral:

ie. my(T)=m,-T.

4t
Kq(ttz) =1 [ Ky (t"-t")dt'dt” (4)
00
Since the expression, being to the right in Formula (4),
depends separately upon the arguments rather than upon their
difference, then the integral of the stationary process has no
stationary characteristics. However, as a result of W(t) sta-
tionarity, Formula (4) may be represented in the form of a
linear combination of the identified integrals:

t t
Kq () = (jj(tz _T)KW(T)dHi(tl_r)KW(_f)df_

-
- (J) (t -t —7)Ky (7)dz.

®)
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If one suppose in Formula (5) that t, =t = T, then obtain
for dispersion of Integral (2) an expression depending upon T
parameter, and showing non-stationarity of the integral of a
stationary function:

D[Q(T)]:ZE(T -7)-Ky ()7,

and taking into consideration (6), the standard deviation will
be defined through the Formula:

a[Q(T)]:\/E-JE(T ~7)Ky (7)dz .

As it has been abovementioned, ESC analysis as a sto-
chastic process helps solve a problem of “peaks”, i.e. cross-
ing the specified level by a random function. Among other
things, it helps define the average period during which elec-
tric consumption will exceed the specified one as a result of
influence by random factors [27]-[29]. It is understood that
such the increased electric consumption affects negatively
economic performance of the enterprise.

If a stationary stochastic process is considered then aver-
age run duration has a visual value [30]. In the context of
stationary process, dispersion density of electric consumption
as well as distribution density of values and rate of electric
consumption power does not depend upon time. Hence, for-
mulas for mean period, during which the stationary random
function is higher than the specified w = wq level for T time,

(6)

U]

fi(w, v) — two-dimensional distribution density of electric
consumption level values, and rate of changes in electric
consumption power.
It is expedient to introduce an idea of average peak num-
ber per unit time for the stationary process:
o0
Vi = J V- f2 (o, v)dv,
0
being equal to a peak probability per unit time.
Moreover, if electric consumption level W(t) is a normal
random function then Integral (2) will also be a normal pro-
cess which can be characterized completely through its
mathematical expectation (3) and standard deviation (7).
In the context of the normal stationary electric consump-
tion process, the distribution law of a random function is
expressed using mathematical expectation my, and its disper-

sion o2 =K, (0) since:

(11)

(W—mW)2
1 2-0'\,2\,

€
owN2r

Rate of changes in electric consumption levels and their
values are independent random quantities for the normal
random process. Consequently, the two-dimensional distribu-
tion density of values and changes in electric consumption
levels is divided into a product of normal densities of values,
and rate of changes in the electric consumption process:

fi(w)= (12)

average peak number during the time interval, and average (w-m )2 2
run length will look like: 1 7 1
. fo(w,v)=———e W, —_¢ 2o, (13)
fo =T [ fu(x)0x; ®) owN2r oyN27
Wo Dispersion of the change rate my is equal to a correlation
- function value of zero electric consumption, i.e.:
A =T[v-fy(wp,v)dv; 9) 2
B o2 = —d—2 Kw(0), (14)
" dr
T ] fi(x)dx and mathematical expectation, resulting from stationarity of
- Wo , (10) the random process, is equal to zero:
T[v-fy(wp,v)dv M[V(t)]:mvzo.
0 I . . .
Taking into Consideration (12) and relying upon Formu-
where: o _ ) _ la (8) derive gradually a formula for average time of the
fi(w) — distribution density of electric consumption level ~ normal stationary random function staying higher than the
values; specified time w = wp during T time:
_(W_mW)2 t= W= My dw = Gwdt 2 W;_mw t2
_ 2 O, © - W
Ty = T e 20W dw= v L [ e 2dt=- [ e 2dt=
w27 w=wy =>t= il W=o00 =>t=00 2z w-my T
Oy Ow
t2 Wo—Myy t2
. o — _
:I L.l.e Zdt_i JW e Zdt :I 1-@ WO mW :
2 2r 0 2r 0 Ow
tZ
- -m 2 X - : .
oy :I{l_qa(uﬂ, (15) @ (x) = — e 2 gt — integral Laplace function.
2 Ow 70
Further, apply Formula (9) to define average number of
where: runs of the normal stationary random function being higher
than the specified w = wy level during T time:
96
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2
_(WO —mW) Y] V2
e
T 202 fv. 1
0

noo—
"o owN2rx

2~0'3

t_

vdv = o2dv

V=0=t=0 v=oo=t=w

_(wo-my)? (wo-my,)?

T o2 Lo, To )
2:oy I vetdt: Ve 2-oy

owN2r7 o~N2r7

(wp-my)?
TGV e 2-0'\,2\,

270y, 0

Ny, = 16
Wo 271'O'W ( )
In turn, according to (15) and (16), formula for the mean
run duration of the normal stationary random function, ex-

ceeding the specified w = wp level, will take the form:

el

_ by
T = —_— 2 =
Mwg _(wo—my)"
Tﬂe 204 . (17)
270y,
(""O_mw)2
_ T-Oy

=2 “Wa 204 |:1_@{WO;mWH_
Oy Ow
(13) substitution for (11) gives a formula for an average
run number per unit time:
7(W0*mw)2
2
v, = ¢ 20w (18)

0 2noy,
The obtained results help involve stochastic nature of
electric consumption process during the specified time inter-
val within the electric supply/consumption complex.

While making the obtained formulas more helpful, it
seems expedient to represent them in dimensionless form
using similarity theory and dimensional analysis [29], [30].
Such an approach makes it possible to transform variables
into multiplicative complexes through reducing the number
of independent variables, which helps simplify the study. In
the dimensionless form, (15)-(18) Formulas look like:

g, =1- @ (W —1hy,); (15)

) (Wo-rhy)?

fag=de 2 (16
- (Wo—rhy)

=t 2 [1-o(ip-riy)]; an)
Oy

1 7(W0_mw)

_”o =——¢ 2 , (18"
276y,

where

N 2
_T Ow Ow (19)

N _nA0~27r_ . oy

Wo T Yy T UW
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[etdt;

Analysis of the formulas shows that the variables are rep-
resented in their multiplicative form, i.e. in the form of divi-
sion and product. In addition, number of the variables de-
creased from five down to three, which simplifies the analysis
significantly. Back transition from the dimensionless shape to
the dimensional one takes place using the Formulas (19):

by =

Et‘i\’o; My = Oy -My; Wy = Oy -Wo; ﬁwo =

Oy =0y Oy, TWO =TWO; VWO =VW0.

A

_n. '
27 "0 (20)

The findings help take into consideration stochastic na-
ture of electric supply/consumption process per specified
time interval. It is especially important that “peaks” are
involved both qualitatively and with their parametric calcu-
lation to be particularly useful if the methods are imple-
mented in practice.

3. Results and discussion

Consider the modelling of electric supply/consumption
process as a stochastic procedure in terms of Kryvorizka mine.
Figure 1 shows levels of EE consumption during fifty hours.

2800

e ———
3

2200 K
R YA
L VAR R R Y
RV, .l
oo\ |

1200

o

i
A
A

Active power, KW

0 10 20 30 40 50
Time, hours

Figure 1. Hourly dynamics of changes in electric consumption in
Kryvorizka mine

Analysis of the graph, represented in Figure 1, explains
that the electric energy consumption levels are characterized
by a stochastic process. Average power of electricity con-
sumption per the specified interval (i.e. fifty hours) is:

T 2017 (21)
W=—3W = :
5051 :
In turn, dispersion is:
130 _\2
D[W]:EZ(wi—w) =110596.5. (22)
i=1

Correlation function of electric consumption levels is
identified through the formula:
1 501

Kl = 5oz 2, (=) )

(1=0,1,....4).

(23)
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Figure 2 demonstrates graphs of the standardized correla-
tion function calculated on the formula:

Ku(1)

Kw(l)=—=—7, 24
and the function approximation using the formula:
Ra(r)=e ¥l (1+a-[7]). (25)

The least-squares method, applied to ordinates of the sta-
tistically normalized correlation Function (23), has helped
identify a parameter value in Formula (25) being:

a=14. (26)
As a result, Formula (25) takes the form:
R () =e 2 (142.4.|d]). (27)

Analysis of graph arrangement in Figure 2 shows rather
sufficient their approach.

To support the conclusion, determination index has been
calculated through the formula:

Sa

(28)

where:
s2-1y (Kw(l)—e‘l-“" (1+1.4.|)).
410

Calculation on Formula (27) involving numerical results
has derived the value:

R2 000108 =0.994.

29
0.1731 (29)

1.0

0.8

0.6 d

04

®
0.2

Normalised correlation function

T

0 1 2 3 4
Time, hours

Figure 2. Statistically normalized correlation Function (22) and
its approximation according to Formula (25)

0

The determination index value (29) makes it possible
to suggest that according to a Chaddock scale the analyzed
case demonstrates rather strong correlation between
variables [29], [30].

Study of statistical material as for EE consumption levels
in Kryvorizka mine has shown that the normal stationary
stochastic process takes place which parameters are identi-
fied with the help of Formulas (19) and (20). As a result, the
formula of distribution density of EE consumption levels will
be recorded as follows:

(w-2017)

1 e 21105965

f(w)e—
1 (W) 33256327

(30)
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Hence, the abovementioned calculation formulas can be
used. Taking into Consideration (20) and (25), the formula to
calculate correlation formula of the EE consumption levels is:

Ku(7) =110596.5-¢ -7l (1+1.4.[¢]). (31)

Consequently, dispersion of changes in the EE consump-
tion levels is calculated in such a way:

2 d? 2 2
oy :—d?KW(O):O'Wu .

Taking into numerical values (20) and (24), we will have:
ol =110596.5-1.4% = 216769.1. (33)

To identify average time when the EE consumption levels
are higher than the specified level, apply Formula (15") in-
volving (21) and (22):

A

ty, =1-@ (W -6.1).

(32)

(34)

Figure 3 demonstrates a dependence graph of the dimen-
sionless average time of the EE consumption level being high-
er than the specified dimensionless level (34). The graph anal-
ysis shows that while being in the dimensionless form during
the EE consumption level increase, the average time of electric
consumption power, exceeding the level, decreases.

Apply Formulas (20) to transit to dimensional values. Let:

Wy = 6.6, 35)

then the following takes place according to Function (34) and
graph in Figure 3:

fg, =0.62. (36)

i

0.8

0.6

0.4

0.2

0 i
6.1 7.1 8.1 Wiy

Figure 3. Dimensionless average time dependencies when the EE

consumption level exceeds the specified t_Wo quantity

If we assume that the observation period is T = 24 hours
and ow = 332.56 kW then average time of the EE consump-
tion levels staying higher than wp = 2195 kW during a day
will be 195 = 12-0.62 = 7.44 hours.

To define the mean number of electric consumption peaks,
apply formula (16"); according to (21), it takes the form:

(p-6.1)°

LA _ o~ 2
N, =6ve

37)

Figure 4 represents graphs of Function (37). Standard de-
viation of changes in the rates of EE consumption has been
selected as the parameter. Analysis of graphs, shown in
Figure 4, explains that if the specified EE consumption
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power level increases, the average number of peaks decreas-
es; nevertheless, increase in the standard rate deviation of the
power, the average peak number also increases.

>

>

Wi 1 2 3
25

[N

1.00

0.75

0.50

0.25

; = .

6.1 7.1 8.1 Wy

Figure 4. Dimensionless dependencies of the average peak num-
ber exceeding the specified level of electricity consump-

tion:1- 6, =05;2-6,=1;3-6,=15

If we assume that the observation period is T = 24 hours,
and oy = 332.56 KW and oy = 465.6 kW/h then the average
peak number during the period is higher than the speci-
fied electricity consumption level wo=2195 kW will be

Mo195 = i—io.sszs —337~3.

In turn, to identify the average peak interval, use Formu-
la (17"); according to (21), it takes the form:

(Wp-6.2)

ie 2
oy

T [1-@ (W -6.1)]. (38)

Figure 5 demonstrates dimensionless dependence graphs
of the average peak interval, exceeding the specified elec-
tric consumption power in accordance with Formula (38).
Analysis of the graphs shows that increase in the specified
value of electric consumption power, the mean peak inter-
val, exceeding the predetermined level, decreases. In addi-
tion, when the standard rate deviation of changes in electric
power consumption increases as a parameter, the average
peak intervals decrease.

tu,
6

5

1

&
7.1 7.6

0

6.1 6.6 Wo

Figure 5. Dimensionless dependencies of the average peak num-
bers, exceeding the specified level of electric consump-

tionpower: 1- 6, =05;2-6,=1;3-6,=15

If we assume that the observation period is T = 24 hours,
and oy = 332.56 kW and oy = 465.6 kW/h then the average
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peak number during a day, exceeding the specified electric
consumption level wo = 2195 kW will be 72195 = 1.71 hours.
Consequently, according to the research logic, consider
electric consumption per specified period relying upon For-
mulas (3) and (6). Taking into Consideration (21), we have:

mg (T)=my, T =2017-T kW/h. (39)

In turn,
D[Q(T)] 205 (T~r)-& " (1ra)ar -

= Z;LZ"ZV[S(e‘“‘T —1)+aT (2+e_0"T )]

According to (22) and (31), we have:
D[Q(T)]-1.1285-10° 3(e74T ~1) +1.47 (2467247,

or

o] fe T e e ).

Figure 6 demonstrates electric consumption graphs in ac-
cordance with Formula (38) taking into consideration the
standard intraday deviation (39).

50000

40000

30000 At

20000

Electricity consumption, KW
\

10000 <

0 2 4 6 8

10 12 14 16 18 20 22 24
T, hours

Figure 6. Intraday electric consumption levels: 1 —average; 2 — that
one decreased by the standard deviation (39); 3 —that
one increased by the standard deviation (39)

Analysis of the graphs in Figure 6 shows that time in-
crease results in the mean electric consumption increase.
Along with it, deviation of EE consumption from the average
level increases linearly at the expense of the standard devia-
tion (39) achieving its maximum for the final day time.

If the specified period is T = 24 hours then according to (38),
and (39) we have mq (24)= my-24 = 2017-24 = 4.8408-10* kW/h
and o[Q(24)] = 2692 kW/h.

Hence, the derived formulas help analyze electric con-
sumption modes as the normal stochastic process within the
correlation theory. Studies of ESC as a stochastic process
have made it possible to build a mathematical model while
using actual statistical material in terms of Kryvorizka mine.

The synthesized model intended to develop architecture
of ESC control algorithm has identified such stochastic cha-
racteristics of electric consumption as average ones and dis-
persions; the mean period of electric consumption level (con-
sidered as a stationary random function) being higher than
the specified w = wp level during T time; average peak num-
ber per the interval; and average period of the peak.

Innovativeness of the research is as follows. Under the real
conditions of EE consumption, ways to solve a problem of
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selection and assessment of electric supply/consumption for
iron ore mines have been identified taking into consideration
its stochasticity to develop the automated control system.

The identified parameters are input constants required to
control a process of electric supply/consumption by iron ore
enterprises engaged in underground IORMs mining.

4. Conclusions

Mathematical modelling of electric consumption, being a
part of electric supply/consumption as a stochastic process,
has made it possible to identify its deeper characteristics
connected with the process randomness. The available tech-
niques, assessing parameters of electric supply/consumption
level relying exceptionally on the average values, were sup-
plemented by new parameters characterizing their dispersion
and proposing new adequacy level relative to the real ones.
The research, basing upon statistical material as for the EE
consumption levels and deriving from the technological data
of operating mine, has proved availability of the normal
stationary stochastic process which parameters are defined
through the obtained analytical ratios. As a result, calculation
formula has been developed concerning distribution density
of the EE consumption levels.

The visual and analytical analysis of the obtained model-
ling results has made it possible to identify such stochastic
characteristics of electric supply/consumption as average
ones and dispersions; the mean period of electric consump-
tion level (considered as a stationary random function) being
higher than the specified w = wq level during T time; average
peak number per interval; and average period of the peak.
The findings are the basis for methods to assess input para-
meters to develop the automated control system; moreover,
the results are characterized by their originality. Application
practice of the developed methods has proved its efficiency,
which can be considered as the reason to recommend it to be
implemented in the relevant research projects.
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MopaeabHi 1ocaifkenns 3 ineHTudikanii BXiTHNX napaMeTpiB aaIropuTMy KepyBaHHS
NMPOLECOM eJIEKTPONOCTAYAHHSA-CIeKTPOCIOKMBAHHS MiA3EMHNX 3a1i30pYAHUX iANPHEMCTB

O. Ciauyk, P. Crxenernxi, T. bepinze, 1. Ilepecynsko, Jl. Kobemspkuii, B. 3amanscekuit

Merta. Po3poOka mociigHuIbKoro GpopmMary MaTeMaTHIHOI MOZENi Ul BUOOPY Ta OIIHIOBaHHS BXITHUX IapaMeTpiB alTOpUTMY Kepy-
BaHHS PO3IIOJUIOM €JIEKTPOSHEPrOoNOTOKIB y CTPYKTYpi YIIPABIIHHS IIPOIECOM €IeKTPOIOCTauYaHHI-eHEepProCIIOKUBAHHS IpUHMavYaMHy Tip-
HUYOPYIHUX HiIIPHEMCTB 3 Hi[3eMHIMH CIIoco0aMu BUAOOYTKY 3a1i30pyTHOT CHPOBHHM.

Metoauka. [Tnarhopma HayKOBOro MOIIyKy Oa3yBanach Ha CHCTEMHOCTI B O3HaueHi 00’exrta momryky. IIpoliec aHamiTHYHHX AOCTi-
JOKEHb MPOBOJUBCS 3 3aCTOCYBAHHSAM TeOpii BUIAAKOBUX MPOIECiB, KOTpi OynM alanToBaHi O pPealbHUX YMOB 3 3ady4eHHSIM VIS I[bOTO
pe3ybTaTiB eKCIePpUMEHTATIBHUX 3aMipiB B yMOBAX AI0YMX 3aJi30pYAHUX MiAMPUEMCTB 3 MiA3EMHUMH clIoco0aMy BUIOOYTKY 3a1i30pyAHOT
cupoBuHH. [Ipu po30yn0Bi JOTICTUKH AOCTIKEHb NPUHHATO SK (aKT, 0 MPOIEC: eNEeKTPONOCTauaHHA-EIEeKTPOCIIOKUBAHHS, aHATI3yEMUX
BHJIiB TIpHUYUX IiJIIPUEMCTB, SIBIISIE COOOI0 CTOXACTHYHY (DYHKIIIIO, OCKIIEKY B KOKHHH IIOTOYHHIT MOMEHT Jacy (opMyeThes IMiJ] BIUIMBOM
psiy Hamepex HEeBIIOMHX CKJIAJOBHX. 3aCTOCYBaHHS METOMIB BHIIAJKOBHX (DYHKIIH, 30KpeMa eJIeMEHTIB KOpeJIIiHHOT Teopii, J03BOIHIO
BU3HAYNTH OCHOBHI BXiJ[HI Ta BUXIJHI ITapaMeTpH, sIKi B JOCTaTHEOMY 00Cs31 XapaKTEepU3YIOTh EJICKTPOIIOCTaYaHH-EICKTPOCIIOKHBAHHS SIK
CTOXaCTHYHHUI HpoIec ISl po30yI0BH AITOPUTMY KEPYBaHHS LM IIPOLIECOM.

PesyabraTn. Po3pobiicHa MaTeMaTHYHA MOJEIb KOMIUIEKCY: €JIEKTPOIOCTaYaHHs-eIEKTPOCIOKMBAHHS K CTOXaCTHYHOIO MpOIecy 3
METOIO OI[IHIOBaHHS HOT0 0COONMBOCTEW Ta PiBHIB BIUIMBY HAa €KOHOMIiYHI NMOKa3HUKH (DYHKIIOHYBaHHS €JICKTPOCHEPTETUYHOI CHCTEMH
MiA3eMHUX TipHUYOPYIHHUX TianpueMcTB. [lpu hopMyBaHHS anropuTMy KepyBaHHS MPOIECOM PO3IMOILTY EIEKTPOCHEPTOMOTOKIB MiXK CIO-
JKUBaYaMU aHATI3yEMUX BUJIIB 3a130pyIHHUX MiJIPHEMCTB BPaXOBYBAINCH CTOXACTHYHICTh (PYHKIIOHYBAHHS BUILE3TaAaHOTO KOMIUIEKCY .

HayxoBa HoBH3HA. [IOCIIDKEHO TPOIIEC EIEKTPOIIOCTaYaHH-eJICKTPOCIIOKHBAHHS CIIOKMBAYiB €IEKTPOSHEPTil MiI3eMHHX 3aJIi30py -
HHUX HiAOPHEMCTB B (JOopMaTi CTOXaCTUYHOTO Tporecy ix QyHKIioHyBaHHs. Briepiie moOynoBaHO CHHTE30BaHy MaTeMaTHYHY MOJEIb, BH-
3HAUCHI CTOXACTHYHI XapaKTEPUCTHUKH ITOTY)KHOCTI eEKTPOCHOXKMBAHHS SIK CEpPelHi TakK i JUCHEPCHI; CepelHiil 4ac piBHIB CIIOKMBaHHS
SJISKTPUYHOI eHepril sSIK cTallioHapHOI BUNAAKOBOI (DYHKIIT MPOTATrOM BIAIIOBIAHOTO Yacy; CepeqHs KUIbKICTh CIUIECKIB PIBHIB €JIEKTPOCHO-
JKHBAaHHS 3a 1IeH IPOMDKOK Yacy Ta CepeiHs TPUBAIICTh IX BUKHIIB. JIOCHIIKEHHS HMPOLECY ENCKTPONOCTaYaHHA-ENeKTPOCIIOKUBAHHS K
CTOXaCTHYHOTO TPOIECY AO3BOIMIO BUPIIIUTH “‘CIUIECKIB” HA PEKUMHU CIIOKMBAHHS €JICKTPUYHOI €HEepTil mMpuiMadaMH JaHUX MiANPUEMCTB,
TOOTO TIPO MEPETHH BUIAJKOBOIO (PYHKIIEIO 3aJaHOTO PiBHS €JEKTPOCTIIOKMBAHHS. Lle T03BONMIIO BUBHAYHUTH CEpENHIH Yac, MpOTAroM SKOTO
PiBEHB CHIO’KMBAHHS €NIEKTPUYHOI €Heprii Oyie MepeBUILyBaTH 3aJaHUH piBEeHb BHACTIOK BIUIMBY Ha LIEH MPOIEC BUIIAKOBHUX (DAKTOPIB.

IpakTnyna 3HaunMicTb. O0UKCICHHS apaMeTpiB QYHKIIOHYBaHHS KOMILIEKCY eJIEKTPOIIOCTadyaHHs-eIeKTPOCIIOKNBAHHS, 110 3aCTO-
COBYIOTBCSl B JTaHUH Yac, 3TiJJHO iCHYIOUMX OOYMCIIOIYHX (OopMaTiB, MAIOTh HEJOCTATHIO TOYHICTh, OCKUJIBKU PO3PaxXyHKH IPOBOISATHCS 32
CepelHIMH BENMYMHAMHM, HE BPAaXOBYIOUM CTOXAaCTHYHICTh IIHOTO IPOIECY, IO XapaKTepPHO Ui aHANi3yeEMHUX TipHUYUX mimnpuemcts. Lle
00MeXy€e MOKIMBOCTI p030YZ0OBH aJIeKBaTHOT CUCTEMH KEPYBaHHs €IEKTPOCHEPreTHYHUM MPOIIECOM B JaHUX BHIAX TPHAYNX IiJIPUEMCTB
HS K CTOXaCTUYHOTO MPOIECY J03BOJISE TIOMUPHUTH ii 3aCTOCYBaHHS PH POPMYBaHHI Ta MPUHHATTI €PEKTUBHUX YNPABIIHCHKUX PillleHb B
aHaJi3yeMoMy mporeci. bipmn Toro, mpu okpemiii 0COOIMBOCTI PiBHIB EIIEKTPOCIIOKHBAHHS, SIKa BU3HAYAETHCS HOPMAIBHAM 3aKOHOM PO3-
TOZTLTY, MOXKIIBO JTOCSDKHOIO OyJie 1 TIOBHA XapaKTepUCTHKA MPOIIECY ENEKTPOIIOCTauaHHS-eNIeKTPOCIIOKUBAHHS, Ta 00CATIB €HEPrOCIOKH-
BaHHS 32 BU3HAa4YeHWH 4yac B (hopMaTi BUIIaJKOBUX MPOIIECIB.

Kniouogi cnosa: mooenn, enekmponocmauanis, eneKmpocnoHCUsanHs, CroxacmudHicnb, OyiHKa, 8UNAOK0SUIl npoyec, ipHuye RIONPUEMCMBO
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