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Abstract

Purpose is to develop a functioning scheme of ACS for energy flows in terms of invariability of electric power consump-
tion as well as inversion of energy flows of mining enterprises in the current time of day to decrease power cost segment in
the context of epy prime cost of iron ore raw materials (IORM) extraction.

Methods. Data of a passive experiment have been applied to obtain operational statistics of iron-ore mines. Then fuzzy
logic has been applied to identify linguistic terms on the required technological parameters; and procedures of fuzzification,
logical derivation and defuzzification have been performed. Principles to form basis of fuzzy rules have been determined to
enable decision-making automation using Mamdani method. As a result, fuzzy controllers have been synthesized; and their
performance has been modeled in the environment of a software package MatLab. The basic modeling results have been
visualized using MS Excel.

Findings. System of control criteria system has been substantiated; and vectors of an object condition vector, the basic in-
formation parameters, controlling influence and disturbances have been defined. Approaches to optimize power consump-
tion process basing upon epy minimax functionals, use of restriction system, and calculation of rational settings have been
analyzed. Algorithms of the automated control have been developed using several strategies and criteria. Implementation
principles of the algorithm have been proposed on the basis of fuzzy logic use.

Originality. Efficiency of fuzzy systems to control energy flows of mines has been proved under the conditions of one- and
multi-channel regulating process. The basic analytical indices have been obtained supporting unambiguously both sufficient
quality and efficiency of the automated control systems to be used for underground mining of iron ore.

Practical implications. Structural patterns and means of practical implementation of fuzzy controllers have been proposed
for industrial environment application. Calculations have proved that the approaches will help implement the automated con-
trol of energy consumption by a mine in real time, and optimize expenditures connected with the consumed electric energy.

Keywords: automated control of energy flows, fuzzy logic, control system, three-zone tariff

1. Introduction for the type of minerals [2]. Mining and smelting enterprises
enter a stage of a depressive development. The fact poses
risk to the functioning of iron-ore enterprises manufacturing
the product type.

Analysis of segments of IORM extraction elements using
underground and combined (i.e. surface and underground)
methods has shown that more than 20% of the total levels of
(IORM) of the country are extracted by means of under- the system of prime cost of the minerals are energy con-

ground mining method§ [1]_' . sumption. In turn, more than 90% of them are electricity
For a number of objective reasons and artificially created bills (Fig. 1) [3]

ones, during the last decades, prime cost of domestic IORM
extraction has demonstrated stable and negative for Ukraine
tendency towards annual growth. At the same time, for a
number of reasons the world materials market reduces prices

Mining and smelting industry is the basic component of
macroeconomy of the industry-oriented world countries. In
turn, almost 60% of annual currency returns to treasury of
Ukraine are provided by iron-ore enterprises of the branch.

More than 30% of high-grade iron ore raw materials

Intrinsically, the message is trivial since it is common
knowledge that mining enterprises on the whole as well as
their subtype (i.e. ore-mining ones) are models of the most
energy-intensive branches [4].
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Figure 1. Indices of electric energy levels in the context of the
total cost of iron ore raw materials extraction in the
mines of Kryvyi Rih and Zaporizhzhia regions

It should be noted as an important fact that in future a
level of energy intensity of ore-mining enterprises will
demonstrate its growth since at the operating production
units, IORM mining depth experiences constant increase. In
the context of underground mining it has exceeded 1500 m
which was the boundary predicted by projects.

In the near future, mining depth in iron-ore mines will
achieve 2000 m [1]. To an even greater degree, the fact will
complicate both “power industry” and economy of iron ore
enterprises on the whole. Even sadder news for iron ore in-
dustry is the stable price increase in the consumed electric
energy (EE). It should be added that adoption of the law of
Ukraine “On the market of electric energy” [5] is far from
being optimistic as for the mitigation of load on the national
mining enterprises.

The abovementioned poses risks to competitiveness of
our iron-ore enterprises in the world market of raw materials.
In other words, in its essence, the problem to improve power
efficiency of industrial organizations is the “National Pro-
ject” for Ukraine as well as for the majority of countries.
Moreover, it is among the problems being under active glob-
al analysis for the last decades.

Over and over again, economic situation in the mining
industry of Ukraine emphasizes the extremely important idea
of the necessity and urgency of further search for ways to
improve power efficiency and reduce energy intensity of
IORM extraction. Implementation complexity of the project
is as follows: it is a problem to decrease EE consumption
under the conditions of the available mining methods. Fur-
thermore, the lower mining is, the greater EE consumption
becomes. Thus, not ignoring the importance of other
measures, a problem of EE consumption redistribution
comes to the fore. The redistribution should be implemented
inside the enterprise among energy-intensive consumers
forming maxima of the consumption.

Search for the problem solving is on the agenda through-
out a cycle of EE implementation in the functioning technol-
ogy of the enterprises. The fact is also “favoured” by con-
stant price pressure on enterprises, consuming EE, by power
generating companies. Target criterion of the approach is a
price-oriented policy of power generating companies as well
as power distributing ones while forming prices for the ener-
gy which has been generated. Logical response to the ap-
proach should be as follows: the enterprises, consuming the
EE, have to take appropriate measures to improve the effi-
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ciency of EE consumption while mitigating material pressure
of a power sector on the level of formation of prime cost of
IORM extraction.

2. Methods

Theoretically, a number of studies have substantiated “in
a frame manner” the aspects to improve energy efficiency of
iron-ore enterprises and formatized them [6]-[9]. Generaliz-
ing conclusions, concerning the available tendencies to im-
prove energy efficiency of IORM extraction, it is necessary
to emphasize that intrinsically they are the three basic strate-
gic actual ones:

—the substantiated scheduling and optimization of level
of EE supply-consumption by an enterprise depending upon
its output;

—the decreased EE losses in the process of its delivery
and consumption in the context of electric power complex of
an enterprise;

— the redistribution of the electric power flows depending
upon a day part according to the available hourly rates for the
consumed EE.

Analysis of the listed should involve such an idea that
implementation of tendency one is quite limited as for its
visualization [3], [9]. However, there is no necessity to reject
it as one of real tendencies. Instead, it has to be applied at
least to normalize the planned specific EE consumption per
ton of IORM being extracted. Tendency two has real and
fundamental prospect expecting its implementation through
time. Meanwhile, leaving search for implementation of the
tendency as well as previously concerned one for future
research and taking into consideration the limited specifity of
the paper volume turn our attention to tendency three. More-
over, in the context of the current situation just the price-
oriented approach is one of the scientific and research
tendencies connected with optimum control of energy flows
within the system of electrical energy systems of enterprises
in terms of a day part. The approach involves both economic
and engineering aspects of the process. As it is understood
from practices of economically developed countries, such an
approach is virtually implementable with minimum invest-
ment for its implementation [6], [8]. However, application of
foreign research under the conditions of the national iron-ore
enterprises is quite problematic idea. First of all, it concerns
differences in IORM extraction methods as well as types of
facilities involved.

Generally, the studies carried out during the last decades
regarding the abovementioned purpose achievement tended
towards the idea to consider the problem locally without
sufficient formatting of tactics to solve the problem wholisti-
cally. Analysis of results of the available research in terms of
the considered aspect [9][12] supports insufficiency of the
required integral concept to develop systems controlling
electric power flows of underground iron-ore enterprises. In
turn, that prevents from provision of adequate control level
by means of correlation and complexity of the tasks being
implemented by the system.

The integrated automation of control of resource con-
sumption and operating procedures (OP) of mines remains
one of the most promising measures to improve the situation
on the basis of intelligent, optimal, and adaptive controlling.

Currently, strategies to develop the automated control
systems (ACS) demonstrate their rather active progress. They
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are based upon the use of artificial-intelligence technologies
(for instance, neural networks, fuzzy logic, genetic algo-
rithms, synergetics etc.). Precisely such control systems
makes it possible to solve the problems owing to use of
mathematical models of human intelligence (i.e. educability;
capacity for self-organization and generalization; experience
accumulation etc), built-in nonlinearity, and adaptivity. Thus,
taking into consideration the available uncertainty, the im-
provement of approaches of intelligent control of energy
consumption as well as material flows (i.e. ore, water, and
air) of mines relying upon fuzzy logic is quite expedient and
promising research tendency.

Hence, the last-mentioned approach has been selected by
the authors to implement ACS of energy consumption in a
mine. Passive experiment and computer modeling on the
basis of the current IT are proposed as underlying tools for
the approbation.

The research objective is to substantiate tactics and de-
velop theoretical aspects for designing and functioning of
ACS of energy flows of underground iron-ore enterprises.

Scientific problems to be solved by the paper are the fol-
lowing:

— analysis of EE flow distribution and formatting of ener-
gy intensive EE consumers of iron-ore mines;

— development of algorithm for ACS of electric energy
flows;

—simulation and development of a fuzzy regulator to
control electric energy flows of iron-ore mines.

3. Results and discussion

In the context of iron-ore enterprises, engaged in under-
ground IORM mining and processing, the problem of electric
energy efficiency is not limited by one fact of significant
total electric capacity of EE consumers. It is complicated by
sizeable fluctuations of the consumed power and EE levels in
terms of days, months, and seasons. Day fluctuations of EE
consumption are characterized by the greatest range [2]. The
fact can be explained by the available method of under-
ground mining [2]. Such fluctuation levels are not typical
even for coal mines, shale mines, salt mines and other types
of mine being the closest to iron-ore mines (pits).

As [3] has determined, in the context of EE consumption
by iron-ore mines, the range of available hourly fluctuations
exceeds quadruple values. Furthermore, cost for the con-
sumed EE for underground iron-ore enterprises depends
upon its consumption level during the certain day part.

The Law of Ukraine [5] changed available calculation
pattern between enterprises, consuming EE, and power-
generating companies. In the context of underground min-
ing enterprises, it is a transition to an hourly payment op-
tion. Inherently, they shift from three-rate pricing schedule
(i.e., “peak” — “semipeak” — “night”) to a two-rate one (i.e.
“peak” — “not peak™). Such a calculation “restructuring”
resulted in almost instant response. Enterprises started to
pay more for the consumed EE. From 2019, when the Law
of Ukraine was implemented, EE percentage in the prime
cost of IORM extraction increased by more than 6% to
compare with 2017.

Under the conditions of the available economic situation,
national mining enterprises, engaged in underground IORM
extraction try to redistribute levels of energy flows. Under
the current economic situation, the national enterprises, en-
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gaged in underground IORM extraction, like no other mining
ones try to redistribute levels of electric energy flows while
using tariff difference for the consumed EE depending upon
a day part. They do it to maximize the consumed EE amount
shift to economic tariff zones. For the purpose, underground
iron-ore enterprises schedule operationally relevant amount
of EE consumption. However, such a variant of a “hand
regulation” is not efficient enough. As a rule, in terms of
such regulation “plan” differ greatly from “actuality”
(Fig. 2). The latter influences negatively a process of for-
mation of the prime cost of IORM extraction.
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Figure 2. Ratio between the planned and actual levels of electric
energy consumption in terms of certain mines of Kryvyi
Rih iron-ore basin (November 12, 2019)

If one relies upon the preventive logic, it becomes under-
stood that strategic tendency of the studied problem to im-
prove power efficiency of IORM underground extraction is
ACS implementation in the practices of mining enterprises for
power flows, and ACS subsystem for electric energy flows.

It makes sense that ACS efficiency for power flows will
depends upon one or another control algorithm to be imple-
mented. The algorithm is based upon the control function of
rather actual parameters and influential factors. Evaluation
level of the realias should involve and apply relevant practic-
es of mining enterprises. Currently, the majority of mining
and smelting enterprises use more or less efficiently automatic
systems for commercial accounting of power consumption
(ASCAPC). The systems help operators collect, accumulate,
process, store, and display certain amount of information; form
electricity consumption balances; and perform both commer-
cial and technical accounting of the consumed EE levels.

Meanwhile, EE consumption control as well as statement
of the current loads is not sufficient thing today in the con-
text of functional capabilities of the current computer equip-
ment and, above all, economic situation of mining enterpris-
es. The modern techno-economic conditions of enterprise
activities impose the necessity to control the processes. The
ultimate objective of the approach is ACS for energy flows.
Moreover, the ACS should have elements of intelligent con-
trol of the process. Unfortunately, implementation level of
such ACSs as for the activities of mining and smelting enter-
prises leaves much to be desired.

We believe that following problems are the key one as for
the tendency:
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—lack of the unified balanced methodological approach
to the development of efficient systems to control EE con-
sumption levels — ACS for energy flows with ACS subsys-
tem for electric power flows;

—necessity of substantial one-time investment which
cannot be placed by iron-ore enterprises and ore mines espe-
cially. The matter is that a scheme to settle payment relations
between enterprises, consuming EE, and generating compa-
nies is based upon the restricted hour tariffs. In terms of the
latter, payment levels differ greatly.

As a control object under the conditions of underground
iron-ore enterprises, the considered tariff plan is a multipa-
rameter, nonlinear, and multiconnected one [13]-[15]. First,
it is required to identify controlling phase space using a sys-
tem analysis [16][18].

As it has been determined by [19][20], the key EE con-
sumers in iron-ore mines are: technological conversions of
IORM extraction/transportation; mine drainage; air delivery;
and ventilation. Taking into consideration the abovemen-
tioned, it is necessary to identify potential control parameters
as the expression of the type (1)-(5):

Z° =F(RE,HT)=min; €
P = max ; 2
B = max ; @)
By = max; 4)
By, = max, ()
where:

Z° — total enterprise expenditures connected with the con-
sumed electric energy (hourly, daily), UAH;

RE — power consumption (hourly, daily), kW;

HT —current electricity tariff, UAH/KW;

F (...) — certain determined functional dependence;

P — ore mass extraction by an enterprise (hourly, daily), t;

B — air delivery (hourly, daily), m;

Bq — volume of mine water pumpage (hourly, daily), m?;

Bm — ventilation (hourly, daily), m®,

Considering the potential complexity of such multicriteria
problem solving, it is proposed to replace ultimately some of the
abovementioned minimax criteria by limitations of the type:

p>pmin. (6)
B>B™M"; 7)
By >BJ""; ®)
B, > BMN, ©)
where:

pmin Bmin B4Mn By,™M" — certain boundary values of corre-
sponding parameters (for instance, daily planned values).

Thus, values of EE consumption levels in terms of the
system or in terms of certain redistributions from a local
criterion of an objective function (1) may be redefined as
follows:
RE=f(P,B,By,B,), (10)

where:
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f (...) — certain function or approximation.

As it has been demonstrated by [21], the listed factors are
rather informative ones for the current conditions of the sys-
tem (a mine). At the same time, in terms of the specific mine,
the parameters of ore flow, pumping, ventilation, and air
delivery may influence differently the resulting factor, i.e.
power consumption. Hence, the indices should be involved
in a state vector of our system X = {...}. At the same time,
depending upon a correlation degree between them, certain
parameters may be considered as control disturbance
(U= {...} is corresponding vector) or as a disturbing factor
(V={...} vector). As a result, the generalized structural
scheme of automated control of power consumption by a
standard iron-ore may look like in Figure 3.

V= 18IP.B, 5,1}

U={.[B.B,3,]}

= ¢ REHT,PB,B, 5, } ‘

Figure 3. Generalized structural scheme of automated power
consumption control in terms of underground iron ore
mining: X =12, RE, HT, P, B, B(),Bm} — vector of
the system state with corresponding elements;
U= {P, [P, By, Bnm ]} — vector of control disturbance);

and V:{B,[P, B(),Bm]} —vector of disturbance
influence

According to the common classification [21], the control
scheme is of a closed type with a feedback coupling. Power
consumption process with the required frequency (day, month,
year etc.) is the control object). ACS, which functional struc-
ture and operation algorithms will be developed and proposed
later, is the control subject. Composition of elements of control
vectors U disturbance influence V. may vary depending upon
a specific mine. The final decision should be made relying
upon correlation analysis [20], [22] which will be taken into
consideration in the process of the control algorithm develop-
ment. In turn, Z% RE, HT parameters are integral information
components of a state vector of X system. The same is true
for the selection of control criteria in a minimax form of (1)-
(5) type or a marginal approach on the basis of the key criteri-
on selection (1) involving limitations of (6-9) type.

3.1. Algorithm developing on the basis of fuzzy logic

In the context of nonlinear characteristics, often incom-
plete information, and channelling, use of up-to-date intelli-
gent approaches to implement the automated control, based
upon fuzzy logic, is rather promising strategy [23].

On the basis of the approach, the authors have developed
and implemented programmatically an operation approach of
a fuzzy control system (Figs. 4 and 5). The approach in-
volves several control strategies, namely:

P,P+B,,P+By,By,0,By +

(11)
+Bn, By, P+ By, + By
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1. Initialization of
setting values

2.T=0

No

3. Strategy
(ry Tap Ta)

4. Fuzzification
P, Bd, Bm,RE, HT

5. Fuzzy inference

6. Defuzzification
P, Bd, Bm,RE, HT

7. Determination
P, Bd, Bm,RE, Z°

8. Decision-making;
upsetting control

9. T=T+4T

10. Inference
of specifications

Figure 4. Operation algorithm of a fuzzy ACS

No

Strategy
selection 1
(P, Bm)

Each strategy defines the number of possible control in-
fluences (i.e. control channels) to be implemented for ACS in
future. For instance, according to the presented set (11), the
number of such parameters may be 0 (if there is no control or
“manual mode” is applied), 1, 2 or 3. However, it should be
noted that in terms of the method, the number of channels
may be increased in the future if required.

It should also be mentioned that according to (1) and
(10), potential electric energy expenditures Z¢ are the key
controlled factor. In turn, the expenditures depend upon
electric energy consumption RE and hourly rate HT.

The algorithms involve cascade of hush conditional oper-
ator with control of values of correlation coefficients be-
tween [P, Bq, and Bm], and [RE] (in pairs) with aggregation
by means of connective words of AND/OR type. Excess of a
threshold value (i.e., |ryy > 0.7[) will mean the necessity to
consider the control channel (or control influence) in the
resulting strategy.

Hence, the developed algorithm determines the specific
control strategy corresponding to the number of control
channels: 1, 2 or 3. For instance, in terms of ore; in terms of
ore and water; in terms of ore, water, and ventilation.

3.2. Principles of fuzzification and formation
of a base of logical inference rules
in the context of one-channel control

The control type is implemented by means of one of pos-
sible influences from (11). According to the algorithm
(Fig. 5) they may be strategies 1, 4 or 7. Consider principles
of fuzzification and formation of a base of logical inference
rules for one-channel control in terms of strategy 1. In this
context, ore flow P is control influence; a value of electric
energy consumption from (10) will be the controlled parame-
ter. Parameters of pumping, air delivery, and ventilation are
referred to disturbance ones.

Relying upon the methods, described in [24], [25], de-
termine a base fuzzy set to be formalized for our system. In
our case, the set will consist of the three elements (N = 3).

Ire4[>0.7
Yes

[ren>0.7
No Ires [>0.7 No
Yes
N Y
Strategy selection 6 ° *
|an |>0-7 (Bd, Bm)
R
Yes Yes
!
Strategy Strategy Strategy Strategy Strategy selection 5 Strategy
selection 3 selection 2 selection 8 selection 4 0 - No control or selection 6
(P, Bm) (P, Bd) (P, Bd, Bm) (Bd) operator (Bm)

A

A

Sign-off

Figure 5. Algorithm of a procedure to select the control strategy
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E:gl{”ﬁi;‘)}:{“(ﬂflil);ﬂ&z);ﬂf;s)}:’ (12)
ey eyt
where:

B — base fuzzy set;

pi—fuzzy value of the determined parameter (for in-
stance, control parameter or controlled one);

1 = Bre — corresponding fuzzy value for power consump-
tion parameter;

B2 = Bur — fuzzy value for the tariff;

PSs = pp — fuzzy value of ore flow;

W), u(Br), w(B2), p(Bs), 1(Bre), u(Brr), p(Be) — value of
membership function for corresponding parameters.

Determine sets of linguistic variables (i.e. terms) for all
the abovementioned fuzzy parameters:

MIN less than _average
NB NS

T.EE = (13)
average more_than_average MAX
z PS " PB
TZTariﬁ _ night ; semipeak ; peak : (14)
NS z PS
MIN _less_than _average .
TOre _ NB NS (15)
average more_than_average MAX
z PS " PB
where:

T,FE, T,Mif T30 _identifiers of multivariate terms for
fuzzy variables: EE consumption, tariff making, and ore flow;

{MIN, less_than_average, average, more than average,
MAX} + {night, semipeak, peak}, {NB, NS, Z, PS,
PB} + {NS, Z, PS} —integrated or abbreviated identifiers to
specify corresponding values of the terms.

As it is understood from (13)-(15) sets, following opera-
tion should involve five-unit scale assumed as power con-
sumption and ore flow parameters; and three-unit scale is
assumed for the tariff variable.

Following operational stage is to define the database with
rules for logical inference. Taking into consideration the fact
that it is planned to use later Mamdani algorithm to the fuzzi-
fication [22], previously determined fuzzy sets (12), and
corresponding terms (13)-(15), rules of fuzzy inference will
be formed as follows:

1) if “Electric Energy Consumption”
(NB) and “Tariff” (f) =“Peak” (PS)
Flow” = “MIN” (NB);

2) if “Electric Energy Consumption” (51) = “Average” (Z)
and “Tariff” () = “Semipeak” (Z) then “Ore Flow” =
“Average” (2);

3) if “Electric Energy Consumption” (f1) = “MAX”
(PB) and “Tariff” (82) = “MIN” (NS) then “Ore Flow” =
“MAX” (PB).

Standard Mamdani methods will be used as a base algo-
rithm for following defuzzification procedure.

(ﬁl) - ‘GMIN’7
then “Ore
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3.3. Principles of fuzzification and formation
a base of logical inference rules in the context
of a multichannel control

The control type is implemented by means of one of pos-
sible influences from (11). According to the algorithm
(Fig. 5) it may be strategy 8. Ore flow P, pumpage Bq and
ventilation B,, are controlling influence; and a value of elec-
tric energy consumption from (10) will be the controlled
parameter. General principles of fuzzification and formation
a base of logical inference rules for three-channel control are
the following.

Base fuzzy set (16) is applied to implement three-channel
control. In our case, the set will consist of 5 elements (N = 5):

A . B . B .
-:B{ B }: w(B) w(B2) 1(ps) | _
iz1| 4(5) By . PBs
1(Ba) 1(Ps) .
Bre . Put . Pp . ' (16)
w(Bre) u(Bur) 1(Bp)’
) Bs, . Bs,
u(ﬂBd ) ' ﬂ(ﬂs,,, )
where:

s = fsm — fuzzy set for pumping;

u(Bs), u(Bam) — corresponding value of a membership
function.

Then, the sets of terms, determined above, should be add-
ed by a term determination.

Determine sets of linguistic variables (i.e. terms) for all
the mentioned fuzzy parameters:

MIN _less than average

NB ' NS ’

average more _than _average MAX
z PS ' PB

TVent — ’ (17)

where:

TsVe — identifier of a term for a fuzzy variable of air ven-
tilation amount in a mine.

Taking into consideration (16)-(17), exemplify several cas-
es to formulate fuzzy inference rules for such control type:

1) if “Electric Energy Consumption” (f1) = “MIN” (NB)
and “Tariff” (8,) = “Peak” (PS) then “Ore Flow” = “MIN”
(NB), “Water Pumping” = “MIN” (NB), “Ventilation” =
“MIN” (NB);

2) if “Electric Energy Consumption” (1) = “Average” (Z)
and “Tariff” (82) = “SemiPeak” (Z) then “Ore Flow” = “Ave-
rage” (Z), “Water Pumping” = “Average” (Z), “Ventilation” =
“Average” (2);

3) if “Electric Energy Consumption” (1) = “MAX” (PB)
and “Tariff” (82) = “MIN” (NS) then “Ore Flow” = “MAX”
(PB), “Water Pumping” = “MAX” (PB), “Ventilation” =
“MAX” (PB).

3.4. Methods to identify optimum settings

It is necessary to synthesize optimum settings if marginal
criterion of type (1) is used in terms of limitations of the
basic controlling influence and/or disturbance of (6)-(9) type
taking into consideration (10) and three-zone electricity tar-
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iff. Logic of obtaining of such settings relies upon applica-
tion of a minimax approach to control power and material
flows in a mine, namely:

—in terms of maximum (i.e. peak) tariff value g, = PS, it is
advisable to consume electric power minimally at the expense
of minimization of material flows (i.e. ore, water, air etc.);

—in terms of minimum (i.e. night) tariff value f> = NS,
maximum power consumption may be accepted at the ex-
pense of maximum material flows;

—alternatively, in terms of a possible intermediate tariff
value f, = Z, balancing electric power consumption is applied
at the expense of corresponding amounts of material flows.

Taking advantage of the logic, formalize such settings in
terms of each possible optimization channel. Thus, we have
for an ore flow:

max| R™ |, if ( ﬂz_NS)
. min[PidayJ PS)
R = (18)
=74 K (max[Pday}+m|n[Pday})/2,
if (ﬁz =2),
where:
Pi" — setting value (definition) of ore extraction in terms
of i step (i=1...T9);

T4 —the number of discrete intervals for the parameter
(ore) measurement per day (for instance, if discrete periodici-
ty of a parameter measurement is assumed as
At=30min=0.5 h, then T4 = 48 measurements in terms of
ore per day);

max [Pi%], min [Pi¥] — maximum/minimum of all pos-
sible discrete values of IORM extraction per day (of all the
measurement sample);

K* — certain adjusting factor.

Actual value of the latter is determined using a balancing
daily coefficient taking into consideration the fact that daily
ore output should be at a level of certain plan value Py .
Then,

T Max -max[Piday}Tmi” ~min[l3iday}+

+'I:-K*(max[PidayJ+min[PidayJ)/Z: po 4

where:
Tm — number of maximum discrete periods with corre-
sponding ore extraction (i.e. in terms of a “Night” tariff);

T™n — number of minimum (i.e. in terms of a “Peak” tariff);

T — number of discrete balancing periods with intermediate
(adjusting) extraction level (i.e., in terms of a “Semipeak” tariff);

Tmex 4 M4 T = T4 j=1..T4

Then in terms of T4 =48 of discrete measurements of
technological parameters At=30 min (0.5 h), obtain the
following for a scale of the current three-rate electricity tariff
for industrial enterprises: T = 13; T = 14; T =21. Insert-
ing the data into (21), obtain:

13~max[IDidayJ+14~min[PidayJ+

) (20)
121K (max[PidayJ+ min[PidayJ)/ 2= %Y,
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po —(13- max[aday}u- min [F’iday})
10.5(max[PidayJ+min[PidayJ)
Use of identical transformation has helped derive similar

settings of (20) and (23) type for other optimization channels
(i.e. water, air etc).

K" =

(21)

max [BdayJ if (o = NS)
B = min| B |, i (8 = 5) @)
i=1.74 ( x[Bday}mln[ 3ay})/2,

if (52 =2),
where:

Bai" — value of definition (setting) as for the amount of a
mine water pumping in terms of i" optimization step
(i=1...T%;

max [Bgi®®], min [Bgi®®] — maximum/minimum of all
possible discrete values of daily mine water amount pumping
(c of all the measurement sample) respectively);

K™ — certain adjusting factor.

In this context:

Bdf‘y —(13~ max [Bgiay } +14-min [Bgf‘y J)

K™ =
10. 5(max [Bgay } +min [Bgaq)

, (23)

where:
Bp® — plan of a daily amount of mine water pumping.
Similarly to ventilation index:

max| B3 |, if (= NS)
g min[Bgl?y] if (B, =PS) | -
i=L.74 K***(max[Bi?y}rmin[Bi?y})/Z,
if (B,=2),
where:

Bmi" — setting in terms of air ventilation amount in a mine
in terms of i™" optimization step (i = 1...T4).

max [Bmi@], min [Bm®®] — maximum/minimum of all
possible discrete values of daily mine ventilation index (of
all the measurement sample);

K™ — certain adjusting factor.

In this context:

égf‘y (13 max[BdayJ+14 mln[BdayJ)

10. S(max[ day}rm,n[Bday})

: (25)

where:
~ o -
Bpf‘y — plan of daily mine ventilation.

3.5. Computer modeling of fuzzy ACS operation

To simulate operation of ACS for electric power con-
sumption, use the environment of Fuzzy Logic Toolbox
(FLT) modulus from the software mathematical application
package MATLAB. For the purpose, apply a standard meth-
od of fuzzy modeling described in papers [25]-[27].
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Develop a fuzzy controller in terms of a one-channel con-
trol “Ore Flow-Electric Energy Consumption” basing upon
data statistics generated in Rodina mine (town of Kryvyi Rih,
Ukraine). Taking into consideration the defined above fuzzy
variables, fuzzy sets (12)-(15), and membership function,
input parameters as well as output parameters are set in edit-
ing program FIS. It is also understood that Mamdani algo-
rithm will be used for further defuzzification [23].

3-D model of a surface for fuzzy inference for the
developed fuzzy model has been obtained relying upon
the data (Fig. 6).

= |

= |

Figure 6. 3-D model of a surface for fuzzy inference of a fuzzy
model (according to Rodina mine data)

Figures 7 and 8 demonstrate operational results of a
fuzzy one-channel ACS for electric energy consumption
based upon one controlling influence — daily time-spaced
ore output. Discreteness of the controller modeling was
0.5 h-30 min.

—_— Inltlal output, KW - -+= - The predicted consumption, KW

Electric energy, kW

Day part, hours

Figure 7. Dependences of the consumed active EE capacity (1);
development of optimum setting 1* of (20) type; and the
predicted EE consumption in terms of minimax control

Analysis of the modeling results, shown in Figures 5 and
6, and analytical calculations illustrate the following. Use of
minimax criteria of (1) and (2) types in terms of Rodina mine
makes it possible to increase daily ore output by 14.85% (i.e.
by more than 600 tons per day). In this context, daily electric
energy consumption will increase similarly by 14.86% (be-
ing almost 0.9 taking into consideration high correlation
coefficient [4]). Expenditures, connected with electric energy
consumption will increase by 10.83% inclusive of three-zone
tariff. However, in terms of the current payable iron ore cost
in the world market, it may be compensated by potential
profits resulting from extra IORM amount sales.
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Figure 8. Dependences in terms of ore flow (2) in a mine as a control
channel; development of optimum setting 2* of (20) type;
and mining output in terms of maximization of the latter
(i.e. minimax control) according to a criterion of (2) type

Use of the optimum settings, derived on the basis of ex-
pressions of (21) type, and (1) and (6)-(9) criteria, helps
maintain the planned value of daily IORM output. In this
context, more rational time-spaced (i.e. zonal tariff) electrici-
ty consumption redistribution may help reduce daily ex-
penditures by 27.51%. The basic principles of development
of fuzzy controllers as well as their operational algorithms in
the context of multichannel control were described above.

Taking into consideration the fact that control implemen-
tation in terms of two control channels (i.e. “Ore-Water”) is
identical to the abovementioned ones, confine ourselves to
the description of computer modeling results on channel
three (“Water”, Fig. 9), and the total electric energy con-
sumption (Fig. 10) according to the three process stages (i.e.
Extraction, Pumpage, and Ventilation).
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Figure9. Modeling of minimax regulation and optimum control
on the “Air” channel (“Air ventilation”)
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Figure 10. Results of three-channel (i.e. “Ore-Water-Air”) control
of the total EE consumption based upon optimum set-
ting (“Setting 123*”)
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Use of control based upon optimum setting 123* of (24)
and (26) type will result in the achievement of the planned
daily IORM output. However, aggregate expenditures, con-
nected with daily EE consumption, will be decreased expect-
edly by 16.23%. That will depends upon more rational distri-
bution of ore and water flows as well as corresponding power
consumption in terms of process stages under the conditions
of three-zone tariff.

3.6. Discussion of the research results
concerning a problem of automation
of the mine electric power consumption control

The obtained results can be explained by rather high effi-
ciency of the automated control of electric power flows in a
mine based upon fuzzy logic method. Use of several control
strategies is the feature of the techniques to develop fuzzy
controllers. All the proposed strategies demonstrated positive
results in the context of the modeling. Application of the
fixed set of linguistic terms at the rate of 3-5 elements as well
as rather limited set of statistical data sampling in the verifi-
cation process are the key restrictions of the research. To
improve adequacy of the modeling results, it is necessary to
take into consideration the data representativeness, and
measurement accuracy and discreteness. The research future
is industrial testing of the developed system of the automated
control under the conditions of the real production. Moreo-
ver, the development of alternative nonlinear regulators
based upon synergy, neural networks, and other approaches
of computational intelligence is another actual problem.
Nonlinearity; aperiodicity; nonstationarity; uncertainty (i.e.
availability of incomplete and/or fuzzy information) of static
and dynamic characteristics of operating procedures under the
conditions of underground mineral mining are the basic diffi-
culties. Use of minimax control (i.e. minimization of electrici-
ty consumption along with ore extraction maximization) in
terms of “Water” channel will result in the predicted almost
4.3% increase in daily EE consumption. That will be compen-
sated in full by the increased daily ore output. Use of control
based upon optimum setting 123* of (25) type will factor into
the maintenance of the planned daily IORM extraction. Never-
theless, in this context the total expenditures, connected with
EE consumption, will decrease by 16.23% owing to more
rational distribution of ore-and water flows as well as to corre-
sponding power consumption in terms of process stages.

4, Conclusions

Fuzzy logic has been applied to develop algorithms of
functioning of ACS for electric power consumption of a
standard iron-ore mine in terms of day parts. The algorithms
are more favourable to compare with the available ones since
the number of control influences is identified using availabil-
ity of connections between the controlling parameters and the
controlled ones as for the process stages of IORM extraction.

Fuzzy regulators to control EE consumption in a mine
have been developed and modeled with the help of Fuzzy
Logic Toolbox modulus of MATLAB computing environ-
ment. The regulators were developed basing upon a use of
one, two, or three controlling influences of {“Ore”, “Water”,
and “Air”} sets, and two alternative approaches: minimum
approach (according to two basic criteria) or optimum one
(according to the setting). It has been determined that use of
strategy one always results in 15-50% increase of daily ore
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output and EE consumption as well as 11-75% of corre-
sponding expenditures. At the same time, potential income
from IORM compensates in full the charges. Use of control
based upon optimum settings (strategy two) results in
20-28% decrease in expenditures connected with EE con-
sumption in the context of the maintenance of the planned
indices of IORM extraction.

Application of the proposed approaches will help imple-
ment the automated control of mine EE consumption in real
time, and optimize expenditures connected with the EE con-
sumption. Forward estimates demonstrate the potential to
obtain extra revenue in terms of the current hourly tariff scale
as for the iron-ore Kryvbas mines at the level of UAH
1.7-4.4 min per day.
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Jesiki acniekTH po30ya10BM cxeMH (PYHKLIIOHYBAHHSI aBTOMATH30BAHOI CHCTEMH
KEePYBAHHS eJ1eKTPOeHePronoToKaMu Mii3eMHHX 3a1i30pyIHUX MiANPHEMCTB

O. Cinuyk, A. Kymin, I. Cinayk, M. Poro3a, I1. [Tnemnikos

Mera. Po3podka cxemu ¢ynkuionyBanHs ACY eHepromoTokaMmu MpH iHBapiaHTHOCTI OOCATIB CHOKUBAHHA €JEKTPUYHOI eHeprii Ta iH-
Bepcii B IOTOKOBOMY 4aci J0OW €HEepronoTOKiB MpHIYOPYAHUX BUPOOHHIITB I 3MEHIICHHSI CETMEHTA €IEKTPOCHEPro3aTpar y codiBapToc-
Ti BUIOOYTKY 3amizopyaHoi cuposunu (3PC).

Metoaunka. Ha ocHOBI JaHUX MTaCHBHOTO EKCIIEPUMEHTY OTPHMAaHa CTATUCTHKA POOOTH 3ali30pyAHUX IIaxT. Jlaii i3 3acTocyBaHHSAM He-
YiTKOi JIOTIKM BH3HAYEHO JIHTBICTHYHI TePMH HEOOXiTHUX TEXHOJOTIYHHX MapaMeTpiB, 3IilicHeHI mponenypu ¢asudikamii, JOTIIHOTO BH-
CHOBKY 1 nedasudikauii. O6ymoBneHi npuHIMIK HOpMyBaHHS 0a3u HEYITKHX MPABWII AJIsI MOXKIMBOCTI aBTOMAaTH3allil NPUHHSATTS pillieHb i3
3aCTOCYBaHHSM MeToIuKH MamuaaHi. B pe3ynbTati iboro Oy CHHTE30BaHI HEUiTKi PeryJIsITOpH i MPOMO/IeIboBaHa X po00Ta y cepeloBHIIi
nporpamHoro naxkery MatLab. OCHOBHI pe3yJbTaTH MOJEIIOBAHHS MIPECTaBIIEH] Bi3yanbHO 3a gornomororo MS Excel.

PesyabTaTn. OGrpyHTOBAaHO CHCTEMY KPHUTEpIiB yIpaBIiHHS, BU3HAUYEHI BEKTOP CTaHy 00’€KTy, OCHOBHI iH(OpMalliiiHi mapameTpH, Ke-
pytodi nii Ta 30ypeHHs. JOCTiHKEHO MiaX0IU s ONTHUMI3AIii IpoIiecy CIIOKUBAHHS SNEKTPUYHOI €Heprii Ha OCHOBI MiHIMakCHUX (DyHKIIi-
OHAJIiB, BUKOPHCTaHHS CHCTEMH 0OMEXeHb, 00UHCIICHHS PalliOHANEHIX YCTaBOK. PO3p0o0IIEHO alropuTMH aBTOMATH30BaHOTO YIIPABIiHHS 13
BUKOPUCTAHHAM JIEKIIBKOX CTpAaTeTiil i KpUTepiiB. 3amponoHOBaHO MPHUHIMITH peatizalii 3a3Ha4eHUX alrOPUTMIB HAa OCHOBI BUKOPHCTAHHS
Heuitkoi joriku (Fuzzy Logic).

HaykoBa HoBH3HA. J/[0Be/ieHO Mpare3aTHICTh HEUITKMX CHCTEM YNPAaBIiHHS €HEpProloTOKaMU IIaxT B yMOBAX OJHOKaHAJIBHOTO Ta Oa-
raToOKaHaIBFHOTO perymoBaHHs. OTPUMaHO OCHOBHI aHAIITHYHI TIOKa3HUKH, SIKI OJHO3HAYHO MiATBEPIXKYIOTh JOCTATHIO SIKICTh Ta €)eKTHB-
HICTh 3aCTOCYBaHHS CHCTEM aBTOMAaTHU30BAHOTO YIPABIiHH AJIs MiJ3eMHOTO BUIOOYTKY 3aIi3HOI py/IH.

IIpakTHYHa 3HAYMMICTB. 3aNPONIOHOBAHO CTPYKTYPHI CXEMH Ta 3acOOM Ul MPAKTHYHOI peasi3alil HeUiTKUX PeryisTopiB y MPOMHUC-
J0BUX yMoOBaX. ITiNTBEp/HKEHO PO3PaXyHKOBUM ILIIXOM, L0 3aCTOCYBAaHHS JAHHUX MiJXOIB J03BOJUTH pealli3yBaTH aBTOMATH30BaHE YII-
pAaBIIHHS POIIECOM LIAXTHOTO EHEPrOCIIOKMUBAHHS B YMOBaX PEaJbHOr0 Yacy it ONTUMI3yBaTH BUTPATH HA CIIOXKHUTY SJIEKTPHYHY SHEPTII0.

Kntouoei cnosa: asmomamusosane kepyeans enepeonomokamu, Fuzzy Logic, cucmema KepyeanHs, mpusoHHU mapug

HekoTopble acneKThI IOCTPOEHNUs cXeMbl QYHKIHOHUPOBAHHMS ABTOMATH3HPOBAHHOM
CHCTEMBI YIIPABJICHHUS 3JIEKTPOIHEPronoTOKAMH I03eMHBIX 7KeJIe30PY/IHBIX NPeAnPUsITHI

O. Cunuyk, A. Kynun, 1. Cunuyk, M. Poro3a, I1. ITnemkos

Ilean. Pazpabotka cxembl ¢yHkunonupoBanus ACY sHepromoTokamMu MpU WHBAPUAHTHOCTH OOBEMOB MOTPEOJICHUS AIIEKTPUYECKOIT
SHEPruy U MHBEPCHUHU B MOTOYHOM BPEMEHU CYTOK YHEPrOINOTOKOB FOPHOPYAHBIX MPOU3BOJCTB /I YMEHBIICHHSI CETMEHTa 3JICKTPOIHEPro-
3aTpar B cebecTOMMOCTH 00BIUH Kene30pyaHoro ceipbst (JKPC).

Metoaunka. Ha ocHOBe IaHHBIX TACCHBHOTO SKCIIEPUMEHTA ITOTyYeHa CTATUCTHKA PabOTHI KeJIe30py JHBIX IIaxT. Jlanee ¢ mprIMeHeHneM
HEUETKOW JIOTUKH OMpENeNICHB! JIMHTBUCTHYECKHE TEPMBI 110 HEOOXOMMBIM TEXHOJOTHYECKAM MapaMeTpaM, OCYIIECTBICHBI MPOIERYPHI
(asuduKanuy, JOrHIecKoro BeBoAa U Aedaznduxaryn. OOyCIOBIeHB! MPUHIUIE (HOPMHPOBAaHHE 0a3bl HEYETKUX MPABUI TSI BO3ZMOXKHO-
CTH aBTOMAaTH3aIlM{ NPHHATHS PEIICHUH C IPUMEHeHNnEeM MeToukn Mammanu. B pesynbraTte 3TOTO OBIIM CHHTE3MPOBAHBI HEUETKUE PETY-
JSITOPBI M MPOMOJENUPOBaHa UX paborta B cpene mporpammuoro makera MatLab. OcHOBHBIE pe3ysbTaThl MOJACIHUPOBAHUS TPEICTABICHBI
BU3yallbHO ¢ oMot MS Excel.

PesyabTaTbl. OGOCHOBaHO CHCTEMY KPHTEpPHEB YIPAaBJICHUS, ONpPEICICHbl BEKTOP COCTOSHHS OOBEKTa, OCHOBHBIC MH()OPMAIMOHHBIE
MapaMeTphl, yIPaBISIONME BO3ACHCTBHA U BO3MylIeHHsA. MccnenqoBaHbl MOAXOABI A ONTHMHU3ALMN MPOLECca MOTPEONIeHNs IeKTpHUde-
CKOHM PHEprMH Ha OCHOBE MHUHHUMAKCHBIX ()YHKIIMOHAJOB, MCIOJIB30BAHMS CHCTEMBI OTPAaHWYCHHI, BBHIUMCICHUS PAMOHANBHBIX yCTaBOK.
Pa3paboTaHbl aJTOpUTMBI aBTOMaTH3UPOBAHHOTO YIPABICHUS C HCIOJIL30BAaHUEM HECKOJIBKHX cTpaTernii m kpurepuen. IIpemmoxeHst
TIPUHIUITE peaM3alliy yKa3aHHBIX aITOPUTMOB HAa OCHOBE HCIIONb30BaHuUs HeueTkoi goruku (Fuzzy Logic).
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Hayunas HoBu3Ha. [loka3aHa paboTOCIIOCOOHOCTh HEYETKHX CUCTEM YNPABIEHUS! €HEPTONOTOKAMH IIAXT B YCIOBUAX OJHOKAHAIBHOTO
U MHOTOKaHaJIbHOTO perynupoBaHus. [lomyueHsl OCHOBHBIE aHATUTHUYECKHE MOKAa3aTeIH, KOTOPhIe OJHO3HAYHO MOATBEP)KAAIOT JOCTATOY-
HO€ KauecTBO 1 3()(HeKTUBHOCT MPUMEHEHHSI CCTEM aBTOMAaTH3UPOBAHHOTO YIPABICHHS ISl TOJ3EMHOMN JOOBIYH JKENIE3HON PYAbI.

IIpakTHyeckasi 3HAYMMOCTB. [Ipe/UTOKEeHBI CTPYKTYpHBIE CXEMbI M CPEIICTBA JUISl IPAKTHIECKOH peai3aliii HEYeTKUX PEeryIaTOpOB B
TIPOMBIIIIEHHBIX YCIOBHAX. [I0ATBEPKICHO pacueTHBIM ITyTeM, YTO IPHMEHEHHE JaHHBIX IT0/IX0I0B IIO3BOJIHT PEalM30BaTh aBTOMATH3HPO-
BaHHOE YIPaBJICHHE IPOIECCOM IIaXTHOTO JHEProNnoTPeOIeHNsI B YCIOBUIX PEaTbHOTO BPEMEHH W ONTHMH3HPOBATH 3aTPaThl HA MOTPEO-
JICHHYTO 3JICKTPUYECKYIO SHEPTHIO.

Kntouesvie cnosa: asmomamusuposantoe ynpasnenue snepeonomoxamu, Fuzzy Logic, cucmema ynpagienus, mpex3oHHvlii mapug

Article info

Received: 4 December 2019
Accepted: 14 August 2020
Available online: 4 September 2020

111



