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The urgency of developing the system of automated control of energy flows in conditions of underground mining of iron
ore has been shown. The principles of implementing of mentioned approaches based on the use of fuzzy logic have been
proposed using previously defined criteria and algorithms of fuzzy control. The simulating of operation of fuzzy
controllers in the environment of the MatLab software package has been carried out using two-part and three-part
electricity tariffs. The efficiency of fuzzy controlling systems in conditions of single-channel and multi-channel
controlling has been proved. The results of the application of various automated fuzzy control strategies in conditions
of mining enterprises with underground mining of iron ore using two-rate and three-rate electricity tariffs have been
analyzed. Corresponding recommendations for the optimizing of industrial energy consumption have been proposed.
References 12, figures 8, tables 4.
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1. Introduction

More than 30% of the total production of iron ore is mined at underground mining
enterprises (mines). Meanwhile, the cost of production, due to the deterioration of mining
conditions on the increase in the depth of iron ore, is increasing. In this odious for the economy of
both the mining companies themselves and the state as a whole, a significant part of the negative
role belongs to the energy component of the iron ore production process, where more than 90% is
electricity costs.

The directions of reduction, or more precisely the restriction of the growth rate of the
electric power component in the complex of iron ore production, are known [3-5].

Meanwhile, all these known trends can be synthesized into two global drawbacks: to reduce
electricity consumption, which means to reduce the payment for electricity consumed, or rather, to
reduce the levels of electricity consumption, or more precisely, with considerable stability of this
process, to reduce payment for it. The logic behind these statements is that increasing the depth of
iron ore production does not even give pessimistic reasons for reducing electricity consumption. As
for the second component - reducing payment levels - there is some positive in achieving the
expected results.

Due to this moment, based on taking the number of measures at the relative stability of the
levels of production of iron ore in the iron ore mines of Ukraine from 2015 to 2017, the share of
electricity in the cost of production has increased [3-5]. Meanwhile, during 2017-2018 underground
iron ore enterprises have achieved some achievements in the overall share of electricity in
stabilizing the cost of production of iron ore. However, this trend was practically counterbalanced in
2019.

This is due to the fact that, according to the Law of Ukraine on the Electricity Market, since
2013 underground iron ore enterprises, like all other industrial enterprises, were forced to abandon
the system of calculations with electricity supply based on three tariff rates (peak, half-peak, night)
and switch to hourly rates. At the same time, the new payment structure was essentially reduced to
two rate rates - peak and night. In this case, the format of payments between consumers and
suppliers of electricity with additional cargo volumes of payments on the latter complicated. But the
main thing is that consumers started paying more for the same amount of electricity consumed. This
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again emphasizes the imperfection of the existing tariffs.

At the same time, the companies continued to plan their electricity consumption by hours of
the day. At the same time, the existing planning system is not perfect, considering the plan-fact
ratio. This is evidenced by plan-fact indicators for many domestic iron ore mines, where
fluctuations take place both higher than the plan and smaller, and, importantly, have significant
variations. Ultimately, such a mismatch leads to a corresponding imbalance in the payment for
electricity consumed. That is, in this embodiment, the lack of control over the levels of electricity
consumption leads to significant unreasonable costs on the part of consumers.

The rejection, or even delay, at the start of the introduction of effective science-based
measures to improve the power efficiency of mining and technological processing of iron ore,
which will at least accelerate the exit of enterprises of the mining and metallurgical industry in the
depressed stage of their development.

2. Statement of the problem

The problem of the optimizing of the energy consumption in conditions of iron ore mines
based on the use of the fuzzy automated control system (ACS) using multi-zone energy metering
tariffs is considered. So the urgency of the approach has been substantiated in operation [1], the
system of optimization criteria (1) (5), restrictions (6) - (9) has been developed and algorithms for
implementing many strategies for such controlling in conditions of the three-rate tariff (“Night /
Half-Peak / Peak’) have been proposed.

The technological process considerated as a control object is complex multi-parameter, non-
linear and multi-connected [2-3]. As you know, the main consumers of electricity (EE) in mines are
redistribution of mining / transportation of ore mass, discharge of mine water (drainage), air supply
and ventilation. [4] With this in mind, potential management criteria should be identified as (1) - (5)

Z° = F(RE, HT )= min, (1)
P = max, (2)
B = max, 3)
B, = max, 4)
B, = max, )

where Z° - is the total cost of the enterprise for electricity consumed (hourly, daily), UAH .; RE -
power consumption, kW; HT - current electricity tariff, UAH / kW; F (0) - some established
functional dependency; P - ore mass production at the enterprise, t; B - air supply, m’; B, - mine
water pumping volume, m’; B, - ventilation, m’.

Considering the potential complexity of solving such multicriteria problems, some of the
minimax criteria above can be replaced in the future by restrictions of the type:

P 2 Pmin , (6)
B>B™, (7)
Bw 2 B:/T:in > (8)
B, >B™, ©)

where P™", B™, B™, B™ - some boundary values of the parameters (for example, daily planned
values).
The value of energy consumption in the system as a whole or in separate stages from the
local criterion of the objective function (1) can thus be redefined in the form
RE=f(P,B,B,,B,), (10)

where f () - some function or approximation.

The sufficient efficiency of applying of the fuzzy controlling approach in conditions of
three-rate tariff creates the preconditions for its verification using the currently relevant two-zone
tariff type “Night / Peak™. Thus, the task of developing appropriate models, the principles of their
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phasing, logical inference, and defuzzification, as well as a testing performance by computer
simulation is set.

3. Development of fuzzy models taking into account the two-part tariff

3.1. The principles of phasing and forming of a base of logical rules of inference in
conditions of the single-channel control.

Let us analyze the principles of phasing and the formation of a base of logical inference
rules for the single-channel control. The controlling effect here is the ore flow P, the controlled
parameter will be the value of the electric energy consumption from (10). The parameters of
drainage, air supply, and ventilation are related to perturbing.

We define, according to the technique described in [5-7], we formalize the basic fuzzy set
for our system. In our case, this set will consist of three elements (N = 3):

E:LNJ{ :Bz }:{ 181 : /82 : ﬂ3 }:{ IBRE : :BHT : ﬂP }’ (11)
o (H(B) u(B) (B, u(p;) H(Bre) 1(Byr) 1(Bp)

where B - the basic fuzzy set; S - fuzzy value of a specific parameter (for example, manager or

managed); B, = f,,- the corresponding fuzzy value for the energy consumption parameter;

By = Pyr- fuzzy value for the tariff, S, =p,- fuzzy ore flow; w(f), wu(p),u(f,), n(5;),
HU(Brp)s H(Byr ), 1(B,) - the value of membership functions for the corresponding parameters.

We determine the sets of linguistic variables (terms) for all of the fuzzy parameters above:

TFE MIN Average MAX (12)
: NB° Z ' PB)J’
rys (Mgt Peok ], (13)

3

s {MIN Average MAX}’ (14)

NB' Z ' PB
where T, T)"", T” - identifiers of multiple terms for fuzzy variables: energy consumption
(EE), tariff setting and ore flow; {MIN, average, MAX} + {Night, Peak}, {NB, Z, PB} + {NS, PS}
full or abbreviated identifiers to indicate the corresponding values of these terms.

As can be seen from the sets (11) - (14), the three-digit scale is taken for subsequent work by
the parameters of energy consumption and ore flow and for the variable tariff - two-digit. However,
if necessary, the quantitative values of all these scales can be changed in any direction.

Subsequently, for the implementation of the fuzzification of fuzzy variables of the set (12)
and (14), standard triangular membership functions have been chosen, and for the set (13) has been
chosen tangential. An example of the parameterization of these variables and functions has been
performed using the environment of the MATLAB application. The example of such
parameterization based on statistics from the Rodina mine is shown in Fig.1.

T T T T T T T T T T T T T T
Min{NB) Cpeanee(Z) Wax[PE) Houg(N5) Muk(PS})

input variable "Sneprua™ input variable "Tapud”

Fig. 1
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We previously defined fuzzy sets (11) and the corresponding terms (12) - (14), we will form
fuzzy inference rules in the form:

1) IF “Electric Energy Consumption” = “MIN” (NB) AND “Tariff” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB);

2) IF “Electric Energy Consumption” = “MAX” (PB) AND “Tariff” = “Night” (NS) THEN
“Oreflow” = “MAX” (PB);

3) IF “Electric Energy Consumption” = “Average” (Z) AND “Tariff” = “Night” (NS) THEN
“Oreflow” = “MAX” (PB);

4) IF “Electric Energy Consumption” = “Average” (Z) AND “Tariff” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB);

5) IF “Electric Energy Consumption” = “MIN” (NB) AND “Tariff” = “Night” (NS) THEN
“Oreflow” = “MAX” (PB);

6) IF “Electric Energy Consumption” = “MAX” (PB) AND “Tarift” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB).

Table 1
Tariff [Oreflow] Electric Energy Consumption
MIN (NB) Average (Z) MAX (PB)
Peak (PS) [NB] [NB] [NB]
Night (NS) [PB] [PB] [PB]

As the basic algorithm for the subsequent defuzzification procedure, we adopt the standard
Mamdani method.

3.2. The principles of phasing and forming of a base of logical inference rules in
conditions of the three-channel control.

This type of control is implemented by two or three control actions (11). For example, Ore +
Drainage + Ventilation. The control actions here are ore flow and the volume of water pumping and
ventilation, a controlled parameter will be the value of electricity consumption from (10). The air
supply parameter remains perturbing. The general principles of phasing and the formation of a base
of logical inference rules for the three-channel control are as follows.

Basic fuzzy set (16) for the possibility of implementing of the three-channel control. In our
case, this set will include 5 elements now (N = 5):

EZU{@}:{A.@.@.A.@}:
o (B /J(ﬂl)’ﬂ(ﬂz),ﬂ(ﬂ3)’ﬂ(ﬂ4)’ﬂ(ﬂs)
) Bre . Bur Bo . Bsn . B

. {y(ﬂRE) UByr) (By) 1By u(ﬁgv)}
where B, = f, - the fuzzy value for drainage; u(f;), u(f;,) - corresponding to the value of the

; (15)

membership function.
Then, to the sets of terms already defined above (11-14), you need to additionally define the

terms:
TP — MIN : Average : MAX ’ (16)
NB Z PB
TSVentilation — MIN : Avel”age : MAX , (17)
NB Z PB
where 7" - the term identifier for the fuzzy variable volume of water pumping; 7,""""*" - term

identifier for the fuzzy variable mine ventilation volume.
In view of (15) - (17), we give a few examples of the formation of fuzzy inference rules for
this type of control:
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1) IF “Power Consumption” ( ) = “MIN” (NB) AND “Tariff” ( S,) = “Peak” (PS) THEN

“Oreflow” = “MIN” (NB), "Drainage" = "MIN" (NB), "Ventilation" = "MIN" (NB);
2) IF “Electric Energy Consumption” ( £,) = “MAX” (PB) AND “Tariff” ( 5,) = “Night”

(NS) THEN “Ore Flow” = “MAX” (PB), "Drainage" = "MAX" (PB), "Ventilation" = "MAX"
(PB);

3) IF “Electric Energy Consumption” ( 5,) = “Average” (Z) AND “Tariff” ( S,) = “Night”
(NS) THEN “Oreflow” = “MAX” (PB), "Drainage" = “MAX” (PB), "Ventilation" = “MAX” (PB);

4) IF “Electric Energy Consumption” = “Average” (Z) AND “Tariff” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB), "Drainage" = “MIN” (NB), "Ventilation" = “MIN” (NB);

5) IF “Electric Energy Consumption” = “MIN” (NB) AND “Tariff” = “Night” (NS) THEN
“Oreflow” = “MAX” (PB), "Drainage" = “MAX” (PB), "Ventilation" = “MAX” (PB);

6) IF “Electric Energy Consumption” = “MAX” (PB) AND “Tarift” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB), "Drainage" = “MIN” (NB), "Ventilation" = “MIN” (NB).

Extended tables (Tab. 2, Tab. 3) of inferences for fuzzy variables (16), (17) shown below.
For a boolean variable ore flow £, = 5, a similar table Tab. 1 can be used, which was given above.

Table 2
Tariff [Oreflow] Drainage
MIN (NB) Average (Z) MAX (PB)
Peak (PS) [NB] [NB] [NB]
Night (NS) [PB] [PB] [PB]
Table 3
Tariff [Oreflow] Ventilation
MIN (NB) Average (Z2) MAX (PB)
Peak (PS) [NB] [NB] [NB]
Night (NS) [PB] [PB] [PB]

4. Computer simulation of the operation of fuzzy ACS

To simulate the operation of the ACS of mine energy consumption, we will use the
environment of the Fuzzy Logic Toolbox (FLT) module from the well-known mathematical
software package MATLAB. To do this, we use the standard fuzzy simulating technique described
in[7].

4.1. Simulating of the single-channel control. The forming of a fuzzy controller will be
carried out using the example of the single-channel control via the Rudopotok-> Energy
Consumption channel based on statistics from the data received at Rodina mine (Kryvyi Rih, Tab. 4).
Taking into account the fuzzy variables defined above, fuzzy sets (11) - (14), and membership
functions (Fig. 1), the input and output parameters are set in the FIS editor (Fig. 2). For
defuzzification the Mamdani algorithm will be used [8, 9].

— I\Jdina_Fuzzy_ACS(F‘.ud L)

(mamdani}

XX

Tapud

Fig. 2
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Table 4
Times of coééﬁrzlv;?ir()n, 2.0re, t consuEnElption rel:c(iison (wEi?he;ﬁflzocsé), Energy cost (with

day kW forecast (FLC) UAH* ACS), UAH

0:00 1824 132 2034,64 147 1 751,04 1 953,26
0:30 3024 219 2795,86 202 2 903,04 2 684,03
1:00 2688 194 2795,86 202 2 580,48 2 684,03
1:30 2076 215 2795,86 202 2 856,96 2 684,03
2:00 2736 198 2795,86 202 2 626,56 2 684,03
2:30 2976 215 2795,86 202 2 856,96 2 684,03
3-00 2976 215 2795,86 202 2 856,96 2 684,03
3:30 1968 142 2090 151 1 889,28 2 006,40
4:00 144 10 2795,86 202 138,24 2 684,03
4:30 2400 173 2795,86 202 2 304,00 2 684,03
5:00 1440 104 2006,96 145 1 382,40 1 926,68
5:30 1248 90 2076,16 150 1 198,08 1993,12
6:00 192 14 2795,86 202 184,32 2 684,03
6:30 192 14 2795,86 202 184,32 2 684,03
7:00 192 14 2795,86 202 184,32 2 684,03
7:30 192 14 2795,86 202 184,32 2 684,03
8:00 144 10 2795,86 202 138,24 2 684,03
8:30 192 14 2795,86 202 184,32 2 684,03
9:00 192 14 372,415 26,9 334,08 648,00
9:30 192 14 372,415 26,9 334,08 648,00
10:00 192 14 372,415 26,9 334,08 648,00
10:30 192 14 372,415 26,9 334,08 648,00
11:00 144 10 372,415 26,9 250,56 648,00
11:30 192 14 372,415 26,9 334,08 648,00
12:00 1776 128 1150,24 83,1 3 090,24 2 001,42
12:30 2880 208 372,415 26,9 5011,20 648,00
13:00 1296 94 1121,18 81 2 255,04 1 950,85
13:30 2592 187 372,415 26,9 4 510,08 648,00
14:00 2640 191 372,415 26,9 4 593,60 648,00
14:30 2016 146 1042,29 75,3 3507,84 1 813,58
15:00 1200 87 1075,51 71,7 2 088,00 1 871,38
15:30 144 10 372,415 26,9 250,56 648,00
16:00 1536 111 1169,62 84,5 2 672,64 2 035,14
16:30 2688 194 372,415 26,9 4 677,12 648,00
17:00 1824 132 1137,79 82,2 3173,76 1979,75
17:30 2160 156 870,668 62,9 3 758,40 1514,96
18:00 2496 180 372,415 26,9 4 343,04 648,00
18:30 1632 118 1169,62 84,5 2 839,68 2 035,14
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19:00 192 14 372,415 26,9 334,08 648,00
1930 144 10 372,415 26,9 250,56 648,00
20:00 192 14 372,415 26,9 334,08 648,00
20:30 192 14 372,415 26,9 334,08 648,00
21:00 192 14 372,415 26,9 334,08 648,00
21:30 144 10 372,415 26,9 250,56 648,00
22:00 192 14 372,415 26,9 334,08 648,00
2:30 192 14 372,415 26,9 334,08 648,00
2300 192 14 372,415 26,9 334,08 648,00
23:30 1776 128 2020,8 146 1 704,96 1939,97

Total 58896 4255 65928,3 | 4763,1 79 640,64 76 206,11

Note: (*) — calculation of the cost of energy efficiency based on a 2-rate tariff [10].

In the process of phasing, the corresponding maximum and minimum daily parameters have
been determined:

- power consumption (144; 3024) kW / day;

- ore mining (10; 219) t/ day.
Based on such data, a 3d model of the surface has been obtained for fuzzy inference for the
developed fuzzy model (Fig. 3).
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Fig. 5 and Fig. 6 show the results of simulating the operation of the fuzzy single-channel
ACS of energy consumption based on one control action - daily ore production distributed over
time. The simulating resolution of the controller has been 0.5 hours = 30 minutes.
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Analysis of the simulation results Fig. 7 and Fig. 8 and the performed analytical calculations
show that the use of minimax criteria of the type (1) - (2) in conditions of the Rodina mine allows
increasing the daily ore mining by 14.85% (i.e., more than 600 tons/day). At the same time, daily
electricity consumption will similarly increase by 14.86% [1], and the cost of using electricity,
taking into account the three-zone tariff, will increase by 10.83%. However, at the current value of
salable iron ore in the world market [11-12], this may be offset by potential sales income.
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4.2. Simulating of the multi-channel control. The basic principles of the forming of fuzzy
controllers (including phasing, fuzzy inference, dephasing, etc.), as well as the algorithms of their
operation in conditions of multi-channel control, have been described above. We present the results
of the simulating of automated energy control using the example of two channels ("Ore ...", "Water
...") and three channels ("Ore ...", "Water ...", "Air ..."). The basic calculations have been carried out
using the statistics of the Rodina mine as an example. However, as the made analysis testifies using
this methodology, these results can be similarly reproduced for all strategies of algorithms (Figs. 2
and 3) and in conditions of other enterprises (mines) with underground mining of iron ore.

Conclusions. 1. Using the Fuzzy Logic Toolbox software module of the MATLAB software
package, single and multi-channel fuzzy controllers have been developed and simulated for
controlling the mine energy consumption by applying one or more control actions {"Ore", "Water",
"Air"}. It was found that the use of minimax strategy in all cases leads to increasing: daily ore
production and EE consumption by 15-50 %% and corresponding costs by 11-75%. At the same
time, calculations have shown that the potential income from the sale of additional volume of iron
ore will fully compensate for these costs (due to a more rational redistribution of material and
energy flows in the conditions of the 3-zone tariff). Using of the two-rate (“Night / Peak”) tariff
instead of the three-rate (“Night / Half-peak / Peak™) at the same time leads to increasing of the
daily cost of energy consumption by 12.88% at the single-channel regulation of ore flow and,
accordingly, 7.1% at the two-channel management of ore flow and the drainage simultaneously.
The applying of the fuzzy regulators allows to compensate for these losses. 3. Using of automated
control systems by fuzzy 3-channel regulation of ore flow, drainage and ventilation allow even in
conditions of the two-rate tariff (due to a more rational redistribution of daily intervals) to reduce
the cost of energy efficiency (for example, according to the Rodina mine, with an increase in daily
energy consumption by 4.45%; total costs are reduced by 2.5%). 4. Applying these approaches will
allow to implement automated control of the process of mine energy consumption in real-time and
optimize the cost of energy efficiency.
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Iloxazana akmyanbHOCMb A8MOMAMUSUPOBAHHO20 YNPAGNEHUS IHEPLETNULECKUMU NOMOKAMU 8 YCI08UAX NOO3EMHOI
000b1uu dHcene3noil pyovl. Onpedenenvl: 8eKMOp COCMOAHUA 00beKMA, OCHOGHble UHGOPMAYUOHHbIE naApamempbl,
ynpaeasiowue 8030elicmaus U 8o3myujenus. Paspabomanvl aneopummsl A8mMOMAMU3UPOSAHHO20 YNPAGNEHUs C
UCHOTIL30BAHUEM HECKONbKUX cmpameuti U Kananos ynpaeienus. IIpeonosicenvt npunyunvl peanu3ayuu yKa3saHHuIX
aneopumMmMos Ha OCHOBe UCHONb308aHus Hewemxou noeuxu (Fuzzy Logic). Ocywecmeneno modenuposanue pobombi
HeuemKux KOHMPOLIEpo8 6 cpede npocpammuozo naxema MatLab. [loxaszana pabomocnocob6HOCHb anzopummos
DYHKYUOHUPOBAHUS HEUeMKUX Pe2yNAmOPO8 6 YCI08UAX OOHOKAHANLHOZO U MHO2OKAHAIbHO2O ynpaeienus. bubin. 12,
puc. 8, Tabm. 4.

KnroueBble cjloBa: aBTOMAaTHU3MPOBAHHOE YIPaBJIEHHE O>HEpPromnorokamu, Fuzzy Logic, anroputmsl, KpuTepuu,
CHCTEMa, [1axTa.
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THokaszano axkmyanvricme a8MOMAMU308AHO20 YNPAGLIHHA EHEPIEMUYHUMU NOMOKAMU 8 YMOBAX RIO3EMHO20
8U000YMKY 3ani3HOI pyou. Busnaueno eexmop cmany 06'ekma, 0CHOBHI iHGhopmayiiini napamempu, Kepyouuil Gniue ma
o0bypenHs. Po3pobreno aneopummu agmomamu308aH020 YNpagiHta 3 6UKOPUCHIAHHAM OeKilbKOX cmpameziil i KaHanie
YNpAaeiiHHsA. 3anponoHO8ano NPUHYUNU peanizayii 3a3HaA4eHUx aleopummis Ha OCHOBI GUKOPUCMAHHSA HeYimKoi 102IKu
(Fuzzy Logic). 30ilicneno modentosants pobomu Hedimkux KOHmposnepie y cepedosuwyi npoepammozo nakemy MatLab.
Jlosedeno npayezdamuicme aneopummie QYHKYIOHY8AHHA HEUIMKUX pecyiamopié 6 YMo8ax OOHOKAHANbHO2O i
bazamokananvHozo ynpasninua. bidn. 12, puc. 8, tabdmn. 4.
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