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The purpose. The purpose is to increase the efficiency of the process of automatic control of the
water level in the mine reservoir due to the improvement of the automatic control algorithm. The
main indicator of the quality of the system of automatic control of the water level in the mine reservoir
is the minimization of the dispersion of fluctuations in the total power consumed by the pumps of the
station.

Research methodology. The tasks are solved using the method of computational experiments
with the use of specialized computer programs for modeling the process of controlling pumps in the
reservoir. To study the automatic control system, theoretical research methods were used, namely,
analysis and synthesis of the system based on the modern theory of automatic control, as well as
systems analysis. Evaluation of the effectiveness of the automatic control process was carried out
using the methods of mathematical statistics.

Research results. A simulation model of the system of automatic control of the water level in
the mine reservoir was created. The method of synthesis of the system of automatic control of the
water level in the mine reservoir was developed based on the introduction of expert rules in order to
ensure the dispersion of fluctuations of the total power of the pump motors, close to the minimum
value, with a special algorithm for switching on and off the pumps. There were obtained the results
of the study of the effectiveness of the proposed expert algorithm for controlling pumps in the mine
reservoir in comparison with the existing control algorithm.

Scientific novelty. A new approach to the synthesis of the system of automatic control of pumps
of the water discharge station is proposed: the entire range of changes in the water volume in the
reservoir is conditionally divided into average, elevated, high, ultrahigh, reduced, low, and ultralow
levels. The task is to keep the water level between high and low levels by ensuring as long as possible
a constant combination of active pumps 0/1, 1/2 or 2/3, and the ranges between elevated and high, as
well as between reduced and low levels to move to another from the above-mentioned combinations
according to the number of active pumps.

Thus, on a larger number of time intervals, the difference in the number of active pumps will not
exceed one, which is a condition for reducing the dispersion of the total power consumed by the
pumps.
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Practical value. The synthesis method is proposed for the system of automatic control of the
water level in the mine reservoir based on the introduction of expert rules, thanks to which the
variance of fluctuations in the total power of the pump engines is minimized. Reducing the variance
of the change in power over time increases the predictability of the amount of energy consumed for
pumping water, and also reduces the amount of time when a significantly increased total power of
the pump drives is observed. This makes it possible to reduce specific energy costs for water pumping
using the differentiated approach when calculating the cost of electricity.

Keywords: synthesis of the automatic control system, mine reservoir, water level

Introduction. The technological process of mineral extraction under conditions
of underground coal mining, considered in the article, is a component of the mining
industry, which is one of the key industries of Ukraine.

As of 2021, coal was mined in Ukraine at 148 mines, including 102 state-owned
mines [1]. The majority of coal-mining enterprises of the private sector are part of
vertically integrated structures of metallurgy or power engineering. And the majority
of state-owned coal mining enterprises, whose share in coal production is estimated at
28%, are low-capacity mines with difficult mining and geological conditions [2, 3].

According to the “World Coal Association” (“WCA?”), about 30% of primary
energy needs are covered by coal around the world. In general, about 41% of all
electricity in the world is produced with coal. Coal is also used to produce 70% of the
world’s steel. About 7.8 billion tons of coal are mined annually in the world.

In 2019, according to the World Statistical Yearbook on Energy, 27 million tons
of coal were mined in Ukrainian mines.

According to the concept of the development of the coal industry of Ukraine [4],
coal is currently and in the distant future will be the only energy carrier whose volumes
are potentially sufficient to almost fully meet the needs of the national economy.
Therefore, taking into account the difficult economic situation of Ukraine, during the
next several decades, coal mining, as a strategically important resource for the fuel,
energy and metallurgical industries of Ukraine, is quite relevant for the economy of
our state.

Formulation of the aims of the article. The aim of the work is to increase the
efficiency of the process of automatic control of the water level in the mine reservoir
through the improvement of the automatic control algorithm.

Main part.

As the main research tool, taking into account the technical characteristics of the
pump drives and the known statistical characteristics of the water inflow, a simulation
model of the system of automatic control of the water level in the reservoir was
developed (Fig. 1).

The control object in Fig. 1 is represented by models of pumps and a model of a
mine reservoir. The reservoir model is actually an adder that realizes the balance
between the amount of water that arrived in the reservoir in 1 second and the amount
of water pumped out by the pumps:

Vr = Vbeg + Vinf - Vpumpl - Vpump2 - VpumpS, m3’

147



Automation and Computer-Integrated Technologies

where V, — is the current volume of water in the reservoir; Vyeq — is the volume of water
In the reservoir at the beginning of the simulation (set using the "Initial level™ block in
Fig. 2.1 equal to 900 m3); Vpump.1 — the volume of water pumped out by pump #1 from
a certain point in time (in our case — from the moment the simulation started); Voump.2 —
is volume of water pumped out by pump #2 from a certain point in time; Vyump.3 — IS the
volume of water pumped out by pump #3 from a certain point in time.
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Fig. 1. Structural diagram of the simulation model of automatic control system of the
water level in the reservoir

The simulation model of the pump is implemented on the basis of the integrator
(Fig. 2), since the output value of the model is the amount of water (capacity) pumped
out by the pump per unit of time.

The “Normalization” block in Fig. 2 takes into account the fact that the simulation
in the Simulink application of the Matlab program is measured per second seconds,
and in the technical characteristics of the pump, its performance is indicated per hour,
therefore there is a conversion to the pump performance per second.

In addition, with the “Power” block, the control signal is multiplied by 350, which
corresponds to the motor power condition of 350 kW with the pump on and 0 kW with
the pump off.
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Fig. 2. Scheme of the simulation model of the pumping unit as an object of automatic
control

In addition to the pump model, another main element of the control object model
Is the simulation model of the change in time of water inflow into the reservoir, which
Is the main disturbance for the automatic water level control system in the reservoir. In
fact, this model is a generator of a random signal according to the normal distribution
law, whose period of change in time is also a random variable described by the normal
distribution law. The parameters of the generator correspond to the real mining and
geological characteristics regarding the inflow of groundwater at mining enterprises of
the Donetsk coal basin [5-8].

The model for calculating the quality criterion of the control system is an integral
part of the model of the control unit, since it is actually a function of calculating the
variance of the fluctuations of the total power consumed by the pumps and is performed
programmatically on the basis of the controller. The control unit model itself is
implemented on the basis of the pump control algorithm. The existing pump control
algorithm is described by the block diagram in Fig. 3.

Under the condition of the first start of the system (block 1 in Fig. 3), in block 2,
the condition for starting Pump #1 is checked, which is an excess of the actual volume
of water in the upper level reservoir. If the condition is met, Pump #1 is turned on in
block 3.

Next, in block 4, the condition for starting Pump #2 is checked, which is that the
actual water volume in the reservoir exceeds upper level AND 90 seconds have passed
since the start of Pump #1. If the condition is met, Pump No. 2 is turned on in block 5.

After that, in block 6, the condition for starting Pump #3 is checked, which is an
excess of the actual volume of water in the upper level of the reservoir AND the 30
seconds time lapse since the start of Pump #2. If the condition is met, Pump #3 is turned
on in block 7.

The condition for turning off all three pumps, which is checked in block 8, is that
the water volume in reservoir has reached the lower level. When the condition in block
8 is met, all three pumps are turned off (block 9).
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Fig. 3. Scheme of the existing algorithm for automatic control of the water level in
the reservoir

150



Asmomamu3zayis ma KomMn 1omepHo-iHme2po8ani mexHon02ii

Figures 4 and 5 show the results of the computational experiment under the
condition of using the existing algorithm for automatic water level control.
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Fig. 4. Change over time: a — water level in the reservoir; b — state of pump #1,;
Cc — state of pump #2; d — state of pump #3 (existing automatic control algorithm)
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Fig. 5. Change over time: a — water inflow into the reservoir; b — water level in the
reservoir; ¢ — total power consumed by pumps (existing automatic control algorithm)

Fig. 4a confirms the correctness of the implementation of the existing control

algorithm — we see that the controlled value changes between the upper (+20% of the
set point) and the lower (—20% of the set point) levels with a different time differential,
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which is determined by the intensity of the water inflow in reservoir. At the same time,
it can be seen from Fig. 4, b-d that, provided that the controlled value of the upper level
Is reached, depending on the intensity of the water inflow into the reservoir, at this
moment one, or two or three pumps are turned on at the same time almost
synchronously (taking into account a slight time shift 90 s according to the existing
algorithm). This regularity of pump operation also corresponds to the existing control
algorithm.

From the analysis of the results of the computational experiment in Fig. 5, we can
see that the inflow of water into the reservoir is a complex disturbing effect (Fig. 5a) —
its slow changes in time alternate unpredictably with rather sharp changes, and
according to its level, it can be both less than the performance of one pump and more
than the performance of two pumps. Because of this, we see that the total power
consumed by the pumps also changes unpredictably, actually reflecting the change in
the water inflow into the reservoir (Fig. 5¢), — when the inflow is insignificant, we see
periodic jumps in the total power only up to the level of 350 kW. When the inflow is
between the performance of one and two pumps, the total power jumps up to 700 kW,
and when the inflow is between the performance of two and three pumps, the jumps
occur up to 1050 kW.

In order to evaluate the efficiency of the automatic control system according to
the existing algorithm, the variance of the total power consumed by the pumps (Fig. 5¢)
averaged over the simulation interval was determined, which was 1.86-10° kW2,

The idea of achieving the set goal of reducing the fluctuation variance of the total
power consumed by the pumps is to use expert rules when making a decision to turn
the pumps on or off. In these rules, there is implemented the idea of ensuring the change
of the total power as long as possible in a constant range of values, provided that the
inflow of water into the reservoir is within a certain range.

For this purpose, the entire range of changes in the water volume in the reservoir
is conditionally divided into average, elevated, high, ultra-high, reduced, low, and
ultra-low levels. The goal is to keep the water level between the high and low levels,
and the ranges between elevated and high, and between reduced and low levels are
needed to switch to different combinations of the number of active pumps (0/1, 1/2 or
213).

At the same time, in order to prevent frequent switching on of the pumps, when
changing the combination of active pumps, the pump that has been working longer than
all others is switched off, and vice versa — the pump that has been idle the longest is
switched on. This will improve the secondary criterion of the effectiveness of the
control system.

Taking into account the verbally described patterns of pump control, which will
allow to improve the quality criteria of the control system, the following expert rules
were formed:

1. If previously one pump was running AND the water reached a reduced level
AND the gradient is less than zero, THEN all pumps are turned off.

2. If previously two pumps were running AND the water reached a reduced level
AND the gradient is less than zero, then the pump that worked the longest is turned off.
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3. If previously three pumps were running AND the water reached a reduced level
AND the gradient is less than zero, then the pump that was running the longest is turned
off.

4. If previously one pump was running AND the water reached a low level AND
the gradient is less than zero THEN all pumps are turned off.

5. If previously two pumps were running AND the water reached a low level AND
the gradient is less than zero, then the pump that was running the longest is turned off.

6. If previously one pump was running AND the water reached an ultralow level
AND the gradient is less than zero, THEN all pumps are turned off.

7. If previously the pumps were not running AND the water reached an elevated
level AND the gradient is greater than zero, THEN the pump that was idle the longest
IS turned on.

8. If previously one pump was running AND the water reached an elevated level
AND the gradient is greater than zero, THEN the pump that was idle the longest is
turned on.

9. If previously two pumps were running AND the water reached an elevated level
AND the gradient is greater than zero, THEN the pump that was idle the longest is
turned on.

10. If previously one pump was running AND the water reached a high level AND
the gradient is greater than zero, THEN the pump that was idle the longest is turned on.

11. If previously two pumps were running AND the water reached a high level
AND the gradient is greater than zero, THEN the pump that was idle the longest is
turned on.

12. If the water reached an extremely high level, all pumps are turned on.

To investigate the effectiveness of the proposed algorithm, a computational
experiment of the system of automatic control of the water level in the reservoir was
conducted (see Figs. 6 and 7).

From Fig. 6, we can draw a conclusion about the correct operation of the control
system according to the proposed algorithm — the controlled value in the absolute
majority of cases changes only between reduced and elevated levels. And only four
times there were cases when the system radically rearranged the combination of
working pumps due to a sharp change in the time of water inflow into the reservoir,
when the controlled value rose to the high or fell to the low levels.

From Fig. 6, b-d, we can see that the pumps work asynchronously in time as the
proposed algorithm suggests — depending on the inflow level, an invariable
combination of active pumps is observed for a certain time: with a low inflow 0-1, with
an increased 1- 2, with a significant 2-3. This regularity is better traced in Fig. 7, c,
from which it can be seen that combinations of active pumps 0-2, 0-3 or 1-3 never
occur for a long time. This also confirms the correctness of the implementation of the
proposed automatic control algorithm, and it is also the reason for reducing the variance
of fluctuations in the total power consumed by the pumps.

It can also be seen from Fig. 6, b-d, that the pumps work alternately — the pump
that has been idle the most is turned on, and the one that has been working the most is
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turned off, as the proposed algorithm suggests. Thanks to this, another criterion of the
efficiency of the control system is improved — the frequency of turning on the pumps.
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Fig. 6. Change over time: a — water level in the reservoir; b — state of pump #1,;
Cc — state of pump #2; d — state of pump #3 (proposed automatic control algorithm)
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Fig. 7. Change over time: a — water inflow into the reservoir; b — water level in the
reservoir; ¢ — total power consumed by pumps (proposed automatic control
algorithm)

In order to evaluate the efficiency of the automatic control system according to the
proposed algorithm, the variance of the total power consumed by the pumps averaged
over the simulation interval was determined (Fig. 7c), which was 8.19-10%* kW2,
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Conclusion.

The analysis of the operation of the system of automatic control of the water level
in the reservoir according to the existing algorithm showed that the control of only two
levels leads to a significant number of time intervals in which the following
combinations of switching pumps take place: 0/2, 0/3 and 1/3, which leads to an
increase in the dispersion of the total power consumed by the pumps. In order to reduce
this criterion of the efficiency of the control system, expert rules are proposed, which
implement the idea of ensuring the change of the total power as long as possible in an
unchanged and minimal range of values, provided that the inflow of water into the
reservoir is in a certain range.

For this purpose, the entire range of changes in the water volume in the reservoir
Is conditionally divided into average, elevated, high, ultra-high, reduced, low, and
ultra-low levels. The task is to keep the water level between elevated and reduced levels
by ensuring as long as possible a constant combination of active pumps 0/1, 1/2 or 2/3,
and use the ranges between elevated and high, as well as between reduced and low
levels to move to another from the above-mentioned combinations according to the
number of active pumps.

Thus, on a larger number of time intervals, the difference in the number of active
pumps will not exceed one, which is a condition for reducing the variance of the total
power consumed by the pumps.

Computational experiments based on the created simulation model of the
automatic water level control system in the reservoir showed that the transition from
the existing pump control algorithm to the proposed expert algorithm reduces the
variance of the total power consumed by the pumps by 2.27 times.
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AHOTANIA
Meta. Meroro € nifBuiieHHs epeKTHBHOCTI MPOLeCy aBTOMATHYHOTO KEpyBaHHS PiBHEM BOAM Y Ila-
XTHOMY BOA0301pHHKY 32 paXyHOK BJIOCKOHAJICHHS JITOPUTMY aBTOMaTUYHOTO KepyBaHHsI. [ 010BHUM
MOKA3HUKOM SIKOCTi pOOOTH CUCTEMHU aBTOMATHYHOTO KEPYBAHHS PiBHEM BOAM Y LIAXTHOMY BOJ1030ip-
HUKY € MiHIMI3aIlis JUcTiepcii KOMMBaHb CyMapHOi IOTYKHOCTI, IO CIIOYKHBAIOTh HACOCH CTaHIII.

MeToaunka q0ciIxKeHb. 32 yMOBH BUPILICHHS 3aBJaHb JIOCIIPKEHHs 32 OCHOBY B3ATHI METO/ 00-
YUCIIOBAIBHUX €KCIEPUMEHTIB 3 BUKOPUCTAHHAM CHEIialli30BaHUX KOMII FOTEPHMX IIporpam Jis
MOJICTIIOBAaHHS MPOIIeCy KEPyBaHHS HACOCAaMU y BOJ030ipHUKY. J{J1s1 TOCITII)KEHHSI CHCTEMH aBTOMa-
TUYHOTO KepyBaHHS BUKOPUCTaHI1 TEOPETHYHI METOAM JOCIIKEHHS, @ CaMe — aHaJi3 i CUHTE3 CUcC-
TEMH Ha OCHOBI Cy4acHOi TeOpii aBTOMAaTUYHOTO KEPYBaHHS, a TAaKOXK CHCTeMHHI aHaii3. OmiHro-
BaHH: €()EeKTUBHOCTI IPOILIECY aBTOMAaTUYHOI'O KEPyBaHHS IPOBEJCHE 3 BUKOPUCTaHHSIM METO/IIB Ma-
TEMAaTUYHOI CTATUCTUKH.

PesyabTaTn gociaigxenns. CTBopeHa imMiTaniiHa MOJIEIb CHCTEMU aBTOMAaTHYHOTO KEPyBaHHS PiB-
HEM BOJIM Y IIAXTHOMY BO/1030ipHUKY. P03po0iieHnii MeTo1 CHHTE3y CHCTEMH aBTOMAaTHYHOTO Kepy-
BaHHS pPIBHEM BOJM y IIAXTHOMY BOAO30ipHHUKY Ha OCHOBI BBEJCHHS CKCIEPTHHUX MPABHI 3 METOIO
3a0e3neyeHHs qucrepcii KOMBaHb CyMapHOi MOTY>KHOCT1 JIBUTYHIB HAacOCiB, HAOIMKEHOI 10 MiHi-
MaJIBHOTO 3HAYEHHS, 332 PaXyHOK CIEIaIbHOTO JTOPHUTMY YBIMKHEHHS Ta BUMKHEHHSI HACOCIB.
OTtpumaHi pe3ysibTaTH JOCIIIKEHHs €PEeKTUBHOCTI 3aIIPOIIOHOBAHOTO €KCIIEPTHOTO AIFTOPUTMY Ke-
pYBaHHS HACOCAMU Y IIAXTHOMY BOJI030IpHHKY y IOPIBHSAHHI 3 iICHYIOUUM aJlTOPUTMOM KEpyBaHHS.

HaykoBa HoBH3HA. 3anpONOHOBAaHUI HOBHH ITiIX1]T IIIOJI0 CHHTE3Y CUCTEMH aBTOMATHYHOTO Kepy-
BaHHS HacoCaMM BOJIOBIIJIMBHOI CTAHIII1, IKUH [OJIArae y HACTYHOMY. Bech Aiana3oH 3MiHU 00’ eMy
BOJIM y BOZ030ipHUKY pO30MBAETHCSI YMOBHO Ha CEpEHIH, IMiIBUIICHUI, BUCOKHI, HAABHCOKHIA, 3a-
HWDKEHUH, HU3bKUI Ta HAJHU3bKUH piBHI. 3ajauelo € TPUMATHU piBEHb BOJM MIXK I11/IBUIIIEHUM Ta 3a-
HUKEHUM PIBHIMH 32 paXyHOK 3a0€e3MeUeHHsI IKOMOora JIOBIlI€ He3MIHHOI KOMOIHaIlli aKTUBHUX Ha-
cociB 0/1, 1/2 abo 2/3, a giama30HU MiXK HIIBHIICHUM i BUCOKHMM, a TAKOXK MIX 3aHUKCHHM 1 HHU3b-
KMM pIBHSMM BHKOPHUCTATH JUISl IEPEXOy 10 1HIIOI 3 03HAYEHUX BHUIIlE KOMOIHAIIN 3a KUIBKICTIO
aKTUBHHMX HACOCIB.

TakuM yMHOM, Ha OUIBLIIN KUIBKOCTI YaCOBUX 1IHTEPBAIIB PI3HICTh KIJIbKOCTI aKTUBHUX HACOCIB HE
Oyze MmepeBUIIYBaTH OJJHOTO, 1110 € YMOBOIO 3MEHIIEHHS AMCIIepcii CyMapHOi MOTY>KHOCTI, 1110 CIO-
KHUBAETHCSI HACOCAMH.

IIpakTH4He 3HAYeHHS. 3alTPONIOHOBAHUN METOJ] CUHTE3y CUCTEMH aBTOMATUYHOIO KepyBaHHS piB-
HEM BOJM y IIaXTHOMY BOJI0301pHUKY Ha OCHOBI BBEJICHHSI €KCIIEPTHUX MIPABUJI, 3aBJISIKU IKOMY MiHI-
Mi3y€eThCs JUCTIEPCisl KOJIUBaHb CyMapHOI MOTY>KHOCTI IBUTYHIB HACOCIB. 3MEHILEHHS AUCHepCii 3MiHU
y yaci HOTY>KHOCTI MiJIBUIILY€E TPOrHO30BAHICTh KUIBKOCTI CIIOKMBAHOT €HEPrii Ha BiAKauyBaHHS BOJIH,
a TaKOX 3MEHIIy€ KUTbKICTh Yacy, KOJIM CIIOCTEPIraeThCsl CyTTEBO Mi/IBUIIEHA CyMapHa MOTYKHICTb
MpUBOIB HacociB. Lle 103Bossi€ 3MEHIIUTH MTUTOMI €HEPrOBUTPATH Ha BiJAKauyBaHHS BOJM 332 YMOBU
BUKOPHUCTaHHS AU(EepeHIIIHOBaHOTO MiX0/ly IPU pO3paxyHKy BapTOCTI €IeKTPOSHEPrii.

Kniouogi cnoea: cunmes cucmemu asmomamuyHo2o KepyBaHHs, WAXMHUU 800030IpHUK, pPiGeHb
800U.
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