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Abstract
Introduction. It is possible to improve productivity, effectiveness, and cost-efficiency of coal extraction
due to the efficient use of physical resources, technical upgrade of mechanized longwall equipment, and
introduction of advanced technologies and control methods. The existing method of shearer electric
motor drive automation based on the automated load controller of Uran type has a significant drawback
of low speed. In case the actuator (A) meets solid rock and the shearer s (S) speed is not changed, it may
result in heavy shock loads on A and its transmission, therefore, increased wear of the cutter or machine’s
breakage, leading to production loss due to the reduced speed of travel along the face. The foregoing
demands higher standards of the load controller’s speed, making the task of improving the control
system'’s development a relevant scientific task.
Research aim is to synthesize the neural tuner for the coefficients of the proportional-integral controller
(PI controller) in the control system of a shearer with increased speed as compared to the existing
standard controllers. The research also aims to estimate its efficiency by the method of mathematical
simulation.
Methodology. Mathematical model has been developed which has made it possible to compare the
performance of standard controllers with an adaptive PI controller. The structure and parameters of the
neural network underlying the controller have been substantiated. The proposed controller was
compared to the standard PI controller and to the MPC controller (microprocessor-based speed
controller) by the method of simulation experiment.
Research results. The adaptive PI controller has been synthesized based on the neural network which
allows changing the coefficients of the PI controller as soon as coal strength changes.
Summary. The simulation experiment has shown that the PI controller with the neural network tuner for
its coefficients in the control system will make it possible to increase the load controller’s speed by 1.5
to 3 times on average as compared to the classical controller. Therefore, it is going to be possible to
avoid critical overload and breakage of mechanical parts in the shearer’s transmission in case of the
sudden contact of its actuator with solid inclusion.

Key words: shearer; PI controller; MPC controller; coal strength; modelling; neural network; speed.

Introduction. It is possible to improve productivity, effectiveness, and cost-
efficiency of coal extraction due to the efficient use of physical resources, technical
upgrade of mechanized longwall equipment, and introduction of advanced technologies
and control methods.

Fig. 1 represents the block diagram of the shearer’s (S) automated control [1].
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The cutting drive includes a uncontrolled asynchronous electric motor M1 which
rotates the actuator (A) equipped with cutters through the reducer. The feeding unit is
the frequency-controlled asynchronous electric drive which consists in a frequency
changer (FC) which feeds asynchronous motors (M2 and M3) activating propulsion
devices D1 and D2 and the chainless feeder (CF). In order to provide full load of the
cutting electric motor in the shearer’s electric drive (ED) control system, the load
controller (LC) is used. It is aimed at maintaining the cutting electric motor M1 nominal
power by changing the shearer’s travel speed along the face V,. Cutting electric motors
load is determined by the thickness of the chip cut by the screws and broken coal
strength which changes in a rather wide range.

In the diagram in fig. 1 to the input of the LC from the comparison element,
a mismatch signal e is supplied, equal to the difference between the reference cutting
current i, and its actual value i .

Power grid
660/1140V
50 Hz |

?

e

Fig. 1. Block diagram of the shearer’s automated control
Puc. 1. CtpykTypHas cxema aBToMaTHyeckoro ynpasieHus OK

The existing method of shearer electric motor drive automation based on the
automated load controller of Uran type [2] has a significant drawback of low speed.
System’s speed in this case is determined by the time of transition. It is a well-known
fact that shearer drive load depends on the coal strength, solid inclusions, cutters
blunting, etc. If the actuator (A) meets solid rock and the shearer’s (S) feed speed is not
changed, it may result in heavy shock loads on A and its transmission, therefore, causing
increased wear of the cutter or machine’s breakage, leading to production loss due to
the reduced speed of travel along the face [3].

The foregoing demands higher standards of the speed of the load controller. So the
task of developing an adaptive load controller of the shearer’s electric drive ensuring
maximum speed of the control system is a relevant scientific task.

Analysis of literature on the subject. Scientific publications of native and foreign
scientists are dedicated to problems in the field of shearer’s operation modes automation.
Work [4] described the study of the shearer with the remote feed system based on the
slip coupling; research [5] investigated into the problems of dynamics and optimization
of carrying system parameters of the shearers under random load; [6, 7] made an
attempt of predicting the load acting on the drive of the cutter-loader. Works [8, 9]
engineered the devices for coal shearers automated control. Works [10, 11] were
dedicated to the problem of controlling complex technical objects by building their
mathematical models which further determined the algorithm of control. [12] resulted
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in the suggestion to use smart controllers in the shearer’s control system based on fuzzy
logic and neural networks (NN). [13] made some attempts in realizing the control by
smart controllers with fuzzy logic, while [14] tried to do it with standard neural
controller Matlab. However, all works considered the shearer in a simplified way, by
one or several dynamical elements the coefficients of which were constant. In reality, it
is a complex object with a large number of nonlinearities.

Research aim is to synthesize the neural tuner, which will solve the problem of the
input data generalization and provide the optimal, earlier obtained by the expert,
coefficients of the PI controller in the conditions of changing controlled object
parameters in order to ensure the required quality of transition.

Subject matter. Control systems with classical PI controllers. The majority of
industrial controllers apply the PI algorithm. They are so popular due to simple design,
ease of use, clear functioning, ability to solve the majority of practical tasks, and low
cost [15].

Table 1. Parameters of PI controller coefficients at various values
of coal resistance to cutting
Ta6auna 1. ITapamerpsl ko3gpunnentos IIN-peryasaropa npu
Pa3/IMYHBIX 3HAYEHHUSIX CONMPOTHUBJISIEMOCTH YIJISI Pe3aHHI0

Coal resistance to Proportional Integral coefficient K;
cutting, N/mm coefficient Kp
150-300 0.45 3.8
300-350 0.36 3.2
350-400 0.32 2.8
400-450 0.3 2.6
450-500 0.28 2.4
500-550 0.25 2.2
550-600 0.23 2.0
600-650 0.22 1.8
650-700 0.21 1.7
700-750 0.2 1.6
750-800 0.19 1.45
800-850 0.185 1.4
850-900 0.175 1.35
900-950 0.172 1.32
950-1000 0.169 1.26

PI controller uses current and past data on the error of control to manage the system
with a feedback; proportional coefficient is responsible for the current information;
integral coefficient answers for past information storage and further accounting [16].
PI controller continuously computes error e(f), which represents the difference of the
signal (setpoint) 7(¢) and the measured output of the system y(#), and forms the control
action u(¢) for the system based on the proportional P and integral / items e(%).
Mathematically it is written as follows:

u(t) = Kpe(t) + K,je(r)dr, (1)

where K, and K, are proportional and integral coefficients.



112 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal". No. 6. 2020 ISSN 0536-1028

For variations in coal resistance to cutting with the help of the Ziegler—Nichols
method, the PI controller was tuned by the criterion of transition minimum time. The
results are presented in table 1.

The analysis of the table showed that the PI controller allowable for a particular
mode is unfitted for the other mode. PI controller’s coefficients therefore should possess
parameters which drift over time, and due to that once tuned PI controller won’t be able
to reach the aim of control in the process of the controlled object (CO) operation. As a
result, constant tuning of PI controller’s coefficients is required [17].

Besides, the majority of real controlled objects have nonlinear characteristics which
change in the process of operation, while they are overwhelmingly controlled by linear
PI controllers. The coefficients of such controllers are often selected especially for the
particular state of the object. However, in case the object transfers into other states (for
instance, change in coal strength or shearer’s actuator contact with solid inclusion)
these values of the coefficients no longer make for obtaining the required quality of
transitions. The foregoing results in the reduced quality of control [18], speed reduction
and increased dynamic load in transmission.

Model predictive control (MPC). This method consists in searching for an optimal
control in the bounded interval.

The main aim the model predictive control may be pictured as follows: there is
control input of the object u(¢) and the output controlled variable y(¢), and r(¢) is the
desired amount (dependence) of the controlled variable change.

The gist of the method is to find some sequence of the controlled variable values
u(t), which will make it possible to ensure the best trajectory for the controlled variable
(7). Estimated control actions sequence length u(¢) is a fixed quantity called the control
horizon. The desired sequence of control action values is found as a result of a particular
optimization problem.

The following objective functional is used for optimization [19]. The functional
contains the quadrature misalignment between the predicted output variable of the
controlled object y(¢) and the desired trajectory »(f). When selecting optimal values of
the controlled variable u(f) the controller aims at minimizing the functional which is
presented by the expression

k+he k+hu

J = 2 @) = yOF + 2 [u@i) — ()Y,

where k =1, 2, ..., o0; he is the number of steps in the prediction of the controlled
variable y(#) behavior (prediction horizon); Au is the length of control action future
values sequence u() (control horizon).

After the computed optimal control action u(t) is fed to the controlled object, at the
next step the whole procedure is repeated again with the account of new information
received.

Adaptive controller based on the neural network. Artificial neural networks
(ANN) can be used in various configurations in control. It is connected with the fact
that NN possess nonlinear properties and the ability to learn which gives adaptive
properties to neural control systems.

Adaptive two-level circuits are of a great interest [20] with a base PI controller at the
lower level and a tuner which coordinates the operation of the base controller
at the upper level.

A block diagram of such control is shown in fig. 2.
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Let us transform the continuous PI controller described by equation (1) into
a discrete form by substituting an integration operator for a finite sum [18]. Then

u(k) = Kpe(k) + Klie(j),

where £ is a time step (simulation step), e(k) is a control error in discrete time, u(k) is
a control signal in discrete time.

Neural network [«

Kp K;
Y

(1) u(t) (0

PI controller > Plant >
e(t)

Y

Fig. 2. Block scheme of the adaptive tuner for PI controller’s coefficients based on
NN
Puc. 2. CrpykTypHas cxeMa alaliTHBHOrO HacTpoHuka koapdurpentos [11-
perymstopa Ha 6aze HC

Then control signal correction (change) is
Au(k) = K, [e(k) - e(k —1)]+ K,e(Kk).
At the same time Au(k) = u(k) —u(k —1). Then
u(k) — u(k —1) = K, [e(k) — e(k — 1)] + K, e(k),
and
u(k)=K,(e(k)—e(k—1))+K,e(k)+u(k -1). (2)

In other words, PI controller, according to (2), has to actually have some information
on mismatch in real time, mismatch at the moment a step back, and on the control
signal a step back. Consequently, NN under consideration must have 3 inlets and
2 outlets (fig. 3). Inlets are selected working conditions of the system; coefficients K,
and K, of the PI controller are the outlets.

The neurons number of the NN shown in fig. 3 equals correspondingly to: j — for an
input layer, i — for an inner layer and / — for an output layer.

Inner layer neurons behavior is described by the following equations [20]:

j
o =f (net(z)); net® = wPo".
1

Similarly, for the neurons of the output layer we obtain
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!
o” = f, (net,(s)), =12 net” = ZW1(1‘3)01'(2)’
1
where O, O; and O, are the output values of the input, buried and output layers
correspondingly; w, — connection strength between the i-element of the buried layer
and /-element of the output layer; w, — connection strength between the j-element of the
input layer and the i-element of the buried layer; net,, net,— weighted sum of buried and
output layers correspondingly; f; and f, are the activation function of the
buried and output layers correspondingly.
For the buried layer, let us accept the sigmoid activation function

f(net®) = 1% , and for the output layer — linear function f(net”) = net, .
+ e net

Error

Fig. 3. The structure of the neural network applied
to tune the PI controller’s coefficients
Puc. 3. Ctpykrypa HelipoHHOII ceTH,
MIPUMEHSIEMO#T 711 HACTPOiKH K0duImenTon
[MU-perynaropa

Neural network was trained with the help of Levenberg—Marquardt algorithm [21].
NN was trained with the help of this method to obtain the minimization of the objective
function E which is generally a mean-square error calculated in the output layer of the
network as a half of the sum of differences of desired and actual outputs of output layer
elements squared:

B0 =2 e 06 = Y [d, - 3, > min,

i=1

where e (w) is a function of NN error across the training set, d; — the desired output of
the i-element of the output layer; y, — the actual output of the i-element of the output
layer, and M is the number of the inlets.

This method of training was implemented in Matlab software according to
the recommendations of work [22]. For the designed network the number of neurons of the
buried layer is accepted as equal to 20.

Mathematical model of the shearer as a control object and its full description are
presented in [11, 12].

In the course of NN training, material resistance to cutting was simulated by Random
Sourcer block which generated evenly distributed random numbers within the range of
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250 to 1000 N/mm with an interval of 2 s. Additionally a program has been implemented
which compares strength values and proportional and integral coefficients of the PI controller
obtained earlier for each discrete strength value. Intermediate coefficients of the
controller were calculated by spline interpolation implemented in Matlab Function block.

In order to test the comparative analysis of three options of controllers in the
shearer’s control system, i.e. the PI controller with constant coefficients, the MPC
controller and the PI controller with the neural tuner for its coefficients, a simulation
model has been worked out implemented in Simulink and represented in fig. 4.

e
J\/ Function Fitting Neural
Network 1 layer

9 PIls) (7]

Reference P ul y1
' . le5
Object 1

ul yl

Object

MPC mv u o

ref

Object 2

Fig. 4. Simulation model of CS comparison
Puc. 4. IMuTanoHHast MOJIETb CPABHEHHS CHCTEM YIPABICHISI

Fig. 5 presents simulation results. It can be seen from graphs b and ¢ of fig. 5 that as
soon as coal strength changes within 150-450 N/mm, the speed of a typical PI controller
has made up 0.97 s with load on and 1.4 s with load-off; as soon as coal strength
changes within 400—800 N/mm, the speed of a typical PI controller has made up 0.66 s
with load on and 1.25 s with load-off.

MPC controller as compared to typical PI controller does not significantly affect the
time of transition, but increases the variability of feed rate in transient modes.
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As soon as coal strength changes within 150—450 N/mm, the speed of the PI
controller with the neural tuner made up 0.37 s with load-on and load-off; as soon as
coal strength changes within 400—800 N/mm, the speed made up 0.43 s with load-on
and load-off.

800

600— | | -

400 | | ‘ —

2001 1

| L | 1 L
o 5 10 15 20 25 30

Cutting AM stator current (NN) (Ip), A
250 | L | ——— Cutting AM stator current (PI) (Ip), A
Cutting AM stator current (MPC) (Ip), A

o 5 10 15 20 25 30

Feed rate (NN) (V7), m/min
-------- Feed rate (PI) (Vy), m/min
Feed rate (MPC) (Vy), m/min

0. — I — I —

[ 5 10 15 20 25 30

Fig. 5. The results of comparing the classical PI controller and the controller with the neural tuner
of its coefficients:
a — material resistance to cutting (A), N/mm; b — cutting AM stator current (Ip), A; ¢ — feed rate Vf, m/min;
d — proportional coefficient K,; e — integral coefficient K
Puc. 5. Pesynbrarsl cpaBHeHuUs! paboThl Kinaccuyeckoro I1M-perysstopa u perynaropa ¢ HeHpoceTeBbIM
HACTPOUIIUKOM €ro K03 HUIHECHTOB:
@ — CONMPOTHUBIAEMOCTh MaTepuana pezanmio (A), H/mm; b — tox cratopa A/l pesanus (Ip), A; ¢ — ckopocTs nofauu V,,
M/MuH; d — IPONOpUHOHANbHBIH Ko duiuent K ,; e — uaTerpaibhblii kodsdpdunuent K,

It can be seen from graphs d and e of fig. 5 that the coefficients of the PI controller
which provide the required quality of transition change significantly depending on load
variation (coal strength). It is also apparent that their behavior is significantly nonlinear,
and it justifies the use of NN to tune the coefficients of PI controller under variable
parameters of the control system.

So, the application of the PI controller with the neural tuner will make it possible to
significantly improve the speed of the load controller by 1.5 to 3 times on average, thus
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ensuring the reduction of dynamic load in the shearer’s transmission when working at
solid inclusions and during possible arrest of an actuator, increase in the time of the
cutting electromotor nominal operation mode and so improve the shearer’s reliability
and capacity.

Summary. Within the framework of this research it has been proposed to apply the
PI controller the coefficients of which will adapt to the outer conditions of the shearer’s
operation under sudden load change (coal strength) in order to improve the speed of the
control system. Correct operation of the synthesized controller was checked with
the help of computer simulation.

The quality of transition under the operation of three controllers has been compared:
classical PI controller with constant coefficients, MPC controller, and adaptive PI
controller with neural tuner of its coefficients.

PI controller with neural tuner has shown the best result which will make it possible
to improve the speed of the load controller by 1.5 to 3 times on average as compared to
the classical controller, and consequently, eliminate critical overloads and possible
breakage of mechanical parts in the shearer’s transmission in case of its actuator’s
sudden contact with a solid inclusion.

The proposed approach may be used when solving other practical tasks as well,
where the controlled object is nonlinear and the control algorithm has to adapt to
changing state of the object. The obtained results are meant to be further used to improve
shearer’s control system.
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Ounenka ObICTPOAEHCTBHS CHCTEMbl ABTOMATHYECKOT0 PeryJIHpPOBAHHS HATPY3KH
3J1eKTPONPHBOJA OYMCTHOIO KOMOaiiHa

lInpexep . M.!, Ba6okun I'. 1.2, Kosiecuukos E. B.3, 3esienkos A. B.!

! Tynbckuit rocynapcTBeHnsii yausepceuret, Tyma, Poccust.

2 HaioHa IbHbIH HCCIIeI0OBATENBCKUI TexHOmorneckuit yausepcurer « MUCuCy», Mocksa, Poccust.
3 HoBOMOCKOBCKHH (uinal (MHCTUTYT) POCCHITCKOTO XUMHKO-TEXHOIIOTHIECKOTO YHHBEPCUTETA,
HosomockoBck, Poccus.

Pegpepam
Beeoenue. Dgpexmusnoe ucnonvb3osanue MamepualbHblX pecypcos, MeXHU4eckoe NepesoopydiceHue
OUYUCTIHBIX MEXAHUSUPOBAHHBIX KOMNIEKCO8, BHEOpEHUe NPOSPECCUBHBIX MEXHONo2U U Cnocobos
YRPpasneHus 0aionm 603MONUCHOCHIb NOGLICUMb NPOU3E00UMENbHOCTb, IPPEKMUBHOCMb U IKOHOMUYHOCHTL
sviemku  yena. Cywecmeyrowuil Ccnocoé asmomamusayui 1eKmponpusood 2opHbIX KOMOAUHOS,
OCHOBAHMYIL HA ASMOMAMUYECKOM De2YIAmope HAZpy3Ku muna «Ypawmy obraoaem cyujecmeeHHbM
HeOOCMAmKOM, 3aKIIOYAIOWUMCA 6 HUSKOM Obicmpodeticmeuu. B cryuae, eciu ucnonnumensuuiii opean
(UO) scmpemum meepoyro nopody u cKopocms nooayu ouucmuozo komoaina (OK) ne 6yoem bvicmpo
UBMEHEHA, dMO MOodcem npugecmu K Oonvuum yoapuuim Hazpyskam na HO u e2o mpaucmuccuro.
Kax cnedcmesue, nogwlienHblll USHOC pedicyujeco UHCMpPYMeHma unu NOIOMKA KOMOAIiHa, a 3Hauum, nomeps
00064 30 CYem YMEHbUEHUA CKOPOCMU nepemelyeHus 6001b TunHuu 3a001. Hsnosxcennoe npedvasniem
noevluennvle mpedosanus K Ovicmpolelicmeuro pezyismopa  Haepysku. Ilosmomy noeviuerue
apexmusnocmu paspabomku e2o0 cucmemsl YnpasieHus AGIAEMCs AKMyaIbHOU HAYYHOU 3a0adeli.
Henv pabomer. Cunmes Helipocemesozo  KOppekmopa — KOIQ@uyuenmos nponopyuoHaIbHO-
unmezpanvrozo pezynamopa (IIH-pezynamopa) 6 cucmeme ynpasnenus OK, obnaoaroujezo nogvliueHHbiM
bvicmpoOelicmeueM NO CPABHEHUIO C CYWECMBYIOWUMU MUNOGLIMU DEVIAMOPAMY, U OYeHKA e20
apexmusnocmu MemoOoM MamemMamuiecko20 MoOeIUpoBaAHUs.
Memooonozus. Paspabomana umumayuoHHas mMamemamuyeckas MoOelb, NO360NAI0WAS CPAGHUMb
pesyavmanivi pabomul MUNo8siX pe2yiamopos u adanmueno2o IIH-pezynamopa, 0bocHosana cmpykmypa
U napamempbl HelPOHHOU cemu, KOMOPAs NeXHCUm 6 OCHOge makozo pezynamopa. IIposedeno cpasnenue
MeMoOOM MOOENbHO20 IKCNEPUMEHINA NPedNOHCeHHO20 pecyiamopa ¢ munogvim ITH-pesynamopom u
MPC-pezynsamopom (MUKpOnpoyeccopHulii pe2yismop CKopoCcmu,).
Pesynemamur. Cunmesuposan adanmusuviii [IH-pezyniamop, 6 ocHoge KOMOpO2O Nexcum HeupoOHHAs
cemb, NO360aAOWAA UIMEHAMb Kodpduyuenmbl [IH-pecynamopa npu uzmeneHuy maxkozo napamempa,
KaK Kpenocmo yeis.
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Bu160owvt. Mooenvhutii sxcnepumenm noxasan, umo [IH-pezynsmop ¢ Hetipocemesblm nOOCMpOUuKom e2o
Kod(hpuyuenmos 6 cucmeme ynpagieHust NO3G0IUM NOGbICUMb ObICMPOOeiCmEUe pe2yisimopa Ha2py3Ku 6
cpeonemom 1,5 00 3 paz no cpagreruro ¢ Kiaccudeckum pe2yisimopom, d 3Ha4um, u30exicamv Kpumuyeckux
nepezpy30K u 603MOICHOU NOLOMKU Mexanuyeckux yacmeu ¢ mpancmuccuu OK npu enezannoii ecmpeue
e2o0 MO ¢ meepovim 6KatOUeHUEM.

Knwuegvie cnoea: ouucmnou xombdbain; IIH-pecynamop; MPC-pezynamop, «kpenocmv yeus;
MoOenuposanue; HelpOHHAsL Cemb, bblcmpooeticmaue.
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