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Abstract
Introduction. The efficiency of mineral production carried out by the shearer loaders entering the
winning and heading mechanized systems is improved by their design and control systems development.
At mineral resistance variation, in order to provide the full capacity utilization of shearer executive
body electric motors, cutting electric drive torque (load) controller is used, control quality parameters
of which depend on the value of cutting resistance. In this regard, relevant is the task of developing
cutting torque stabilization system for shearer loader drive with constant control quality parameters
through the use of intelligent control systems.
Research aims to synthesize the fuzzy controller of the shearer loader electric drive cutting torque
which increases the quality of cutting torque stabilization at material cutting resistance variation and to
assess its efficiency by the mathematical modeling method.
Methodology. The mathematical model of shearer loader electric drive cutting torque stabilization has
been worked out; structure and parameters of cutting torque fuzzy regulator have been substantiated.
The comparison of the proposed fuzzy controller with a typical PI controller has been carried out with
the use of the model experiment method.
Results. The mathematical model of shearer loader cutting torque stabilization system has been obtained
which takes into account material cutting resistance variability, the constant of chip formation and the
dynamic properties of cutting drives and feed drives. Shearer loader cutting torque fuzzy controller has
been synthesized, in which four fuzzy sets have been applied at proportional part fuzzification, providing
an automatic variation of the controller gain depending on error ratio. The model experiment has shown
that the use of a fuzzy controller makes it possible to reduce the transient overshoot by torque by 15%
and increase its speed by 25% under material cutting resistance variation by a factor of 2.
Summary. The use of the proposed fuzzy controller makes it possible to obtain the quality of control
action transition process independent of cutting resistance variation and lower overshoot under
perturbing actions.

Key words: fuzzy controller; coal shearer; feed drive; cutting drive; mathematical model; transition
process; coal hardness.

Introduction. The efficiency of mineral production by the shearer loaders (SL)
entering the winning and heading mechanized systems is improved by their design and
control systems development. Nowadays, shearer loaders which mine minerals (coal
and sylvinite) have got the drives of shearer cutting and feed mechanism interacting at
mineral stratum disintegration.

As a rule, cutting drive consists of two unregulated asynchronous electric motors,
which rotate screws equipped with cutters through the reduction gears. As a feed
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mechanism drive the variable frequency asynchronous electric drive is used which
includes general frequency changer (FC) feeding one or two asynchronous electric
motors (AM) agitating the chainless feed system mover. In order to provide the full
capacity utilization of cutting electric motors, power controller or torque controller
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Fig. 1. Operator structural scheme of shearer cutting torque stabilization system
Puc. 1. OneparopHasi CTpyKTYpHasi CXeMa CUCTEMBI CTAOMIIM3AIIME MOMEHTA pe3aHust KombaiiHa

(TC) is used in shearer loader electric drive (ED) control system,; it is aimed at providing
the full power capacity of screws electric motors by means of changing feed velocity of
a shearer under mineral cutting resistance variation and the conditions of shearer’s
operation.
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The use of the indicated control scheme ensures maximum productivity of a shearer
under some restrictions by gas factor, roof support speed, cutter overhang, etc., typical
of various operation conditions.

Researches and publications analysis. As a controlled member, SL automation
system represents a complex electromechanical system including a number of
nonlinearities, variable gain and the retardation of chip formation of an executive body
[1, 2]. The object’s gain is defined by material cutting resistance which changes within
the mineable stratum according to normal law in the range of 0.5 to 1.5 from the average
value. The retardation of chip formation makes up 0.3—0.6 s [1]. In accordance with the
indicated features of the object, shearer ED torque controllers in service do not ensure
the required features of transition processes when working in the stope which mines
one stratum.
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Fig. 2. Structural scheme of torque fuzzy controller
Puc. 2. CTpyKTypHas CXeMa HEYETKOTO PEryIsTopa MOMEHTa

Works [3-6], in order to stabilize the quality of transition processes, propose using
self-adjusting parametric automation control systems (ACS) with the adjustment of the
torque controller gain by the indirectly measured material cutting resistance. However,
the accuracy of measurement for this parameter is rather low because of the influence
of a large number of unmeasurable parameters. Because of the relevance of the shearer
loader ED cutting torque stabilization task in the conditions of vaguely changing gain
of an object, the present research sets the task of synthesizing the fussy controller of
torque and assessing the quality of its operation under material cutting resistance
variation by the mathematical modeling method. The preconditions of this task solution
are presented in works [7—10].

Body. Based on the generalization of experience of K10PM shearer feed frequency-
controlled ED application [1] and machining devices cutting efforts stabilization [11-13],
shearer loader cutting torque stabilization system has been proposed, operator structural
scheme of which is presented at fig. 1. The scheme includes unregulated asynchronous
electric drives of advanced and retarded screws, feed variable frequency electric drive,
mineral cutting process model taking into account the retardation of chip formation
process and disintegrated material cutting resistance variation. According to operation
and technical parameters of a shearer, the model of cutting process forms the torque of
resistance at screw executive bodies M_ |, M, and the torque of feed drive resistance
M. Electromechanical system of each cutting drive is represented as a two-masses
mechanical model with the J, J, motors and J_, J , screws moments of inertia,
mechanical transition elasticity C, C,, and the account of the electromagnetic time

constant of electric motors 7, T.,.
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Shearer variable frequency electric drive includes asynchronous electric motor
with the following parameters: moment of inertia J , electromagnetic time constant
T, , torque transfer coefficient B, frequency changer (FC) with transfer coefficient
Ky and time constant 7, feed control slave system of a shearer with the proportional-
integral current controller (CC) and proportional speed controller (SC). At fig. 1
the following notations are used: K, — speed controller gain, K, — torque feedback
gain (torque sensor) of a feed electric motor, K — rotation velocity feedback gain
(speed sensor) of a feed electric motor, o , — feed drive reference velocity.
The synthesis of CC and SC of feed electric drive is implemented according to the

criterion of technical optimum [1].
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Fig. 3. Torque fuzzy controller membership functions:
a — proportional part; b — integral part
Puc. 3. OyHKIMM NPUHAIEKHOCTH HEYETKOTO PETYISITOPa MOMEHTA:
a— HpOHOpHHOHaHLHOﬁ Y4acTH, b— PIHTCFpa.TII:HOﬁ qacTHu

Shearer ED cutting torque stabilization loop includes the fuzzy controller (FC), to
the input of which the preset value of torque M, and the maximum actual value of
torque M, are applied out of two values M, or M,, detected by the maximum detector
(MD), while the signal from the output of FC is applied to the input of the feed electric
drive control system forming the traversing speed of a shearer V_.

The system of equations for the advanced screw in the operator form is [14]:

M,(p)1+T,,p) = Blo,(p) — o, (p)]; (1)
M,(p)— M, (p) =J po,(p); )
M, (p)=M,(p) = J o, (P); 3)
My = o, (p) ~0.(p)], @

where M| — electromagnetic torque of an electric motor which rotates the head screw in
the cutting electric drive; T, — electromagnetic time constant for this motor; C, —head
screw electric drive transmission elasticity torque moment; J; — cutting drive electric
motor moment of inertia; M_, — torque of resistance at the executive body head screw;
J, — head screw moment of inertia; ®,, ® , — rotation velocity of a rotor of the first
cutting electric motor and the head screw correspondingly; p — Laplace operator.
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Set of equation for the retarded screw has got the same equations (1)—(4), while their
parameters have got index 2 instead of 1 (fig. 1).

When describing the process of cutting, an assumption has been made that the
constant of chip formation t for the screws is the same and does not depend on the
frequency of the screws rotation, for example, slip of cutting asynchronous motors in
the standard operating mode is 0.02—-0.05.

The connection between power parameters of cutting electric drive and feed drive in
the process of rock massif disintegration is described by the following equations [15]:

— —p
hc - I/ne »

where 4, — the thickness of the coal chip; ¥, — the traversing speed of a shearer;
T — the constant of chip formation retardation.

In its turn, the constant of chip formation retardation is described by the following
formula

t=1/(0,R,),

where / — the distance between the cutters in one cutting line of a screw; o, — screw
rotation frequency; R — screw radius.

Cutting resistance force £, and feed resistance force /7 are determined by the
following formulae:

F;Jl = AkplnmlleeirpI/u »);

F;az = kaznmszzeiran(p);

F, =[(Ak,n,, + Ak ,n,,)e "aV,(p) + Geos a- f + Gsina)IR,,

1l

where 4 —material cutting resistance; kpl, kp2 — coefficients taking into account material
cutting resistance softening in the cutting zone and cutters parameters for the advanced
and retarded screws; n_,, n_, — the number of cutters in service at the advanced and
retarded screws; R |, R ,, R, — the radii of the advanced and retarded screws and the
radius of a star wheel of the shearer chainless feed system; a — the coefficient taking
into account the cutting force projection on the vector of shearer traversing speed,
G — shearer weight; f'— shearer legs friction coefficient in the guides of the shearer;
o — strata descent angle of incidence.
The torques of cutting and feed resistance forces:
M, =F,R,; M, =F,R

ml 2 m2

M =FR,.

The present research proposes proportional-integral FC as a cutting torque controller,
the structure of which is presented at fig. 2.

At the structural scheme, the signal of error in discrete form e, = M, — M_
(M., M, — correspondingly preset and actual maximum value of cutting torque of one
screw) incomes to evaluation units of proportional part e, and integral part e,
In fuzzification block for signal e, four fuzzy sets have been applied 41, 42, A3, A4,
and for signal e, — three fuzzy sets N, Z, P. The membership functions for FC inputs are
presented at fig. 3. The use of four fuzzy sets for proportional part fuzzification makes
it possible to automatically change the gain of FC proportional part depending on the
error signal ratio.
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Thus, if error signal is withine | <e <e ,ore ;<e <e , then gain is the same and
. : ; P P ) A
is determined by static slope u(e,j and is equal to K,, and if the error signal is within
e,<e,< ep3,then gain is equal to K, which is less than K. Thus, FC gain variation at
cutting error ratio variation makes it possible to keep the general coefficient of torque
stabilization system constant and ensure permanent transient performance.
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Fig. 4. Graphs of transition processes of the nominal torque M * =M, /M, —a and feed velocity
V., of the shearer — b under step control action and perturbing action
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Puc. 4. [paduKu MEPEXOIHBIX MPOIECCOB OTHOCHTEBHOTO MOMeHTa M ™ = M.
cTu mofiauu ¥, kombatina — b mpu CTyNeHYaToM yHpaBISIOEM U BO3MYIIAIOIEM BO3IeHCTBIAX

The rule of the worked out structure of FC (fig. 2) includes 12 elements of linguistic rules:

RI:if (e, = A1) and (e, = N), then (u - B,);

R12:if (e, = 44) and (e, = P), then (u - B,,).
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Defazzification is carried out according to the method of one-element fuzzy sets
with the use of sets B, ... B, (fig. 2). In this case the signal at the output of torque
controller also takes on one of discrete values B, ... B,,.

The comparison of the quality of shearer cutting torque stabilization and the
traditional PI controller and the proposed FC is carried out using the method of
mathematical modeling in MATLAB in Fuzzy Logic Toolbox section. As a result
of modeling the graphs are drawn (fig. 4) for nominal cutting torque transition processes
M*=M_, /M, and feed velocity V. of a shearer under step control: the graphs of torque

I and velocity 1’ correspond to the transition process for PI controller and FC under
material cutting resistance 4 =200 kN/m; graphs 2 and 2’ correspond to the transition
process for PI controller and FC under 4 = 100 kN/m; graphs 3 and 3’ — transition
process for PI controller, under 4 = 100 kH/m. It follows from the analysis of graphs
that the time of cutting torque transition process and feed velocity for PI controller
increases approximately twice if material cutting resistance reduces, and for FC the
time of the transition process remains almost permanent.

For step perturbing action and material cutting resistance variation from 100 to 200 kN/m
the graphs of torque and velocity of feed are shown at fig. 4: for PI controller — 4 and 4/,
for FC — 5 and 5. Graphs analysis has shown that the use of FC has made it possible to
reduce the system overshoot by 15% and increase the speed by 25%.

Summary. The mathematical model of shearer loader cutting torque stabilization
system has been obtained which takes into account material cutting resistance variability,
the constant of chip formation and the dynamic properties of cutting drives and feed
drives.

Shearer loader cutting torque fuzzy controller has been synthesized, in which four
fuzzy sets have been applied at proportional part fuzzification, providing automatic
variation of the controller gain depending on error ratio.

The results of mathematical modelling of the shearer cutting torque stabilization
system have shown that the use of the proposed fuzzy controller makes it possible to
obtain control action transition process independent of cutting resistance variation and
lower overshoot under perturbing actions.
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CuHTe3 cucTeMbI CTAOWIN3ALMH MOMEHTA pe3aHusl BHIEMOYHOI0 KoM0Oaiina
C HEYETKHUM PeryJjsiTopoM

Ba6okun I. U.!, HInpexep 1. M., Kosecuukos E. B.3

! HanioHasIbHBINH HCCleoBaTelIbcKuil TexHomornueckuit yauepcuter "MUCuHC", TopHbI HHCTUTYT,
Mocksa, Poccus.

2 TyAbCKHUiA roCyaapcTBeHHbIN yruBepeutet, Tyna, Poccus.

3 HOBOMOCKOBCKHI HHCTUTYT POCCHIICKOIO XHMHKO-TEXHOJIOTHYECKOr0 YHUBEpcHTETa, HOBOMOCKOBCK,
Tynbckas o6im., Poccus.

Pecgpepam
Beeoenue. [losviuenue 3¢pgpexmusHocmu 000biuy NOLEIHBIX UCKONAECMBIX BbIEMOYHBIMU KOMOAUHAMU,
NPUMEHAEMBIMU 8 OYUCHBIX U NPOXOOHECKUX MEXAHUSUPOBAHHBIX KOMNILEKCAX, OOCUSAEMCs COBEPULEH-
CMBOBAHUEM UX KOHCIMPYKYUU U cucmem ynpasnenus. IIpu eapuayuu conpomuensieMocmu noie3Ho2o uc-
KONAaemozo 0Jis NOMHO20 UCNONb308AHUA MOUWHOCIU ANEKMPOOSUeamenetl UCHOTHUMENTLHOZ0 OP2AHA KOM-
batina npumensemcs pecyisimop MOMeHma (Hazpy3Ku) 1eKmponpusood pe3anus, Napamempbl Kaiecmsa
Pe2YIUPOBaAHUs KOMOPO2O 3A6UCAT OM GENUYUHBI CONPOMUBTAEMOCIU pe3anuio. B ceasu ¢ smum akmy-
anbHa 3a0aya paspabomxu cucmemvl CMadUIU3AYUY MOMEHMA PE3AHUS. NPUBOOA BbIEMOYHO20 KOMOAUHA
¢ HeUSMEHHbIMU NApaMempami. Kayecmed pezyiuposanus, nymem npUMeHeHUs UHMeLIeKmMYanibHblX Cli-
cmem ynpaeneHus.
Lenv padomur. Cunmes Heuemro2o pecyiamopa MOMEHMA Pe3anus NeKMpoOnpusood 8bleMOYHO20 KOM-
batina, nosvIAWe20 Kauecmeo cmabuIu3ayuu MOMEHMa Pe3anus npu U3MeHeHUU COnPOmueAemMocmu
Mamepuana pe3anuio, U OYeHKa e2o dP@eKmusHOCmU MemoOOM MAMeMAMULECcKo20 MOOETUPOBAHUS.
Memooonozusa. Paspabomana mamemamuieckas Mooenb Cmaduiu3ayuy MOMEeHma pe3anus 21ekmponpu-
800a 8bleMOUHO20 KOMOAlHA, 060CHOBAHA CMPYKMYPA U NAPAMEMPbl HEYeMKO20 Pecyiamopa MOMeHma
pesarus. Memooom MOOenbHO20 IKCHEPUMEHMA NPOBEOEHO CPABHEHUE NPEOTIOHCEHHO20 HEYEMKO20 pe2y-
aamopa ¢ munosvim ITH-pezynamopom.
Pesynemamui. [lonyuena mamemamuueckas mMooenb CUCEMbL CIMAOUIUIAYUL MOMEHMA PE3AHUsL Y2Oilb-
HO20 KOoMOAUHa, YUUMbleaowjas UMeHYUBOCMb CONPOMUBTICHUS MAMepuand pe3anuio, NOCMOSIHHYIO
CMPYHCKOOOPA30BAHUSA U OUHAMUYECKUE CBOUCMBA NPUB0008 pesanus u nodadu. CuHmesupogan neuem-
KUl pe2yisimop MOMEHMA pe3anusi bleMOYH020 KOMOALHA, 8 KOMOpom npu @assugukayuu nponopyuo-
HANbHOU Yacmu NPUMEHeHbl Yemblpe HeYemKuxX MHOXCeCmsa, obecnequsaioujie asmomamuyecKoe usme-
HeHue Koa(hhuyuenma ycunenust pe2yisimopa 8 3asUCUMOCIU Om 8elUdUHbL paccoenacosanus. MooenvHblil
IKCHEPUMEHM NOKA3AIL, YMO NPUMEHEHUE HEYeMKO20 Pe2yNsimopa NO360Is1em YMEHbUUMb nepepecyiupo-
8aHue nepexooHo2o npoyecca no momenmy Ha 15 % u nosvicums eco bvicmpooeiicmaue na 25 % npu us3-
MeHeHUU CONPOMUBIAEMOCIIU MAMEPUANa pe3anuio 6 2 pasa.
Bu1600w1. TIpumenenue npednodiceHHO20 HEUemKo20 pe2yiamopa no36oiaem NoLyyuns He 3d6Ucumoe om
UBMEHEHUSL CONPOMUBTAEMOCTU PE3AHUA KAYECMB0 NePexoOH020 Npoyecca no Yynpasisiowemy 6030eli-
CMBUIO U MeHblUee nepepeyIuposanue npu BO3MYWaruem 6030eticmeul.

Knrouesvle cnosa: neuemxuil pe2yisamop; y2onbHulll KOMOAtiH, npugood no0ayu, npueoo pe3anus; mamema-
muueckas Mooenb, nepexooHblll npoyecc; Kpenocms y2is.
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