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Abstract. The article presents results of study of intelligent fuzzy logic algorithms developed on the basis of fuzzy
logic methods for information system of the mine safety system. Research methods: mathematical theory of fuzzy sets
and fuzzy logic; methods for implementing fuzzy logic algorithms (fuzzification, inference and defuzzification) for
converting input and output signals, creating expert rules and ensuring the functioning of the fuzzy controller; methods of
organizing computational processes and building software models of information systems for constructing a model and
analyzing the fuzzy controller process; simulation of fuzzy controller operation. In order to prevent emergenc y situations
caused by the lost geotechnical system stability due to the uncertain behavior of the rock mass, a new fuzzy controller
was designed which could generate an additional control signal. For the two-coordinate fuzzy controller, it is proposed to
use the input parameters “Deviation” and “Derivative deviation”. To obtain the value of the derivative, a differentiating
element was introduced into the fuzzy controller structure. At the output of the controller “Output’, a control signal is
generated, which is one of the control criteria in the system for ensuring the assessment of the state of the geological
environment, including mine roadways and means for their maintenance. It can also be used as a correction signal to
control signals, which generated by classical control systems. For the fuzzy controller, methods of data fuzziness,
inference and de-fuzziness were validate, and linguistic rules were designed in order to control parameters of the
geotechnical system. With the help of the Cauchy problem solved by Runge-Kutta method of the 4th order, designed a
software model of the proposed system which simulated the system operation. The model has proved operability and
static stability of the developed algorithms. Output signal of the fuzzy controller can be used as information for estimating
risk for geotechnical systems, preventing possible emergency situations. The process management process in the
geotechnical system can be carried out by software by generating and transmitting danger signals, as well as initiating
the creation of guidelines for the implementation of technical measures, which ultimately will ensure the effectiveness of
warning personnel about possible emergency situations and increase occupational safety on mining enterprises.
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Introduction. The control systems based on fuzzy logic methods [1, 2] are among
the most promising for practical application. The technical implementation of control
systems embodying intelligent methods and algorithms is based on the use of
computers and microprocessor tools. Fuzzy control systems are especially useful
when processes in a controlled system are too complex to analyze using traditional
quantitative methods, or when incoming informative parameters cannot be reliably
interpreted due to the impossibility of establishing accurate criteria for evaluating the
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source data. These uncertainties often do not allow monitoring and predicting of
processes in geotechnical systems.

Geotechnical systems are monitored for safety of mining operations under partial
uncertainty of the rock massif behavior under load, irregularity and randomness of
the distribution in space of the properties and structural features of rocks, variety
characteristics of roadways supporting and other poorly predictable factors [3].
Unfortunately, in the mining and processing industries, the approaches to the
development of management systems are still deeply conservative, which is
connected with the need to ensure safe and trouble-free operation of technical
systems in the difficult conditions of the development of deposits at great depths,
danger of sudden emissions of rocks and gases. The applied classical control systems
are effective for controlling strictly determinate objects and do not work well in
conditions of incomplete and / or distorted information. Therefore, the construction in
addition to the already existing safety systems of new intelligent algorithms is
relevant and in demand in production.

Methods. Research methods: mathematical theory of fuzzy sets and fuzzy logic;
methods for implementing fuzzy logic algorithms (fuzzification, inference and
defuzzification) for converting input and output signals, creating expert rules and
ensuring the functioning of the fuzzy controller; methods of organizing
computational processes and building software models of information systems for
constructing a model and analyzing the fuzzy controller process; simulation of fuzzy
controller operation.

Results and discussion. At the Institute of Geotechnical Mechanics, work is
underway to improve mining safety systems [3, 4] involving geomechanical models
and methods for assessing scenarios for the development of situations. Maintaining
the equilibrium state of the geotechnical system, as an object of management,
provides for the control of the system parameters values from the equilibrium point
and the rate of change of this deviation. On the basis of this data, control actions and
personnel warning signals are generated. When a signal arrives at the dispatcher
console or at the input of an automated control system for an object, a
recommendation is drawn up for the use of technical and technological measures that
contribute to the normalization of the system. For the analysis of incoming data on
the state of rocks and roadways, as well as the formation of a timely response to
changes in the parameters of the “support-rock massif” geotechnical system,
algorithms based on fuzzy logic methods were developed.

For the two-coordinate fuzzy controller, it is proposed to use the input parameters
“Deviation” (“Del”) and “Derivative deviation” (“dDel / dt”, Fig. 1). To obtain the
value of the derivative, a differentiating element was introduced into the fuzzy
controller structure. At the output of the controller “Output”, a control signal is
generated, which is one of the control criteria in the system for ensuring the
assessment of the state of the geological environment, including mine roadways and
means for their maintenance. It can also be used as a correction signal to control
signals, which generated by classical control systems. For example, the fuzzy
controller signal can be applied to directly correct the value of the penetration rate
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setting for a mining combine to prevent rocks fall and other dangerous manifestations
of rock pressure.

During fuzzy controller operation, fuzzification (translation of the exact values of
input signals into the value of logical-linguistic variables), inference (formation of
rules by experts and their conversion into control law) and defuzzification
(conversion of a fuzzy set into a clear number) are performed. The control law can be
implemented by software and hardware if the system is configured to generate and
transmit danger signals, as well as to initiate the creation of guidelines that regulate
the implementation of technical measures.

The fuzzification process determines the values of all membership functions for
the current input values of the deviation arguments and the derivative of the
deviation. For the accepted distribution of intervals and triangular membership
functions at any time in the operating area for only two functions, their values will
differ from zero and one. In the general case, the integral value of all membership
functions in a single input variable, regardless of the current value of the argument, is
equal to one, which is one of the advantages and, in this case, determined the use of
triangular activation functions.
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Figure 1 — The signal processing circuit in fuzzy controller

As a result of fuzzification, we have, in general, four non-zero values of the
membership functions (two values for each of the two input axes), which must be
processed using the fuzzy logic mathematical apparatus. In the developed device, the
maximum aggregation of these values is performed (a graphical interpretation of
individual stages of inference is shown in Fig. 2).

The calculation of inference stages parameters (intersection, union, aggregation
and implication of fuzzy sets) is carried out using known analytical relations [1, 5].
The controller also implemented a minimum (“Mamdani”) implication for defining
output fuzzy sets for each of the active rules. The presentation of the data processing
methods adopted in the controller is given in Table 1.
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Figure 2 — Methods of calculations used in fuzzy controller: intersection (a) and union (b) of fuzzy
sets, aggregation processes (c) and implication (d), defuzzification of the result of calculations (e)

For each of the input variables, the x-axis within the operating area is divided into
five intervals, conventionally designated according to established terminology: a
large negative value of the argument “LN” (Large Negative), a negative value of the
argument “N” (Negative), a zero value of the argument “Z” (Zero), positive value “P”
(Positive), large positive value of the argument “LP” (Large Positive). As a result of
fuzzification, we have, in general, four non-zero values of the membership functions
(two values for each of the two input axes), which must be processed using the fuzzy
logic mathematical apparatus.

To prevent emergencies caused by the loss of equilibrium of the geotechnical
system, the following methods for processing input signals are implemented in the
inference unit of the fuzzy controller developed:

- method of logical multiplication (intersection of fuzzy-sets):

g 00 = 0 sy (4. tepg () 0

where 4, 4;, A, are fuzzy sets, ua(X) is the degree to which x is a fuzzy set A;
- method of logical addition (union of fuzzy-sets):

4y g () = MaX iy (X) 1ipy (X) )
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- aggregation method (association according to the rule):

- m
Ei(x) =max Epj(x1), ... Emi(xm) = rl?3>1< Eki(K) ppy 1€ LN (3

where Ei(X) is the degree of belonging with which the elementary expression “If”-
part of each active fuzzy rule is true, ie 1,...n is the ordinal number of the fuzzy rule,
the total number n, and m is the total number of elementary expressions for one rule;

- implication method:

g () = min Ej(x), ug; (c) 4)

where Biis the a fuzzy-set defined during implication for each i-th rule,
depending on the degree of belonging Ei(x), Ei (x) with which it is executed;
- defuzzification method (gravitational)

_ [c-p(c)dce
"~ Ju(c)dc > 4)

where Xs — the projection of the center of mass of the membership function of the
output value on the x-axis.

Table 1 — Parameters of the fuzzy controller under study to prevent emergency situations caused by
the loss of equilibrium of the geotechnical system

Ne Parameter Value Fig. Analytic Expression

1 | Logical multiplication :
method (fuzzy  Min Fig. 2, a KA~ Ay (X) =min zzp (X), 11py (X)
intersection)

2 | Logical addition

method (fuzzy union) Max | Fig. 2,0 | p o pp (X) = max sp (x), 1pg (x)

Ej(x) = max Epj(x1), ... Emi(Xm) 5
3 | Aggregation method Max Fig. 2, c m ,
=max Ex j(xk) , icL..,n

k:l EH .

4 | Implication method Min | Fig.2,d | #g*(c)=min Ej(x), ug; (©)
|
o c- u(c)dc
GraVIta Fig. 2, e Xa = IA
tional [ n(c)de

The notation in the table: A, Ai, A, are fuzzy sets; pa(x) is the degree to which the x value belongs
to the fuzzy set; A; Ei(X) is the degree of belonging with which the elementary expression “If”-parts
of each active fuzzy rule is true, and this ic 1...,n is the sequence number of the fuzzy rule, the

total number n, and m is the total number of elementary expressions for one rule; B; is the fuzzi-set
defined for implication for each i-th rule, depending on the degree of belonging E;(x) with which it
is executed; Xs is the projection of the center of mass of the membership function of the output
value on the x-axis.

5 | Defuzzification
method
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The linguistic rules for the functioning of the controller are formulated by an
expert based on his knowledge and skills of managing an object. For the fuzzy
controller to prevent emergencies caused by the loss of the equilibrium state of the
geotechnical system “support-rock massif”, the following rules for generating a
compensating effect are proposed:

- if “Deviation” is increasing rapidly

If DelisLP and «Del/dt is LP then ©utput is LN . (5)

9

- if “Deviation” is large negative, and it increases
If ©elis LN and «Del/dt is LN then ©utput is LP . (6)

- if “Deviation” is big positive, and “Derivative deviation” is big negative

If ©elis LP and «Del/dt is LN then ©utput isZ . 7

- if “Deviation” is positive and “Derivative deviation” is also positive

If DelisP and «Del/dt is P then ©utput is N . 8)

2
- if “Deviation” is negative and “Derivative deviation” is also negative

If DelisN and «Del/dt is N then ©utput is P _ (9)

Under some conditions, it is proposed to use two rules, each with weighting
coefficients of 0.5. So, if the “Deviation” value is large positive (LP), and the speed is
positive (P), i.e. the deviation increases, although not too quickly, the controller
output is calculated as the result of the composition of two rules that form a large
negative (LN) and negative (N) values of the corrective action:

If DelisLP and «Del/dt is P then ©utput isLN ,k =05.
If DelisLP and «Del/dt is P then ©utput isN ,k =05 (10)

where k — the weighting factor for the rule (the sum of the weighting factors for all
the rules within one cell of the table of the rules we have formulated is one, Table 2).

To test the effectiveness of the solutions used, developed a program model of the
proposed system and simulated its work with solving the Cauchy problem using the
4th order Runge-Kutta method (Fig. 3). The control object was represented by
aperiodic and oscillatory links with different values of the coefficients of the
proportional part and time constants in the terms containing the Laplace operator as a
multiplier. It has been established that in all cases studied, the use of a fuzzy
controller improved the quality of control: in particular, the overshoot during system
start-up and with a sharp increase in load decreased, the static stability of the system
improved, which, in turn, reduces the probability of an accident caused by a sudden
loss of stability of the control object.
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Table 2 — The linguistic rules of the developed controller

Input Coordinates and Split Input value ""Deviation™ (Del)
Ranges LN N Z P LP
0,5LP 05P
LN LP 0.5P P 057 Z
0,5LP 05P 052
o N | osp P 0,52 Z 05N
Input value ""Derivative 05P 057
deviation™ Z P ' Z ’ N
(dDel / dt) 052 05N
P 05P > 057 N 05N
05Z 05N 0,5LN
05Z 05N
LP Z 05N N o5LN | N
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rel. units
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Figure 3 — Modeling fuzzy regulator: 1 — the output signal of the conventional regulator; 2 —
correction signal of the fuzzy regulator “Output”.

Comparison of the maximum amplitudes showed a low value of the overshoot,
which in geotechnical systems can be assessed positively, since the loss of stability as
a result of an increase in dynamic loads can lead not only to breakdowns and
destruction of the system itself, but also to human victims. The delay time of the
response of the control system to external influences and load changes is reduced.
This was made possible not only by taking into account the level of deviation of the
output value from the target, but by controlling the rate of change of this deviation,
including when the absolute value of the deviation in the module itself is insignificant
or equal to zero, that is, it is not a sign of a pre-emergency situation or a sign of the
beginning of the process loss of stability of the geotechnical system.

The output signal of the developed fuzzy controller is used as information to
assess the degree of danger of the geotechnical system and prevent possible
emergencies, which will increase the safety and productivity of miners.
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Conclusions. For the problem of geotechnical systems monitoring under partial
uncertainty of input data and emergency prevention, a fuzzy controller has been
developed and tested. Fuzzy controller provides, based on fuzzy logic methods and
algorithms, analysis of input data for monitoring the stress-strain state of rocks. The
methods of fuzzification, inference and defuzzification of data are justified, linguistic
rules to control the parameters of the geotechnical system are developed. A software
model of the proposed system was developed. The fuzzy controller is modeled using
the 4th order Runge-Kutta method for solving the Cauchy problem. The simulation
showed the performance of fuzzy controller algorithms and an increase in the static
stability of the controlled system.

The process management process in the geotechnical system can be carried out by
software by generating and transmitting danger signals, as well as initiating the
creation of guidelines for the implementation of technical measures, which ultimately
will ensure the effectiveness of warning personnel about possible emergency
situations and increase occupational safety on mining enterprises.
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AHHoTaums. B cTaTbe npeacTaBneHsbl pesynbTaThl UCCresoBaHuin No pa3paboTke MHTENNEKTyanbHbIX anropuTMoB
Ha OCHOBE METOLOB HEYETKON NOTUKM Anst MHOPMALMOHHOI cUCTEMbI 0becneyeHis 6e30MacHOCTY NOA3EMHbIX FOPHbIX
pabot. MeTofbl UCCTEA0BaHMIA: MaTEMATUYECKas TEOPUS! HEYETKNX MHOXECTB 11 HEYETKOM MOTVKL;, METOAbI peannsaLum
anropuTMOB HEYEeTKOW Norukn (chasandmkaumm, nHdepeHun n aedassudmkaun) Ans npeobpasoBaHns BXOAHBIX M
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BbIXOAHbIX CUTHANoB, POPMMPOBAHNS SKCMEPTHbIX NpaBun 1 obecneyeHns PYHKLUMOHUPOBaHUS (ha33n-KOHTPONNepa;
METOZbl OpraHn3aLnn BblYNCIIMTENBHBIX MPOLECCOB M MOCTPOEHMS NPOrpaMMHbIX MOZENen HOPMALMOHHbIX CUCTEM
ANS MOCTPOEHUS1 MOAENM W aHanu3a npouecca (PYHKUMOHUPOBaHMS (ha3an-KOHTPONnepa; MOAenupoBaHue paboTb
(hassu-koHTponnepa. [ing npeaynpexaeHus aBapuiHbIX CUTYaLWi, Bbi3BaHHLIX NOTEPEN PABHOBECUS FEOTEXHUYECKOM
cucTembl B 06CTaHOBKE HEOMPEAENEeHHOCTI NOBEAEHNS NOPOAHOMO MaccuBa, paspaboTaH (a3san-kKoHTPONNep, KOTOPbIN
hopMupyeT LOMNOMHUTENbHBIA YNPaBASIOWMA curHan. [ng ABYXKOOPAWHATHOrO (hasau-koHTponnepa npeanoxeHo
1Cnonb3oBaTh BXOAHble napameTpbl «OTknoHeHue» 1 «[lpou3BogHas OTKMOHEHMs». YTOObI NOMyYnThb 3HAYEHWS
NPOW3BOAHON, B CTPYKTYpY (passn-KOHTponnepa BeedeHO AuddepeHumpytollee 3BeHO. Ha Bbixoge KOHTponnepa
«Output» opmupyeTcs ynpaBnstoWmMiA CUrHan, KOTOPbIA SBMSETCS OAHUM W3 KPUTEPUEB KOHTPONS B CUCTEME
obecneyeHnst OLEHKM COCTOSHWUSI TEONOTMYECKO Cpedbl, BKKYAOLWEN [OpHble BbIPAOOTKM W Cpeactea  MX
nogaepxanns. OH Takke MOXET ObiTb WCMONb30BaH Kak KOPPEKTUPYIOWMIA CUTHanm K YnpaBnstOLMM CUrHanam,
FEHEPUPYEMbIM  KITACCUYECKUMM  cuCTeMamy  ympaenenus. [ns  a33u-koHTpornnepa 0OBOCHOBaHbI  METOMbI
assudmkaumm, nHepeHum 1 aedassndukaumm LaHHbIX, BblpaboTaHbl NMHIBUCTMYECKWE MpaBunia ynpaBneHus
napameTpammn reoTeXHUYeckon cuctemel. PaspaboTaHa nporpaMMHas MOZENb NPEeasIOKEHHON CUCTEMbI W BbINOTHEHO
MoZenupoBaHue ee pabotbl ¢ pelennem 3agaun Koww metogom Pynre-Kytra 4-ro nopsigka. MogenupoBanue
nokasano paboTocnocobHOCTb M CTATUYECKYHK) YCTOMYMBOCTL pa3paboTaHHbIX anropuTMoB. BbixogHon curHan ¢assu-
KOHTpOmnnepa MOXeT ObiTb MCMONb30BAH Kak WHC(OPMALMOHHBIA ONs OLEHKA CTEMeHU OMacHOCTW FeoTeXHUYECKoM
CUCTEMBI W NpeaynpexaeHns BO3MOXHbIX aBapuiHbIX CUTyauuit. Mpouecc ynpaeneHus npoLeccamu B re0TEXHUYECKOM
CUCTEME MOXET OCYLLECTBNATLCA MPOrPaMMHO-TEXHNYECKUMM CPEACTBaMM MyTeM BbIpaboTKKM U nepedayn CUrHamnos
OMAacHOCTW, a TaKKe WHULMANM3aLUMM CO30aHUSt PYKOBOASLUMX WHCTPYKUMIA, PErMaMEHTUPYIOLLMX BbINONHEHWE
TEXHUYECKUX MEPONPUATUIA, YTO, B KOHEYHOM WTOre, obecneunt apeKTMBHOCTb MpeaynpexaeHus nepcoHana o
BO3MOXHbIX aBapPUIMHbBIX CUTYaLMsIX 1 NOBLICUT 6€30MacHOCTb TPyAa Ha FOPHBIX NPEANPUATHSX.

KnioyeBbie cnoBa: reomexaHnyeckme npoLecchl, 6e30nacHoCTb TpyaAa, MHTENMEKTyarnbHble anropUTMbl, HeYeTKast
norvika.

AHoTauif. Y cTaTTi NnpeacTaBneHi pesynbTati 4OCAIMKEHb N0 po3pobLyi iHTENEKTyanbHUX anropuTMiB Ha OCHOBI
METOZIB HeuiTKOI Moriku ans iHopmauinHoi cuctemn 3abesnedeHHs Besneku Nig3eMHuX ripHuumx pobit. Metoou
JOCTIMKEHb: MaTeMaTUYHa TEOPI HEUITKUX MHOXMH Ta HEUITKOT NOTiKU; MeToaW peanisayii anropuTMiB HeYiTKoT noriku
(dasndpikauii, iHtbepeHuii i gedhasndikaii) 4ns NepeTBOPEHHS BXIGHMX i BUXIGHWX CUrHaniB, hOPMyBaHHS EKCepTHUX
npasun i 3abe3neyeHHs (hyHKLiIOHYBaHHA (ha3u-KOHTPONepa; MeToau opraHidaLlii obumcnioBanbHUX npoLecia i nobygosu
nporpaMHMX Mogenen iHcopmauinHux cucteM ang nobygosu mogeni i aHanidy npouecy (YHKUiOHYBaHHA (hasu-
KOHTpOmnepa; MOAEntoBaHHA poboTn hasu-koHTponepa. [ns nonepemkeHHs aBapifHMX CWTYyaliil, WO BUKIMKaHi
BTPATOK PiBHOBAru re0TEXHIYHOT CMCTEMM B 0BCTAHOBL HEBW3HAYEHOCTI NOBEAIHKA MOPOLHOTO MacuBsy, po3pobreHui
(hasn-koHTpOnep, SKMA OopMye [OAATKOBMM Kepylouuid curHan. [ns  [BOXKOOpAMHATHOrO  (hasu-KoHTpornepa
3anponoOHOBAHO BUKOPUCTOBYBATH BXigHI NapameTpu «BigxuneHHs» i «MoxigHa sigxuneHHsy. o6 oTpumaTtit 3Ha4eHHs
MnoXigHOI, B CTPYKTYpYy (hasn-koHTponepa BBedeHa AudepeHLtoBanbHa faHka. Ha Buxogi koHTponepa «Outputy
(hOpMYyETbCA  KEpylouuiA CurHam, SKMA € OOHWUM 3 KPUTEPIIB KOHTPOMK B CUCTEMI 3a0e3nedeHHst OLiHKW CTaHy
reororiyHoro cepeoBuLLa, L0 BKIKOYAE ripHWYi BUPOOKM i 3acobu ix nigTpumanHs. BiH Takox Moxe ByTu BUKOPUCTaHWI
AK KOpUryBanbHU CUrHan [0 Kepytuux CUrHanis, WO reHepyThCs KNacWyHUMKU cucTeMamu ynpaeniHHs. [Ong dasu-
KoHTponepa obrpyHToBaHi MeToau hasudikallii, iHpepeHuii i getasudikadii AaHuX, BUPOBNeHi MHrBICTUYHI NpaBuna
ynpaeniHHg napameTpamu reoTEXHIYHOI cuctemu. PospobneHa nporpamHa Mogenb 3anporioHOBaHOI CUCTEMM i
BMKOHAHO MOfeNtoBaHHs ii poboTn 3 pileHHsM 3agadi Kowi metogom Pyure-Kytta 4-ro nopsigky. MopenioBaHHs
nokasano npauesgaTtHiCTb | CTaTUYHY CTIMKICTb po3pobneHnx anroputMis. BuxigHui curHan gasm-koHTponepa Moxe
ByTM BWKOPUCTAHW SK IHPOPMALAHMIA AN OUiHKM CTyneHs Hebeanekn reoTexHIYHOI CUCTEMM | MONEepemKEHHs
MOXMNMBMX aBapiiHuX cuTyauiin. pouec ynpaBniHHA npoLecamu B TeOTEXHIYHOI CUCTEMI MOXE 3AIMCHIOBATUCA
MPOrpaMHO-TEXHIYHMMM 3acobamm LWNSXOM BUPOONEHHS | nepedadi curHanie Hebesneku, a TakoX iHilianisauii
CTBOPEHHS KEPIBHUX IHCTPYKLiW, WO pernameHTYoTb BUKOHAHHA TEXHIYHMX 3axOfiB, Ta, B KiHLEBOMY MiLCYMKY,
3abe3neunTb eEKTUBHICTb NONEpPeMKEHHS NepcoHany Npo MOXMIVBI aBapiiHi cuTyauii i nigsuwmTL 6e3neky npaui Ha
ripHUYKX NigNpUEMCTBaX.

KntoyoBi cnosa: reomexaHiuHi npouecy, 6e3neka npadi, iHTenekTyarnbHi anroputMm, HeuiTka norika.
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