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Abstract. The presented paper investigates the problem of ensuring the safety of modern
vessels, represented as complex organizational and technical systems. This study solves the task of
diagnosing and predicting the level of ships’ operational reliability using a hybrid expert system based on
a combination of a neural network and fuzzy logic. Trends in modern control systems show that they must
be adaptive and intelligent. However, these requirements cannot be met by expert systems based only on
fuzzy logic. This work explores the possibility of combining neural network modules with fuzzy logic and
considers the features of emergency management stages based on the offered hybrid expert system. The
input information arrives in a knowledge base through gauges, where it is structured and distributed in the
form of performance indicators. Emergency recommendations for the operator are formed as a result of a
combination of performance indicators available in the knowledge base. Modules of the neural network
and fuzzy logic form a system for assessing a complex technical system’s health based on calculated
estimates of the health of technical nodes. In addition, the authors formed a hierarchy of factors affecting
the reliability of the system. While developing the knowledge base, critical values for each variable
influencing the system performance are set, and when the values are reached, the operation mode
becomes an emergency. The authors chose a multilayer perceptron with a layer of recurrent neurons and
inputs as fed factors and criteria for performance; one output displays the value of system performance.
Prediction of the technical state of the system is made based on time series analysis. The system with six
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variables was used as a test set, three of which are non-linguistic (efficiency coefficient, temperature, and
pressure). The standard linguistic variable, calculated by the neural network, includes speed, fuel
consumption, and wear of the node. The fuzzy logic module was used to form recommendations for the
prevention or elimination of an emergency.

Key words: hybrid expert system, neural network, fuzzy logic, emergency control, complex
technical system, diagnostics, operability, forecasting.

AHoTauifA. Y cratTi posrnsgaetbcs npobnema 3abesneveHHa 6e3nekn CydacHUX CyaeH, HagaHux
y BUMMA4i CKMagHUX OpradisauinHo-TexHiYHMX cucteM. [aHe aocnigXeHHs BUPILLYIOE 3aBAaHHA
[iarHOCTYBaHHA | MPOrHO3yBaHHS PIBHA €KCnnyaTauiiHOl HaAiMHOCTI CyaeH 3a A0MOMOrow ridpuaHoi
€KCMepTHOI CUCTEMW Ha OCHOBI NOEAHaHHA HEWPOHHOT Mepexi i HediTKoi noriku. TeHgeHuii po3BUTKY
Cy4acCHUX CUCTEM YMpaBMiHHA MOKA3YyKTb, WO BOHW NOBUHHI OyTW aganTUBHUMMK W iHTENEKTyanbHUMMU.
MpoTe 3abe3neYveHHs UMX BUMOT HEMOXITMBO ANS €KCNEPTHUX CUCTEM HA OCHOBI NULLIE HEYITKOT noriku. Y
OaHii CTaTTi BMBYAETbCA MOXIMMUBICTb KOMOIHAUT MOAYMiB HEMPOHHOI MEpexi | HeuiTKoi noriKu.
Po3arnaHyTo 0COGNMBOCTI €Tanis MpoTMABApPIMHOrO KEPYBaHHA HAa OCHOBI 3anponoHOBAHOT riGpuaHol
eKkcnepTHoi cuctemu. BxigHa iHdopmauiss HagxoauTb B a3y 3HaHb Yepe3 aaBadi, e CTPYKTYPYETbCS i
po3noainaeTbCa y BUIMAAi NokasHUKIB npauesgatHocTi. lNMpoTuasapiiHi pekoMeHaauii gna oneparopa
OpPMYIOTLCS B pe3ynbTaTi KOMOiHAUIT NOKa3HMKIB Npaue3gaTHOCTI 3a iX HaABHOCTI B ©asi 3HaHb. Moayni
HENPOHHOT MepeXi i HeYyiTKOT norikn hopMylOTb CUCTEMY OLIHKM Mnpaue3gaTHOCTI CKnagHoi TexHiYHOT
CUCTEMWU HaA OCHOBI PO3pPaxyHKOBMX OLIHOK npauesgatHOCTi TexHivHux By3niB. Kpim Toro, cdopmoBaHo
iepapxito hakTopiB, LLIO BMNUBAOTb HA HAAiNHICTL cuctemu. Mpu po3pobui 6asn 3HaAHb BCTAHOBIEHI
KPUTUYHI 3HAYEHHA ANS KOXHOI 3MiHHOT, AKa BMnMBac Ha npaue3gaTtHiCTb CUCTEMMU, MPU AOCATHEHHI
3Ha4YeHb SIKMX PEXUM pobOTU CTae aBapinHUM. Briok HEMPOHHOT MepeXxi, WO BUKOPUCTOBYETLCA, ABNAE
coboro GaratowapoBuii NEPCENTPOH 3 LIAPOM PEKYPEHTHMX HEWPOHIB, HA BXOAWM SAKOro MOAAalTbCA
dakTopm i kputepii npaue3aaTtHoCTI, a Ha BUXO4i BiAOBpaXkaeTbCA 3HAYEHHSA Npaue3aaTHOCTI CUCTEMM.
INpOrHo3yBaHHA TEXHIYHOrO CTaHy CUCTEMM BMKOHAHO Ha OCHOBI aHanidy 4acoBux psagis. B akocTi
TECTOBOrO MNpuKnagy BMKOPUCTOBYBaracd cucrteMa 3 LWiCTbMa 3MIHHUMWU, TPU 3 AKUX HEMIHrBICTUYHI
(koedpilieHT KOpUCHOT Aii, TemnepaTypa i TUCK). 3aranbHa RiHrBICTUMHA 3MiHHA, AKa PO3PaxOBYETLCH
HEWPOHHOIO MEPEXEID, BKIMOYAE TPU CKNAAO0BI: WUBMAKICTE pOOOTU, BUTPATY Nanuea i CTyniHb 3HOLLIEHOCTI
By3na. ®opmyBaHHs pekOomeHaauin woao 3anobiraHHa abo nikeigauii aBapiiHOT cuTyauil BUKOHAHO 3a
A0MOMOrol0 MOAYNS HEYITKOT NOriku.

KrnouoBi cnoa: ribpuaHa ekcneptHa CUCTEMA, HEWpPOHHA Mepexka, HediTka norika,
npoTuasapinHe ynpasniHHg, CknagHa TexXHIYHa cucTema, giarHocTuka, npauesgaTtHicTb, NPOrHO3yBaHHA.

AHHOTauuA. B cTtatbe paccmatpuaetca npobnema obecnevyeHnsa 6e30nNacHOCTU COBPEMEHHbIX
CyZOB, MPEACTaBIEHHbIX B BMAE CMOXHbIX OPraHM3auMOHHO-TEXHWYECKMX cucTem. [peactaBneHHoe
UCCregoBaHMe pellaeT 3agady AWarHoCTMPOBAHUA M NPOTHO3MPOBAHUS YPOBHSA 3JKCMNyaTauUMOHHON
HaAE>XXHOCTU CyA0B C MOMOLLbIO TMOPUAHOW SKCNEPTHON CUCTEMbI HA OCHOBE COYMETaHUs] HEWPOHHOW CEeTU
MU HEYETKON NOTMKA. TEeHAEHUMM pPa3BUTUS COBPEMEHHBLIX CUCTEM YNPABMEHUS MOKA3bIBAKOT, YTO OHM
JOJDKHBI ObITb a4anTUBHBIMWU U MHTENMEKTyanbHbiMU. TeM He meHee, obecneveHue aTux TpeboBaHui
HEBO3MOXHO ANIS SKCNEPTHLIX CUCTEM HA OCHOBE MWLUb HEYETKOW Norvku. B gaHHOW cTatbe usyyaercs
BO3MOXHOCTb KOMBUHAUMKU MOAYNen HEMPOHHON CETU M HEYETKOW NOrMku. PaccMoTpeHbl 0COBEHHOCTU
3TanoB MPOTUBOABAPUMAHOIO yNpaBMneHWs HA OCHOBE MPEANOXeHHOW rMOpUAHON 3KCMEPTHOM CUCTEMBI.
BxogHas wuHdopmauma noctynaetr B 0ady 3HaHMA 4Yepe3 AaTvuKkKM, A€  CTPYKTYPUPYETCA U
pacnpeaenseTca B BuAe nokasatenem paborocnocobHocTu. MpoTMBOABapuiiHbie pekoMeHaauuu Ans
onepartopa hopMUpPYIOTCA B pesynbTate KoMOUHauuM nokasarenen paboTocnoCoOHOCTU NMPU UX HANUYUKU
B 0ase 3HaHuW. Moaynu HEWpPOHHOM CETM U HEYETKOW nNOrukm (POPMUPYIOT CUCTEMY OLIEHKU
paboToCNOCOBHOCTU CNOXHOW TEXHUYECKOW CUCTEMbI HA OCHOBE PACYETHbIX OLlEHOK paboToCcnocobHOCTH
TexXHUYeckux y3nos. Kpome Ttoro, copmupoBaHa uepapxus (DakTOPOB, BAWUAIOWMX HA HaOEXHOCTb
cuctemsl. Mpu paspaboTke 6a3bl 3HAHUIA YCTAHOBMNEHbI KPUTUHMECKUE 3HAYEHUST ANSA KaXKa0W NePeMEHHON,
Bnusowen Ha paboTocnOoCOOHOCTL CUCTEMBI, MPU AOCTMXKEHUM 3HAYEHMI KOTOPLIX PEXMM paboTbl
CTaHOBUTCA aBapuMHbIM. Mcnonb3yemblii OrOK HEMPOHHON CeTU npeacTaBnaeTr cobon MHOrOCMOWHbINA
NepcenTpoH CO CMOEM PEKYPPEHTHLIX HEWPOHOB, HA BXOAbl KOTOPOro NogarTca (hakTopbl U KPUTEPUM
paboTocnocobHOCTH, a Ha BbIXoAe OTOOpa)kaeTca 3HaveHue paboToCnoCOBHOCTM  CUCTEMBI.
MpOrHo3upoBaHWe TEXHWYECKOTO COCTOAHWMS CUCTEMbI BBLIMOMIHEHO Ha OCHOBE aHanusa BPEeMEHHbIX
psgoB. B kayecTBe TecToBOro Habopa ucnonb3oBanacb CUCTEMA C LUECTBIO MEPEMEHHBLIMU, TPU U3
KOTOPbIX HEMUHIBUCTUYECKME (KOBDMPULIMEHT NONME3HOro AENCTBUSA, TEMMepaTypa u aaeneHue). Obwas
NUHIBUCTMYECKASA MEPEMEHHAsA, PacCYMTLIBAEMAs HEWPOHHOW CEeTblo, BKMIOYAET TPWM KOMMOHEHTA:
CKOpPOCTb paboTkl, pacxoa TONMMBa U CTENEHb U3HOLIEHHOCTM y3na. PopMUpOBaHUE peKOMeHAauun no
NpeaoTBPALLEHMIO MU JIMKBUAALMM aBapPUWHON CUTyauuW BbIMOMHEHO C MOMOLUBK MOAYMS HEYETKON
MNOTUKN.
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KrnoueBble crnioBa: rMbpuaHas 3KCNepTHas CUCTEMA, HEWPOHHAsi CETb, HEYETKas JOruKa,
NPOTUBOABAPUINHOE YIMpPAaBIIEHNE, CNOXHAas TEXHUYEeCcKas CUCTEMA, AMarHocTuka, paboTocnoCoBHOCTb,
NPOrHO3MpoOBaHMe.

Introduction. In recent decades, modern ships contain various complex technical systems
(CTS) which are able to affect the efficiency of operation of ships. Features of the operation of the
CTS are the cause of a decrease in the operability of systems, as well as an increase in the
likelihood of failures of both systems in general and their elements [1, 2].

To solve this problem, the best method is the use of emergency control systems (ESC) CTS
[3]

The most common emergency control, which is based on hybrid expert systems (HES).
Inside such systems, various models of knowledge representation are integrated, as well as the
mechanisms of functioning of systems. In an HES, it is difficult to combine knowledge even
within a single information space due to the various forms of knowledge representation (frames,
semantic networks, databases (DB), knowledge bases (KB), neural networks (NN), fuzzy logic
(FL), genetic algorithms).

Traditional HES have several disadvantages [4, 5]:

— the difficulty and unnaturalness of the implementation of certain conditions of
automation and telemechanics, and

— difficulties in conditions of uncertainty, lack of knowledge.

It is possible to reduce the effect of deficiencies in the ECS of the CTS based on the HES
using an HES, which include NN and FL. The NN, however, is based on a mathematical model
that reproduces the activity of the nervous system of a living organism.

Problem statement. The main disadvantage of systems with FL is the inability to adapt
and learn. However, this is replaced by the merit of methods with NN - fast learning and
adaptation. In a changing external environment, and with emergency control, the ability of the
NN to learn is a significant advantage, as well as: wide possibilities and ease of use. Their main
drawback is the need for a training sample, the size and reliability of the elements of which
affect the quality of the forecast and the accuracy of the calculations as a result of the operation
of the HES. The knowledge accumulated by the NN is distributed among all its elements, which
makes them practically inaccessible to the observer. Moreover, such is a lack of a control system
with FL.

It follows from this that the development of the ECS CTS method on the basis of
hydroelectric power stations, one of the main components of which are NN and FL, capable of
avoiding difficulties at the stage of creation, and at the same time qualitatively process
information, has recently been a fairly urgent task.

The main goal of the work is to develop a hydroelectric power station emergency control
system capable of all of the above, avoiding possible disadvantages, while it should do all this
faster and more reliable compared to other similar systems.

Data processing. All emergency control can be divided into certain stages: receipt and
processing of data, operability diagnostics, forecasting and actions for decision makers.

Information from the CTS through the sensors enters the knowledge bases (KB), where it
is structured and distributed in the form of operability indicators. The NN and FL form an
operability assessment system [6]. Based on the operability values of the CTS elements, the
overall operability of the CTS is calculated. In the NN, the state of the CTS is forecast based on
the data received in the NN at various time intervals. In the FL block, the technical condition of
the CTS is predicted based on the forecast of the data of the NN block taking into account data
from the KB and NN blocks according to the results of the analysis of the state of the CTS. The
HES with the help of the FL unit and the multi-agent control system forms recommendations on
the prevention or elimination of accidents for decision-makers.

The HES processes the information it receives at regular intervals, in the form of
variables from CTS sensors (linguistic and non-linguistic) and variable external factors that
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affect the value of the error in the system. Also, based on the critical values of these variables,
abnormal (emergency) situations occurring in the operation ofthe CTS can occur (1):

W(ti) = X(t), Y (0, F (1)), 1)
where X (t)={xxt.),x2(t.),....xn(t)}i€[i;T] - a lot of non-linguistic variables at atime ;n -
number  of  non-linguistic  variables; T - number  of  time points;

Y(@U)=Mitipy2(ti ym(ti)}i e[i;T] - alot of linguistic variables at atime t ; m - number
of linguistic variables; F (t")={f1(tt),f 2(ti),...,f h(ti)},i €[i;T] - many external factors
affecting the operation of the system at a point in time t (error); h - number of factors;

W(t,) i€ [i;T] - value of operability at the moment oftime tt.

The reliability of the CTS is affected by the value of its operability of technical nodes,
consisting of calculated estimates of operability, a common linguistic variable, and operational
error.

Based on this, it is possible to compose a hierarchy of factors affecting the reliability of
the system (Fig. 1).

During the development of the KB HES, critical values are established for each variable,
which directly affects the operability of the CTS, taking into account their individual parameters,
upon reaching which, the operation mode ofthe CTS becomes emergency.

For each variable, as well as for operability, the value at which the CTS enters emergency
mode is set individually (Table 1) [7].

Table 1- Values ofthe parameters ofthe CTS variables
Parameter Value

Variable Non-(?nrgt(ajregency Emergency mode
W h-A] (<a,)v(>b)
w2 fc-A] (<a2)v(>b2)
wm kn-A1] (<km)v (> bm)
W k «bW] (<aw)v (>bw)
48 Konovalov S.M., Yegoshyna G.A., Voronoy S.M.
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In Table 1 w - wm - variables affecting the operability of the CTS; W - operability of
CTS; a -am b -bn - boundary values of the parameters of these variables; a”,bw -

boundary values of the operability parameters.

Neural network module. The presented NN consists of neurons, each of which has one
input and several outputs. The operation of these neurons depends on several factors: the values
of the input signals, synapse weights, the probability of the neuron triggering, etc. The condition
or potential of a neuron P is determined by the formula (2) [8]:

n

P=Zq”pl, )
i=1

where n - the number of inputs of the neuron; qi - weight coefficient of the i-th neuron; x -

input signal ofthe i-th neuron; pt - probability oftriggering of the i-th neuron.

The sum of the received signals, which is transmitted to the neuron, is converted into the
output signal of the neuron f (p) using the transfer function (3):
o Y=t{). _ ©)
The network is trained by combining the back propagation methods of the error [8] and
the recursive method. The back propagation method is convenient if there is not enough data for
the recursive method.
In general terms, the neural network for a HES is a multilayer perceptron with several

hidden layers, as well as a layer of recurrent neurons. Each layer contains Nd elements,

d =1,..M , aswell as a recurrence layer R . The ANN has an output showing the value of the
CTS operability, the layer before the output contains the health values of the CTS elements, and

The developed artificial NN allows calculations for a HES with a large data range. At the
same time, she avoids mistakes and failures due to multifunctionality in calculations, as well as
during training.

Konovalov S.M., Yegoshyna G.A., Voronoy S.M. 49
Emergency control system based on neural networks and fuzzy logic



Hayxosi npaui OHA3 im. O.C. [Tonosa, 2020, Ne 1

Fuzzy logic block. Blocks NN and FL form a performance assessment system. The
results of all calculations, together with the data from the DB and NN, are sent to the FL block.
There is feedback between the FL. and DB blocks so that data on emergency recommendations
are received in the DB. In the FL block, the CTS health data is compared with the subsequent
identification of the causes of a particular result based on the calculation of the CTS health
indicators.

In the FL block, the technical condition of the CTS is predicted based on the forecast of
the data of the NN block taking into account data from the DB and NN blocks according to the
results of the analysis of the state of the CTS. A hydroelectric station, with the help of an FL
unit, makes recommendations on the prevention or elimination of accidents for decision-makers.
In general, the FL unit has a control function, and also affects the quality of forecasting the state
of the CTS.

Prediction. The generalized mathematical model of the CTS is described by the
functional dependence between the variable states of the system, the control actions, the
observed parameters of the system and the environment (4) [7]:

W) = FXO.U@0V D)) @)
where X — is the vector of the current state of the system model; U — vector of control actions;
J© — vector of external influences; W — is the vector of the model output signals.

Forecasting of the technical condition of the CTS is carried out by analyzing time series
with established time intervals.

The time series uses two time intervals (windows) /, and I,, which, upon the onset of

the subsequent time series, move with a certain step along the elements responsible for
operability, collecting data on the operation of the CTS at certain points in time. Having received
the data, the first window /; transmits them to the input of the NN, and the second /, — to the

output. At each step, a pair of time intervals is formed (5):
I, >1,. (5)
In this case, the NN is supplemented with new data from the results of pairs of time
intervals for the CTS variables for each new time interval and derives the patterns by which the
forecast is based.
Thus, the forecast value W (f) depends on the values of the CTS variables, and is found

using the NN of HES.

The accuracy of the forecast depends on the training of the NN, which, in turn, depends
on the architecture of the NN: the number of layers and elements in the layers of the NN, as well
as on the initialization of the weight coefficients of the NN (6):

1

. ° 6
Ji) ©
where n(j) the number of neural elements in the layer ;.

Experiments. As a test set, we used data from a system with six variables, three of which
are non-linguistic (efficiency - S1, temperature - S2 and pressure - S3).

The value of the general linguistic variable Y (%) is found using the same NN unit and is
a composition of three linguistic variables such as operating speed (54), fuel consumption (S5),
and degree of deterioration (S6). The resulting value is distributed in one of the following
categories: High (H), Above Average (AA), Average (A), Below Average (BA) and Low (L).

Matlab Simulink was used as a modeling environment. The scheme of the model used is
presented in the Figure 3.

Signals S4, S5, S6 are sent to the Fuzzy Logic Controller Y block, where the common
linguistic score Y is formed based on the rules of the controller P_y.fis. Then this score Y,
together with signals S1, S2, S3, goes to the Fuzzy Logic Controller P block , where, based on
the rules of the controller P_p fis, the P health is formed, the value of which displays the Display

I, ~
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element. The experimental results showed a direct relationship between the parameters S1...S6
and the value of operability P.

Figure 3- Model in Matlab Simulink environment

Experimental were carried out on three test data set. Data sets parameters (S1...S6),
obtained value of the operability Ptest (model), expert value of the operability P are shown in
Table 2.

Table 2 - Values ofthe CTS test cases
Testcase S1I S2 S3 S4 S5 S6 P Ptest  The percentage of errors

1 1 45 98 18 6 1 8878 861 0,03
2 02 30 15 6 3 01 764 68,62 0,10
3 05 3 20 8 4 02 783 7192 0,08

The smallest error value (0.03) is observed in the first set, in which values of all three
linguistic variables belong to the same category (High), which corresponds to the real operating
conditions of the system. The error increased by a factor of 3.4 (0.1) in the second test set due to
the fact that values of three linguistic variables were taken from different categories (Below
Average, Average, Low). In the case when two of the three linguistic variables belong to one
category (Average) and one variable belongs to another category (Low), the error increased by a
factor of 2.6.

Conclusion. Due to the constant modernization of existing and commissioning of new
equipment, as well as regular maintenance, the task of ensuring the safety of modern ships,
which are complex organizational and technical systems, is relevant. Timely identification of the
degree of danger, assessment of the adequacy of resources, forces and means, for the localization
and elimination of possible emergency situations, which can be provided by predicting the
technical condition of the system based on an assessment of the operability of its nodes, is
required. The proposed combination of neural network modules and fuzzy logic within the
framework of a hybrid expert system allows us to solve the problem of diagnosing and predicting
the level of operational reliability.
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