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The task set in the article is to intellectualize the search for the causes of failures of
subsystems (components), intersystem (intercomponent) connections of ship
complex technical systems based on the assessment of the technical condition of
systems by diagnostic features and predicting the risk of failures in their
composition. The purpose of the article is to ensure the reliability of complex
technical systems. The novelty of the results obtained lies in the fact that in the
course of the study the principles of functioning of an intelligent system for
searching for the causes of failures of a complex technical system with insensitivity
to incomplete technological data about it were formulated. The principle of
functioning of an intelligent system for searching for the causes of failures of a
complex technical system by assessing and predicting the risk of failures of
subsystems (components), intersystem (intercomponent) connections, its structure,
in terms of technical and technological foundations of construction, is implemented
on the example of a ship power plant. The result of the research is also the
developed model for searching for the causes of failures of complex technical
systems, which can be considered as a conceptual model with relative insensitivity
to incomplete technological data about the system. Intellectualization of the search
for the causes of failures of a complex technical system, taking into account
hierarchical levels, makes it possible to determine wvulnerable subsystems
(components) on the basis of assessing the technical condition by diagnostic features
and predicting the risk of failures.

Keywords: complex technical system, subsystem, component, intersystem and
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Introduction. Odern complex technical systems (CTS) are diverse in equipment,
consist of many interconnected and interdependent subsystems, components [1,2]. The
complication of the composition and the increase in the number of CTS installed on
ships lead to an increase in the failure rate of such systems, to the need to repair CTS
equipment, and hence to ship downtime. The use of intelligent systems for searching for
the causes of failures of subsystems (FS), components (FC), intersystem (FIC) and
intercomponent links (FI) CTS based on the assessment of their technical condition
(TC) by diagnostic features and predicting the risk of failures in systems can
significantly extend the life cycle ship CTS [3.,4,5]. This article is devoted to the
solution of this problem.

Studies of ship CTS survivability models show that the defeat of any FS, FC in
systems gives rise to a significant number of possible scenarios and options for the
development of emergency conditions of such systems, and hence to possible marine
accidents and incidents [6,7], the statistics of which are reflected in the well-known
bases [8,9,10,11,12]. According to statistics, one of the main CTS - ship power plant
(SPP) accounts for 60-80% of all failures of ship systems].

The operational reliability of CTS is effectively achieved by the system
operation strategy as a result of searching for the causes of failures based on equipment
diagnostic data [13,14,15,16,17], predicting their TS [18,19,20,21,22].
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The reliability of ship CTS can be reflected in the form of an assessment of the
risk of failures [23,24,25,26,27,28]. For maritime shipping, the International Maritime
Organization (IMO) has developed a consolidated text formalized safety assessment
should comprise the following steps: identification of hazards; risk analysis; risk control
options; 4 cost assessment benefit; recommendations for decision-making [29]. To
analyze the risk of failure of system components, the world-wide Reliability Centered
Maintenance method [30] is also widely used.

Currently, the volume of implementation of automation tools and artificial
intelligence technologies continues to grow in various industries [31]. In accordance
with the requirements of the Register of Maritime Navigation, all modern ships must be
equipped with automation systems for technical means using digital technologies, as
well as artificial intelligence technologies [1,32,33,34,35]. Such systems should
constantly monitor FS, FC of ship CTS, analyze trends in changes in the TC, search for
the causes of system equipment failures. To implement such tasks, appropriate
algorithmic and software tools are needed.

In artificial intelligence, knowledge representation models are actively
developing - Bayesian Belief Networks (BBN) [36,37,38]. They can be used to assess
the risk of failures in CTS, providing a probabilistic basis for modeling the relationships
between different failure modes and their root causes.

The algorithms used to search for the causes of failures FS, FC, FIC and FI
based on the diagnosis of the vehicle, as a rule, are based on the control of tolerances of
individual diagnostic parameters. However, the analysis and integral assessment of the
technical condition of subsystems and complexes, the development of control actions in
most cases is carried out by ship operators on the basis of heuristic rules.

Thus, the problems associated with ensuring the reliable operation of ship CTS
require improvement and search for appropriate new methods, models and algorithms.
They should be aimed not only at the prompt detection of equipment failure conditions,
at solving problems of assessing and predicting the risk of system failures, but also at
finding their causes under conditions of relative insensitivity to incomplete
technological data on FS, FC. Since all modern ships must be equipped with automation
systems for technical means using technologies based on artificial intelligence, the
introduction of approaches based on such methods, models and algorithms should
ensure the reliable operation of ship CTS. That is, taking into account the specifics and
existing problems in ensuring reliability during the operation of ship CTS, the
intellectualization of the search for the causes of failures based on the evaluation of TC
systems by diagnostic features and predicting the risk of failures in their composition is
an important direction in the development of modern technologies aimed at ensuring the
safety and reliability of complex systems. systems and is an urgent task.

Statement of the problem: intellectualization of the search for the causes of
failures of FS, FC, FIC and FI of ship CTS based on the assessment of the TC of
systems by diagnostic features and predicting the risk of failures in their composition
and eliminating the consequences of their occurrence.

Purpose of the work: ensuring the reliability and safety of the work of ship CTS.
Main part. The initial data for constructing an intellectualization model for searching
for the causes of failures of components of a complex technical system based on TC
assessment and predicting the risk of failures of complex systems using the example of
an SPP based on BBN are: scheme and principle of operation of the SPP; failure
probabilities FS, FC, FIC and FI of CTS links [39]. When modeling the BBN of the SPP
for various values of the risk of failure of the input element BBN, the probabilities of
loss of operability FS, FC, FIC and FI of connections for 20,000 hours of operation of
the SPP were determined (Fig. 1).
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From the retrospective analysis of the research results in the simulation of the
SPP, the components that affect the overall performance of the system are identified. In
the study of emergency situations, the analysis of incidents in the CTS, the main goal is
to determine the cause of the accident. It follows from the research results that the
maximum non-operating state during the operation of the SPP is 20,000 hours.
corresponds to the CSPSC subsystem. Since the CSPSC subsystem is dependent at the
level of the hierarchical structure of the SPP, therefore, it is necessary to check the
subsystem in order to find the cause of its failure. Namely, to check the subsystems and
all related subsystems at other levels of the BBN scheme.
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Fig.1. Probability of loss of operability of SPP subsystems

The scheme for searching for the cause of failure, for example, the CSPSC
subsystem in the diagnostic model of the technical condition of the power plant using
BBN is shown in Fig.2. For the BBN blocks of the SPP, we single out the blocks IE,
CAS, SPP, CSPSC and intersystem communications IE-CAS, CAS - SPP, SPP -
CSPSC for detailed consideration as an example to explain the principle of the model.
Sets of risk of failures IE, CAS, SPP, CSPSC and interconnections IE-CAS, CAS - SPP,
SPP - CSPSC at the initial moment of time and taking into account the dynamics of
technical conditions in time based on a priori data on the failure rates BBN when the
subsystems of the SPP IE, CAS, SPP, CSPSC and intersystem communications IE-
CAS, CAS - SPP, SPP - CSPSC.
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Fig.2. Scheme for searching for the cause of failure of the CSPSC subsystem in the
diagnostic model of the technical condition of the SPP BBN
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The search for the cause of failure of the CSPSC subsystem was performed in
accordance with the algorithm shown in Fig. 3.

Symbols of subsystems, components of the SPP in BBN (Fig. 2): Input element -
IE; Fire fighting system - FFS; Compressed air system - CAS; Manual control of the
main engine - MCME; Control system - CS; Remote automated control system of the
main engine - RACSME; Intermediate component - P1; Ship power plant - SPP; Main
engine - ME; Ballast drainage system - BDS; Emergency drive propulsion and steering
complex - ED PSC; Control system for propulsion and steering complex - CSPSC;
Boiler plant - BP; Transfer of power from the main engine to the propeller - TPMEP;
Intermediate component P2; Propulsion and steering complex - PSC; Output
component - EXIT.
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Fig. 3. Algorithm for troubleshooting the CSPSC subsystem

The technique for building a model based on BBN can be represented as follows:

1. Building BBN:

1.1. Vertices and intersystem (intercomponent) BBNs are created, denoting FS,
FC, FIC and FI STS, taking into account their TC:

1.1.1. Each FS, FC may be in the following technical condition:

Work """
(©)

g

- operational state ns«c) - th FS (FC) msc) -thlevel;

Not work;(bz’f;(c) - partial (complete) failure ns«c) - th FS (FC) ms«c) - th level.

1.1.2. Each FIC and FI connection is in the following states:

Work 7

a(z)ls(c)

- operational state a(z) Isier th FIC (FI) connection b(gq) level;
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<b,q>
a(2rgey ~

Not _work partial failure (complete) a(z),, - th FIC (FI)

communication b(g) level
where S(C) - is the set FS (FC) CTC;

I4(1.) - aset of FIC (FI) CTS connections;
ng., - number FS (FC) CTC;
m, - number of the hierarchical level FS (FC) CTC;

a(z) — FIC (FI) number of CTS communication connections;

b(gq) — number of the hierarchical level FIC (FI) of CTS communication links

1.2. Links between BBN vertices are indicated, denoting FS, FC, FIC and FI CTC
links

2. BBN parameters are specified:

2.1. The risk of failures at the initial moment of time for FS, FC, FIC and FI of the
CTS connection, assuming that before the start of the CTS operation they are all
operable:

R(Work;:'j:“>)t:0 = F(P(Work:;:’j;c)>)l=0) =0 (1)

RWork > ) _ = F(P(Work > ) _,)=0

a(Z)Is<C) a(Z)/S(C)

The risk of failures at the initial moment of time for FS, FC, FIC and FI of the
CTS connection, assuming that before the start of the CTS operation they are all
inoperable:

R(Not _work,"™ "),y = F(P(Not _work," ")) =1 2)
R(Not _work ;(’;;I;C) ),_o = F(P(Not _ work;(bz’)"lzm ),o) =1

2.3. The risk of failure of FS, FC, FIC and FI of the CTS connection at the current
time, provided that some subsystems (components), intersystem (intercomponent)
connections failed at the previous time:

R((Not _ work::'j)(c) ), /(Not _ work::'j)“’ ,)=1 (3)
R((Not _ work;(’fii’:(c) ), /(Not _ work:(bz’)"]:(c) ), ) =1

For the BBN blocks of the SPP (Fig. 2) IE, CAS, SPP, CSPSC and
interconnections IE-CAS, CAS - SPP, SPP - CSPSC, sets of failure risk at the initial
time and taking into account the dynamics of technical conditions in time based on a
priori data on failure rates:

1,2,3,4 _n.
RWor. 1,3,8,12 Jt=0 — 0;
1,2,3,4 1.
R(Not _work,5515),.0 =13
RWork >} =0 (4)
IE—CAS ,CAS —SPP,SPP=CSPSC 7t=0

2.,3.4 — .
R(Not _work ;s cas_spp.spp—cspsc)i—o = 1;
1,2,3,4 1,2,3,4 _ .
R((Work1,3,8,12 ‘ /(W07k1,3,8,12 ) =013
2,3,4 2,3,4 _
R((Wor k]EfCAS,CAS7SPP,SPP—CSPSC . [(Wor k1E7CAS,CAS—SPP,SPP—CSPSC)t—l) =0,1
Sets of risk of failures at the current moment of time, taking into account the
previous state of subsystems and intersystem communications, can be within:

- the level of risk of failure is assessed as minimal, the consequences of an
accident are minimal when:

R((Not _work 35), [(Work | 3),) = 0,1—0,2 (5)
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13,4 _
R((Not _wor. klE CAS.CAS _SPP,SPP—CSPSC . [(Wor: k[EfCAS,CAS—SPP,SPP—CSPSC 1) =0,1-0,2

- the level of risk of failure is assessed as acceptable, the consequences of the
accident are insignificant when:

R((Not _work3en), (Work,'s3) ) = 0,2—0,37 (6)

1,3,4 _
R((Not _wor k 1 IE CAS CAS _SPP,SPP—CSPSC  [(Work IE_CAS,CAS—SPP,SPP~CSPSC ),)=0,2-0,37

- the level of risk of failure is estimated as maximum, the consequences of the
accident are significant when:

R((Not _work23:3), (Work 234, ) = 0,37 —0,63 (7)

2,3,4 1,3,4 —
R((Not _work ;™ cis cas_spp.spr-cspsc )i {WOTk 1" cus cas_spp.spr-cspsc )im1) = 0,37 = 0,63
- the failure risk level is assessed as critical when:
1,2,3,4 1,2,3,4
R((Not _work,53%,), [(Work 551 ),,) = 0,631 (8)

2,3,4 1,3,4
R((Not _work ;™ cs cus_spp.ser-cspsc )i "(WOTk " cas cas—spp sep-cspsc i) = 0,63 =1
The risk distribution of failures of subsystems (components), intersystem
(intercomponent) links in BBN, taking into account failures and restorations, has the
form:

- for failure risk distributions Control system for propulsion and steering complex
—CSPSC SPP in BBN:

R(Wor. é)t = R((Wor 142)1 /(Wor fz)tfl)-R(Workll)H -R(Workf)H ~R(W0rk§’ g X

XR(WOI’ku )it R(WOFkIE cas Ji-1 R(Work CaS—5PP )i’ R(WOFkSPP cspsc )i T
+ R(Worklé‘z )t = R((WOI"kﬁz)t /(NOZ‘_WO}”/C;; )t—] ) : R(WOI"kI )t—] : R(WOI"k32 )t—l : R(Wol’k;)t_l X

x R(Not _ WO”klz)t 1 R(WOrkIE cas Ji-1 R(WOFk cas—spp )i R(WorkSPP csese )i T+
+ R(Work)y), = R(Workyy), [(Work,), ,)- R(Not_work)), , - RWorky), , - ROWorky), ,

XR(Worku)t 1 R(Workm cas )i-1 R(Work Cas—spP il R(Workspp cspsc )i T
+R(Work), = R(Work)y), |(Work,), ) - R(Work)),_, - R(Not _work;),_, - R(Work,),_,

XR(WO”klz )i R(WO’”kIE c4s R(WO”k CAS—5PP )it R(Workspp cspsc )i T (9)
+ R(Workf‘2 ), = R((Workf2 ),/ (Workf2 )i1)" R(Workl1 )iy R(W0rk32 ),; - R(Not _ workg3 ),y X

x R(Worky,), R(Workw cas Vs - ROVOrk s pp), - ROWork gpp.cspsc),
+ R(Worky,), = R(Worky,), /(WOI/‘ 5)i1)- ROWorky),., - RWorks), - RWorky), , x

—+

XR(Worklz)t |- R(Not _ WOFk[E cas )i-1 R(Work Cas—spp )i R(Wo”kspp cspsc Vet
+R(W0”k142 ), = R((Workfz ), /(Workﬁz )i1)- R(Workll)t—l -R(WOI/’]% )it 'R(Workg)m X

x R(Work), R(WorkIE cas s - RONOt _workys spp), - ROVOYk §pp cspoc),y +
+ R(Wor 12), = R((Work, ), /(Wor 12 )tfl)-R(Workll)H -R(Workf)H -R(Workg)F1 X

XR(Worklz)t 1 R(Workw c4s )i-1 R(Work cus—sep )i - R(Not _ WorkSPP cspse )i

- for ship power plant failure risk distributions in BBN:
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R(Worky), = R(Worky), |(Worky), ) - RWork),, - R(Work;),_, x

X R(Workg)t_1 . R(Workéicf,s ' I’Q(WorkéAS_&Dp)t_1 +

+R(Worky), = R(Work]), (Not _work;),_,)- R(Work,),_, - RWork}),_,
x R(Not workif)t_1 . R(Workéicfls o R(Workéls_m,)t_l +

+ R(Worky), = R(Worky), (Worky),_,)- R(Not —work,), , - RWork}), ,x  (10)
XR(WO’”k; )i 'R(Workle7CAS -1 'R(WorkéAS—SPP)t—l +

+R(Worky), = R(Worky), (Worky), ,)- RWork,),_, - R(Not _work}),_,
x R(Worky),, - RWork . c45), - ROVork s spp), +

+ R(Worky), = R(Worky), |(Worky), ) - R(Work,),_, - RWorky),, %

X R(Workg’)t_1 -R(Not Worké;AS )i R(Worké‘AS—SPP)t—l +

+ R(Worky), = R(Worky), (Work),.,) - RWork,), , - RWork}), , x

x R(Work}), , - R(Work ; - R(Not _work} s op),

IE_CAS
- for distributions of the risk of failure of the compressed air system of the power
plant in BBN:

RWork?), = R(Work}), (Work3), ) RWork)), , - RWorky), - RWork . .6, +
+ R((Workf ), /(Not _ wor/’c32 ) R(Workl1 ), - R(Not _ work32 ), - R(Work fE:C us )i T
+ R((W0rk32 ), /(Work32 ),.1): R(Not _ workll),_1 . R(Work32 ), 1" R(Workaic/lS ot
+ R((Work32 ), /(Work32 ),1)" R(Workll)t_1 . R(W0rk32 ), - R(Not work,ZE_C s )i (11)

RWork)), = R((Work,), /(Work)),_,)- R(Work}),_, + (12)
- for the distributions of the risk of failure of the input component of the EMS in
BBN:

+ R((Workl1 )/(Not _ worlq1 ),1)-R(Not workl1 )i

If after 20000 hours. operation, the CSPSC subsystem is in a working state, then a
study is carried out on the operability of the CAS, SPP subsystems that affect the
operability of the CSPSC, the failure of which can lead to the failure of the entire SPP.

After maintenance of the CSPSC subsystem, the assessments of the risk of
failures of the SPP subsystems are recalculated. Because The SPP directly affects the
CSPSC, so this subsystem needs to be tested. The failure of the SPP will be the
probabilistic cause of the failure of the CSPSC subsystem. After the maintenance of the
SPP, the data on the technical condition of the SPP subsystem is updated, and the
assessments of the risk of failures of the SPP subsystems will be recalculated. If after
maintenance of the CSPSC and SPP subsystems, as well as recalculation of the failure
risk assessment for these subsystems, then it is necessary to check the CAS subsystem.
The failure of the CAS will be the probabilistic cause of the failure of the CSPSC
subsystem. After the CAS maintenance, the data on the technical condition of the CAS
subsystem are updated, and the assessments of the risk of failures of the SPP
subsystems will be recalculated.

Thus, based on the intellectualization of the estimation of the TS FS, FC, FIC and
FI of the CTS links by diagnostic features, it is possible to search for the causes of
failures of the ship's CTS components.

Conclusions. Based on the evaluation of the TC systems by diagnostic features and
predicting the risk of failures in their composition, the search for the causes of failures
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of FS, FC, FIC and FI of ship CTS communications was intellectualized. In the course
of the study, the principles of functioning of an intelligent system for searching for the
causes of CTS failures with insensitivity to incomplete technological data about it were
formulated. The principle of functioning of the intelligent system for searching for the
causes of CTS failures by assessing and predicting the risk of failures of FS, FC, FIC
and FI links, its structure, in terms of technical and technological foundations of
construction, is implemented using the example of a ship power plant. A model for
searching for the causes of CTS failures has been developed, which can be considered
as a conceptual model with relative insensitivity to incomplete technological data about
the system. Intellectualization of the search for the causes of CTS failures, taking into
account hierarchical levels, makes it possible to determine vulnerable subsystems
(components) on the basis of assessing the technical condition by diagnostic features
and predicting the risk of failures.
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IHTEJEKTYAJIZALUS NOIIYKY NPUYUH BIIMOB
KOMITIOHEHTIB CKJIAJHOI TEXHIYHOI CHCTEMH
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[ocraBmene y crarTi 3aBHaHHS TOJATAE B IHTENEKTyadi3alil MOMIYKY MPUYMH BiJMOB IiICHCTEM
(KOMIIOHEHTIB), MI)KCUCTEMHHUX (MI>KKOMIIOHEHTHHX) 3B'I3KiB CYTHOBHX CKJIQ[HUX TEXHIYHHX CHCTEM Ha
OCHOBI OIIIHIOBaHHS TEXHIYHOTO CTaHY CHCTEM 3a JIarHOCTHYHUMHU O3HAKaMH Ta MPOTHO3YBAHHS PH3UKY
BIZIMOB y iXHbOMY cKiaai. MeTorw crarti € 3a0e3lneveHHs HamiiHOCTI pOOOTH CKIaJAHHUX TEXHIYHUX
cucteM. HoBu3Ha oJiep)KaHUX pe3yJbTaTiB MOJISATae B TOMY, IO B XOJI AOCITIKEHHS CHOpPMYIILOBaHO
NPUHIMIY (YHKIIOHYBAHHS I1HTENEKTYalbHOI CHCTEMM IOUIYKY NPHYMH BiIMOB CKJIAAHOI TEXHIYHOI
CHCTEMHU 3 HEYYTJHBICTIO J0 HEMOBHHX TEXHOJIOTIYHUX NaHuX npo Hel. [lpuHuun ¢yHKuioHyBaHHS
IHTEJIEKTYalIbHOT CHUCTEMH TOIIYKY MPUYMH BiJMOB CKJIaJHOI TEXHIYHOI CHCTEMH 3a OIlIHKaMHu Ta
NPOTHO3YBaHHSI PU3MKY BIJIMOB MiJICUCTEM (KOMIIOHEHTIB), MIDKCUCTEMHUX (MI?KKOMITOHEHTHHX ) 3B'3KiB,
il CTpyKTypa, Yy TepMiHax TEXHIYHMX Ta TEXHOJOTIYHHX OCHOB IMOOYIOBM peali3oBaHO Ha MPHUKIIAJI
CYIHOBOI €HEepreTM4YHOl yCTaHOBKH. Pe3ynbraroM NOCIHIIKEHb TaKOX € po3poliieHa MOJENb MOIIYKY
NIPUYUH BiIMOB CKJIAJHUX TEXHIYHHMX CHCTEM, SIKA MOXKE PO3IIANATHCS SK KOHLENTyalbHa MOJENb, 110
BOJIOJII€ BiTHOCHOIO HEUYTJIMBICTIO /IO HEMIOBHUX TEXHOJOTIYHUX AaHUX MO cUcTeMy. [HTenekTyami3anis
MOLIYKY TPUYMH BiIMOB CKJIAJ{HOT TEXHIYHOI CHCTEMH 3 ypaxXyBaHHSIM 1€papXi4HUX PIBHIB JJO3BOJISIE HA
OCHOBI OI[IHIOBaHHSI TEXHIYHOTO CTaHy 3a JIarHOCTUYHMMHU O3HAKAMH Ta MPOTHO3YBAaHHS PH3HMKY BiJIMOB
BH3HAYATH BPA3JIMBI MMiICHCTEMH (KOMIIOHEHTH).

KunrwouoBi ciioBa: ckiiagHa TeXHIYHA CHCTEMa, IIJCUCTEMa, KOMIIOHCHT, MI>KCUCTEMHI Ta MiXKEIIEMEHTHI
3B'I3KH, MIarHOCTHKA, MPOTHO3YBaHH], MOJENb, OI[iHKAa PH3UKY BIIMOBH, IHTEIEKTyallbHA CHCTEMA,
MIOIIYK TPUYXH BiZIMOB
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