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The article is devoted to solving the problem of improving the quality of operational diagnostics of the ship
main engine in real time. Modern technical diagnostic systems must perform quick and high-quality
identification of increasing malfunctions for the most effective use of monitoring results when solving
operational tasks with the issuance of recommendations, which will allow expanding the competence of
technical personnel in the decision-making process. Therefore, an important task is the development of
mathematical models of time series of measured values of controlled parameters, which will allow to improve
the procedure of operational diagnostics due to the detection of the probability of failure of ship engine units
before the area of the most intense wear or destruction. In order to improve the existing methods of technical
diagnostics of technological equipment, effective operational diagnostics algorithms have been developed,
which are implemented in software modules and fully take into account technical and economic requirements,
stochastic nature of external influences. When building the operational diagnostics algorithms, the specifics of
the processes taking place in the ship main engine were taken into account, modern techniques and methods of
mathematical modeling and information theory were used. On the basis of the values obtained as a result of
measurements of the controlled parameters of the ship main engine, autoregressive models of the moving
average were selected, which describe the obtained time series as accurately as possible. The parameters of
the autoregression models were identified using the method of least squares. A method of operational
diagnostics based on the determination of spectral entropy and the procedure of logical-time processing is
proposed. On the basis of the developed mathematical models and the proposed diagnostic method, an
automated system of operational diagnostics of the state of the ship main engine has been developed, which
allows timely detection of critical modes of operation of technological equipment in real time.
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Introduction. In the process of developing ship diagnostic and monitoring systems,
complex automation of equipment is increasingly being used with an increase in the degree of
operational computer processing of information [1]. The improvement of information processing
methods in systems for monitoring and diagnosing the condition of technical equipment is caused
by an increase in the number of monitored parameters, stricter requirements for maintaining optimal
operating modes, and the development of methods for operational diagnostics and forecasting of
equipment condition. Since the ship main engine, as a complex control object, consists of a certain
set of components and systems, the technical condition of each component is determined by a group
of diagnostic parameters [2].

Statement of the problem. The fundamental task of the ship main engine condition
operational diagnostics is to compare the current technical condition with some reference
(completely normal, corresponding to the nominal passport characteristics) condition to support
decision-making [3] by technical personnel about the admissibility of further operation of the
object.

Operational technical diagnostics are carried out without any dismantling (disassembly) of
the object and consist in the systematic determination of all parameters characterizing the operating
mode, external conditions, fuel and oils used, the flow of the work process, the technical condition
of working components and parts as well as the functioning of service systems [4]. Therefore, an
important task is the development of methods, models, algorithms and software modules of
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operational diagnostics, versatile and applicable to any complex technical object, which will allow
to detect a malfunction in a minimum time interval. Considering the above, the mathematical
formulation of the problem of technical diagnostics can be written in the form

At=t, —t;, > min, 1)

where At — the time interval required to identify a malfunction of a technical object, t, — fault

occurrence timestamp, t,— fault detection timestamp.

Analysis of the recent research and publications. A modern monitoring system for the
ship main engine is designed as a single hardware and software complex that analyzes parameters
and partially calculates the work process in real time. The most well-known modern systems of this
type are:

1. KONGSBERG Engine monitoring systems [5]. KONGSBERG Engine Monitoring
Systems consist of bearing monitoring components covering Bearing Wear, Water in Oil,
Temperature of all bearings and additional measuring points such as Cylinder liner and exhaust gas
temperature. Software & system components are common with the K-Chief 600 marine automation
system and the AutoChief 600 propulsion control system, allowing integration and joined support.

2. MAN Energy Solutions SaCoS 5000 engine control system [6] — is the evolution of the
well-known SaCoSone control system with proven reliability, robustness, tailored functionality for
the demands of MAN Energy Solutions engines and extended safety features.

3. Praxis Automation Technology B. V. engine control system Mega-Guard ECS [7]. This
Monitoring & Control system is an independent programmable system that monitors the operational
parameters of the diesel engine and automates the diesel engine operations. The Monitoring &
Control System main functions are: backup safety shutdown; monitoring and alarming of potential
harmful or dangerous engine parameters; load (rpm) reduction request in case of engine overload or
deviation from normal running conditions; low temperature cooling water thermostat control; self-
diagnostics and sensor diagnostics; pre-lube oil pump control.

4. Wirtsila Engine Control System WECS—-9520 has been specially designed for two-stroke
engines with Wirtsildi Common Rail technology, covering all engine-related and cylinder-related
control functions [8]. Fig. 1 is a schematic representation of the related components and their
interconnections. Main components of WECS-9520:

— Control box E90 (SIB) as communication to the external systems, containing a FCM-20
module as *Online Spare’.

— Per cylinder a control box E95.xx, containing a FCM-20 module each for engine and
cylinder-related control functions.

All modules are connected by the system bus. All control boxes (E90, E95.xx) are arranged
on the rail unit, and power supply box (E85) is placed nearby the engine.

Engine-related control functions:

— Fuel rail pressure

— Servo oil pressure for exhaust valve drive.

All engine-related control functions are distributed within six FCM-20 modules (cylinders
1-6). For safety reasons all important functions, input and output signals of the modules are
redundant. The engine remains in operation if one module fails. The power supply is also
redundant. A defective module could be replaced with the *Online Spare” module. The control box
E90 must subsequently be completed with a new module as ’Online Spare’ which will receive a
download of all application data.

Cylinder-related control functions:

— Volumetric injection control

— Exhaust valve control

— Starting valve control

— Crank angle sensor.
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Every cylinder is equipped with an FCM-20 module. A redundant CANopen bus provides
communication between the FCM-20 modules (system bus). The FCM-20 modules receive the
crank angle signal via a redundant SSI bus. If a FCM-20 module breaks down, the respective
cylinder is cut out. The other FCM-20 modules remain in operation.

The *’Common Function’ to the external systems is ensured by data buses to the propulsion
control system and to the ship alarm and monitoring system. They serve as interface between
operator and engine control.
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Figure 1 — Wirtsild Engine Control System WECS-9520 structural scheme

The disadvantages of the considered systems are the averaging of the measurement results of
the operating parameters of the ship main engine, which leads to the loss of the most informative
part of the diagnostic information that must be used in the decision-making process by technical
personnel.

The aim of the research is to develop a method of the ship main engine condition
operational diagnostics using the logic-time processing of the measurement signals of the controlled
parameters based on the entropy approach for high-quality identification of increasing faults in real
time and the most effective use of monitoring results to solve operational problems with the
production of recommendations, which will expand the competence of technical personnel in the
decision-making process.

Main part. To improve the method of operational diagnostics, an analysis of the operating
parameters of the Wairtsila RT-flex50-B ship main engine was carried out, characterizing the
operating mode, external conditions, fuel and oils used, and the flow of the working process.

The ship main engine was considered as a complex technical system. Its working processes
in each cylinder are subject to random disturbances, which requires the use of time series processing
methods, mathematical statistics, information theory and the theory of random processes to describe
them. Figure 2 shows the surfaces of the measured cylinder-related controlled parameters
depending on the cylinder number (Cyl. #) and the measured value number (Mes. #) in the time
series.
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Figure 2 — Surfaces of cylinder-related controlled parameters

It is advisable to construct mathematical models of the controlled parameters dynamics for
use in the process of technical object condition diagnostics with help of time series regression
analysis methods [9].

The autoregressive model is based on the assumption that the value of a process yl[k]

depends linearly on a certain number of previous values of the same process y[k —1],..., y[k —n].

To achieve greater accuracy in identifying the controlled parameter, it is advisable to
combine autoregression and moving average in one model [10]. Then the analyzed time series of
controlled parameters can be presented in the form of a model:

y[k]=a,y[k -1]+a,y[k - 2]+a,y[k - 3]+..+a,_,y[k—n]. )

To identify the parameters of model (2), the least squares method can be used. From the
experimentally measured data it was obtained:

Y =xa, ©))

where Y =[y[n+1] y[n+2] ... y[N][are the elements of the time series starting from n+1

order.
The vector of model parameters is determined according to:

a=[x"x]'x7y, (4)

where matrix X isa matrix of input factors, which is formed from elements of a time series:
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As a result of calculations according to formulas (2) — (5), mathematical models of the

controlled parameters for each of the 6 cylinders were obtained. For example, in Fig. 3 shows a
graphical representation of the measured parameters (dots) and the predicted parameters according
to the obtained mathematical models (solid line) for cylinder #1.
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Figure 3 — The measured parameters (dots) and the predicted parameters (solid line) for cylinder #1.
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As a result of processing the values of controlled parameters, model coefficients of 5th order
were obtained. On the basis of the obtained parameter vectors a for each of the 6 cylinders,
matrices of mathematical models of the corresponding controlled parameters were formed: A, . —

for exhaust gas temperature, A .., for under piston temperature, A, - for HT cooling water
temperature, A, — for piston cooling oil temperature. The obtained matrices have the form:

0.895
-0.11
0.08

-0.04
0.174

0.533 0.645 0.631
0.1 0.178 0.256
0.1  -0.028 0.142
0.026 0.139 -0.05
0.241 0.067 0.022

0.724 0.784
0.233 0.124
0.162 0.015
-0.169 -0.117
0.05 0.194

AT ex.gas

0.725 0.516 0.325
0.092 0.275 0.14
-0.256 -0.042 0.016
0.433 0.094 0.383
10.007 0.158 0.137

0.679
0.064

0.462 0.235
0.134 0.209
0.063 0.054 0.191
0.298 0.17 0.211
-0.105 0.18  0.154

AT __piston =

(6)

Ar e

0.358 0.364
041 0474
0.274 0.137
-0.157 -0.06

0.43 0.127
0.345 0.411
0.153 0.329
-0.077 0.085

0.49 0.336
0.301 0.306
0.198 0.392
-0.007 -0.081

0.149 0.048

10.116 0.084 0.018 0.047

0.455
0.008
0.123
0.172
0.243

0.301
0.187
0.002
0.298
0.211

0.647 0.836 0.741 0.356
-0.137 -0.088 -0.099 0.138
0.319 0.257 0.36 0.179].
-0.003 -0.077 0.015 0.308
0.174 0.072 -0.017 0.019 |

AT _c.oil =

The adequacy validation check of the obtained mathematical models was carried out using
the root mean square error of recovery of the predicted time series according to the formula

B (7)

where N is the number of readings, y,; are the actual normalized values of the time series, and y,;
are predicted values, i =1,N .

The values obtained as a result of sigma calculations according to formula (7) belong to the
range (3...5)-10~°, which satisfies the accuracy requirements.

The next important task is the development of an algorithm for the diagnosis of the ship
main engine based on the assessment of the normalized energy spectrum of the measured signals

and spectral entropy. Diagnostics based on spectral entropy consists of a sequence of the following
stages [11-13].

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin



HayxkoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOPChKOi akaaeMii NSl RPITr i Rp {1 rL]
A spectrum is calculated for each s -th segment of length AN as

AN -1
Y,(k)= Yy (n)e &M% K 0,AN~1, seLN/AN . ®)

n=0

The normalized energy spectrum is calculated according to the formula

W, (K
M09 = g
> W, (m) (9)
m=0 , where W, (k) = [V, (k)|".
A rule is used to suppress narrow-band noise and wide-band white noise
(=0 ¢ d, <|W, (k)] < 4, (10)
Then the spectral entropy is calculated:
AN -1
He = D W, ()] 1glW, (k)] (11)
k=0

Filtering is carried out according to the algorithm of median smoothing of the sequence
H,...,H_, L=N/AN, and the sequence of entropy estimates H,,...,H  is obtained.
An adaptive threshold is calculated in the form
max I:'IS +min I:'IS
y= > ¥

(12)

where u is a parameter determined experimentally.
If y> H,, then the segment of the signal is considered normal, where there are no deviations
of the controlled parameters from the nominal values (P =1). If y< |—~|S , then the segment of the

signal is considered abnormal, where there are deviations of the controlled parameters from the
nominal values (P =0).

The results of the proposed diagnostic method without deviations from the nominal values
of the controlled parameters are shown in Fig. 4, and in the case of deviations — in Fig. 5.
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Figure 4 — The results of the diagnostic method without deviations
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Figure 5 — The results of the diagnostic method with deviations

On the basis of the developed mathematical models and the proposed diagnostic method, a
structural diagram of the automated system of operational diagnostics of the condition of the ship
main engine was designed, shown in fig. 6. The technical condition of each node of the ship main
engine is determined by a group of diagnostic parameters. The structure of the operational
diagnostics system includes: a database, modules for building mathematical models of monitored
parameters with adequacy verification, an interactive interface for interaction with the technical
personnel. The database [14] is formed from arrays of numerous values of controlled parameters.
The Problem Symptoms Identification Subsystem estimates the current state of the monitored
parameters. The result of the analysis is issued by the device in the form of a signal about the
normal or abnormal technical condition of the engine.

The implementation of the operational diagnostics system based on the developed
mathematical models and the proposed diagnostic algorithm, based on the methods of determining
spectral entropy and logical-time processing, allows to formalize the procedures of information
support of the technical personnel (Decision Maker) in the assessment of the technical condition of
the ship main engine according to controlled parameters.

The implementation of the diagnostic algorithm assumes the following conditions: the
process of changing the technical state of the object is monotonous; the limit value of the diagnostic
parameter should be known; the trend model of the diagnostic parameter should allow extrapolation
that is satisfactory in terms of accuracy.

Similar methods and procedures should be applied to all groups of controlled parameters:
cooling water, lubricating oil, fuel oil, scavenge air, air, exhaust gas [15].
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Figure 6 — Structural diagram of the automated system of operational diagnostics

Discussion of results. The resulting autoregression models of the moving average
adequately describe the time series corresponding to the measured signals of the controlled
parameters for various parts of the ship main engine in various operating modes. The application of
the method of digital processing of registered signals opens up the possibility of finding
malfunctions in the operation of the equipment and makes it possible to evaluate non-nominal and
pre-emergency modes of operation of the engine. Visualization of the values of the controlled
parameters in the form of continuous surfaces enables the technical personnel to perform an initial
assessment of the operation of the equipment. The conducted studies showed that models of the
4th-5th order adequately describe the dynamics of the controlled parameters.

For further use of the obtained models for processing in software modules of the diagnostics
subsystem, it is advisable to present the calculated parameters of the models in the form of matrices
for individual parts of the equipment.

The proposed diagnostic method using the entropy approach makes it possible to determine
malfunctions of parts of the ship main engine in a time of no more than 2T, i.e. At<2T, where T
is the time interval between measurements of the values of controlled parameters. The monitoring
data used in the study were obtained at an average interval of T =8 minutes.

Conducted studies of the application of the entropy approach to the analysis of the
characteristic signals of the equipment showed the dependence of the obtained results on the
adjustment of signal processing parameters, such as: frame length, the value of the adaptive
threshold. For different signals of the controlled parameters of the same group, the optimal settings
of the parameters retain their values.

Conclusions. In the research, the method of the ship main engine condition operational
diagnostics was developed using the logic-time processing of the measurement signals of the
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controlled parameters based on the entropy approach. The proposed method of signal analysis using
autoregressive moving average for identification of model parameters. On the basis of the
developed mathematical models and the proposed diagnostic method, the automated system of
operational diagnostics of the condition of the ship main engine was designed, which allows timely
detection of critical modes of operation of technological equipment in real time.

Directions for further research. Further research is being expediently carried out in the
direction of the implementation of diagnostic and prognostic procedures, which allows to use
optimization methods and reserves of the actual technical condition at a qualitatively new level to
prevent failures and increase the inter-repair period.
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BUKOHY8AMU WEUOKY MA AKICHY [I0eHMUQIKayito HapoCmManuux HecnpagHocmell 0 HauObw eqh)eKmueHo20
BUKOPUCMAHHA ~ pe3YIbMAmie MOHIMOPUHZY NpU  SUPIWEHHI  eKCIIYAmayiiHux 3a60anHb 3  6UOAYelo
peKomeHOayil, wo 003801UMb POIUUPUMU KOMIEMEeHMHICIb MEeXHIYH020 NePCOHATY y Npoyeci NPULHAMMSI
piutens. Tomy akmyanbHow 3a0auero € po3pooKa MamemMamuyHux mMooesell Yaco8ux paoie GUMIPAHUX 3HAUEHb
KOHMPOIbOBAHUX NAPAMEmPIs, 5Ki 0036805Mb 800CKOHAIUMU NPOYedypy ONepamusHoi 0ilazHOCMUKYU 3A805KU
BUABNIEHHIO UIMOBIPHOCMI 8i0MOBU 8Y3/1i8 CYOHO8020 08ULYHA paHiule 06aacmi HAUOINbUL IHIMEHCUBHO20 3HOCY
abo pytiHysanHa. 3 Memor HNOKpAWeHHS ICHYIOUUX Memooi8 MexXHiuHOi OiazHOCMUKU MEeXHOI02IYHO020
001a0HaHHA pO3pOONIeHO eeKMUBHi  aneopummu  OnepamueHo20 OiaeHOCMYBAHHA, WO peani3osani y
NPOSPAMHUX MOOYJISAX | 8 NOGHIT MIDI 6DAX08YIOMb MEXHIUHI MA eKOHOMIYHI UMOSU, CIOXACMUYHUL XapaKkmep
306HIWHIX 6nausis. IIpu nobyoosi anreopummis onepamuerol 0iazHOCMUKU 6PAX08AHO CReYUPIKy npoyecis, ujo
8I00YBAIOMbCSL 8 20I06HOMY CYOHOBOMY OBUSYHI, GUKOPUCIAHO CYYACHI NPULOMU | MEMOOU MAMeMaAmuiHO20
MoOemosanHss ma meopii  ingopmayii. Ha 6a3i 3HaueHb, OMPUMAHUX Y pe3yabmami UMIPHGAHb
KOHMPOAbOBAHUX NAPAMEMPIB 20106HO20 CYOHOB020 O08USYHA OYIU 0Opani agmopezpecitini Mooeni KO83HO20
€epeoHbo2o, SKI MAKCUMATLHO MOYHO ORUCYIOMb OMpumMaHi yacosi psou. Ilapamempu moodeneu agmopezpecii
oyau i0eHmughikosani 3a 00NOM02010 MEMOOY HAUMEHWUX KEAOpamie. 3anponoHo8ano mMemoo onepamueHoi
O0IA2HOCMUKY, WO 3ACHOBAHUL HA BU3HAYEHHI CNeKMPANbHOI enmponii i npoyedypi 102iKo-4acoeoi o6pooOKu.
Ha ocnosi pospobnenux mamemamuunux mooeneil i 3anpoOnOHOBAHO20 MemoOy OiaeHOCMUKU pO3POoOIeHO
aA8MOMAMU308aHy CUCIEMY ONePAMUBHOI 0iaeHOCMUKYU CAHY 20JI08HO20 CYOHO8020 08UZYHA, KA 00380JIA€E
30TUCHIOBAMU CBOEUACHE BUABNEHHA KPUMUUHUX DeXNCUMI8 poOOMU MEeXHONI02IYH020 OONAOHAHHA 8 PedCumi
peanvHozo uacy.

Knrwouosi cnosa: 2onoenuii cyonosuti 0sueyn, 0iaeHOCMUKA, MOHIMOPUHE, [0eHMU@IKayis.
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