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Abstract: Experts of ship technology have varied definitions of smart ships. Some consider a smart ship to be an autonomous ship,

while others define it as an eco-ship with smart technology. Currently, shipbuilders and shipping companies need to urgently cope

with environmental regulations related to NOx tier III, CO2 Phase 2(EEDI and EEOI), and ballast water management, etc. These

entities aim to solve these types of problems using smart technologies such as ICT, IoT, M2M, big data analysis, and intelligent

technology. The most important aspect of a smart ship is the ability to transport valuable cargo safely, while reducing operating

expenses and complying with IMO environmental requirements. A necessary functionality of autonomous or smart ships is real-time

fault detection and diagnosis of machinery systems. This paper shows that real-time fault detection and diagnosis can be achieved by

the proposed method using real-time ship maneuvering data. This study used maneuvering data from ships’ engine logbooks.
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1. Introduction
shipping

environmental regulations related such as NOx tier III, CO2

Shipbuilders and companies must follow
Phase 2 (EDI and EEOI) and ballast water management, etc.
These organizations intend to solve these types of problems
using smart technology, such as ICT, IoT, M2M, big data
analysis, and intelligent technology. The most important
requirement of smart ship is that valuable cargo must be
transported safely, while reducing operating expenses and
complying with IMO environmental requirements. One of the
necessary functionalities of an autonomous or smart ship is real-
time fault detection and diagnosis of machinery systems.
Recently it is very popular to use technologies such as Al,
neural networks and big data analysis; however, these solutions
do not provide real-results of fault detection and diagnosis, as
well as requiring necessary big and different data sets to train
and test the system. Even for the same machine, output
measurements that can be used as factors to check for faults
vary according to the operation and installation environment.
Especially in ship operation, the fault status changes with
respect to sea state and loading condition. In a smart ship, it is
faults in real-time and obtain

necessary to detect

recommendations on how to fix the fault. The combustion process

inside the cylinder is one of the primary reasons for faults in
diesel engines. The combustion status in the cylinder affects the
output of the engine, causes fluctuation of RPM, and results in
faults being propagated to other parts. As it is very difficult to
measure the explosion pressure of the cylinder in order to check
the combustion status inside the cylinder in real-time, the
temperature of the exhaust gas and the pressure of scavenging
air are measured and compared with those of other cylinders.
This study improves the fault detection and decision algorithms
developed in previous studies [1]-[4] for consideration of real
time fault detection and diagnosis. The fault detection algorithm
of a previous study employed rule based fuzzy inference by
using the standard deviations (SDs) of all related measurement
items. For example, to detect and decide cylinder fault, related
items are the main engine (M/E) load, scavenging air pressure
and temperature, turbo charger (T/C) output temperature and
RPM, and cylinder exhaust gas temperature. A large amount of
time is required to apply the fuzzy rule based model to all these
parameters and the model is difficult to be implemented in real
time. Furthermore, because the load or RPM of the M/E is
related to all of the above parameters, it is found that only the
detection of the moving SD (MVSD) of the load or RPM of the

M/E is effective for detecting cylinder faults using statistical
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experiments with various real ship data. This paper proposes the
real-time detection of faults and confirms the use of a decision
making process, especially in diesel engines, by using real

operating data from ships’ engine room log books.

2. Structure of real-time fault detection and

diagnosis system

2.1 Characteristics of exhaust gas temperature of cylinder

The exhaust gas temperature of the main diesel engine and
generator engine were obtained as time series data from the engine
log book. Table 1 summarizes details of the ships used in this study.
Relatively new and old ships and various types of engines were

used to comprehensively understand the engine characteristics.

Table 1: Details of ships used to gather engine data

Shin’s Particular M/E G/E
narIr)le DWT, | manufacturer | Manufacturer | Built
LxBxD Rpm*kW | Rpm*kV A*set
5,918 |B&W6L35MC 6H21/32
N_MS 107x17x8 | 170*7600 900*1280*3 1996
N SE 12,800 B&W6S46MC- B&W 51.23/30 2010
- 142x23x11| C 129*10,710 {720*885(650)*3
N SS 13,000 B&W6S46MC-B&W 51.23/30H 2010
- 142x23x11| C 129*10,710 {720*885(650)*3
N _SU, | 24,000 B&W6S60ME- Igﬂ\glsgg 2013
1 *
Tier IT [172x28x17| C 89*13860 900*1120*4
YANMAR
P |io0x30c16] 112+10050p5 | M20OLENS | 1995
720*750HP *3
HiMSEN
2,636 | 6L42MC/ME
K HB i « 6H21/32 2005
117x18x11{176*8130 BHP 900%1200%3
H HH |4,024TEU 1992

Table 2 presents the statistical analysis of the M/E exhaust
gas temperature of N_MS.

Table 2: Descriptive statistics of M/E for N_MS

As shown in Table 2, the standard deviation of the No. 2
cylinder exhaust gas temperature was large in comparison with
those of other cylinders. This implies that the temperature of
this cylinder varies largely and the combustion is not even.
There are several possible reasons that can explain the large
variation in exhaust gas temperature; however, it is suspected
that the spray of fuel or the exhaust gas valve and piston ring
conditions are the most likely reasons. These types of value
should be compared in the long term and it must be evaluated if
the variation range is within a certain range. If the combustion
statuses of other cylinders are similar, then the Pearson
correlation coefficient (CC) of each cylinder should also be
within a similar range. Table 3 shows the relation of Pearson

correlation coefficient with other cylinders.

Table 3: CC comparison of M/E exhaust gas temperature

Item ExhGas | ExhGas | ExhGas | ExhGas | ExhGas | ExhGas
¢ T 2T 3T 4T ST 6T
ExhGas
IT 1
ExhGas
or | 063 1
E";lTGaS 723%* | .096* 1
EX;‘TG” 565%% | 056 | .661% | 1
Engas 515%% | 087 | .653%+ | 534%+ | |
Engas 676%% | 136%% | 812%% | 535%% | g55%x | |

where * indicates a significance level of 0.01 and ** indicates a
significance level of 0.05.

The CC of the exhaust gas temperature for M/E cylinder No.
2 was much lower than the CCs of other cylinders. This
indicates that the combustion status of the No. 2 cylinder may
be unstable and the combustion characteristics of the cylinder
may be different than those of other cylinders. It is necessary to

carefully observe the change in cylinder No. 2.

Item Average SD Number of data Table 4 and Table 5 show the descriptive statistic No. 1 & 2
GovPos 4.4047 0.12940 448 G/E of this ship.
RPM 168.012 4.6126 391
ScavAir P 1.067 0.1190 461 e .
Ethasl_T 351,19 16.580 455 Table 4: Descriptive statistic of No.1 G/E for N_MS
ExhGas2T 364.55 157.838 455 Item Average SD N
ExhGas3T 353.82 13.523 455 Watt 114.99 27.690 767
ExhGas4T 356.62 13.520 455 ExhGaslT 172.57 17.953 776
ExhGas5T 357.61 16.378 455 ExhGas2T 159.45 18.493 776
ExhGas6T 355.85 14.915 455 ExhGas3T 148.81 18.827 776
TC_Tin 405.31 164.293 455 ExhGas4T 179.34 24.415 776
TC_Tout 368.005 147.679 455 ExhGas5T 192.45 30.307 776
TC_RPM 17.334 9.7477 436 ExhGas6T 166.34 191.175 776
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The standard deviation of the No. 5 cylinder was slightly
higher than that of others; thus, its CC was compared with that
of each cylinder. The CC comparison of No. 1 G/E is shown in
Table 5. The lowest CC related with cylinder No. 5 was that
related with cylinders No. 3 and No. 6. However, the CC was
very high with respect to the significance level of 0.01; thus, the
trends of CC change must be checked.

Table 5: CC comparison of exhaust gas temperature for

No.l1G/E
Item ExhGas | ExhGas | ExhGas | ExhGas | ExhGas | ExhGas
T 2T 3T 4T 5T 6T
ExhGas 1
T
ExhGas -
or| 850 1
Ef??as 608%* | 624%% | 1
Engas 878%+ | 736%* | 486%* | 1
Engas TATRE | 623%% | 335%% | 844wk | ]
Engas T13%% | 755%% | 593+ | 523%% | 362%% | |

where ** indicates a significance level of 0.01.

Table 6: Descriptive statistics of No. 2 G/E for N MS

Item Average SD N

Watt 104.26 26.065 499
ExhGas1T 228.02 31.772 494
ExhGas2T 191.11 38.898 494
ExhGas3T 221.75 32.661 494
ExhGas4T 252.65 42.186 494
ExhGas5T 215.74 35.676 494
ExhGas6T 195.21 29.805 495
Table 6 shows statistical analysis for No.2 G/E. In

comparison with that of No.1 G/E, SD of No.2 G/E is higher
than that of No. 1 G/E.

Table 7: CC comparison of exhaust gas temperature for

No.2G/E
Item ExhGas | ExhGas | ExhGas | ExhGas | ExhGas | ExhGas
IT | 2T | 3T | 4T | 5T | 6T
ExhGas 1
1T
ExhGas %
T 238 1
Exgﬁgas 4697 | 5210 |1
XA | gsgns | 235 | 306% | 1
Exﬂ?as 500%* | .488%* | 7855 | 515%% |
Exﬁfkm 35THE | 427k | SA4%% | 510%k | 734%% ||

where** indicates significant level in 0.01.

The average exhaust gas temperature and SD of the No. 4
cylinder was highest in comparison with that of others; the
combustion of the No. 4 cylinder was suspicious. Investigation
of CCs is shown in Table 7. As shown in Table 7, low CCs
were related with cylinders No. 4 and No. 2, and with cylinders
No. 1 and No. 2. Thus, it is important to observe the trends of
cylinders No. 2 and No. 4.

With the above investigation using statistical calculations of
exhaust gas temperature, the combustion status inside each
cylinder can be observed. In a diesel engine, abnormal
combustion can occur due to various reasons such as lack of
scavenging air and compression pressure, condition of piston
ring, exhaust valve, fuel valve and fuel, lubrication of cylinder
liner, and carbon deposit.

These reasons may be the cause and the results of reasons,
because the reasons and results are to related each other. These
reasons may be found using a fault diagnosis tree and decision
making tree tracking phenomena. Therefore, it is very important
that faults can be detected while engines are running.

If descriptive statistical analysis can be conducted using time
series data from the alarm monitoring system (AMS), faults can
be detected as shown in above investigation. Descriptive

statistical analysis can be conducted using the following

equations.
_ Cov(X)Y)
Py = e, ISPy =1 @
1
Cov(X,Y) = — XLy (% — mx) (Vi — Hy) 2
where,

1 1
Hx = ;Zglzlxi »Hy = =YL i

n

1 1
0f = = XiLi(xi —w)? = — CLixf —nud) 3
1 1
of = — XL (i — wy)? = — Eiyyf —ni) 4)
where,

x:arrayl, y: array2

2.2 Structure of real time fault detection system

Engine room data can be categorized into the combustion
system of the diesel engine such as exhaust gas temperature,
T/C input and output gas temperature, and heat exchangers,
including cooler and heaters, and pumps and motor to circulate
cooling fluid. Data can be input in real time series from the

network via AMS or data files from the database. These data
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can be input separately for each categorized fault detection
system, as shown in Figure 1. The fault detection system
detects fault from time series data using descriptive statistics. If
the detected fault is confirmed with respect to relationships with
other cylinders, then diagnosis is performed by the diagnosis
and decision making tree. If the degree of degradation is

obtained, fault prediction can be estimated.

Fault Detection and Diagnosis

Categorization

Engine
Operational Combustion || Statistical
DB System Analysi

g

Data
Gathering

with others
Analysis

Statistical
Analysis

eat
Exchanging

Pump/Motor S
ystem

Decision
Support

yoday inding

Failure Prediction

Figure 1: Structure of fault detection and diagnosis system

Even if the same type of machinery is installed and operated,
the value of CC of each measurement may be different
depending on the ship. Thus, it is necessary to decide the proper

value of CC to be considered as a fault.

2.3 Fault detection algorithm

Time series data were input to the fault detection component
shown in Figure 1 separately depending on their type. Each
fault detection component calculates the moving average
(MAVR) and moving SD (MVSD) for each type of data. When
the MVSD is over the predetermined value (i.e., the fault
detection SD (FDSD)), the CC between each measurement item
is calculated. For example, for the main engine, the load or
RPM is related to the output of each cylinder because the
combustion of the cylinder is resulted in output of cylinder. To
detect faults in the cylinder, the MAVR and MVSD of the load
or RPM are continuously calculated. When the MVSD of load
or RPM is over the FDSD, the CCs of exhaust gas temperature
are calculated for all cylinders to identify the CC that is lower
than the predetermined value (i.e., FDCC). In case of the
generator engine, the load in terms of kilowatts can be used
instead of that in terms of RPM, because the generator engine
rotates with a constant RPM.

Figure 2 shows the fault detection algorithm. When a fault is
detected and remains over a predetermined time, the fault
diagnosis system attempts to identify its cause using expert
knowledge and a diagnosis tree. The diagnosis tree consists of

if-then components and expert judgement and knowledge.

Time series
data

|

Caculate
mavr, mvsd

MVSD
Y Caculate
CCs of MIs
‘ CC of MI

"V
Fault
Diagnosis

Figure 2: Fault detection algorithm

2.4 Fault diagnosis tree with expert judgement and
knowledge

Reasons of faults are composed with various reason and
combination of those reasons. To identify out the exact reason,
information regarding the fault as well as expert judgement and
knowledge are necessary. Figure 3 shows the fault diagnosis
tree when the fault detection system detects a specific cylinder
fault. The scavenging air pressure is dependent on the RPM or
load of the engine; in addition, the T/C RPM is dependent on
the temperature of the gas input to the T/C. When the system
detects a cylinder fault, values of scavenging air pressure are
compared and used to diagnose the fault of the scavenging or

turbocharger system.

Figure 3: Fault diagnosis tree

When the engine rotates at a certain RPM, exhaust gas flows
into the T/C. The T/C drives the blower connected to it. The
blower creates air pressure to scavenge the cylinder and provide
air super charged in the cylinder with fresh air. A scavenging air
pressure is properly established by the T/C rotation in a normal
case. The engine RPM, T/C RPM, and scavenging air pressure
are correlated by the cause of the fault and the result chain.
Combustion in the cylinder is related to the quantity of air, the
fuel and air mixture in the cylinder, the spray status of the fuel

valve, the injection time of the fuel, and the compression
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pressure, which is related to the status of the piston ring and the
lubrication of the cylinder wall. These reasons may be results of
combined reasons.

When a cylinder fault is detected, the diagnosis tree confirms
whether the scavenging air pressure and T/C rotation are
appropriately established. The most significant reasons for
cylinder faults are T/C and piston problems. Another reason for
unstable combustion could be exhaust and fuel valve leakage,
combustion and injection time faults. Because the injection time
is principally the most significant reason and can affect all
cylinders, cylinder faults can occur frequently due to fuel valve
leakage and spray conditions. These types of faults change
frequently depending on the conditions. Expert engineers can
check their status and plan maintenance measures. Figure 3
shows the series of steps in identifying the reasons behind the
faults. If the diagnosis tree finds significant faults such as T/C
faults and Pcomp (compressed pressure by piston movement)
faults, which involve lack of compression of air in the
compression stroke of the piston, then an expert engineer needs
to make a decision by comparing and considering more

information.

3. Experiments

3.1 Implementation of real-time fault detection and
diagnosis system

An automatic real-time fault detection and diagnosis system
(RTFDDS) is developed using C++ based on the description in
Section 2. The RTFDDS reads data from spreadsheet files,
which are acquired from a real ship’s engine logbook during a
time period of 6 months, and calculate the MAVR and MVSD.
According to the fault detection algorithm described in Figure
2, if the MVSD of the M/E load is over the predetermined
value, then the CCs of all cylinders are calculated. If the CC is
lower than the predetermined FDCC, then the faulty cylinder
can be identified. The system is implemented only on the M/E
for the time being and it will be developed in the near future
for the G/E, head exchanger, and the system of pumps and
motors.

The predetermined value of the MVSD and FDCC are quite
different depending on the ship even if the same machine is
used. Therefore, the proper degree of value should be
investigated and tests should be carried out after onboard
installation.

Figure 4 shows how the RTFDDS reads data from the

spreadsheet and calculates and displays online raw data (red),
MAVR (yellow) values, and MVSD (green) values for a
selected item. The upper graph shows the M/E load or RPM and
the lower graph shows the selected item, which, in this case, is

the exhaust temperature of the No. 1 cylinder.

Hores e
ng AT Mon | Fauk Uetacon | Enin He| Simaes

|‘ REAL TIME ENGINE MONITORING

COMBUSTION SYSTEM

HEAT EXCHANGE SYSTEM

Engine Out Temp-Timescc]

TEM MA MySD 1TEM [ MvSD

GitToa | 36 | iz [Ergrwrm ][ ]

Excel SheetName : [HI_Nform  +| [+ Show Excel __L04D AN

Figure 4: Real-time monitoring of RTFDDS

The graph on the left of Figure 5 shows the CC and MVSDs
of selected items 1 and 2; however, in reality, the MVSD of the
load or RPM for the M/E is calculated continuously in the
background and when the MVSD is over the FDSD, the system
calculates the CCs of all cylinders.

Real Time Foult Detection System

€S Sys tem SO HE and MP Sys ltem SO

Select Eng CS Sys hem
TEM1 TEM2  Corm Coeti" | FDCC TEM1 EM2 Corr Coettt"

Select Eng HE and MP Sys fem

(O¥1_1 Texd =] Oyt 2 Texd =] [ 0.066025 [
Fault State HE Faul State

AT Texh iz Texdh O3 Tedh WV EnaTia Eal Yout
TV Teh 5 Teh V6 Texh Ena CTin Ena CTout

T Texh il Texh OIS Texh
AT Ted| @ Cvim Teh, TR e
R Ve TS Tesdh A e
LT M ZSod ITE 3 Sod

A Sod Seav AP Seav AT

suans o

Figure 5: CC calculated between exhaust temperatures of No. 1

& 2 cylinder

When the CCs of the cylinders are lower than the FDCC,
then the LED lamps shown in the bottom part of Figure S turn
red. The FDCC can be adjusted by changing the input value as
shown in the middle box of Figure 5.

Figure 6 shows an enlarged version of the graph in Figure 5.
The graph in Figure 5 only shows the change in the CC for the
selected item; however, all the CCs are calculated when the
MVSD of the load or RPM of the M/E is over the FDSD in the

background of the system.
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n|[F<f ala o] = nlale

Figure 6: Enlarged graph of Figure 5, red: item 1 (No. 1
cylinder), yellow: item 2 (No. 2 cylinder), green: CC between
Nos. 1 & 2

4. Conclusion

Engine room machineries are mainly categorized as diesel
engines and auxiliary machines such as heat exchangers and
pumps and motors that circulate fluid for the engine. This
paper proposes an improved algorithm for real-time fault
detection and diagnosis in engine room machinery based on the
results of a previous study. This paper demonstrated fault
detection and diagnosis considering combustion inside the
cylinder of a diesel engine by calculating the MVSDs and CCs
of the engine load or RPM and the cylinder exhaust gas
temperature using a statistical analysis of various data from an
actual ship.

The developed system will be used to conduct onboard
experiments and will be extended to G/Es, heat exchangers,
pumps, and motor systems.

To apply the developed system onboard, it is necessary to
develop suitable and easy methods to determine the FDSD and
FDCC values that depend on the onboard system and the ship

considered in future studies.
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