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ABSTRACT

System operation and maintenance always depends on system components’ characteristic. Further,
components which build a system yield unique system behaviors beside the components operation and
maintenance condition. The objective of paper presented here is to identify and understand behavior of
component and as well behavior of system under various operation and maintenance policies and to
understand the sensitivity of crew skill in determining the reliability and maintenance policy. The model
developed here can be directed to give maintenance policy options to the management as decision maker
and further, to provide picture on impacts of those options. This work presents a user friendly and easy
model to simulate the effect of various operation and maintenance plans to the system reliability, operation
cost, and maintenance cost, as well as the sensitivity of crew skill in affecting the maintenance schedule and
the system reliability. For each plan of operation and maintenance, this simulation models failure rate, time
to maintain, decision whether to maintain or not, degree of how good maintenance done, effect of
component after maintenance to the system, maintenance cost, and operation cost. A case study of main
engine cooling system is presented using previous works data [1]. The simulation shows prognostic results
for a given scenario of system configuration, operation, and maintenance plan.
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1. BACKGROUND performance loss caused by lack of maintenance,
maintenance cost, and earning loss.

System dynamics (SD) concerns a system’s
dynamic behavior over time under various
conditions. SD is designed to investigate cause-
effect relationships among equipments as well as

Further, maintenance strategy and system
performance, especially for marine systems, is
heavily affected by the skill of maintenance

the characteristic and functions of a complex
system. Through this better understanding, a
conscious learning on interaction among
components in a system could help decision maker

of doing operation and/or maintenance of
component and system.

Dependence of a system reliability and
performance to the way of operation and

maintenance management is absolutely certain.
Two identical systems or components might not
give the same performance in different treatment
and different operating condition. System reliability
certainly related to operating time period, failure
rate of each component, and restore rate of
maintenance. Whilst total expenses is affected by

engineer (crew skill). The affect of the crew skill,
however, is hardly defined. This paper tries to
model the unknown behavior of inter-relation
between crew skill, reliability and maintenance
schedule using SD, by representing them as a
cause-effect relationship linking among components
in a system. In such a way, a better understanding
of system behavior can be expected, and further, a
better operation and maintenance management
could be reached by a better understanding of
system behavior.

2. LOGIC OF CAUSE-EFFECT DESIGN

SD simulation is able to present not only of what
happens but also why it happens [4]. SD is designed
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to correspond to what is, or might be happening, in
real world. SD is relatively close to the system
thinking (ST) which produces causal-loop flow to
illustrate common behavior while SD itself
translates the understanding gained by ST into a
computer simulation model [6].

SD works based on the principle of cause-effect
with feedback and/or delay depends on the
complexity of system [7]. The idea is that actions
and decisions result consequences. When actions
and decisions change, the consequences will also
change. Therefore, we can simulate any possible
consequence of system operation and maintenance
decisions we plan to take.

Figure 1 shows a causal relationship diagram of a
component behavior. The component behavior
could be explained with its reliability and
performance. The reliability and performance are
dynamic since in general, they reduce or possibly
increase with time and always depend on other
related factors such as environment condition,
operation condition, and maintenance. The crew
skill will directly affect the restore rate, and
inherently also affect the failure rate of the

diagram above can be illustrated in a simple SD
model as shown in figure 2.

From the model, by shifting the failure rate bar
(in the middle), SD will present different
component reliability over time (right side). This
will inform us the probability of component
survival given times. Therefore, decision whether to
maintain or not then also can be determined or
simulated after reaching a certain minimum level of
reliability.

3. MODEL DEVELOPMENT FOR A MAIN
ENGINE FUEL OIL SYSTEM

Let us define T is random time of a component
failure then the distribution of failure or recognized
as unreliability function given by,

F(t)=P(T <1)= j Fu)du fort>0 (1)
0

Reliability  function R(t) represents the
probability that a component does not fail within a
certain time interval (0,t), it can be expressed as,

components. The reliability causal relationship R()=1-F()=P(T >t) for t>0 (2
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Figure 1. Reliability And Performance Causal Relationship Diagram
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Figure 2. A Simple Example Of SD Simulation Diagram
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A system configuration could either be a series,
parallel, series-parallel, parallel-series, k out of n,

redundant, or even complex configuration.
Following is a short discussion of system
configurations reliability modeling: series and
parallel configuration.

Series configuration:

The series configuration is the simplest

configuration and the most commonly used in
practice. The block diagram of series configuration
and parallel configuration is given in figure 3.

Figure 3. A Series Configuration

For this configuration, all components must be
operating to assure system operation. The system
fails if one of the components fails. If Pr(Ei) is
probability of an event Ei that component i operates
successfully during a certain period of time thus
reliability function of a series configuration is given
by,

R, = Pr (all components operate successfully)

R =Pr(ENnE,Nn..E, ,NE))
R =]]Pr(E)
i=l

Therefore, when assumed that each component
operates independently, the system reliability for
series configuration could be expressed by,

rR=TT % 3)

Where R; is reliability of component 7.

Parallel configuration:

O aE

Figure 4. A parallel configuration

For parallel configuration, system fails if all
components fail. In other words, system will
successfully operate if any component performs its
function. Thus, probability of parallel configuration
being success is union probability of all paralleled
component which can be written as,

R, = Pr (any components operate successfully)
R,=Pr(E, VE, U..E _VE)
R,=1-Pr(E,NE,N.E, NE,)

If the probability of failure (unreliability) of a
single component is expressed with Q, then

RP:I_QP:I_H:,:]Q’ (4)

A main engine Fuel Oil system is taken as a case
study in this research. The main engine Fuel Oil
system shown in figure 5, Fuel Oil is pumped from
base tank to daily tank using pre-filter with water
separator to separate the impurities contained in the
Fuel Oil, further from the daily tank supply were
bought to the duplex filters selectable by the fuel oil
delivery pump to the fuel oil injectors, the
remaining fuel oil is returned to basis tank through
the overflow valve, the next process repeated as
before.

Data used for this case study, given in table 1, are
the failure rates of component of Fuel Oil system

[5].

N6 zum Leckkraftstofi- Sammelbenaiter

Figure 5. Main Engine Fuel Oil System

1. Main Engine. 7. Over Flow valve.

2. Fuel Delivery pump 8. Sheet of valve

3. Fuel Priming pump 9. HP Fuel valve

4. Duplex Filter 10-13. Pipe fuel
Selectable 14. Flexible pipe

5. Fuel injection pump  15. Pre Filter Water

6. Fuel injector Separator

Tablel: Components, Failurerate, TTR, Reliability, Cost.
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failure TTR
NO Component Rel Cost/hour : F
P rate (hr) | (hr) C5 Rel Low Lim C5 Rel Low Lim
1 Pre-filter (sep) 4846 094 | 046 | $75.00
2 Fuel pump 5984,66 238 | 0.69 | $150.00
3 Fuel deli. pump | 598433 241 | 0.69 | $150.00 @_‘ ) ]— . [i>
4-5 | Duplex filter 483,66 0.94 | 043 | $75.00 LI L L
6 | Fuellnj. pump | 593866 | 4333 | 0.67 | $160.00 080000 G0 080 90" 20
7 Over flow valve 5742 47.59 0.66 | $150.00
8 Sheet off valve 5859,66 | 4433 | 0.81 | $150.00
9 Fuel Injection 2879.66 | 4733 | 0.71 | $150.00
C5 Crew Skill
5‘0 160 léﬂ ZEI}D
%

Figure 6a. Reliability Block Diagram, Fuel Oil System

The system Reliability then is expressed
mathematically using equation (1-4). The Equation
is used for final calculation formula in an auxiliary
of SD; placed in a black auxiliary in Figure 6b.
Data used for this case study given in table 1, are
the failure rates of component of fuel oil system [1].
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Figure 7. An Example Of Reliability Plot Of A
Component With And Without Maintenance

'S

. C1 Skil FactogTo LowestR
cskill % \

M

C1 Time step C1 Reset

Ct Lamda

C1 Skill Factor to
Cost

C1 Labor Cb’sr—‘

Figure 8. A Control Panel For Each Component

When the simulation is run by time, condition of
each component can be set either run or maintain,
as shown in figure 8. If “run” is set, the failure rate
reduces reliability. At the same time there is no
additional cost but performance loss. When
“maintain” is set, restore rate is applied to the
component and reliability of component will
increase and the performance as well, but it
increases the maintenance cost. On the other plan
scenario, “maintain” mode for each component
could also be set as periodical maintenance (for
example, every three months) using command time
cycle of the SD program. The model could also be
able to relate the failure effect of one component to
other component(s) if it is set. That means the
model could state that no component is

independent. To relate the failure effect among
components, previous
utilized [6].

studies result could be

ST S Ry N N v A/

LossRate
C1 Total Maint Cost
LaborCost

Figure 6b. Causal Relationship Diagram Of Component
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Figure 8 is the control panel for each component.
This control panel is to control the characteristic of
component based on the historical data, operation
data, and/or reliability value. In addition, decision
when to operate or to maintain is also controlled
from this control panel. The simulation results:
system reliability, performance loss, earning loss
and maintenance cost are then obtained after
simulation for given certain scenarios. Therefore,
operation and maintenance plan could be easily
simulated using system dynamics in seeking the
best plan based on safety and economic point of
view.

4. SENSITIVITY OF CREW SKILL TO
MAINTENANCE COST AND SYSTEM
PERFORMANCE

Relationship between reliability level and
performance might not be able to be defined
clearly. However, in general, reducing reliability
will always be followed by performance loss
because reducing reliability level caused by aging
factor, wear out, lack of maintenance, etc., also
result performance loss, Reliability plot of a
component with and without maintenance. It is
illustrated in figure 7.

The question will then come up on how the crew
skill will affect the system performance (reliability)
and its maintenance strategy (schedule) To enable
analyze it, the existing SD model is then further
developed by varying the crew skill (incrementing

by certain percentage to the current skill of 100%)
and examine its implication to cost (maintenance
cost) at various level of reliability.

As shown in 9, SD model is developed by
integrating 9 components. The reliability of each
component is analyzed at a certain time increment
and when the reliability index reaches the minimum
allowable limit then the component will be
maintained at a certain time to maintenance (TTM).
The TTM will be very much depending upon the
skill of maintenance crew and the existing condition
is set to be 100%. Better crew skill requires less
TTM. The simulation if set for a time duration of 1
year.

Figure 10 shows the result of SD Simulation of
effect of crew skill to maintenance cost at various
reliability levels. As shown, the increase of crew
skill can be perfectly simulated in affecting the
increase of consequence (maintenance cost) at a
certain reliability level. It means that policy in
enhancing the skill of maintenance engineers will
reduce the maintenance cost and at the same time,
the increase of reliability requirement (level) at a
certain crew skill will directly affect the cost of
investment (due to utilization of higher quality
components) and cost of maintenance (due to more
frequent maintenance). Considering the fact, it
would then very much necessary to examine the
extent of increase of crew skill that finally provide
the minimum cost.
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Figure 9. Effect Of Crew Skill To Cost At Various Reliability Levels
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Crew Skill Vs Maintenance Cost
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Figure 10. Crew Skill Vs Maintenance Cost
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Figure 11. Effect Of Crew Skill To Maintenance Cost

Having simulated the SD model to a simulation
time of 1 year, it is found that the maintenance cost
is significantly affected by the crew skill, as shown
in Figure 10. For all minimum level of required
reliability index (LL 0.6 to LL 0.8), the minimum
maintenance cost is obtained at various crew skills.
In general, however, it is clearly a certain level of

crew skill improvement required to provide the
minimum maintenance cost for each level of
reliability index.

Figure 11shows a clearer picture of the above
result obtained by comparing two levels of
reliability index. At a required level of reliability of
0.6, the increase of crew skill of 20% to the current
condition (at 120%) results in the minimum
maintenance cost. This means that with regards to
system complexity, skill improvement of more than
20% will give no additional advantage in reducing
the maintenance cost. The same situation is also
shown when the required reliability level is set to
0.7, and then the minimum cost is found at 30% of
crew skill improvement. In general we can also see
the picture that increase of system complexity
requires more skillful crew as well as more
investment through skill improvement program.

5. CONCLUSIONS

The simulation shows prognostic results for a
given scenario of system configuration, operation
and maintenance management. Using SD
simulation, the behavior of each component and
integrated system could be studied. Further,
operation and maintenance activity contribute to the
performance could also be simulated with SD.
Therefore, it informs the management the best way
of operation and maintenance.

Further to that, this research proves that
correlation between crew skill and maintenance cost

L
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is existed. However, it is valuable to understand the
extent of crew skill improvement to manage the
assets that eventually provide technical and
economical benefit. Unmeasured program in
improving the crew skill does not necessarily
provide best solution without considering the
complexity of the managed system.
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