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Reliability and availability are among the most important characteristics of
components and systems, and continuous efforts have been directed toward
their improvement and enhancement. This is because reliability and
availability are inversely related to the failure rate: the higher the reliability
and availability, the lower the failure rate. The electrical energy distribution
system constitutes one of the principal systems of a vessel, responsible for
supplying electrical energy to the entire vessel and to energy-consuming
loads such as propulsion systems, command-and-control systems,
surveillance systems, and auxiliary systems. Distribution switchboards are
among the main components of the electrical energy distribution system.
Accordingly, in the present study a bi-objective model has been developed
for the simultaneous optimization of availability and cost in a vessel
electrical energy distribution system that employs mixed redundancy. To
this end, the system behavior is first simulated by means of a Markov chain
and a phase-type distribution, and the problem is examined under a load-
sharing regime. Consequently, the failure of one component affects the
failure rates of the remaining components within the subsystem and
thereby elevates those rates. A single repairman is considered for the
restoration of failed components, and a maintenance-and-vacation policy is
adopted for the repairman in order to repair the failed units. The problem is
solved by the meta-heuristic algorithms NSGA-II and MOAHA under a
mixed-redundancy strategy. The results of the study identify the optimal
combination of type and number of electrical distribution switchboards in
each subsystem of the vessel electrical energy distribution system while
taking load-sharing effects into account, thereby yielding an increase in
system availability and a reduction in costs.
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1. Introduction

Nowadays, optimizing reliability and availability is
of particular importance in repairable critical
systems. This is because a reduction in system
reliability leads to system failure and downtime, as
well as shutdown costs and human and financial
losses. In addition, the availability of systems and the
amount of time they remain accessible when needed
are of special importance. Therefore, all maintenance
and repair constraints and policies must be planned
in such a way that each system and subsystem
achieves maximum availability so that it can also
meet the required demand levels.
One of the methods for increasing reliability is the
use of redundancy. The use of spare components in a
system or subsystem gives rise to different
redundancy strategies, which include:

e  Strategy l: Active Redundancy Strategy

e  Strategy 2: Standby Redundancy Strategy

e  Strategy 3: Mixed Redundancy Strategy
The active redundancy strategy (Golmohammadi &
Ardakan, 2022) is based on the assumption that all
redundant components operate simultaneously from
the start of the system’s operation, even though only
one component is required for the system’s function
at any given moment. In the standby strategy
(Oszczypata et al, 2024), standby components
replace the active system components upon their
failure.
The mixed strategy simultaneously employs a
combination of the active and standby strategies.
This strategy was introduced by Ardakan and
Hamadani (Ardakan & Hamadani, 2014). In this
strategy, after the failure of the last active
component, the standby components are activated
sequentially by a switch, and this process continues
until the last standby component is activated.
Availability (Anderson & Neri, 2012) is also an
important index in any system that indicates the
amount of available time and is defined using
reliability and maintainability. Maintainability
(repairability) is also a design and manufacturing
characteristic of a product, the goal of which is to
reduce repair time.
Redundancy strategies are often used to improve the
reliability and availability of a system (Liu et al.,
2015).

2. Methodology

Each vessel comprises four main systems. The
electric power distribution system is one of the most
critical systems of the vessel, responsible for
supplying electrical energy to the entire vessel to
facilitate its movement and the operation of other
systems. In this study, the electric power distribution
system of a vessel has been investigated. The vessel’s
electric power distribution system is a series-parallel
system consisting of five subsystems, with each
subsystem composed of a number of components.

Electrical energy distribution panels are among the
most important components of the electrical energy
distribution system, responsible for supplying
electrical power to energy consumers such as the
propulsion system, lighting, command and control,
and auxiliary systems. Thus, several energy
distribution panels with mixed redundancy should
be considered in each subsystem for the purpose of
supplying electrical energy to consumers, so that if
any of the distribution panels fail, the power supply
to the electrical energy system consumers does not
stop and the vessel’s movement is not disrupted.
Therefore, the use of mixed redundancy in the
vessel’s electrical energy system is of great
importance. The system in question has a repairman
with a leave policy. Each distribution panel has a
different weight, volume, and purchase cost.

In this study, the sum of the pollution-related cost
and the purchase cost of each panel is considered as
the first objective function, and availability is
considered as the second objective function. The
purpose of solving the problem is to achieve a
balance between the selection of the distribution
panel type—where a homogeneous type of
distribution panel is used in each subsystem—and
the number of distribution panels in each subsystem,
so that the system can operate with the best trade-
off between cost reduction and availability
improvement. The problem is investigated under a
mixed redundancy strategy. In this study, load
sharing and failure dependency exist, meaning that
the failure of one panel affects the failure rate of
other panels and increases their failure rates.
Accordingly, the failure rate of each panel increases
when other panels fail, based on load-sharing
relations. Markov  chains and phase-type
distributions are used to simulate the system
behavior. The problem is then solved using the
NSGA-II and MOAHA metaheuristic algorithms in
order to increase the overall system availability and
reduce the total system cost by selecting the proper
type and number of distribution panels.

3. Results and Discussion

In this research, the electrical power distribution
system of a vessel is studied using a mixed
redundancy strategy. The problem is addressed by
employing two meta-heuristic algorithms: NSGA-II
and MOAHA. The Pareto fronts demonstrate the
trade-off between availability and cost. The
evolution of the Pareto frontier during the problem-
solving process is illustrated in Figures 1 and 2. All
obtained solutions are optimal, and none of them
holds superiority over the others.

4. Conclusions

In this study, a series-parallel vessel electric power
distribution system was analyzed under a mixed
redundancy strategy. The problem was addressed
using two metaheuristic algorithms, NSGA-II and
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MOAHA, to identify the optimal configuration of the
system. Specifically, the model determined the
optimal selection of homogeneous distribution panel
types and the appropriate number of panels in each
subsystem to maximize system availability while
minimizing total costs, taking into account the load-
sharing effects within the system.

1. In the present research, a repairman with a
specific maintenance and vacation policy
has been used to repair failed panels.
Another maintenance and vacation policy
can be considered for the repairman.
Furthermore, during the repairman’s idle
periods, the repairman can be utilized for
the inspection and monitoring of other
vessel systems or the repair of other failed

components.
2. It is possible to use a combination of
homogeneous and heterogeneous

components in each subsystem and analyze
the obtained results. Furthermore, similar
components can be used to reduce costs
and increase availability, and the results can
be examined.

3. In future research, other load-sharing
relationships and formulas can be
employed, and the obtained results can be
compared with the current results.
Additionally, other redundancy strategies in
the electric power distribution system can
be investigated and compared with the
results of the present study.
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Figure 2. Performance diagram of the system with one active component and two standby components in a
mixed strategy with one repairman.

Yo lols [V 0,90 NFeF JL“/G)S%@SWSMW




3L @IS S yhl (8,8 S5 )0 b Hobud SO 5o (SO SN (6551 &2 597 o o Jalido (SS9 381 b (oaw yiwd Clil (g5l |4

SH @Y 58 ol all b i

<ol Jlosa! Hlo o -0-Y

ol Jlz! oy cols las gl o = 0 doles
T = (T, sy, s, 5,) & 50 45 03,5 o ool
oz g Cwl A gl Q 5 cob Jlal oy

)‘)3 oolauwl 0)90 e 9 Gw)mé g.,\i.l.alﬁ ‘54-&0[7&4

=

Sl
0y anld g0 5 Jlab axkad S (5l ol Jlazs o

25T e () gaaly Oje0 4 bl o5l o

s, (W@ D° + Iy ® DY) + ms,(a )
®s%d) =0

s, (W' Qe ®pP) + ms,(WDS)
+ 15, (@ ®S°B) = 0

s, (W° ® I5) + s, (W B S) + 5, («
R5°B)=0

s, (W’ ® Is) + 1, (S) = 0
Tl.'_g,‘1 +T[52 +7TS3 +T[54 =1
el S &l Jlasl b8y cdls o qaile Jlais! g,
Jowo Jo g dlvo gl Jow —F-Y

shls ol o SSIl G55l g ptees
i e dlios 4uie 9 ()9 9 > Slausgase
Slausgizme 4 axgi b ol egh (2L, Jue

el (1) aal) &g 0 gy 45 99290
min Zr D)
max Ag

subject to:

h
1 _ 2.2
gPmy,ny, ..., ny) = zwi ving <V
i=1
h

9P my,ny,...,ny) = Z c@)n@)<cC

i=1
h
g® (g, ny, .., mp) = Z n(i) w(i) e®25m
i=1
=w

08
p——
07}t —e—Y=2
. — e —Y=3
06+
05F /-
< 04 //
2
03 y
////
02} / J
e - s /7/4
0.1+t et [ e )
B 34 —— l,/./
3 =
1 15 2 25 3 35 4 45 5

SEJER N QR FRPKIER g
Figure 3. The effect of parameter ¥ on failure rate.

0.18

- =0
14 ¢ - a=1
031 G2
DAz
04t o
= D08} .
0.06 -
-
0.04 ¢
-
0.02
U! * - * ]
1 1 2 2 3 3 4 4,

S 5 20 el 6 F S
Figure 4. The effect of parameter 6 on failure rate.

08

07

0=0, ¥Y=0

o=1,Y=0

0=2,Y=0

=0, Y=2

06 e=1,Y=2|
8=2, Y=2

8=0, Y=3

08 o=1,Y=3
=2, Y=3

< 04 =
03

0.2 e

01 T =

o=

A EF R0 5 Y slayelly 5360 g5

Figure 5. The effect of parameters ¥ and 0 on
failure rate.

2 olepen @Sl 3 50 slayel b polie & JSi
SBO SO LY SIS0 o as jsblen aps oo olis
olass lyl 4 Y 50 byl 5t ol csalin

S IESLEl Jge 8 10 2> E5 69, » 2l Slalad
J3e® 0 wcdiipd Sl oad ool lad L

Y oylods /Y 0590 [VFef Jlw | (5590 pt 9 o (s ifeo



Gl g gy Sl ioliEl Cua 4 eias )
el 25 20 4 el S5 g4 50

a=[1]
d=1[1 0]
B=1I1 0]
Iy = [1]
h =5
t=15
A(0) =0.5

Max Cost = 3900

Max Weight = 150
Max Volume = 550
Dl = [—0.40 0.05

—-0.1 -0.5
b? = [062 0(.)2]
5= [o30

s & S slaen S gl oS Ll
ooy 3l byl eedas gl ] anadly e sl
A Cond b_>5fl., o Ll o.\ﬁQJf solarul u>_>9fl.:
@nye als podle wlisle;l b slaybs, Koo
FoS oley o layielly s ol (0] Cussn
NSGA-II 2,631 (sl yial )y (gl oalsasl )| =glans .ol
Ll o0l 00)51 \ de? )Q

polde piomen g NSGA-II 1,65l Coiin (sl el )by
SLIY Jgdz j0 )b o I8 xal gakl; sle el )b
039 w2 el T 4 by Jolax el onys
0 By i gkl (Sogll die g 05 dnie
Joua BT Jaao o abie Joo J> sl gl )
Sl 0ag0 5 &IV

el sl el sly ead &l sk N Joua
NSGA-II

Table 2. Parameter levels for the NSGA-II algorithm
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Table 2. Selected parameters of the NSGA-II algorithm and load sharing relationship parameter values
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Table 3. Failure Rate of electrical distribution panels in each subsystem (h)
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Table 4. Volume of electrical distribution panels in each subsystem (m3)
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Table 5. Weight of electrical distribution panels in each subsystem (kg)
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Table 6. Purchase cost of electrical distribution panels in each subsystem (million Tomans)
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Table 7. Pollution cost of electrical distribution panels in each subsystem (million Tomans)
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Figure 8. The process of forming the Pareto
frontier in the MOAHA algorithm.
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frontier in the MOAHA algorithm.
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Table 8. Selected optimal responses formed on the Pareto frontier of the MOAHA algorithm
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Table 9. Selected optimal responses formed on the Pareto frontier of the NSGA-II algorithm
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Table 10. Comparison of the performance metrics
of the employed metaheuristic algorithms using the
Wilcoxon test
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Table 11. Results of Selected solutions obtained using the exact solution method
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Table 12. Effects of decreasing the parameters 8 and V'
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Table 13. Effects of increasing the parameters 8 and V'
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Table 14. Sensitivity analysis with respect to changes in volume, weight, and cost constraints
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Table 15. Effect of mission time (t) on system availability and total cost
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