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Reliability Assessment of Meshed DC Shipboard
Power Systems using Stochastic Simulation

Robin van der Sande
dept. Electrical Sustainable Energy
Delft University of Technology
Delft, The Netherlands
R.P.J.vanderSande @tudelft.nl

Abstract—In DC shipboard power systems (DC-SPS), the
enhanced network complexity and high penetration of power
electronic devices make the system level reliability a critical
design aspect. This paper proposes a stochastic framework for the
reliability assessment of DC-SPSs based on a three-stage Monte
Carlo (MC) simulation, including component failure sampling,
active fault propagation, and reliability index calculation. The
proposed MC framework is verified for a simplified meshed DC
grid through comparison with an analytical method. Later, the
advantages of the MC method are demonstrated for a dynamic
positioning vessel equipped with a ring-type DC power system
architecture. The results quantify the impact of redundancy on
the reliability of a DC-SPS, show the spread in the subsystem
repair times, and reveal the system’s availability during both the
initialization and steady-state. Combined, the simulation results
reveal the strengths and weaknesses of the designed grid, guiding
the focus for future reliability enhancements.

Index Terms—Reliability, Shipboard power systems, DC grid,
Monte Carlo

I. INTRODUCTION

In 2023, the International Maritime Organization (IMO)
published a strategy on reducing the greenhouse gas emissions
of international shipping, striving to cut emission levels by
at least 70 % in 2040, ultimately reaching net-zero around
2050 [1]. When addressing this maritime challenge, the all-
electric ship (AES) is a commonly proposed solution as it can
improve the vessel’s efficiency, incorporate renewable energy
sources, and enhance ship automation [2], [3]. The basis of
an AES is the shipboard power system (SPS), which serves
as the interconnecting grid between the electric vessel loads
and the generation modules, combining the functionality of
the traditionally split electric power and propulsion power
system. Although AESs can be implemented with both DC
and AC power systems, a DC-SPS provides significant ad-
vantages in efficiency, power density, source synchronization,
and energy storage system (ESS) integration [4]-[8]. However,
the enhanced network complexity of DC grids combined with
the high penetration of PE converters can significantly com-
promise the system’s reliability [9]. Especially given that the
harsh environmental conditions of ships, including vibrations,
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humidity, and salinity, enhance component degradation and
rise failure uncertainty [10], [11].

As the functionality of the SPS is vital to both the vessel
mission and crew safety, ensuring its reliability is critical for
the adoption of the DC-AES. In literature, multiple analytical
methods are posed for the SPS reliability assessment, including
minimum cut sets [12], fault tree analysis [13]-[16], Markov
models [17], and the reliability block diagram (RBD) [18].
These analytical methods are fast to apply for small-sized DC
grids, though become complex for larger more intricate power
systems, often requiring significant assumptions to cope with
operating conditions [19]. Moreover, these analytical methods
lack flexibility in application, making the reliability compar-
ison of different SPS designs difficult and time-consuming.
Stochastic simulation methods, like Monte Carlo (MC), are
widely used for the adequacy assessment of utility power
systems [20], [21] and DC microgrids [22]-[24]. Although
more computationally intensive, the MC method provides
significant advantages such as: estimating both the expected
value and distribution of a reliability index, incorporating
nonelectrical system factors such as the weather effects in
the assessment, and including the impact of system processes
like reconfiguration, maintenance, and protection [19]. Overall,
MC simulation can incorporate a more detailed model of the
SPS while keeping flexibility in design, making the reliability
comparison of SPS topologies simpler and more accurate.

In the present work, a Monte Carlo framework is developed
for the reliability assessment of DC-SPSs. This framework is
verified using a simplified meshed DC grid and then applied
to a complex DC-SPS to analyze its reliability. The rest of this
paper is organized as follows: Section II introduces the multi-
stage MC framework for the DC-SPS reliability assessment.
Section IIT applies this concept to assess a ring-type DC-SPS
of a wind turbine installation vessel. Finally, the conclusions
are drawn in Section IV.

II. METHODOLOGY

The reliability of a power system Ry(t) is defined as the
probability that the system functions adequately throughout
the operating period [0, ¢] under the intended operating con-
ditions [25]. Like any power system, the DC-SPS’s reliability
is determined by its components (PE converters, protection
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equipment, distribution cables) and its network structure [16].
The failure character of a component can be described in
three stages: the infant stage, the normal operating stage,
and the wear-out stage. When considering a component in
the normal operating stage, its failure rate A can be assumed
to be constant, giving the reliability function (1) throughout
the useful lifetime [26]. This simplification assumes that the
component’s systematic failures related to the debugging and
manufacturing process have been mitigated while wear-out
failures associated with internal component degradation have
yet to become predominant [27].

R(t) = e M (1)

To assess the system reliability Rg(t), the failure charac-
teristics of the interconnected components must be combined
according to the defined network structure. This adequacy
assessment can be performed using a MC simulation, which
analyses the stochastic failure behavior of the system through
a set of simulation evaluations, also known as trails or
experiments [28]. These simulations emulate the operating
process of the SPS while incorporating the uncertainty in
component functionality through a set of random variables
(RV). Throughout the simulations, these RVs are sampled from
their probability distributions, corresponding to the failure
and repair rates, representing the randomness in component
failure and repair times. The result of each simulation is
then compiled into a reliability index sample. When the
number of simulations N is large enough, the law of large
numbers dedicates that the average of the reliability index
samples converges to the expected value [29]. Consequently,
reflecting the adequacy of the assessed power system. The
MC simulation framework for the reliability assessment of
DC-SPSs is provided in Fig. 1. This framework is structured

Monte Carlo trail: 1
Input:

Component

A, Bi
T

/System simulation
r

Propagate active faults

.
Power system c
model

J

Stomn(t)y

Performance evaluation

A >
Load profile {PL, Pa.}
J

Output: calculation

p
Reliability indices ]

Fig. 1. Monte Carlo framework for reliability assessment of DC-SPSs.

in three main stages which are: component failure sampling,
system simulation, and reliability index calculation.

A. Component failure sampling

The first stage of the MC framework uses the component
failure and repair rates {\;, u;} to create the failure sequence
samples S;;(t) of the m components in the SPS. For the oper-
ation of the DC-SPS, it is assumed that each component can
either function in the up-state or fail in the down-state. The up-
to-down state transition occurs with the component failure rate
A; while and down-to-up state transition occurs with the repair
rate p;. In which o is the inverse of the component’s mean time
to repair (MTTR). The failure sequence sample S¢(¢) is then
constructed as a concatenation of RV realizations, alternating
between 1 and O based on the time to failure 7Ty ~ Exp();)
and time to repair T; ~ Exp(y;) samples, as given in (2).

1 fort < Tf,

Sult) = 0 for Tty <t <Tpy + Try )
1 for Ty + Ty <t <Tg1 + Ty + Ti2
0 for---

Once a failure sequence has been sampled for all m
components in the system, the component functionality vector
Scomp(t) as in (3) is passed to the system simulation.

§comp(t) = [Scl (t)a Sc2(t)7 SC3 (t)7 Tty Scm(t)] (3)
B. System simulation

The second stage of the MC framework simulates the
operation of the DC-SPS given the component functionalities
Scomp(t) and the network graph model G. Fig. 2(a) provides
an example of a DC shipboard power subsystem feeding a
single load from two fully redundant generators through a pair
of switchboards and transmission lines. Given this notional
SPS, the graph model can be constructed as in Fig. 2(b),

O [Functioning components

@ | Stochastic-funct. components

Bs

o o O—
Gz Cz D2

Fig. 2. Notional DC shipboard power subsystem with (a) the model diagram
and (b) the corresponding graph model.
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where the black nodes indicate components with stochastic
functionality, while the white nodes are assumed to be fully
functional components. Note that this functioning character
of the load and generator modules is imposed to focus the
reliability assessment on solely reflecting the impact of the
power system’s design.

As a component (e.g. PE converter) is constructed by
interconnecting devices (IGBTs, diodes, capacitors), it can
encounter multiple failure modes. As introduced in [30],
component failure events can be split into active failures
and passive failures. A passive failure is represented by an
open circuit, which does not impact the remaining healthy
components in the system. In contrast, an active failure acts
like a short circuit, causing the fault to propagate from the
component through the adjacent power lines and tripping the
neighboring protection devices. Optimally, a circuit breaker
(CB) would always trip upon detecting an active fault. How-
ever, practically, in a fraction fy of the cases, the circuit
breaker is stuck or fails to act accordingly [16].

To address the active and passive failure behavior in the
MC framework, the stochastic active fault propagation is
implemented, altering gcomp(t). Upon an active failure of a
SPS component, the functionalities of all CBs are sampled
using uniform random variables Ugpx ~ U(0,1) > fep. Based
on this sampling, the active fault is propagated through the
power system as shown in Fig. 2(b) for an active fault in
the distribution cable 75. Then, combining the components
passive and propagated active failure sequences defines the
alerted component functionality vector §é0mp(t).

Based on §é0mp(t), the MC method evaluates the system
performance Sy (t) given the operational requirements of
the vessel. Note that each vessel has a unique performance
objective and, therefore, its own supply requirements for the
different loads in the SPS. Consequently, the performance eval-
uation depends heavily on the application and characteristics
of the considered vessel. Sy () is then defined as 1 and O at
times the DC-SPS meets and fails to meet the supply require-
ments. To determine the adequacy of the SPS, a wide range
of methods can be used, ranging from a simple connectivity
study to a load flow analysis based on the operation profile
{PL,J-, PGJ} [26]. It should be noted that the latter approach
significantly raises the required computational effort of the
MC simulation and is therefore not further discussed in this

paper.
C. Reliability index calculation

The final stage of the MC framework uses the system perfor-
mances Sy (t) of the N simulation evaluations to determine a
reliability index estimate. Analyzing Sy (t) of each MC trail
provides a reliability index sample, like a service interruption
rate sample Agp, a total downtime sample Ds,, or a system
reliability sample R, (¢). The average of these N samples
gives the reliability index estimate of the MC simulation. For
the provided subsystem of Fig. 2(a), the system is said to be
functional (Sgy(t)=1) if the load module is connected to at
least one of the two generators. The system reliability sample

R (3.4y)

0.92 — — —RBD value b

Monte Carlo estimate
99% confidence int.

\ \ \ \ \
0 1000 2000 3000 4000 5000 6000 7000
Sample number

9000 10000

0.9

I
8000

Fig. 3. Monte Carlo simulated system reliability after 3.4 years of operation
plotted as a function of the sample size and compared to the RBD value.
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Fig. 4. The Monte Carlo estimated system level reliability curve in compar-
ison to the RBD value for 300k samples.

R (t) is then defined as in (4), providing the system reliability
estimate as in (5).

Rent) = 1 for ¢t < min (¢ Seys(t) =0) W
0 else
~ 1 N
Ry(t) = N Z Rqn(t) 5)
n=1

D. MC method verification

To verify the workings of the proposed MC simulation
framework, its results are compared to an analytical approach.
With this comparison, the subsystem of Fig. 2(a) is assumed
to contain unrepairable components that solely encounter
passive failures with a breaker failure rate A\, = 0.01#/y, a
transmission line failure rate \; = 0.01#/y, and a converter
failure rate A\. = 0.006#/y. Following the reliability block
diagram method, the system level reliability can be defined as
in (6), in which the unreliability Q@ =1- R [25].

Ry = Rex [Qo (1= (1= Rex Ry x R)?)
Ry (1= Q)+ (1= (L= By« R)))] (©)
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The results of both the analytical and Monte Carlo method
are provided in Fig. 3, which shows the system reliability after
3.4 operation years as a function of the sample size N. From
this figure can be concluded that the Monte Carlo estimate
approaches the analytical reliability of 0.874 when N is larger
than 6000 samples. Moreover, in line with the law of large
numbers, it is observed that the variability of the reliability
estimate reduces with an increase in the sample size.

Further verification of the MC method is obtained by
estimating the complete reliability curve of the system R(t).
The result, provided in Fig. 4, shows that the Monte Carlo
estimate with 300k samples accurately approximates the RBD
curve throughout the complete lifetime of the system.

III. CASE-STUDY WIND TURBINE INSTALLATION VESSEL

In this case study, the proposed MC simulation framework
is used to evaluate the reliability of a DC-SPS for a wind
turbine installation vessel (WTIV). A WTIV is a dynamic
positioning (DP) vessel specifically designed for the fast and
cost-effective installation of offshore wind farms [31]. The
ship uses a multipurpose tower with an integrated motion
compensation system to assemble and install wind turbines on
floating or fixed foundations. As the station-keeping ability of
the vessel is vital to both the mission and crew safety, the
installed SPS must be highly reliable, especially considering
the long operation periods at remote locations.

A. System description

As the WTIV is a dynamic positioning vessel of class DPS-
3, the propulsion system is required to be fault tolerant against
first-order failures, ensuring an uninterrupted station keeping
of the ship [32]. The considered power system contains four
fire-insulated zones, each connecting to a single generator and
two azimuth thrusters, as shown in the power system diagram
of Fig. 5. This DC-SPS is modeled along the ring topology and
constructed using four MVDC switchboards interconnected
through DC transmission lines and circuit breakers. With

Fuse-disconnector

TABLE I
COMPONENT RELIABILITY INDICES FOR THE WTIV.
Component reliability index: | Type: A in [#/y] 0 in [#/h]
Transmission line Active Ata 0.01 Hta 0.125
Converter Passive | Acp | 0.006 | pcp 1
Active >\c,a 0.006 Me,a 1
Circuit Breaker Passive | App 0.01 Hb,p 0.25
Active Absa 0.01 Iba 0.25
Stuck feo 5% Hb,s 1

closed CB operation, the SPS has a ring-like structure around
the outside of the vessel to which all electrical loads and
generators connect via a PE converter and disconnect switch,
in line with [33]. Upon a first-order fault in the SPS, the fault
management system can use the CBs to isolate the faulty seg-
ment, establishing DP via the three remaining switchboards.

B. Failure rates and modes

For the component failure sampling stage of the MC
method, the component reliability indices of Table I are used,
in line with [16]. This table provides the failure and repair
rates for the active and passive faults in the transmission lines,
converters, and circuit breakers. Moreover, the non-tripping
of a CB upon exposure to an active failure is modeled as a
probability of 5% (f.,=0.05).

For the reliability analysis, the SPS of the WTIV can be di-
vided into five subsystems, each representing a single function
in the ships. Following Fig. 5, the subsystems are defined as
the propulsion system, motion compensation system, energy
storage system, radar system, and load center. While a system
failure of the latter three subsystems is defined by the supply
interruption of that module, the failure mode of the propulsion
system and motion compensation system is more complex. The
propulsion system is considered to be functional if at least 3
out of 4 thruster pairs are connected to the generation modules.
In which a thruster pair is attached to the same switchboard
(e.g. T, and Typ). The functionality of the propulsion system
is fully defined in (7). The motion compensation system is said

Circuit breaker
Energy storage system

[~
|
Thruster motor
Pulsed load
Generator ] =A

DNEDN
|

| 10CSEIDE

DC transmission line

[ —

@E N L

g

IN
2~

Motion
comp.

DC switchboard
! =
o

X

Z

% .
>

N

N
>

Fig. 5. Meshed DC shipboard power system for the WTIV.
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to be functional if it connects to a generation module through
either of its two feeders.

and(Tla, T4b)—|—and(T23, Tgb)+and(T3a, T2b)+and(T4a, T]b) >3

(N

As the functionality of the shipboard power system depends

on the performance of the five subsystems, a full SPS failure

is said to occur if at least one of the subsystems encounters a
fault.

C. Simulation results

The result of the Monte Carlo simulation with 1M samples
is provided in Figs. 6 to 9. Fig. 6 shows the estimated
reliability curves of the five subsystems and full SPS over
an operation period of 50 years. In this figure, it can be
observed that the redundant structure for powering the motion
composition system significantly enhances the subsystem’s
reliability when compared to the single-fed load modules.
Similar behavior is observed for the propulsion system, which
shows high reliability throughout the 50 years of operation
due to its single fault tolerance. In contrast, the reliability of
the full SPS shows a steep decline, losing over 10 % of its
reliability within the first year of operation.

1 T T
propulsion
radar
ess

0.8 [ motionc. M
loadc.
full system

0.6 -

4
04r
02
0 I I I I L T
0 5 10 15 20 25 30 35 40 45 50

Time in [y]
Fig. 6. Simulated reliability curves of the subsystems based on 1M samples.

While the reliability curves of Fig. 6 provide insight into the
first supply interruption of the subsystems, a better understand-
ing of the SPS adequacy can be obtained through the analysis
of other reliability indices. Fig. 7 provides the estimated failure
probability density of the different subsystems after 50 years
of operations. In this figure, it can be observed that the full
SPS will most likely encounter multiple failures throughout the
vessel’s lifetime. Meanwhile, the probability that the motion
compensation system will experience more than one fault over
the 50-year period is less than 0.3 %. To summarize, Table II
provides the Monte Carlo estimates for the steady-state service
interruption rate and B1 lifetime for all five subsystems and
the full SPS.

Another important reliability aspect of the SPS is the
average time needed to restore operation after a service inter-
ruption. Therefore, the mean time to repair (MTTR) estimates

1
] full system
[ lradar
08k ess
2 loadc.
@ [ Imotionc.
§ [ lpropulsion
206 1
]
°
2
204 q
g
=
R
[S9
0.2 1
0 . . .
0 5 10 15

Number of failures [#]

Fig. 7. Simulated failure probability density of the subsystems for a 50y
operation time with N = 1M.

TABLE 11
STEADY-STATE RELIABILITY INDEX ESTIMATES

Subsystem: | Failure rate: | Bl-lifetime: | MTTR: | Availability:
Propulsion 0.551e-6#/y | 2.1y 0.77h 99.99996 %
Radar 7.32e-6#ly 0.16y 1.9h 99.99858 %
ESS 7.32e-6#ly 0.16y 1.9h 99.99858 %
Motionc. 0.144e-6#/y | 79y 0.76 h 99.99999 %
Loadc. 6.64e-6 #y 0.17y 2.0h 99.99865 %
Full system | 14.6e-6#/y 0.078y 1.9h 99.99716 %

of the Monte Carlo simulation are also provided in Table II.
Even though this MTTR gives insight into the restoration
characteristics of an average vessel, the distribution of the
repair times is lost in the mean value. Hence, Fig. 8 provides
the MC estimate for the repair probability density for all five
subsystems and the full SPS. It is concluded from this figure
that the full SPS, radar system, ESS, and load center all have
similar repair characteristics with an average repair time of
about 1.9 hours. Meanwhile, this MTTR is more than halved
for the subsystem with redundancy.

1.4 ‘ ‘
[ Ipropulsion
[ Jradar
1.2 ess
[_Jmotionc.
z [—""Tloade. il
2 full system
o
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£08 |
= ety
g e
S
2 0.6 i
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—
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O 04 0 7
o~ 52 54 56 58
0.2 i
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Time to repair [h]

Fig. 8. Simulated repair time distribution of the subsystems with N = IM.
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Fig. 9. Simulated availability curve of the subsystems with N = 1M for the
first half operation year.

The considered SPS is assumed to be fully functional at time
t = Oh, achieving an initial availability of 100 %. However,
over time, component failures decrease the availability of
the system, eventually reaching a constant steady-state value
due to the repair of the broken components. To analyze the
availability of the shipboard power subsystems, the availability
curves are simulated for the first six months of operation using
IM samples. The results, presented in Fig. 9, show that the
availability of all subsystems drops from 1 to the steady-
state value within the first 150h of operation. Moreover, it
is concluded that the system-level redundancy in the motion
compensation and propulsion systems significantly enhances
the steady-state availability. The MC estimate of the steady-
state availability for the different subsystems is also provided
in Table II.

IV. CONCLUSION

When considering DC shipboard power systems, their reli-
ability is a critical design aspect for both the vessel mission
and crew safety. To assess the reliability of DC-SPSs, a
Monte Carlo simulation framework was proposed that uses a
three-stage structure with component failure sampling, system
simulation, and reliability index calculation. This framework
was verified for a notional DC shipboard power subsystem
and later applied to a ring-type DC-SPS of a wind turbine
installation vessel. The results of the MC simulation esti-
mated the stochastic failure behavior of the shipboard power
subsystems and provided insight into their repair character-
istics. Moreover, the availability of the different subsystems
was determined, showing both the dynamic and steady-state
behavior. The results revealed that a system-level redundancy
in the considered DC-SPS enhances the supply adequacy of
the subsystems, increasing its B1 lifetime by over a factor
of 40 while reducing the mean time to repair by a factor
of 2.5. Overall, the MC simulation showed the strengths and
weaknesses of the designed grid, providing a focus for future
reliability enhancements.
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