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1Abstract— In this paper, a multi-layer framework is proposed 
to assess the reliability of Shore-to-Ship Charging (S2SC) systems, 
considering the potential for failures of the main elements, such as 
power converters and batteries. The proposed reliability model 
enables evaluating a S2SC system with redundancy, multi-state 
system availability, and multi-variable design scenarios, based on 
a recursive algorithm. Instead of conventional Markov-chain 
multi-state models, a reduced order state-space model is 
established from a set of specific sub-systems with a predefined 
configuration complying with the design requirements. A modular 
approach is taken, and the probabilistic characteristics of the sub-
systems are established by developing a Universal Generating 
Function considering the available charging power and energy 
balance constraints. Then, the sub-systems are integrated into the 
system configuration to assess a set of proposed application-
specific system-level reliability indices. Thus, the modular 
approach enables expansion to the power system dimensions 
without extra complexity. Finally, a case study based on an 
operating 4-MW dc S2SC system is performed by the proposed 
framework, and design suggestions are given based on a figure of 
merit defined for evaluation of reliability and energy efficiency. 
These design suggestions include resizing the charging system by 
installing onshore batteries, modularization, and introduction of 
redundancy in the sub-systems. 

 
Index Terms— all-electric ships, marine electrification, multi-

state systems, redundancy, reliability analysis, shore-to-ship 
charging, universal generating function. 

I. INTRODUCTION 

hore-to-ship charging (S2SC) bridges the marine 
transportation to the land-based power system which can be 

fed by a mix of sustainable energy sources, such as wind, solar 
power, and hydropower etc., in addition to traditional fossil 
fuel-based power plants [1]. The battery-powered and plug-in 
hybrid vessels with electric propulsion can then receive 
charging from shore during the docking period while loading 
and unloading. Such S2SC systems are under development for 
a wide range of electrified (and autonomous) vessels, mainly 
ferries, regional freight transportation and cruise vessels, which 
typically operate with a preplanned schedule [2]. Therefore, the 
charging process is constrained within a critical time, often in 
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the order of a few minutes for short-distance ferries. If a fault 
hindering the charging process happens in the S2SC system, it 
causes inconvenience for the vessel passengers and expensive 
fines for the ship operators due to cancellations or delayed 
schedules [3]. In this regard, the reliability and availability of 
the S2SC system is a crucial design factor considering the 
significant cost of system outages.  

When vessels depending on S2SC are operating in remote 
locations with a weak distribution grid – e.g., in Norwegian 
fjords – additional stationary onshore batteries, i.e., On-Shore 
Battery (OSB) storage systems, are used to support the grid in 
supplying the high-power demand as indicated in Fig. 1. (a) a 
S2SC system with onshore batteries (b) the charging power vs 
charging time for a constant charging energy.  

(a). Therefore, a practical S2SC system in its general form 
includes three sub-systems, i.e., OSB, a Grid Interface (GI) and 
the On-Board Battery (OBB) energy storage system as the 
receiver of the charging energy [1]. The unavailability or outage 
of the S2SC systems can occur due to outages of the distribution 
grid – as the energy source for the charging operations – or 
failures in the charging system, including in the GI, OSB and 
OBB subsystems [4]. In a S2SC system for vessels with tight 
schedules, the power and energy requirements are normally 
high, in the order of several MWs, due to the critical charging 
time and large onboard batteries required for the fully electric 
operation. As it is shown in Fig. 1. (a) a S2SC system with 
onshore batteries (b) the charging power vs charging time for a 
constant charging energy.  
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Fig. 1. (a) a S2SC system with onshore batteries (b) the charging power vs 
charging time for a constant charging energy.  
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 (b), transferring a specified charging energy during a 
reduced charging time, due to a tighter schedule, would increase 
the charging power requirement. 

Although the reliability and lifetime evaluation of power 
electronics converters have been the topic of extensive research 
in recent years [5], no organized system-level approach has 
been established for the evaluation of reliability and availability 
of marine power systems. Thus, research on the system-level 
reliability of the onboard power systems and charging systems 
for the transportation electrification is still developing. The 
previous research on related topics ranges from the reliability 
assessment of the onboard power system of the more-electric 
aircrafts [6], [7], the shipboard power system [8], [9] and the 
electric vehicles [10] to the reliability of PV systems [11]. In 
such studies, well-known reliability methods are employed to 
assess the system in terms of faulty-healthy states or the 
standard adequacy indices defined for power systems [12]. 
Instead, specific reliability indices for S2SC systems are 
introduced in this work. 

To improve the reliability, redundancy-based design has 
been suggested in the literature, for instance applied to phases 
of an interleaved boost converter [13], arms in a modular 
multilevel converter [14] and paralleled inverters in a 
distribution system [15]. Nevertheless, the impact of the 
redundancy of the components in different sub-systems in a 
holistic manner, as opposed to one specific component through 
a load-dependent reliability analysis, has not been studied in 
such research papers.  

There have been only few studies addressing the reliability 
of shore connection systems [16], [17]. In [17], a reliability 
block diagram has been proposed for the shore to ship 
connection. Nevertheless, it considered only the cold-ironing 
and not the shore charging. One of the common methods to 
assess the reliability of a multi-state system is the Markov 
chain, in which all the possible states with the transition rates 
between them are studied to derive the reliability indices of the 
system. Such an approach was carried out for two S2SC 
topologies in [16] by establishing the Markov chain of the 
whole system. However, in that method, any slight change in 
the configuration of the system will require the modification of 
the state space model. On the other hand, by such a Markov-
chain approach, the state space model will grow exponentially 
with the increase in the number of the components. Other than 
Markov chain, Fault tree analysis [18], capacity outage 
probability table [19] and Universal Generating Function 
(UGF) [20] approaches were employed to predict the reliability 
of multi-state systems.  

The reliability-critical components of the S2SC systems are 
the Li-ion batteries – both onshore batteries and onboard 
batteries – and the associated power electronic converters. 
Regarding the reliability analysis of the Li-ion batteries, there 
has been several studies in the literature related to the stationary 
batteries as well as electric vehicles; some of which used 
statistical methods based on the lifetime of the batteries [21], 
[22] while others used the constant failure rate for the batteries 
based on the block diagram method considering different 
components of a battery storage system [23], [6]. For the power 
electronics converters, only the semiconductor devices and 
capacitors are usually considered as the reliability-critical parts 

[5]. For the reliability analysis of such elements, the two main 
approaches used in practice are the lifetime model-based 
reliability [11] and the reliability prediction based on historical 
data [22]. The lifetime models relying on physics-of-failure-
based analysis can account for the aging effect of components 
based on the thermal cycling and lifetime models [11]. 
However, this approach suffers from the high computational 
effort. The historical-data-based models are usually established 
based on the data available in the reliability handbooks [18] and 
avoids the complexity of the lifetime models at the expense of 
lower accuracy. The historical reliability models obtain the 
failure rate of the parts for the certain operation conditions. In 
the power electronics systems, the operating conditions include 
the voltage stress, the power loading, and the junction 
temperature rise due to the power dissipation in the power 
converters [22]. 

In a high power S2SC system, the sub-systems are usually 
constructed from modules connected in parallel, to reach the 
required power levels but also to enhance the reliability and 
resilience of the system. The charging busbar is also usually 
designed such that it can be split into two or more sections by 
bus-tie breakers [24]. In this case, the failure of a single 
component may not end in the final failure of the system. 
Rather, the charging mission might be continued at a lower 
charging power in the derated states, resulting in a multi-state 
system model in terms of operation and reliability/availability.  

Given the above-mentioned facts, there are major differences 
between land-based power electronics systems and the S2SC 
systems. Indeed, the reliability and availability of S2SC 
systems is “ship profile-based,” necessitating the following 
considerations: 
1) In a S2SC system, the mission is to charge the onboard 

batteries with a certain energy (and by the nominal 
charging power) within a specified time. Thus, if a certain 
set of component failures occur, the S2SC system may not 
be able to provide the nominal charging power requested 
by the vessel. Consequently, the vessel may continue its 
operation within the predefined schedule only if the 
remaining energy in the OBB after the compromised 
charging process is sufficient for the next trips. Hence, 
instead of a conventional reliability analysis by considering 
the states of the system as failed/healthy, application-
specific thresholds, constrains and reliability indices are to 
be defined. 

2) On contrary to the systems with multiple sources, the S2SC 
systems usually relies on the GI and an energy buffer which 
is the OSB. Then, firstly, the performance of the system is 
dependant on the availability of the GI and the energy 
balance of the OSB. Secondly, if the OSB is only designed 
to avoid overload on the grid, or if the grid is not highly 
stressed especially in off-peak hours, a failure of the OSB 
can be compensated by the GI to provide the nominal 
charging power. Hence, the failure modes are to be defined 
based on the mission profile of each sub-system that can be 
also variable.   

3) The inherent modularity and redundancy in the design of 
system elements increases the order of the system model 
which implies the need for modular techniques for the 
reliability assessment rather than conventional models.  
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Moreover, as the design space with feasible design scenarios 
grows, an automated design routine can help with several 
aspects, such as minimizing human error and improving 
functionality. In this work, a comprehensive multi-layer 
framework containing a recursive algorithm is proposed for the 
reliability assessment of S2SC systems. Such automated 
algorithm enables benchmarking the design scenarios in the 
preliminary system design phase. The proposed approach 
evaluates the reliability of the system in 4 layers: 1) parts, 2) 
components, 3) sub-systems and 4) the entire system. In the part 
level, a constant failure rate of the battery cells and power 
electronics devices are estimated based on the operational 
profile and the design parameters of the S2SC system. Then, the 
reliability of the components is calculated based on the 
calculated failure rates of the parts. In the next layer, the state-
space diagram of the sub-systems, which are composed of 
several components, are established by Markov chain approach 
with the state-dependant failure rates to account for the 
redundancy. In other words, the loading of components depends 
on the redundancy of the system, and consequently the 
estimated failure rates are affected. Unlike the conventional 
Markov-based methods for the whole system, which may lead 
to state explosion, the proposed state-space model has a 
predefined configuration, for example, a sub-system with n 
identical components in parallel. As a result, the probability 
calculation would not be affected by the increase in the number 
of the units. Moreover, in cases with more than one bus-section 
in the system, the probability of the whole sub-system is 
obtained by a composition operator through the UGF approach. 
It is worth mentioning that such predefined structures within the 
sub-systems enables the assessment of the system 
independently from the number of the components. 
Nonetheless, justifying the modified topologies of the sub-
systems, the framework has the potential to be updated by only 
modifying the Markov chains in the sub-system layer. In the 
final layer of the algorithm, the probability tables of the GI and 
OSB sub-systems are integrated by a defined composition 
operator through the UGF, considering the constraint for energy 
balance of the OSB. Then, the OBB probability table and the 
GI-OSB probability table are composed by mean of a defined 
composition operator. Finally, the application-specific indices 
and constrains which are suggested and formulated to capture 
the performance of the S2SC system are calculated. 

The results of such practical and rather informative reliability 
assessment can be utilized to assess the required redundancy 
and estimated system availability. As a result, a partial 
preliminary design tool including the suggestion of 
parts/components and sizing of components/sub-systems to 
achieve higher reliability can be introduced. In the proposed 
method, the redundancy can also be assigned to each 
component/sub-system based on its impact on the total system 
performance, as a so called, distributed redundancy.  

To apply the proposed framework on a practical S2SC 
system, a case study is caried out based on the field data of the 
4-MW charging system for the E-ferry Ellen [25]. In order to 
provide a practical evaluation for the system design, a Figure of 
merit (FoM) is established including the reliability indices and 
the estimated energy efficiency. Here, the assessment of the 
energy efficiency is based on the model presented in [4]. Then, 

different design scenarios are evaluated based on the suggested 
FoM, and design candidates are introduced consequently. 
Finally, for a design candidate, the effect of distributed 
redundancy in the sub-system design on the reliability indices, 
energy efficiency and the FoM is investigated. 

The rest of this paper is structured as follows. The S2SC 
system realization and the introduction of the reliability indices 
are given in section II. Section III is dedicated to the proposed 
reliability analysis method in which the recursive approach is 
explained step by step. Finally, the case study and the results 
are presented and discussed in the section IV. 

II. CONFIGURATION AND CHARACTERIZATION OF THE 

SHORE-TO-SHIP CHARGING SYSTEM 

The dc S2SC system considered for this study is shown in 
Fig. 2. In this configuration, the onboard transformers and 
rectifiers needed for ac charging can be avoided since the 
charging connection is by direct current. The grid is interfaced 
by one transformer per section and 𝑁ீூ active rectifiers 
connected in parallel. Further, the onshore battery systems, 
which are sectioned into two rooms, are constituted by NOSB 
battery units including a battery pack and its dedicated dc-dc 
converter. Similarly, the onboard batteries are divided into two 
rooms, in each of which there are NOBB battery units. Similar 
solutions have been developed for charging E-ferry Ellen with 
780Vdc [25] and MF Future of The Fjords with 1000Vdc [26]. 

 
In a S2SC system, the amount of the required charging power 

at each charging break is calculated online in the onboard power 
management system based on the operational factors [1]. 
However, the planned charging profile can be used for design 

Fig. 2. The single line diagram of an all-electric ship with dc shore-to-ship 
charging (BBi,j: the jth Buck/Boost converter in ith bus section, ARi,j: the jth

Active Rectifier in ith bus section and BPi,j: the jth Battery Pack in ith bus 
section.) 
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purposes. Due to the modularity of the system from Fig. 2, the 
failure of one or a set of components may not lead to the final 
failure of the system. Thus, in the following, a threshold to 
specify the derated operation states is defined. In the normal 
operation of a battery-powered passenger/car ferry, the onboard 
battery is discharged to supply propulsion loads during 
operation within trip time, ttr, and recharged with charging 
power, Pch, at docking within charging time, tch. For simplicity, 
it is assumed that the discharged and charged energy of the 
onboard batteries remain constant in all the 𝑛 trips. The energy 
equilibrium for the onboard batteries can be written as follows. 

 

෍൫𝑃௖௛,௜𝑡௖௛,௜൯

௡ିଵ

௜ୀଵ

− ෍ 𝐸௧௥,௜

௡

௜ୀଵ

= (𝑆𝑜𝐶ி − 𝑆𝑜𝐶ூ)𝐶௦ (1) 

 
in which Etr and Cs are the discharged energy from the onboard 
batteries during the trips and the capacity of the onboard 
batteries. SoC I and SoC F are the initial and final value of 
equivalent SoC of the onboard batteries during one day of 
operation. Because of the safety and lifetime of the batteries, 
the SoC of the batteries should remain with the 𝑆𝑜𝐶ெ௔௫  and 
𝑆𝑜𝐶ெ௜௡ which can be defined as 90% and 15%, for example 
[25]. However, considering the optimum lifetime of the 
batteries, the operational parameters are usually designed in 
such a way that the SoC range within the operation do not reach 
the maximum and minimum values. Rather, the state of the 
charge of the onboard batteries starts at SoC U at the beginning 
of the trip and end up in SoC L at the end of a trip. 
 

𝑆𝑜𝐶ெ௜௡ ≤ 𝑆𝑜𝐶௅ < 𝑆𝑜𝐶௎ ≤ 𝑆𝑜𝐶ெ௔௫ (2) 
 

Given the trip and docking times as well as propulsion power 
being constant during one day of operation, the final SoC at the 
end of the day can vary depending on the charging power as 
shown in Fig. 3. 

 
In case of reduced charging power, the ferry can continue 

operating as far as the onboard battery SoC does not reach the 
minimum safety value. Therefore, the failure threshold can be 

defined as the minimum charging power by which the ferry can 
continue operation until the failed submodules are repaired. In 
this regard, it is assumed that the failure happens before the first 
charging interval and the charging mission should be carried out 
for one full day of operation without any impact on the ferry 
schedule. This charging power threshold can be calculated by 
equation (3), considering the final SoC, 𝑆𝑜𝐶ி , to be equal to 
𝑆𝑜𝐶ெ௜௡ in (1). 

 

𝑃௖௛
்௛ =

(𝑆𝑜𝐶ெ௜௡ − 𝑆𝑜𝐶ூ)𝐶௦ + 𝑛𝐸௧௥

(𝑛 − 1)𝑡௖௛

 (3) 

 
Hence, the operation states are categorized into three classes; 

1) normal operation with the nominal charging power, 2) 
derated operation with charging power more than the threshold 
and lower than the nominal value for which the minor 
maintenance can revive the system and 3) final failure operation 
with charging power less than the threshold and with major 
maintenance required. Inspired by the probabilistic indices used 
for the power system, such as Loss of Load Expectation 
(LOLE) in which the probability of not being able to supply the 
forecasted peak load within a year is calculated [5], three 
application-specific indices are defined for S2SC. The first one 
is Loss of Charging Expected (LOCE) indicated the number of 
failed charging breaks per year and it is obtained as follows: 

 

𝐿𝑂𝐶𝐸 = ෍ ෍ Pr൫𝑃௖௛ < 𝑃௖௛
்௛൯

௡

௝ୀଵ

ଷ଺ହ

௜ୀଵ

= 365 ෍ Pr൫𝑃௖௛ < 𝑃௖௛
்௛൯

௡

௝ୀଵ

 

(4) 

 
where 𝑃𝑟(. ) is the probability of charging operation associated 
with the charging power 𝑃௖௛ and is calculated by the reliability 
analysis. The second index which is called Derated Charging 
Expected (DCE) indicated the number of charging breaks per 
year when that the charging has been compromised due to the 
faults.  
 

𝐷𝐶𝐸 = ෍ ෍ Pr൫𝑃௖௛
்௛ < 𝑃௖௛ < 𝑃௥௘௤ି௜,௝൯

௡

௝ୀଵ

ଷ଺ହ

௜ୀଵ

= 365 ෍ Pr൫𝑃௖௛
்௛ < 𝑃௖௛ < 𝑃௥௘௤ି௜൯

௡

௝ୀଵ

 

(5) 

 
in which 𝑃௥௘௤ି௜,௝ is the required charging power at the ith day of 
the year in the jth charging break. Additionally, the Available 
Charging Power (ACP) index would represent the averaged 
capability of the system statistically, and as the available 
charging power increases the availability of the system would 
improve. This index is calculated as following in which m is the 
number of operation states in the probabilistic characteristic of 
the system. 
 

𝐴𝐶𝑃 = ෍ Pr൫𝑃௖௛,௜൯ .

௠

௜ୀଵ

𝑃௖௛,௜ (6) 

 

Fig. 3. An example of the energy profile of onboard batteries 
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III. RELIABILITY ASSESSMENT FRAMEWORK 

First, in terms of its performance and the compatibility with 
the main characteristics of S2SC systems, the proposed 
framework is compared with the common reliability analysis 
approaches in Table I. Note that the comparison relies on the 
assumption that the reliability assessment is based solely on 
each method in its basic form. 

 
TABLE I 

COMPARISON BETWEEN THE PROPOSED FRAMEWORK AND THE 

CONVENTIONAL RELIABILITY ANALYSIS APPROACHES FOR S2SC SYSTEMS  

Reliability 
analysis 

approach 

Reliability 
Block 

Diagram 
[18] 

Markov 
chain 
[16] 

Capacity 
outage 

probability 
table [19] 

The proposed 
framework 

Compatibility 
to multi-state 

model 
no yes yes yes 

Dependence on 
system order 

high high moderate moderate 

Design of 
redundancy 

none manually manually automatically 

Computational 
effort 

low high moderate moderate 

 
As it can be seen from the comparison given in TABLE I, the 

proposed framework outperforms the other conventional 
methods by enabling the design methods with component sizing 
and redundancy allocation. In the following, the reliability 
assessment method is presented step by step, as demonstrated 
in the flowchart in  

. Here, the reliability calculation starts from the lowest to the 
highest level of hierarchy in the system which is assumed to be 
parts, such as power electronics elements and battery cells; 
Components, namely, the converters and battery packs; sub-
systems which are OSB, GI and OBB and in the end the whole 
S2SC system. However, before the reliability assessment 
begins, the configuration of the system is designed in the 
S2SCS design stage based on the required charging power, 
capacity of the sub-systems and the capacity of the components. 
In addition to the choice of the parts, the redundancy design 
which is defined as the number of parallel units in the sub-
systems are carried out in the design level. Further, after the 

calculation of the reliability through the four steps, the 
reliability indices introduced in the section II are calculated and 
compared with the requirements. Consequently, the redundancy 
of the system should be improved if the reliability indices are 
not satisfactory, and the assessment steps would be redone. 

A. Part reliability calculation 

The parts in a S2SC system are the Li-ion battery cells, 
transformers and the power electronics elements including 
IGBT, diode and capacitor. The choice of parts from different 
manufacturer or different ratings can affect the calculated 
reliability of the whole system. The failure rates of the power 
electronics parts are extracted from MIL-HDBK-217F in terms 
of the influencing factor, namely, temperature, voltage ratio and 
power. However, the other coefficients including environment 
and quality factors are assumed to be constant [27].  

 
TABLE II 

FAILURE RATES OF PARTS IN FAILURE/106HOUR [28], [27], [23] 

Parts Failure rate 

IGBT 𝜆ூீ஻் = 0.003 exp ൬−2114 ൬
1

𝑇
−

1

298
൰ + 3.1𝑉௦௧൰ . 𝑃଴.ଷ଻ 

Diode 𝜆ூீ஻் = 0.003 exp ቆ−3091 ൬
1

𝑇
−

1

298
൰ቇ . 𝑉௦௧

ଶ.ସଷ 

Capacitor 𝜆஼௔௣ = 0.12 exp ቆ−1.82 × 10ି଼ ൬
1

𝑇
−

1

298
൰ቇ . ቆ1 + ൬

𝑉௦௧

0.6
൰

ହ

ቇ . 𝐶଴.ଶଷ 

Transformer 
(Liquid filled)  

𝜆்௥௔௡௦ = 0.243𝑤 

Li-ion battery 
cell 𝜆௖ = 𝜆௖(1.5)

୼்
ଵ଴  

 
In Table II, T, P and Vst are the temperature in K, the power 

rating in W and the ratio of the break-out voltage over the rated 
voltage. Further, C, w and Δ𝑇 are the capacitance in F, the 
number of the windings and the battery cell temperature rise. 

B. Component reliability calculation 

From the reliability point of view, in this work, components 
are assumed to be made of a set of parts introduced in the 
previous sub-section.  
1) Battery pack: the hierarchy of batteries usually ranges from 

battery cells, battery modules, battery packs and battery 
rooms as it is shown in the Fig. 5 In this work, the battery 
modules are assumed to be made of a parallel connection 
of p strings including s cells in series. Then, the battery 
packs consist of q battery modules connected in series and 
are interfaced by a dedicated bidirectional dc/dc converter. 
To obtain the reliability of a battery pack as a unit based on 
the failure rate of a single cell, 𝜆஼ , and the configuration of 
the battery packs, the following expression is used to 
calculate the failure rate of a battery pack, 𝜆஻௉ [29]. 
 

𝜆஻௉ = 𝑞(
𝑠. 𝜆஼

∑
1
𝑖

௣
௜ୀ௣భ

) (7) 

 
In which 𝑝ଵ is the maximum number of the parallel strings 
in a module which is required to be working. Regarding 
the temperature rise calculation, which is essential for 
estimating the failure rates, the power loss generated in 
one cell based on the battery pack charging/discharging 

 
 
Fig. 4. Proposed reliability-assessment framework for S2SC system. 
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power is calculated in (8) [23]. Note that v is the battery 
cell voltage. 
 

𝑃௟௢௦௦ି௖௘௟௟ = 𝑟௜ ൬
𝐼஻௉

𝑝
൰

ଶ

= 𝑟௜ ൬
𝑃஻௉

𝑝(𝑠. 𝑞. 𝑣)
൰

ଶ

 (8) 

 
2) Power electronics converters: The failure rate of the power 

converters used in a S2SC system which are made of a set 
of critical power electronics parts, i.e., IGBTs, diodes and 
capacitors, are listed in Table III. Moreover, in order to 
calculate the temperature rise required to estimate the 
failure rates in Table II, the power loss models are listed 
for each specific component in the following table.  
 

TABLE III 
POWER CONVERTER UNIT FAILURE RATE [4] 

Component Part Power loss Component 
failure rate 

dc/ac 
converter 

(AR) 

IGBT 
൬

1

2𝜋
+

𝑚

8
൰ 𝑉஼ா଴

𝑃

√3𝑉௔௖ 

+ ൬
1

8
+

𝑚

3𝜋
൰ 𝑟஼ா ቆ

𝑃

√3𝑉௔௖ 

ቇ

ଶ

+
√2𝑓௦௪(𝐸௦௪)

𝜋

𝑃

√3𝑉௔௖ 𝐼௥௘௙

 ቆ
𝑉௖௘

𝑉௥௘௙

 ቇ

ଵ.ଷ

 

6(𝜆ூீ஻்
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In Table III, m and P are the modulation factor of the dc/ac 
converter and the input power, respectively. Vac and Vbat 
are the ac-side in the dc/ac converter and the battery-side 
voltage in dc/dc converter. Esw and fsw are the turn-on and 

-off energy loss and the switching frequency. Vref and Iref 
are the voltage and current reference in the datasheet of the 
IGBT modules. Further, VCE0 and rCE are the equivalent 
voltage and resistance characteristic of the IGBT. VFW0 and 
rFW are the forward voltage and resistance of the diode. Err 
is the reverse recovery energy loss of the diode. D is the 
duty cycle of the dc/dc converter. rLb as well as ILb are the 
resistance and the current of the boost inductor. Moreover, 
tanδ is the loss tangent of the capacitor, and Ih is the RMS 
current of dc-link capacitor. In order to estimate the 
temperature, rise in the components by using the power 
loss expressions listed in Table III, the thermal model of 
the components is needed. For the dc/ac and dc/dc 
converters, the bridge-leg modules connected between the 
dc terminals, with an upper and a lower IGBT with their 
anti-parallel diodes and the ac-side connection at the mid-
point are considered in this study. The simplified thermal 
model of such modules is drawn in Fig. 6 [30]. In this 
model, the thermal resistances are available in the 
datasheets [31]. To calculate the junction temperature of 
the semiconductor x, IGBT or forward diode, equation (9) 
is used. 

 
𝑇௝

௫ = 𝑇௔ + 2(𝑃௟௢௦௦
஽ + 𝑃௟௢௦௦

ூ )𝑅௧௛ି௛௔ + 𝑃௟௢௦௦
௫ (𝑅௧௛ି௝௖

௫

+ 𝑅௧௛ି௝௖
௫ ) 

(9) 

 

C. Sub-system reliability calculation 

The S2SC systems are comprised of three sub-systems, GI, 
OSB and OBB. As it is shown in Fig. 2, the sub-systems are 
divided into two sections in a double-bus power system. For 
each bus section of the sub-systems, the block diagrams 
representation of the sub-systems can be either one of the block 
diagrams in Fig. 7(a) and (c). For example, the OBB sub-system 
which consists of a set of NOBB battery packs with their interface 
converter in parallel can be modeled as the system in Fig. 7(a). 
Hence, n=NOBB and unit A is equivalent for a pair of a battery 
pack and a buck/boost converter. The state space of the sub-
system can be constructed as the Markov chain drawn in Fig. 
7(b), in which i indicates the number of the failed units.  

 
 
Fig. 5. Configuration of a battery pack and battery module. 

 
Fig. 6. The simplified thermal model of a double IGBT module. 



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION 

 

 

Now, the redundancy is included in the system analysis by 
defining a redundancy indicator addressing the number of 
redundant units in the sub-systems. Note that in this paper the 
redundant units are considered to be active meaning that the 
units are partially loaded in the nominal operating conditions. 
Thus, the capacity of the sub-system with m redundant units 
would not drop below the nominal capacity until the (𝑚 + 1)௧௛ 
unit failure. Considering 𝑛 + 𝑚 units in total, the loading of one 
healthy unit after failure of 𝑖 units, 𝑃 ௨,௜  can be calculated by 
equation (10).  

 

𝑃௨,௜ = ൞

𝑃௧௢௧௔௟

𝑛 + 𝑚 − 𝑖
         

𝑃௧௢௧௔௟

𝑛 + 𝑚 − 𝑖
<

𝑃௧௢௧௔௟

𝑛

𝑃௥ =
𝑃௧௢௧௔௟

𝑛
                         𝑜. 𝑤.    

 (10) 

 
in which 𝑃௧௢௧௔௟  are the total required power of the sub-system. 
Then, the capacity of a sub-system after ith failure is equal to 
(𝑛 + 𝑚 − 𝑖)𝑃௨,௜.Thus, by employing the Markov chain analysis 
in Appendix I, the probabilities of the states are determined. 
The same analysis can be used for the OSB. The block diagram 
drawn in Fig. 7(c) can be used to model such sub-systems. In 
this regard, A-units and B represent active rectifiers and the 
transformer. The Markov chain of such system is depicted in 
Fig. 7(d), in which the states with Bi represent the failure of the 
unit B while there are i A-units failed in the system. The 
stochastic performance of such system including the 
probabilities of the states would be obtained by the Markov 
analysis in Appendix I, and the final failure states which are 
shown with red line in the Fig. 7(d) would merge into one state 
by summing their probabilities.  

 
Using the Markov chain analysis for each section of the sub-

systems, the probability of the states within a section is obtained 
in a recursive way, where the increase in the number of A units 
does not affect the complexity. However, using the Markov 
chain for the whole sub-system comprising of two (or more in 
the systems with more busbars) sections would suffer from 
state-space explosion. Therefore, a UGF method is chosen for 
this purpose. The UGF u describes the stochastic performance 
of one sub-system section as following [20]. 

 

𝑢௦௘௖௧௜௢௡(𝑧) = ෍ 𝑞௜ . 𝑧௚೔  

௡ାଵ

௜ୀଵ

 (11) 

 
In which qi and gi accounts for the probability and the 

capacity of the state i. In order to combine the two UGFs of the 
sections, a composition operator Ωଵ is defined as following: 

 

Ωଵ{𝑢ଵ, 𝑢ଶ} = Ωଵ ቐ෍ 𝑞௜ . 𝑧௚೔  

௡ାଵ

௜ୀଵ

, ෍ 𝑞௜
ᇱ. 𝑧௚೔

ᇲ
 

௡ᇲାଵ

௜ୀଵ

ቑ

= ෍ ෍ 𝑞௜𝑞௝
ᇱ . 𝑧(௚೔ା௚ೕ

ᇲ) 

௡ᇲାଵ

௝ୀଵ

௡ାଵ

௜ୀଵ

 

(12) 

 
Therefore, for a sub-system with two sections the UGF is 

obtained using (11) and (12). 
 

𝑢௦௨௕ି௦௬௦(𝑧) = Ωଵ{𝑢௦௘௖௧௜௢௡ , 𝑢௦௘௖௧௜௢௡}

= ෍ ෍ 𝑞௜𝑞௝ . 𝑧(௚೔ା௚ೕ) 

௡ାଵ

௝ୀଵ

௡ାଵ

௜ୀଵ

 
(13) 

D. S2SC system reliability 

In this step all the sub-systems are integrated together to form 
the stochastic performance of a whole S2SC system. In a S2SC 
process, the GI and OSB are considered as the sources, so the 
derated function of them would lead to the decrease in the 
charging power. Based on the assumption that the battery packs 
in the OBB do not accept charging power more than their 
nominal power, and the overcharging is mitigated through 
control functions, the failure in OBB would decrease the 
charging power transmitted to the battery packs in total. Since 
the Markov-based state-space analysis for the whole system 
suffers from high complexity, the UGF method is employed for 
the integration of the probabilistic performance of the sub-
systems.  

For summing the capacity of the GI and OSB, it should be 
considered that the onshore batteries are recharged through the 
GI when the vessel is in-route, within tr. The energy balance of 
the onshore batteries during one charging break and one trip 
follows the equality given by 

 
(𝑃ைௌ஻ି௖௛𝑡௥) − 𝑃ைௌ஻ିௗ௜௦𝑡௖௛ = (Δ𝑆𝑜𝐶ைௌ஻)𝐶ைௌ஻, (14) 

 
in which 𝑃ைௌ஻ି௖௛, 𝑃ைௌ஻ିௗ௜௦  are the charging and discharging 
power of the onshore batteries. Further, Δ𝑆𝑜𝐶ைௌ஻ and 𝐶ைௌ஻ are 
the designed SoC change within one period of operation which 
is ideally assumed to be zero, and the capacity of the onshore 
batteries. Thus, the onshore batteries are able to contribute to 
the charging as far as the GI is able to recharge them within tr. 
As a result, it introduces a limit for the capacity of the OSB 
dependent on the GI capacity. 
 

𝑃ைௌ஻
௟௜௠௜௧ =

(𝑃 ூ𝑡௥)

𝑡௖௛

 (15) 

 
Therefore, to integrating the GI and OSB, a composition 

operator Ωଶ is defined as following: 
 

Fig. 7. (a) n-parallel-unit block diagram, (b) n-parallel-unit Markov chain, (c) 
1-n-parallel-unit block diagram and (d) 1-n-parallel-unit block diagram (fxi and 
rx represent the failure rate at state i and the repair rate of unit x.) 
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Ωଶ{𝑢ଵ, 𝑢ଶ} = Ωଶ ቐ෍ 𝑞௜ . 𝑧௚೔  

௡ାଵ

௜ୀଵ

, ෍ 𝑞௜
ᇱ. 𝑧௚೔

ᇲ
 

௡ᇲାଵ

௜ୀଵ

ቑ

= ෍ ෍ 𝑞௜𝑞௝
ᇱ . 𝑧௙ቀ௚೔.௚ೕ

ᇲቁ
 

௡ᇲାଵ

௝ୀଵ

௡ାଵ

௜ୀଵ

 

(16) 

s. t. f(𝑃 ூ . 𝑃ைௌ஻) = ቊ
𝑃 ூ + 𝑃ைௌ஻

௟௜௠௜௧    𝑃ைௌ஻ >  𝑃ைௌ஻
௟௜௠௜௧

𝑃 ூ + 𝑃ைௌ஻    𝑃ைௌ஻ ≤  𝑃ைௌ஻
௟௜௠௜௧

 
(17) 

 
Then, in order to integrate the probability of the OBB, a 

composition operator Ωଷ is defined as following: 
 

Ωଷ{𝑢ଵ, 𝑢ଶ} = Ωଶ ቐ෍ 𝑞௜ . 𝑧௚೔  

௡ାଵ

௜ୀଵ

, ෍ 𝑞௜
ᇱ. 𝑧௚೔

ᇲ
 

௡ᇲାଵ

௜ୀଵ

ቑ

= ෍ ෍ 𝑞௜𝑞௝
ᇱ . 𝑧(௚೔.௚ೕ

ᇲ) 

௡ᇲାଵ

௝ୀଵ

௡ାଵ

௜ୀଵ

 

(18) 

 
Assuming that all the sub-systems are described by the 

UGFs, uGi, uOSBES, uOBBES and uOR, by using composition 
operators (3) and (5), the UGF of the whole system is defined 
as 𝑢ௌଶௌ஼ௌ(𝑧) and calculated as follows: 

 
𝑢ௌଶௌ஼ௌ(𝑧) = Ωଷ{(Ωଶ{𝑢ீூ(𝑧), 𝑢ைௌ஻(𝑧)}), 𝑢ை஻஻(𝑧)}

= ෍ 𝑞௜ . 𝑧௣೔ 

௄

௜ୀଵ

 
(19) 

 
In which pi and qi are the charging power transmitted and its 

probability of the state i. 𝐾 is also the number of the states. 
Thus, the probability of charging at least Pch can be calculated 
as following. 

𝑃𝑟(𝑃 ≥ 𝑃௖௛) = ෍ 𝑞௟  

{௟|௣೗ஹ௉೎೓}

 (20) 

 

IV. CASE STUDY RESULTS AND DISCUSSION 

In this section, first, the case study is described as a grid-
based shore to ship charging system. Then, the reliability of this 
case study is assessed by the proposed framework and is 
presented in terms of the defined indicators. To study the effect 
of OSB, the sizing of the OSB is investigated in the light of the 
of reliability. The sizing of the OSB with reliability 
consideration will result in a modified case study. Next, a 
design routine is carried out for the modified case study, which 
is one of the main contributions of the proposed framework. In 
this stage, the modified case study is redesigned thanks to the 
compatibility of the framework with respect to the system 
reconfiguration. Here, the size and number of components in 
the shore-based sub-systems – GI and OSB – are the variables. 
Based on these variables, design scenarios are introduced. Note 
that in this design routine it is assumed that the design scenarios 
are verified thorough the initial design phase which is not the 
scope of this paper. Further, for the identified best design, the 
influence of the distributed redundancy is investigated as a 

practical design factor. Finally, the proposed algorithm is 
compared with the conventional Markov-chain-based method. 

A. Case study description 

The case study is inspired by the S2SC system for the all-
electric ferry Ellen with 4.3MWh onboard batteries [25]. This 
ferry is charged by a 4-MW dc S2SC system located in Søby, 
Denmark. It is worth to mention that the chosen case study is 
the only S2SC system with the relevant data publicly available 
for this work, to the best of knowledge of the authors.  Here, no 
onshore batteries are installed to support the distribution grid. 
Hence, according to the proposed scheme of a S2SC in this 
paper, this charging system consists of GI and OBB sub-
systems.  The C-rate of the onboard batteries for charging and 
discharging are 1 and less than 0.5, respectively. Based on the 
evaluation report of the E-ferry Ellen, the operational design 
parameters and the OBB energy profile are listed in Table IV 
and depicted in Fig. 8, respectively [25]. Note that, the 
calculated results are highly dependent on the choice of the 
system configuration and the parts which are chosen by the 
authors due to the unavailability of the detailed characteristics 
of the real-case system.  

 
TABLE IV 

 OPERATIONAL PARAMETERS OF THE CASE STUDY  

Parameter Value 

Number of trips and charging breaks per day (n) 5/4 

Capacity of the onboard batteries 4.3MWh 

Nominal S2SC Power 4MW 

Average charging time in one day (tch) 25 min 

Average sailing time between charging (ttr) 2h 

Discharged energy from onboard batteries during one 
trip (Etr) 

1677kWh 

Onboard battery SoC safety range (SoC Min – SoC Max) 15%-90% 

Nominal onboard batteries SoC range during one trip 
(SoC L – SoC U) 

40%-80% 

 

 
As it can be observed in the OBB energy profile of the case 

study, two SoC limits are defined as following: 1) lifetime 
capacity limit, 1200kWh and 2) the safety capacity limit, 

Fig. 8. The OBB energy profile and the required charging power of the case 
study.  
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800kWh. The blue-colored energy profile is for the nominal 
charging power of 4MW. According to (1) and (3), two other 
derated energy profiles are estimated. The dashed, red-colored 
energy profile represents the marginal energy profile to not 
violate the lifetime capacity limit. Further, the same procedure 
has been conducted for the dotted, yellow-colored profile with 
respect to the emergency limit. In this regard, if the S2SC 
system capacity has been reduced to a value between the 3.54 
and 4MW, the ferry can operate normally. However, if the 
charging power decreases to below 3.54MW but higher than 
3.25MW, the ferry can still operate. In this operation state, 
although the emergency reserve is kept, the battery lifetime is 
compromised. Then, for the capacities below the 3.25MW the 
ferry may not be able to operate anymore since it would not be 
able to maintain the emergency reserve. 

The design parameters of the system aligned with the 
structure depicted in Fig. 2 is gathered in Table V. 

 
TABLE V 

 SUB-SYSTEM DESIGN PARAMETERS OF THE CASE STUDY  

Sub-
units 

Parameters Value 

OBB 

NOBB  10 per room 

Power rating of battery converters 200kW 

Dc bus voltage 780V 

Battery pack configuration  4s8p42q 

Battery pack nominal voltage and Ah 625V,344Ah 

GI 
NGI 8 per bus section 

Power rating of grid interface 
converters 

250kW 

 
In the next step, the design parameters of the components are 

specified in Table VI. 

 
TABLE VI 

 COMPONENT FAILURE RATES OF THE SYSTEM 

Component Part Failure rate 
(×10-6f/h) 

Transformer winding Liquid filled Two 
winding 

0.48 

Battery Pack cell 43Ah,3.72V 6.95 

dc/ac 
converter 

(@fsw=5kHz) 

IGBT FF600R17KE4 

13.51 
Diode FF600R17KE4 

Capacitor 3×(El-Cap,2kV,0.25mF) 
+1×(Film-Cap,2kV, 

0.01mF) 

dc/dc 
converter 

(@fsw=5kHz) 

IGBT FF600R17KE4 

16.52 
Diode FF600R17KE4 

Capacitor 
3×(El-Cap,2kV,0.25mF) 

+1×(Film-Cap,2kV, 
0.01mF) 

 
Then, the results which are obtained by employing the 

proposed method for the case study are shown in Table VII. 

 

 

 

 

 

 

 
TABLE VII 

AVAILABILITY OF CHARGING POWER IN DIFFERENT OPERATIONAL STATES  

Reliability index Value 

LOCE (charging 
breaks/year) 

2.72 

DCE (charging breaks/year) 20  

Available Power (kW) 3991.55 

 
The results show that the loss of approximately 3 charging 

breaks is expected within one year of operation and the derated 
charging breaks in which the charging power is between the 
charging power threshold and the requested charging power can 
happen 20 times in the year. However, only for one charging 
break is it expected that the battery SoC drops below the 
lifetime limit.  

 

B. The impact of onshore batteries: the system configuration 
and sizing 

Here, the impact on the reliability assessment of the case 
study by installing onshore batteries is analyzed. First, it is 
assumed that the onshore battery packs are identical to the 
onboard battery packs. Therefore, the installed capacity of the 
GI and OSB are swept by five steps; in this regard, the required 
number of units are listed in Table VIII. It is obvious that by 
increasing the installed capacity of OSB the number of the 
required OSB and GI units increases and decreases, 
respectively. Then, the reliability framework is carried out for 
the different arrangements and the results are shown in Fig. 9. 
It is worth mentioning that the availability of the grid to supply 
its peak capacity at each design scenario is assumed to be equal 
to 99.9% [19]. 

 
TABLE VIII 

 THE SUB-SYSTEM UNIT SIZE STEPS 

OSB power 0 0.5MW 1MW 1.5MW 2MW 2.5MW 

NOSB 0 2 4 6 8 10 

Grid Power 4MW 3.5MW 3MW 2.5MW 2MW 1.5MW 

NGI 8 7 6 5 4 3 

 
 

Fig. 9. The impact of using OSB in the S2SC system for the case study on (a) 
LOCE, (b) DCE and (c) available charging power. 
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As the results show, the available charging power decreases 
as the OSB power increases. It is also concluded that the 
expected number of derated charging breaks increases by 12 
breaks per year by adding an OSB sub-system capable of 
supplying half of the requested charging power. It is because of 
the high failure rate of the added battery packs. It is obvious 
from all the figures that stepping from the OSB capacity of 
2MW to 2.5MW, the LOCE, DCE and available charging 
power deteriorates more compared to the other steps. 
Furthermore, it is not recommended to design the OSB more 
than 50% because of the additional investment and energy cost 
as well as the decreased energy efficiency by adding the 
onshore batteries [4]. Therefore, the installed OSB is chosen to 
be 2 MWh with 2MW nominal discharging power for the 
following analysis in this paper.  

C. Redesigning of the sub-systems in the case study 

Here, the impact of the system configuration within the 
predefined topology on the reliability of the entire system is 
studied. To do so, the modified case study is considered with 
2MW power from the installed OSB and 2MW power from the 
GI. In this analysis, the variable parameter is the power rating 
and the number of the OSB and GI units. For the S2SC system 
topology defined in this paper, the OSB units consists of a 
battery pack and its interface dc/dc converter, while the GI units 
are the dc/ac converters. Note that there is one dedicated 
transformer for each GI bus section, and it is assumed that the 
reliability of transformers is not dependent on their size. 
Considering five various unit ratings for GI and OSB as listed 
in Table IX and Table X, 25 design scenarios are tested through 
the reliability framework. Regarding the OSB battery pack 
configuration, the number of series- and parallel-connected 
battery cells in the battery modules are changed such that the 
nominal voltage of the battery packs remain unchanged. To 
choose the suitable IGBTs and diodes for the units, the voltage 
and current rating of the devices must be checked, and the 
thermal design of the device must be considered such that the 
calculated temperature will be within the allowable junction 
temperature. To do so, the junction temperature of the IGBTs 
and diodes are calculated by (9). The thermal resistances are 
extracted from datasheets [32]. Moreover, the heatsink thermal 
resistance is assumed to be 0.01k/W with water cooling [30]. 
Thus, the IGBT and diode with the lowest current rating from 
Table XIII is selected (considering the condition in (21) is met). 

 
 𝑇௝ି௖௔௟௖௨௟௔௧௘ௗ

௫ < 𝑇௝௠௔௫ି௧௔௕௟௘
௫  (21) 

 

TABLE IX 

 DESIGN STATES FOR SIZING OF OSB FOR THE CASE STUDY   

Unit size 
number 

1 2 3 4 5 

OSB unit 
power rating 

100𝑘𝑊 200kW 250kW 330kW 500kW 

Battery pack 
Configuration 

4s4p42q 4s8p42q 4s10p42q 8s13p42q 8s20p42q 

IGBT module 
number 

1 4 5 6 7 

NOSB 10 5 4 3 2 

 
 

 
 
 
 
 
 

TABLE X 

 DESIGN STATES FOR SIZING OF GI FOR THE CASE STUDY   

Unit size 
number  

1 2 3 4 5 

GI unit 
power 
rating 

100𝑘𝑊 200kW 250kW 330kW 500kW 

IGBT 
module 
number 

1 2 4 6 7 

NOSB 10 5 4 3 2 

 
 By applying the reliability framework on the 25 design 

scenarios, the results of calculated LOCE and DCE are depicted 
in Fig. 10. It is obvious from the results shown in Fig. 10 (a) 
that LOCE is improved by increasing the number of the units. 
However, the maximum change of LOCE is 0.1 charging break 
per year. The reason for such negligible change is that the 
unavailable operation states are caused by at least 6 failed 
components for the studied design scenarios. As a result, the 
probabilities of such states are negligible compared to the 
derated states. It can be seen from the Fig. 10 (b) that the 
number of derated charging breaks per year decreases as the 
unit sizes are larger. However, the DCE improvement is more 
significant as the GI units decreases compared to that for the 
OSB units because the GI units are made up of three times more 
semiconductor devices than the OSB units. All in all, if the 
largest GI and OSB unit sizes are chosen, the DCE is reduced 
to half compared to the scenario with the smallest GI and OSB 
units. This observation conveys the fact that adding more 
components to the system leads into more probable derated 
operation. 

 
Fig. 10. (a) LOCE and (b) DCE for different GI and OSB unit sizes. 
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Moreover, the available charging power of the design 

scenarios can be observed in Fig. 11. The results show that the 
highest available charging power, which is 3989.25kWh, 
appears for the design scenario with the smallest unit sizes.  

 
In addition to the reliability, the energy efficiency of the 

charging system has a significant impact on the operation and 
maintenance expenses of the system. Therefore, to benchmark 
the design scenarios in a more comprehensive manner, the 
calculated energy efficiency is considered, besides the 
reliability. It is calculated by the power loss models in Table III 
and (8) for the operational profile shown in Fig. 8. To do so, the 
charging of the onshore batteries by 0.25C-rate in the interval 
between the two charging breaks is considered. More details 
about the energy efficiency evaluation for S2SC systems can be 
found in [4]. Subsequently, the results are shown in Fig. 12. 

 
 
The energy efficiency results show that the design scenario 

with 100kW GI unit and the 500kW OSB unit has the highest 
energy efficiency of 96%. On the other hand, the lowest energy 
efficiency which is equal to 86% is for the design scenario with 
the smallest OSB unit and the largest GI unit. It can be 
concluded that the conduction power loss of the dc/ac 
converters (relative to I2) is the dominant term as it grows with 
the increase of number of the paralleled units. While, for the 

dc/dc converters, the switching power loss (relative to I) is the 
dominant power loss because the efficiency drops as the OSB 
unit power rating decreases.  

To take into account both performance indices, the energy 
efficiency and the reliability, a FoM is defined in (22). Since 
the objective of the design is to minimize the derated and failed 
operation and maximize the energy efficiency, the design with 
the highest FoM can be selected as the design candidate for the 
system. The results of calculated FoM for 25 design scenarios 
are depicted in Fig. 13. 

 

𝐹𝑜𝑀 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

𝐿𝑂𝐶𝐸 + 𝐷𝐶𝐸
 (22) 

 
 
Based on the FoM results, the first three design scenarios 

with the highest FoMs are suggested as the design candidates 
and listed in Table XI. 

 
TABLE XI 

DESIGN CANDIDATES 

Design 
Candidate 

OSB 
unit 

GI 
unit 

LOCE DCE 
Energy 

Efficiency 
FoM 

Design #1 500𝑘𝑊 500𝑘𝑊 2.80 35.83 94.77 0.0241 

Design #2 250𝑘𝑊 500𝑘𝑊 2.75 35.74 94.28 0.0238 

Design #3 333𝑘𝑊 500𝑘𝑊 2.80 36.84 92.39 0.0233 

 

D. Redundancy analysis for the sub-systems of the case study  

In the end, the impact of the distributed redundancy on the 
reliability and the energy efficiency is analyzed. Distributed 
redundancy refers to the fact that the redundancy in GI and OSB 
sub-system can have different effects on the whole system. To 
study the redundancy, in the third step of the reliability 
framework, as it is described in section III, the capacity levels 
of the state-space models of the sub-systems are modified by 
(10). Note that in the previous design stages for the case study, 
the redundancy was not considered. Here, as an example, the 
first design candidate, Design #1, is chosen to analyze the 
redundancy. In this regard, the LOCE+DCE, energy efficiency 
and FoM are calculated for up to two redundant units in each 
sub-system bus section. The results are shown in Fig. 14.  

 

 
Fig. 11. Available charging power for different GI and OSB unit sizes.  

 

 
Fig. 12. Calculated energy efficiency for different GI and OSB unit sizes.  

 

 
Fig. 13. FoM for the design scenarios. 
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As it is shown in Fig. 14(a), the LOCE+DCE decreases to 
almost half by adding two redundant units in each section of the 
GI and OSB sub-systems. Additionally, the redundancy in the 
GI sub-system can have more significant effect on the reduction 
of unavailability. Based on Fig. 14(b), the efficiency would 
increase and decrease as the redundancy of the OSB units and 
GI units increase, respectively. Finally, based on the 
benchmarking of the redundancy by the FoM in Fig. 14(c), one 
redundant OSB unit and two redundant GI units can be 
suggested. However, this would add to the overall cost of the 
system. For the other design scenarios, the same procedure can 
be used to investigate the redundancy impact on the reliability 
and energy efficiency. 

E. Comparison with the conventional Markov-chain-based 
method  

To have a better overview of the capability and effectiveness 
of the proposed algorithm, it is compared with the conventional 
Markov chain-based method in terms of computation effort, for 
the same case study. The detailed Markov chain method for the 
S2SC systems is presented in [16]. For the comparison, the 
design candidate #1 is considered. Based on the system 
description in Table V and Table XI as well as the single line 
diagram in Fig. 2, NOBB, NOSB and NGI are, 10, 2 and 2, 
respectively. Then, the Markov chain of the whole system 
includes 9801 operation states. Besides the effort to construct 
the state-state model in respect to the charging power capacity, 
the processor must solve 9801 equations to obtain the 
probability table, and then merge the states to make the 
equivalent diagram. Conversely, in the proposed framework, in 
each sub-system, the processor handles only 34 equations 
thanks to the UGF and modular approach. In the next step, for 
the same design candidate with two redundant units per each 
sub-system bus section, as suggested earlier, the number of the 
operation states escalates to 75625. Furthermore, it is necessary 
to establish the new state-space manually. On the other hand, 
employing the proposed framework, assigning the same 
redundancy adds only 8 more equations to the existing model. 
Moreover, such procedure is carried out in a recursive 
algorithm as is described in section III. In the following table, 
the reliability indices are calculated for the design candidate #1 
as an example by the conventional Markov chain and the 
framework in this paper. It can be seen that the difference 
between the results from both methods are negligible. 

 
 
 
 

TABLE XII  

 COMPARISON BETWEEN THE FRAMEWORK AND THE CONVENTIONAL 

MARKOV CHAIN METHOD 

Reliability 
index 

Design candidate #1 
Design candidate #1 with two 
redundancy in GI and OSB 

Proposed 
method 

Conventional 
method 

Proposed 
method 

Conventional 
method 

LOCE 
(charging 

breaks/year) 

2.80 2.78 2.71 2.69 

DCE 
(charging 

breaks/year) 
35.83 

35.78 19.56 19.55 

 

IX.V. CONCLUSION 

In this paper, a framework has been developed for the 
reliability assessment of the S2SC systems, with the main sub-
systems such as GI, OSB and OBB. Here, a UGF approach is 
used for calculating the reliability of the entire system. Power 
electronics converters, battery packs and transformers are 
considered as the reliability-critical components of the system. 
The reliability models of the parts, including semiconductor 
devices, capacitors and the battery cells are estimated by failure 
rate models based on historical data. For the power electronics 
elements, the temperature rise, voltage stress and power loading 
are also considered in the estimation of the failure rates. Since 
the S2SC system failure states cannot be described by basic 
healthy/normal states, a charging power threshold is defined, 
dividing the operation states into 1) normal, 2) derated and 3) 
unavailable. For the reliability assessment, three specific 
indices are introduced such as LOCE, DCE and available 
charging power. In addition to the reliability indices, the energy 
efficiency of the design scenarios is considered as an additional 
factor for selecting the design candidates. 

To validate the effectiveness of the proposed method, an 
extensive case study is conducted on a case inspired by a grid-
based dc S2SC system installed and operating in Denmark. 
Here, the impact of installing onshore batteries and resizing the 
shore charging sub-systems are analyzed with the defined 
indices. In the applied design and sizing routine, it is assumed 
that the design scenarios come from a conventional design 
phase. Moreover, a FoM is defined with the objective of 
reducing the unavailability and maximizing the energy 
efficiency. The results show that the design candidates are the 
design scenarios with the largest units in the onshore battery 
and grid interface sub-systems, with respect to the defined FoM. 
Finally, the distributed redundancy is studied for a selected 
design candidate. Consequently, in this case, one and two 
redundant units per section for the onshore battery and grid 
interface sub-systems is suggested.   

Considering the reliability in the design of S2SC systems 
would help to save costs in terms of unexpected failures and 
associated maintenance cost during the operation as well as to 
avoid unnecessary redundancy during the design process. 
Therefore, the presented design routine can be integrated into 
the classical design tools. Moreover, the proposed approach can 
be adopted for other transportation electrification applications, 
for instance in the charging systems for battery-electric trains, 
more electric aircrafts, and electric buses. Even though the 
accuracy of the reliability models is usually compromised for 

Fig. 14. The impact of the redundancy per section in the sub-systems for the 
design candidate #1 on (a) LOCE+DCE (b) energy efficiency and (c) Figure 
of Merit. 
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the sake of simplicity, such models can be widely used to 
benchmark the preliminary design scenarios. Here, the main 
point is not the model accuracy but the applicability of the 
model to compare different design solutions. For this purpose, 
in addition to the reliability and energy efficiency, the 
operational and capital expenses of the system can be also 
considered for the redundancy allocation. For the prospective 
research, adaptation of the framework to become compatible 
with studies of the impact from various mission profiles on the 
reliability of the system is considered.  

APPENDIX I 

To calculate the probability of the states, the Kolmogorov 
equation in steady state is used [18]: 

𝑃 ∙ 𝐴 = 0 (23) 
where P is the matrix of probability of states and A is the 

matrix of transition rates in which aij (i≠j) is the transition rate 
from state i to state j. 

 
𝑃 = [𝑃ଵ 𝑃ଶ … 𝑃௡] 

 
(24) 

𝐴 = ൥

𝑎ଵଵ ⋯ 𝑎ଵ௡

⋮ ⋱ ⋮
𝑎௡ଵ ⋯ 𝑎௡௡

൩  s.t.  𝑎௜௜ = − ∑ 𝑎௜௝
௡
௝ୀ଴
௝ஷ௜

 
(25) 

 
In order to determine the state probability, only (n-1) row of 

the equations in (3) with the following equation are considered. 
 

෍ 𝑃௜

௡

௜ୀଵ
= 1 (26) 

 

APPENDIX II 

The double IGBT modules from Infineon which are used 
here are listed in the following table. 

 

 

TABLE XIII 

 IGBT MODULES [32] 

Module Number Module 

1 FF300R17KE4 

2 FF400R17KE4 

3 FF500R17KE4 

4 FF600R17KE4 

5 FF1000R17IE4 

6 FF1200R17IP5 

7 FF1500R17IP5P 
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