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Abstract

This paper proposes a three-layer framework for energy efficiency evaluation of Shore-
to-Ship Charging (S2SC) systems using load-dependent loss models of the compo-
nents. The considered S2SC system is supplied by the grid but is also supported by On-
Shore Batteries (OSB). The presented approach is then used to investigate the impact of
the specific design and operational parameters on energy efficiency. Power system ar-
chitectures for three general S2SC solutions for ac, dc, and inductive charging are defined
and compared in terms of energy efficiency. Operational parameters are also considered
in the analysis, namely, the grid power ratio, determining the load sharing between the
grid and the OSB, as well as the OSB charging profile. A case study is performed with
peak charging power of 1 MW, and the most efficient S2SC solutions are identified for
both ac- and dc-based onboard power systems. Moreover, it is shown that charging OSB
with the highest available power from the grid between the charging breaks would often
lead to higher energy efficiency than the maximum utilization of the available charging
time. Field data from a real S2SC system is used to verify the estimated energy efficiency
by the proposed framework. The analysis of the real case S2SC is then extended to
include and verify a projected OSB.

KEYWORDS
all-electric ship, energy efficiency, inductive charging, marine electrification, plug-in hybrid electric ship, shore-
to-ship charging

Battery-powered marine vessels are nowadays mostly
short-distance ships with planned schedules, that is, ferries,

Over the last decade, several short-distanced ferries and vessels
for coastal transportation have been developed or planned for
operating purely on batteries [1, 2]. In fully battery-electric or
plug-in-hybrid vessels, the On-Board Batteries (OBB) are
recharged from the onshore power grid by a Shore-to-Ship
Charging (82SC) system. As it is illustrated in Figure 1, a
S2SC system is considered as a bridge between the onboard
loads and Renewable Energy Sources (RES), such as wind,
solar, and hydropower [3]. Particularly in Norway, more than
90% of the electric power generation is from hydropower [4].
Thus, the S2SC enables the integration of land-based and
offshore RES into maritime transport and paves the way for
marine sustainable transformation [5].

which receive charging from shore during the docking period
while unloading and loading [6]. For instance, the world's first
all-electric car ferry, MF A, operates 34 times per day and re-
ceives charging at each 10-min stop between the trips [3]. With
such strict limitations of the charging times, it is important to
utilise each docking period as much as possible for charging,
implying the need for fast charging solutions. However,
increasing the charging power can introduce other challenges,
such as increased costs and more stress on the local grid. An
additional challenge of S2SC for ferries is that they often
operate in remote areas with limited capacity of the local power
grid, for example, in Norwegian fjords, meaning that the local
grid may not be able to provide the high power levels required
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for fast charging [1]. To maintain the possibility of fast
charging, the local grids are often supported by stationary
energy storage systems, here referred to as on-shore batteries
(OSB) [7]. The OSB enables sharing of the charging load and
shaves the peak load for the grid by acting as an energy buffer,
such that it is charged from the grid when the vessel is away
from the dock and is discharged under the high-power
charging conditions. However, the OSB introduces additional
power losses in the energy flow path, which are associated with
the additional power electronics interfaces as well as the
onshore battery packs themselves. Hence, energy efficiency is
an essential planning factor not only for the ship operators but
also for the port authorities. This factor shall be considered in
the early design process, and preferably in the contracting
stage. In fact, improvement in energy efficiency can result in a
lower operational cost, for example, energy cost and equip-
ment maintenance, and on the other hand, can increase the
utilization of the available grid power within the critical
charging time. The energy loss calculations are one of the
necessary inputs for the reliability assessments in the eartly-
phase design stage.

The majority of prior research on marine electrification
have focussed on different system topologies of the propulsion
systems [8, 9]; the design procedures, including the battery
sizing [10]; scheduling [11]; and control strategies for the en-
ergy and power management systems [12]. Only a few studies
focussed on the challenges of shore-to-ship charging. A review
of the charging systems for plug-in battery-powered ships in
terms of the power system configuration, current technologies,
and control is given in Ref. [3]. The authors in Ref. [6] analysed
a harbour-based power system featuring the charging facilities
for ships through time-domain simulation. A design approach
for the high-power inductive charging for a plug-in hybrid
ferry was proposed in Ref. [13] and a full-scale demonstration
of this system was presented in Ref. [14]. Also, in Ref. [15] the
sensitivity of a high-power wireless charging system for electric
ships to the misalignhment is studied. Furthermore, a charging
strategy for a fully electric ship is assessed in terms of battery
sizing and lifetime in Ref. [16], and a techno-economic opti-
mization approach was proposed in Ref. [17].

FIGURE 1 A simple diagram of a S2SC system
including OSB

Plug-in Battery-

Electric Ship

The efficiency of energy transfer has been widely investi-
gated in land-based microgrids with renewable energy sources
and Energy Storage Systems (ESS), [18-23], which can be
inspiring for analysis of S2SC systems. However, there are key
differences between the shore charging systems, especially for
car/passenger ferries, and the land-based systems. The main
differentiators are the charging time criticality due to the ves-
sels' schedules; the high-energy demand of the marine batte-
ries, and the grid stress in remote areas where much of the
S2SC infrastructure is located [3]. Using stationary batteries in
the charging stations to perform ancillary services to the grid,
for example, peak-shaving, has been investigated for the EV
sector [24]. However, in the S2SC system under study, OSB
contributes to supplying the charging loads due to the high
load demand. The share of the transferred energy that is
delivered directly from the grid (independently from the OSB)
can be introduced as an operational variable, namely the Grid
Power Ratio (GPR). A preliminary study on the energy transfer
efficiency of the S2SC systems was presented in Ref. [25],
where only the effect of the GPR was considered as the
operating variable.

This paper presents an expanded version of the analysis
carried out in Ref. [25], to evaluate the efficiency of the energy
transfer from the grid to the OBB in an S2SC system including
the OSB. Consequently, the impact of the specific design pa-
rameters and operational scenarios on the energy efficiency is
investigated. The main contributions of this paper can be listed
as follows:

® A three-layer energy efficiency evaluation framework for
S2SC systems is proposed, considering load-dependent
power loss models for a realistic analysis.

® Based on the proposed framework, different charging so-
lutions such as ac, dc, and inductive charging are evaluated
in terms of energy efficiency, and the most energy-efficient
S2SC solutions are identified within a range of GPR for
various case studies. The case studies consider not only
various onshore configurations but also vatrious configura-
tions of the onboard power system, such as ac- and dc-
based propulsion.
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® The influence of the OSB scheduling on the energy effi-
ciency is also investigated. Suggestions are given for the
efficiency improvement under operation.

® For verification, field data from a real S2SC is used and the
measured efficiency is compared with the calculated effi-
ciency for the various solutions. The study is also extended
to include the integration of OSB.

Hence, the main objective of this paper is to propose an
energy efficiency mapping approach that can be utilised in the
preliminary design and planning of S2SC systems. At this stage,
high-fidelity models may not be needed, while knowing the
overall energy efficiency of each charging solution can be
crucial [20]. In other words, the proposed framework provides
the system designers with an understanding of the main factors
influencing energy efficiency as well as estimation of the energy
requirement for various charging solutions and technologies.
The outcome of this work can be easily employed for
component stress and thermal cycling calculations required for
reliability/lifetime estimation as well as implementing a power
and energy management system to find the optimal operation
scenarios.

The analysis is centred around a case study of an S2SC
system with 1 MW charging power, where the proposed
framework is applied to various charging solutions. The results
show that installing onshore batteries deteriorates the energy
efficiency of the S2SC solutions differently. For example, for a
vessel with an ac-based onboard power system, the dc charging
solution is the most energy-efficient solution, although ac and
dc charging have the same energy efficiency for the GPR of 1.
It is also proved that the inductive charging does not neces-
sarily cause a less efficient charging system than the conductive
solutions, even though it adds more power conversion stages,
magnetic components and complexity to the system. Consid-
ering other advantages of contactless charging, such as reli-
ability, safety, and robustness, these results promote inductive
charging as a promising solution. In the end, the available field
data on the energy efficiency of S2SC systems is compared
with the calculated energy efficiency for the various solutions
in this paper. Further, the energy efficiency after installing
onshore batteries for examples of real-case S2SC are estimated.
To quantify the dependency of the results to the applied pa-
rameters, a sensitivity analysis of the calculated energy effi-
ciency in terms of selected parameters is carried out. The
proposed framework is also applicable as part of a compre-
hensive objective function for optimization of S2SC systems by
integrating other influencing factors in the design phase, for
example, reliability [27], cost, and quay space.

2 | SHORE-TO-SHIP CHARGING
POWER ARCHITECTURES

The configuration of S2SC infrastructures can vary depending
on the available onshore power system. If the grid is not strong
enough to supply the high-power charging load, for example,

in rural areas, distributed generation units, such as solar panels
and wind turbines, or energy storage systems, namely, batteries
and supercapacitors, can be introduced to support the charging
load [28]. In this study, the target applications are ferries
operating in rural areas with a weak grid, for which the On-
shore Batteries (OSB) are considered as the energy buffer to
help the grid serve the charging load. The S2S connection is
defined as the equipment for connecting the shore bus to the
ship, which can be wired through plug systems or wirelessly by
inductive power transfer.

A S28C system consists of four sub-systems: (1) Grid
Interface (GI) is the transformer and the rectifier in the dc
charging; (2) OSB Energy Storage System (ESS) includes the
OSB and its interface converters; (3) Shore-to-Ship (S2S)
connection is the interconnection between the shore bus and
the to-ship bus; (4) On-Board Charger (OBC) consists of the
power components located onboard such as the OBB ESS and
the rectifier in ac charging systems. Below, the most relevant
S2SC system topologies are described, including ac charging,
dc charging, and inductive charging,

21 | AC charging systems

In Figure 2a, an ac shore charging power system connecting to
a single-bus dc hybrid onboard power system is depicted. The
red lines show the charging path from shore to ship. Even
though most practical propulsion systems utilise split-bus ar-
chitectures for ensuring redundancy, only a single bus is drawn
for simplicity. The OSB in this topology consists of the
onshore batteries B12 and the converters C16 and C17 for
interfacing the OSB to the ac shore bus. The power conver-
sion can be a single-stage dc-ac instead of the two-stage with
an additional dc-dc converter, but in this case, the battery
voltage variation may affect the dc-ac stage. Transformer T12
is a low-frequency transformer stepping down the grid voltage
into the shore bus voltage and galvanically isolating the shore
bus from the grid. Converter C15, which can be a diode
rectifier, an active rectifier, or a power factor correction
rectifier, rectifies the received energy from the shore. Among
the mentioned alternatives, the diode rectifier is the most
efficient solution, although it does not provide power, voltage
and power factor control. The bi-directional dc-de Converter
C12 is directly connected to the onboard battery B11 controls
transferred power during the charging and discharging
process.

In Figure 2b, the grid interface and OSB BESS and S2S
connection ate the same as those in Figure 2a, but the onboard
power system is ac-coupled.

2.2 | DC charging systems

There ate usually strict volume and weight constraints when
designing maritime vessels, especially for pure battery-electric
ships. Hence, removing the onboard rectifier (and onboard
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FIGURE 2 The single line diagram of ac S2SC
for (a) a dc-based propulsion system and (b) an ac-
based propulsion system
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low-frequency transformer) to reduce weight and to reduce the
number of onboard power conversion stages in the shore-to-
ship charging path can be considered as a major step to-
wards increasing the total efficiency and, consequently, the
available range of zero-emission battery-based ships. For

instance, the “Future of the fjords”, which is an all-electric

>
passenger catamaran made of carbon fibre composite, is us-
ing a 1000V dc connection for charging from shore, aiming in
reduced weight of the vessel [29]. Figure 3a shows a dc shore
charging power system connecting to a single-bus dc hybrid
onboard power system. By comparing the power conversion
stages in Figure 3a with those in Figure 2a, it can be seen that
onboard converter C15 and onshore converter C16 are
removed. Further, the grid integration in dc charging includes a
rectifier C35, which can be either a diode rectifier as a low-cost
and simple solution or an active rectifier, which is more
complex but able to control the voltage of the shore-bus. In
Figure 3b,a dc shore charging solution for an ac-based onboard
power system is shown. The to-ship bus is connected to the
input of converter C42, so the charging path is the same as that
in Figure 2a. Thus, there is no need for synchronization be-
tween the onboard and the onshore power system. Note that if

(0
TI12
OSB ESS

E

C16 C17 B12

GI
T22

OSB ESS

o

C25 C26 B22

there are any ac loads during the docking, it is better to invert
the receiving energy through converter C41, energising the
main bus. Although in a dc connection system the conversion
stages interfacing the battery to the main bus is reduced and
the requirement of synchronization, reactive power control and
frequency control are eliminated, the immaturity of the dc
protection systems and switchgears for the large and complex
systems with multiple busses remain challenging [8].

2.3 | Inductive charging systems

In inductive charging, the electric energy is transferred through
the magnetic field between the coils rather than conduction
through the plug and the receptacle. The most important ad-
vantages of wireless charging solution compared to the wired
solutions for marine vessels is a more time-efficient operation
by eliminating the connection and disconnection procedures,
reduced vulnerability to harsh weather and saline water as well
as inherent galvanic isolation [30)].

In Inductive Power Transfer (IPT), the transmitter and
receiver coils act like a transformer with a low mutual
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FIGURE 3 Dc charging for (a) a dc-based (a)
propulsion system and (b) an ac-based propulsion
system
oL
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inductance. The relatively low magnetic coupling results in a
high magnetising current, so capacitive compensation net-
works, P51 and P52 in Figure 4, are used for generating the
reactive power consumed by the coils. Converter C56, which is
a full-bridge inverter, generates a high frequency (several kHz)
square wave voltage. Converter C55 in Figure 4 can be a full-
bridge diode rectifier, which converts the high-frequency
output of the treceiver coil to dec. As it can be seen, trans-
mitter and receiver coils provide galvanic isolation, obviating
the need for an onboard low-frequency transformer.

3 | SHORE-TO-SHIP CHARGING
OPERATION ANALYSIS

The operational analysis and formulation of the charging sys-
tem is a prerequisite for establishing a realistic energy efficiency
model. A short-distance ferry with S2SC at both ends—as a
typical battery-driven ship—is considered for the case study. In

GI
—Fa-®
OBC é s —
2 OSB ESS
To-ship Bus ﬁa
et L s28 N
-
.J C46 B42

a chronical order, the ferry comes to the port for unloading
and loading cars and passengers. Subsequently, the shore-to-
ship interface, which can be a plug-based connection or a
wireless connection, connects and starts transferring power.
The charging parameters, usually SoC of the OBB (here called
onboard SoC), required charging energy and charging time
from the ship side, as well as the available charging power from
the shore side, are exchanged between the onboard and
onshore control systems. The shore-to-ship data exchange may
continue during the charging process until the onboard SoC
reaches a certain value or the charging time is over. Then, the
shore station reduces the current to zero and disconnects from
onboard power system. Notably, in the high-power S2SC
systems, the charging profile is usually constant power, and the
operating range of the onboard SoC is limited in order to
extend the battery lifetime [16].

The power flows in a S2SC system supported by onshore
batteries include two terms: the direct pathway from the grid to
the OBB and the indirect pathway, which is from the grid to
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FIGURE 4 Inductive charging for a dc-based
propulsion system
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the OSB and then to the OBB. By neglecting the energy losses,
the transferred charging energy to the OBB within one
charging break is given by the following expression:

Eos-ch = EG1 + EosB-dis (1)

where Eopp—ch and Egy and Eosp_qis are the charging energy
stored in OBB as well as drawn energy from the grid and OSB
during the OBB charging. Further, due to the practical re-
quirements and simplicity, the battery charging strategy is
assumed to be constant power [31]. Thus, the energy flow (1)
can be rewritten as following:

Popp—cnten = PGitcn + Posp-distch (2)

whete Popp—ch and Pg; and Pogp_gis ate the total charging
power as well as drawn power from the grid and OSB during
the charging time, f4,. The total charging power is called Py,
which is equal to Pg; + Posp-ais. Hence, the GPR is equal
to %, representing the utilization of the OSB for charging
the OBB. A simple method for load sharing between the
grid and the OSB is that the OSB supply the excessive
power if the required charging power is higher than the
available grid power. However, scheduling the OSB can play
a key role in improving the efficiency, reliability, and opera-
tional cost. To do so, the charging power and time for such
batteries are determined with respect to the operational
conditions. Regarding the charging period for the OSB,
similar to Equations (1) and (2), the following equation can
be derived.

Eosp—ch = Pop-chtoss—ch = £G2 = Pgatoss—ch (3)

in which Eopp—cn and Popp-en atre the stored energy and
charging power of the OSB within its charging time, tosp—ch-
Furthet, Eg; and Pg; are the energy and power drawn from
the grid to recharge the OSB. In order to determine the
charging characteristics of the OSB between the two charging
breaks, the following remarks are considered in this study:

C57

OSB ESS
[ L

I
C58 B52

® Due to the unexpected conditions of the ferry operation, the
operational characteristics of each trip, such as charging time
and trip time, as well as requested charging time, might be
variable for 1 day of operation. However, only one cycle
starting with the charging break until the ferry comes back
to the charging port is considered for energy efficiency
evaluation since, due to simplicity, it is assumed that the
operational characteristics are constant during 1 day of
operation.

® In the real-case energy profiles of the OSB and OBB, due to
the practical constraints including the lifetime, the energy
discharged from the batteries are not fully recharged in the
next charging break [31], resulting in a SoC drop at the end
of the day which is compensated during overnight charging;
In this work, however, for simplicity, it is assumed that after
a charging interval the OSB and OBB ate recharged to their
initial SoC values.

® The maximum charging power of the OSB is the drawn
power from the grid for the OBB charging;

Thus, the following hold true regarding the charging in-
terval of OSB.

Eosp-dis = Posp-disteh = EosB-ch = Posp—chtoss—ch  (4)
tosB—ch < teh + 2ty (5)

Pg; < Pgy (6)

In Figure 5, two schemes for calculating the charging po-
wet, Posp—cn ate illustrated. In the first profile, the OSB is
charged with the maximum available power, which has been
drawn during the OBB charging. As it can be seen in Figure 5a,
the OSB is recharged to its initial SoC before the ferry returns
to the port. In Figure 5b, the OSB is recharged with the
minimum charging power such that the OSB is charged to its
initial SoC for the next charging break. Considering the pre-
sented operational analysis of the S2SC, in this work, the
impact of OSB charging power on the overall energy efficiency
is investigated.
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FIGURE 5 The charging profile for a ferry with electric operation within a trip with OSB charging power (a) equal to Pg; and (b) lower than Pg;

4 | ENERGY EFFICIENCY Assessment
FRAMEWORK

The energy efficiency of the S2SC system is defined as the ratio
of the time integral of the charging power to the onboard
batteries to the time integral of the drawn power from the
power supply over a complete cycle. This energy transfer ef-
ficiency from the grid to the OBB depends on the system
configuration and components as well as operating and design
parameters. As it is depicted in Figure 6, the proposed
framework evaluates the energy efficiency of the S2SC system
through three layers of hierarchy: A. Component level, B. Sub-
system level, and C. System level. In the following, the steps are
described individually.

4.1 | Component level

Power converters, as the main components in the charging
systems, usually generate the majority of the power loss in such
systems [16]. The simplest approach for efficiency modelling
of power electronics converters is the analytical averaged po-
wer loss models [32]. For each component included in the
charging path, a closed form expression for the power loss is
introduced in which some approximations and assumptions
should be made for simplification. Given that in this work we
evaluate the energy efficiency over a several-minute cycle as
opposed to the operating point power efficiency, using the
time-domain simulations for integrating the instantaneous
power loss over the operating period might be time-consuming
and tedious. Additionally, rendering the detailed simulations for
various configurations and operational scenarios in the design

phase is not preferred. Therefore, the switching events in the
power converters are not considered in such models; rather,
only the averaged power loss is taken into account, thereby
obviating the need for the time-consuming real-time power
loss calculations [32]. Since the operation conditions, including
the operating power, voltage, current and frequency affect the
power loss models, the efficiency models are considered load-
dependent rather than constant. Apart from power converters,
low-frequency power transformers and filters are modelled
with ohmic power loss. Furthermore, the power loss of the Li-
ion batteries in OSB is modelled as a function of the SoC and
power. The analytical power loss models for all the system
components are given in Appendix A. Note that the most
common power converter topologies are selected for the S2SC
systems analysed here.

The powet loss model of the component 7 can be wtitten
as Ploss.i (pm,a,-, b,-). The inputs to such generalised power loss
models are (1) pin: input power, represented as, (2) 4; : the
operating conditions, for example, the temperature, terminal
voltage, and the switching frequency, and (3) b; :design speci-
fications from the datasheets, for example, the turn-on energy
dissipation of the IGBT and the passive element values for the
dc-dc converter. Hence, the output power, poy, is calculated as

pin - ploss,i-

4.2 | Sub-system level

As it is mentioned in Section 2, an S2SC system consists of
four sub-systems: GI, OSB ESS, S2S, and OBC. The config-
uration of such sub-systems is dependent on both S25C so-
lution and onboard power system topologies. For example, as it
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FIGURE 6 The three-layer energy efficiency
framework applicable for S2SC systems
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is shown in Figure 4, the S2S sub-system of the inductive
charging is made of power converters and coils. Nevertheless,
the S2S sub-system for the dc charging includes only the plug
and cables. In general, a sub-system comprises series-
connected components. The energy loss of the sub-system j
is obtained as following:

t
Eloss,j(tapacj):/ Zplossﬁ(pn;ﬂmbn) dt

0\ vneN (7)
t

:/ (Pout_Pi )d[
0

in which ¢ and p are the operating time and the input power of
the sub-system j. Moreover, N; includes all the components
included in the sub-system j. Furthermore, ¢; indicates the sub-
system specification matrix, which contains the operating and
design parameters of all the components included in the sub-

system j, and is defined as ¢; = |J (4, Ub,). Note that p,
VneN

is calculated by the power flow analysis depending on the
conversion stage order inside the subsystem and the power
flow direction.

43 |

System level

Considering the OBB charging interval depicted in the system-
level section of Figure 6, the following energy flow holds true.

[EG1 = Eioss,61(ten, Pa1, car)
+ [E()SB—dis — Eoss,08B Ess (Lehs Poss—dis» CosB Ess)}
— Elogs 528 (tehs Prot, €s28) — Eloss,08¢ (Lehs Poscs cose)
= EoBB-ch

(8)

in which Egz, Eosp—dis, and Eopp—c indicate the energy drawn
from the grid, the energy discharged from the OSB, and the
energy stored in the OBB. Furthermore, based on the power
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flow depicted in Figure 6, during the OSB charging interval,
the following energy balance holds true.

EGs — Eioss,61(toss—ens PG2, car)

— Eloss,088 Ess (fosB—chs Posss cosB 1ss) = Eos-cn~ (9)

in which Egy and Eogp—cn indicate the enetgy drawn from the
grid and the energy stored in the OSB due to charging. Given
the assumption mentioned in (2), the discharged and charged
enetgy in the OSB is equal for one cycle, Eosp—ch = E0sB—dis-
Thus, based on the energy balances in Equations (6) and (7),
the energy efficiency from the grid to the onboard batteries,
Nsasc»> can be obtained as following:

EOBB—ch
= 10
Nsasc Ec; +Eco ( )

It is worth mentioning that if the charging energy Eopp—ch
is lower than the energy used during one trip, the energy ef-
ficiency term in Equation (10) must be calculated for the whole
cycle of operation. Then, considering 7 trips per day and E;
indicates the energy transfer for i trip, the energy efficiency is
obtained as following,

n .
7
ZEOBB—ch
=1
Nsasc_d =

AP (11)
D EGi+ 2 Eq
1=1 1=1

To better explain the energy efficiency calculation, an
example is given in Appendix B.

5 | RESULTS AND DISCUSSION

In this section, the energy efficiency evaluation framework
presented in Section 4 is applied for various S2SC topologies
introduced in Section 2 considering the operational schemes
presented in Section 3. In the following, firstly, the case studies
and their power component sizing are described. Then, the
impact of integration and scheduling of the onshore batteries
to the S2SC systems on the energy efficiency of the S2SC
system is reported. Further, the energy loss breakdown of the
case studies and the available field data are given and discussed.
In the end, a sensitivity analysis of the calculated energy effi-
ciency with respect to the critical design parameters is
presented.

5.1 | Case study description

To perform the analysis for the various configurations, it is
required to define the operational and design parameters. The
operational parameters including the ship route profile, and
OSB, as well as OBB sizing are listed in Table 1. Such

parameters are taken into account for the energy efficiency
calculation of all the S2SC solutions under study.

Here, the specifications of each configuration used for the
case studies are elaborated in the following,

5.1.1 | AC and DC charging systems

Regarding the ac and dc S2SC systems, as described in Sec-
tion 2.1 and 2.2, the main design specifications are listed in
Table 2 in the following table. Since the nominal charging
power is 1 MW, and the minimum of GPR is assumed to be
0.2, all the converters are designed for 1 MW rated power. The
dc-dc converters are chosen to be interleaved bidirectional
buck\boost converter. Moreovet, the topology of the dc-ac
converters is two-level voltage source converter. Thus, the
IGBT package FFI500R17IP5P is chosen [34]. Furthermore,
the diode in the rectifier C15 is chosen to be SKKD 701 [35].

5.1.2 | Inductive charging systems

The GI, OSB, and OBC sub-systems of the inductive S2SC
system are similar to the case with a dc solution supplying a dc-
based ship. However, the S2S sub-system is made up of a full-
bridge single-phase inverter, coils accompanied with the
compensation network and a single-phase diode rectifier. The
IGBTs and diodes for the inverter and rectifier are the same as
described previously. The other specifications are listed in
Table 3 the following table.

5.2 | Impact of installing and scheduling of
the onshore batteries

One of the factors affecting the energy efficiency is the GPR,
which can be considered as either a design parameter or an
operational parameter. To study the impact of such parameter,
a is swept from 0.2 to 1 for the total charging power of

TABLE 1 Operational Parameters of the case study

Parameter Value
Nominal S2SC power (P 1 MW
Charging time in 1 day (¢, 25 min

Time between two charging breaks (¢,) 130 min

OSB capacity and nominal voltage 1000 kWh, 650 V

Li-ion battery internal resistances for 10 mQ
charging and discharging @25C [33]

Number of seties and parallel cells 282,75

(2.3 V and 20Ah each cell)
OBB capacity and nominal voltage 650 kWh, 650 V

Number of series and parallel cells 282, 50
(2.3 V and 20Ah each cell)
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Parameter

TABLE 2 Specifications for the ac and

Val
aue dc S2SC systems in the case study

Nominal power and voltage ratio of the GI transformers

Nominal no-load and copper power loss (P, Pcy) of the GI transformers [36]

Grid voltage and frequency

Shore dc and ac bus voltage

Main onboard dc and ac bus voltage

Voltage and current ratings of the IGBT (Vig, Io)
Voltage and current ratings of the diode (Visum, Fav)
Switching frequency of the power converters (f;)

S28 resistance per phase (7,) [31]

1 MVA, 11 kV:0.69 kV
2 kW, 10 kW

11 kV, 50 Hz

980 Vde, 690 Vac

980 Vdc, 690 Vac

1.7 kV, 1.5 kA

1.7 kV, 701 A

2.5 kHz

4.75 mQ

TABLE 3 Specifications for the inductive S2SC systems in the case
study

Parameter Value
Self-inductances (L, L;) 400 pH
Mutual inductance (Myin, Mnaxi) 80, 200 uH
Coil resistances (R;, R;) 40 mQ
Resonance frequency (f;) 3 kHz

1000kW. Here, the charging and trip times are based on the
diagrams shown in Figute 5. Moreover, the selection of the
onshore battery charging, as introduced in Section 3, has a
significant impact on the energy efficiency. Thus, the calculated
energy efficiency for different S2SC topologies in terms of
GPR is shown in Figure 7 and Figure 8.

In Figures 7 and 8, the energy efficiency trends are pre-
sented for the GPR between 0.2 and 0.9 with the two OSB
recharging strategies. Additionally, the efficiency values for the
grid-only operation are marked by DC-G, AC-G, and IPT-G.
Considering these figures, the following results are deduced.
Note that the following remarks may be affected by the applied
parameters in this paper, but the purpose of such analysis is
mostly comparison between the different charging solutions.

1. By comparing the energy efficiency calculated for grid-only
operation and GPR range less than 1 in Figures 7 and 8, it
can be concluded that installing onshore batteries reduces
the energy efficiency. For example, regarding the dc
charging for a dc-based onboard power system, by adding
onshore batteries, which contribute to the charging by 10%,
the energy efficiency reduces by 1.8%.

2. Furthermore, the lower the ratio of the direct grid power to
the total charging power, the lower the energy efficiency of
the system. This is because of the energy losses generated in
the onshore battery charging and discharging process,
including the energy loss dissipated in the power converters
and the internal energy loss of batteries.

3. Inductive charging energy efficiency is not far less than that
for wired solutions. In fact, zero voltage switching in the
inductive charging system causes a reduction of switching

95 L]
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90 -

Energy Efficiency (%)
o o o
2 S b
<
I
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power loss. Although the energy efficiency of dc solution is
always higher than that for Inductive solution, wireless
charging presents some unparalleled advantages, namely
elimination of mechanical issues of plugs and cables and
adjustability for harsh weather and sea levels.

4. For a ferry with a main dc bus, the most efficient solution
with the applied parameters is dc charging for % <0.6asit
can be observed in Figure 7. Otherwise, ac charging is the
most efficient scenario. In other words, by increasing
the share of the grid for charging, the energy efficiency of
the ac solution would increase with a higher slope than the
other solutions. It is because the voltage source converter
C35 in Figure 3 generates more power loss than the diode
rectifier C15 in Figure 2 due to IGBT switching power loss.
The GI energy loss for dc and IPT are higher than that for
ac solution due to its lower number of power conversion
stages. In contrast, the OSB energy loss for the ac solution
is higher than the others.

5. For a ferry with a main ac bus, the ac charging and dc
charging have the same energy efficiency with the grid
power ratio of 1 because the power conversion stages are
identical. However, as the grid power ratio decreases, the ac
charging energy efficiency reduces with a higher slope than
dc charging, This is because the energy from the onshore
battery is converted into ac at shore bus and converted back
to dc to charge the onboard battery in the ac charging. By
contrast, in the dc charging system, the onshore battery
discharging path to the onboard does not include any dc-ac
conversion stages.

To explain the impact of the grid power ratio, the energy
loss generated in the onshore ditect charging path from the
grid to the OBB and the indirect charging path from the grid

Energy Loss (kWh)
(=}

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
PCI/P

tot

to the OSB and then to the OBB are drawn in Figure 9. Note
that the configuration of GI and OSB sub-systems for
inductive charging is similar to those for dc charging;

It can be concluded that the energy loss dissipated in the
direct charging path for the dc charging is more than that for
the ac charging due to the ac-dc converter in the GI for dc
charging.

Considering Equations (2), (3), and (4), the effect of OSB
charging power on the energy efficiency for different values of
GPR is investigated and the results are shown in Figure 10.

The impact of the OSB charging power on the calculated
energy efficiency can be seen in Figure 10. It can be concluded
that for PGI <2 and PGI > 0.75 decreasing the OSB charging
power can shghtly 1ncrease the energy efficiency. This effect is
more significant for the dc and IPT SZSC solutions in
s2tand PGZ , the
reduced OSB charging power would lead into lower energy

Figure 10a,b. However, for the other values of

efficiency. This phenomenon occurs because the power losses
consist of load-dependent and fixed terms, and thus, the
calculated energy loss, which is the power loss multiplied by
time, can behave as shown. Notably, to calculate the OSB
charging power, in addition to the energy efficiency, the elec-
tricity price and battery lifetime (charging Li-ion batteries with
high power may adversely affect the battery lifetime [37]) must
be taken into account.

5.3 | Verification and discussion

To fully verify the energy efficiency results, it would be
necessary to have access to the energy measurements from
full-scale S2SC systems supported by stationary batteries (ac-
counting for OSB) for all the configurations under study.
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FIGURE 9 Energy loss generated in (a) onshore direct charging path and (b) indirect charging path
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FIGURE 10 The calculated energy efficiency for different GPR and OSB charging power for (a) dc S2SC for dc- and ac-based onboard system, (b) IPT
S2SC for dc- and ac-based onboard system, (c) ac S2SC for dc-based onboatd system and (d) ac S2SC for ac-based onboard system

However, the power loss models used in this study have been
verified by the experimental results in the literature separately.
Furthermore, the focus of this study is not the detailed design
of S2SC systems. Rather, the intention is to effectively assess
the energy efficiency in a preliminary design phase for iden-
tifying the influencing factors and give a comparative evalua-
tion of different charging solutions, considering all the relevant
design and operating factors. To the best of the authors'
knowledge, to this day, only the technical evaluation report of
E-ferry Ellen can be a candidate as a publicly available
benchmarking reference [31]. In this report, the grid to the
OBB energy efficiency for the peak charging power of 4 MW
within 25-35 min of charging through dc charging solution is
measured as 92%. In addition to the grid to the OBB energy
efficiency, the power loss dissipated in the components is re-
ported. However, no onshore battery is employed in this
charging system [31]. Further, regarding the 1 MW inductive
charging for MS Folgefonn, the efficiency of its S2S8 sub-

system, dc to dc efficiency, is reported to be approximately
97%. The energy loss breakdown for three solutions studied in
this work and the available field data are compared without
onshore batteries as depicted in Figure 11a. Moreover, the

calculated energy loss breakdown for I;f"i =0.5and g—gi =1 are
shown in Figure 11b. To make such energy loss breakdowns,
the available field data in terms of power transfer efficiencies
are translated into the energy loss using the assumed charging
parameters in this work. The applied charging parameters
are 1 MW charging power within 25 min with OSB charging
by Pc.

Since the connection voltage for the Ellen charging sys-
tem and the dc solution in the case study are 780 V and
1000 V, the S2S energy loss of those solutions is different. It
can be seen that, regarding the IPT in the case study and the
field data from Folgefonn, the difference in their S2S energy
loss values is 3% while the voltage levels are equal to each
other. Considering Figure 11b, installing onshore batteries in
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FIGURE 11 Energy loss generated in (a) direct charging path and (b) indirect charging path

the ac solution can lead to high energy loss compared to the
other solutions. By comparing the energy loss breakdowns
shown in Figure 11, it can be concluded that the energy
losses generated in the OBC, S2S, and GI remain approxi-
mately constant as the grid power ratio changes. In this re-
gard, the energy efficiency of two real S2SC systems is
estimated for grid power ratios of 0.75, 0.5, and 0.25 and
depicted in Figure 12.

Considering Figure 12, it can be concluded that by the
integration of OSB for the two real-case S2SC systems with
inductive and dc charging, by the GPR of 0.5, an energy effi-
ciency of 90% and 88% is expected. Although the energy ef-
ficiency can be reduced by adding OSB, the charging capacity is
increased, thereby relieving stress on the grid, improving reli-
ability, and extending the ferry operation.

5.4 | Sensitivity analysis

Since the results may be vulnerable to parameter variations
and operating conditions, apart from the main three influential
factors, a sensitivity analysis is carried out for selected critical
parameters. Hence, a sensitivity Indicator (SI) is introduced
for each variable for the calculated energy efficiency as
following [38].

(o =nr)/my
SI=1%—%)/% (12)

In this expression, 1, and #; are the base and test values of
the calculated energy efficiency, and X, and X; are the base and
test values of the selected parameter. For the inductive
charging solution, the resonant network resistances, which is
the sum of the resistances of coils and compensating capacitors
are considered for the sensitivity. However, since the
misalignhment between the coils is adjusted by the controller
through the change of the switching frequency based on the
control scheme described in [14, 15], the power loss of the
inductive power transfer resonance network is almost
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FIGURE 12 The estimated energy efficiency in terms of grid power
ratio by installing onshore batteries for the real case S2SC systems

independent of the mutual inductance variations. For the wired
solutions, the plug resistance is considered. Moreover, the
energy loss generated in the onshore batteries is one of
the dominant energy loss terms in the S2SC system. Hence, the
sensitivity of the energy efficiency to the internal resistance of
batteries, in addition to the plug and coil resistance, is analysed.
The results are listed in able 4.

Looking at the calculated SI for the three parameters in the
above table, the calculated SIs are less than 0.02. To explain the
sensitivity results, for example, if the plug resistance of the dc
solution is increased by 100%, the calculated energy efficiency
would decrease by 0.74% (from 91.95% to 91.21%). Further,
the sensitivity of the energy efficiency with respect to the coil
resistance for the wireless topology is approximately two times
the sensitivity in terms of the plug resistance for the wired
solutions.
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Parameter Parameter change IPT dc ac TABLE 4 S(.:nsmvlty analysis 'results for
1 MW total charging power and grid power
Energy efficiency (%) 0% 89.68 91.95 91.88 ratio of 0.8
SI for coil resistance +100% —0.0164 - -
SI for plug resistance +100% - —0.0074 —0.0096
SI for battery internal resistance +100% —0.0076 —0.0067 —0.0063

6 | CONCLUSION

In this paper, the power system architecture and design of the
S2SC systems are investigated and evaluated in terms of energy
efficiency. For this objective, a three-layer efficiency framework
has been proposed based on the component loss models. The
presented system architecture includes the components and
configurations of various feasible wired and wireless S2SC sys-
tems for both dc- and ac-based onboard power systems. In the
first layer of the proposed framework, the load-dependent po-
wer loss models of the components are derived. Then, the power
loss models of components in the sub-systems were integrated
together to calculate the energy loss. In the end, considering the
operational parameters, namely, the grid power and onshore
battery scheduling, the energy efficiency was calculated.

The presented results illustrate how the energy efficiency
decreases when the grid power ratio decreases. Further, it is
proven that the load sharing between the grid and OSB has a
significant impact on which solution is the most energy effi-
cient one for a specific onboard power system. For example,
for the dc-based vessel, the ac charging and the dc charging
solutions are the most efficient solutions when the grid power
ratio is close to 1 and 0, respectively. Moreover, the result
shows that wireless charging is a promising solution as it brings
just marginally lower efficiency compared to its significant
practical advantages over wired solutions.

This framework can be integrated with the other influ-
encing factors, such as reliability, investment and operational
costs, quay space, and grid conditions, establishing an early-
stage design routine for S2SC systems. Such a design tool
can determine which charging solution works best for a spe-
cific set of design and operational conditions, namely, the
configuration of the onboard power system and available
onshore infrastructure. It can also be utilised for the design of
S2SC with locally integrated RES, for example, photovoltaic
panels, wind turbines, and biomass generators. Another impact
of this work is to shape an optimization function for planning
the ship charging sequences, within the constraints, as well as
the OSB charging and discharging scheduling.
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APPENDIX B

As an example, the energy flow Equations (6) and (7) are explicitly presented in the following for the dc S2SC system connected to
a ship with the main dc bus.
Regarding the OBB charging break depicted in Figure Bla, the following holds true.

Leh
|:EGl - / (Ploss,T32<Pcl ,arsz, brsz) + Ploss,C35 (PGl - plosss,T32<PG1 Lars, b)), acss, bcss) ) df}
0
teh
+ |:EOSB—dis - / (ploss,BBZ (POsB—chs @32, bB32) ~+ Ploss,C36 (P 08B—ch = Ploss 832 (POSsB—ch> 4832, bB32), 436, bcso))dt}
0

ten leh
- / (ploss,SZS (Ptota asas, bSZS))dt - / (ploss,C32 (POBC7 acs2, bC32> + ploss,B31 <POBC = Ploss,C32 (POBC» acsz, bC32) yAB31, bB31 )) dt

0 0
= Eopp-»

(13)

Regarding the OSB charging break depicted in Figure Blb, the following holds true.

tOsB—ch
[EG2 - / (ploss,TSZ (PG2,ars, brs) + Ploss,C35 (P G2 = Ploss,132(PG2, 4132, b132), 43, bC35))dt]
0

toSB—ch
- / (ploss.C% (Poss, acse, bcss) + Ploss B (P 0SB — Ploss.c36(Poss, acse, bess), a3, 19332) ) dt = Eogsp_cp (14)
0

Then, the energy efficiency is obtained by substituting Egi, Egz and Eopp—ch in Equation (8).
(a)

Main DC Bus

GI
Pl;l
a0
é C35 T32
g OSB ESS
&

To-ship Bus ” Posp—ais
'—I :ﬂt
- C36 B32
(b) GI
% P
C"
I T32

g C35
£ OSB ESS
Z Posg ” 0 Posp—cn
” T
® C36 B32 FIGURE B1 An example of power flow while

(a) the OBB is charging and (b) the OSB is charging
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