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HIS ARTICLE REVIEWS THE AVAILABLE

systems for shore-to-ship high-power
T charging, including recent technologies,

control methods, and related challenges.
The battery charging path from shore to
the onboard battery involves several main components
and control functions, such as power electronics con-
verters, transformers and passive elements, plugs and
interconnectors, as well as charging energy manage-
ment system (EMS). A comparison of different charging
systems, such as ac, dc, and wireless solutions, and the
applicability of each system are discussed. Furthermore,
the recent commercial shore-to-ship interfaces for
charging purposes are introduced. Finally, a generic
overview of the control functions needed for shore
charging is provided.

Electrification of Marine Vessels

and Battery Charging from Shore

The electrification of marine vessels to increase func-
tionality, flexibility, and fuel efficiency has been evolv-
ing over several decades. The development toward
electrification is also currently among the most prom-
ising options for moving toward zero-emission sea
transportation. The main types of electrified propulsion
systems include traditional diesel-electric solutions,
hybrid systems with onboard energy storage, and fully
battery-electric propulsion systems. For hybrid and
battery-electric systems, onboard energy storage
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technologies are utilized for reducing or eliminating the
fossil fuel consumption. However, applications of large-
scale electric energy storage in high-power marine ves-
sels are still facing significant challenges due to the
low-energy density and high cost of batteries. Thus, the
available range for pure battery-electric operation is lim-
ited, and most vessels with purely battery-based propul-
sion are currently short-distance ferries or vessels for
local coastal transportation.

Most countries with long coastlines are currently plan-
ning for significant emission reductions along their coasts
and at their ports, leading to the development of plug-in
battery-powered vessels for short-sea shipping and exten-
sion of required infrastructures such as shore charging
stations. The International Maritime Organization recom-
mends the development of charging
infrastructures, in particular from
renewable energy sources, to facilitate
the reduction in the greenhouse gas
(GHG) emissions from shipping. Espe-
cially for emission controlled areas,
regulations are introduced to cut
emission of GHGs and particulate
matters. Hence, several developments
in the same direction are emerging
globally, and numerous manufactur-
ers and operators in the maritime
industry are considering transitioning
to clean energy alternatives.

In Norway, significant governmen-
tal incentives and corresponding industrial development
efforts have been recently dedicated to reduce emissions
from domestic marine transportation. It is a specific focus
in Norway to cut the emissions in its world heritage
fjords, as recognized by the UNESCO, pushing for zero-
emission vessels for passenger and car transportation
across the fjords. Norway is, therefore, at the forefront of
electrification of ferries and other vessels for short-dis-
tance transportation. As an example, it is expected that
Norway will have 70 battery-electric ferries by 2022. More-
over, around 98% of generated electricity comes from
renewable energy sources, mostly hydropower, and charg-
ing from shore is therefore providing green electric ener-
gy to the onboard batteries.

According to DNV GL’s Alternative Fuel Insights, there
are roughly 360 vessels with onboard battery installations
operating and on order by early 2020. Of these vessels,
approximately 50% have fully battery-electric or plug-in
hybrid propulsion systems, with the majority being pas-
senger or car ferries and cruise ships. Ferries are mostly
used for transferring people or cars for a short distance
according to a fixed schedule. For instance, MF Tycho
Brahe and MS Aurora, two sister hybrid electric vessels
from HH Ferries, are operating in a 4-km route between
Helsinggr, Denmark, and Helsingborg, Sweden, carrying
up to 1,250 passengers, 260 trucks, and 240 cars. These
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ferries are recharged when they are docked, waiting for
loading and unloading, and the charging time is about
5 min 30 s at Helsinggr and 9 min at Helsingborg. When
the charging time is limited by a strict schedule, the
docking time must be efficiently utilized, explaining the
need for fast charging. This type of charging is called
opportunity charging since it is limited to the time when
the vessel is available at the dock. However, for big cruise
ships, the charging time typically varies from a couple
hours to 8 h. The Color Hybrid, which is a big hybrid cruise
vessel transferring up to 2,000 people between Sandef-
jord, Norway, and Stromstad, Sweden, is a good example
of a plug-in hybrid cruise ship.

An overview of some relevant examples of recent ves-
sels with plug-in hybrid or fully battery-electric power sys-

tems is listed in Table 1. In the column
on the charging time, there are two
main types of charging, long-term/
overnight charging and/or opportuni-
ty charging in a short time when the
vessel is loading or unloading. Regard-
ing expected future developments,
the Norwegian Ministry of Climate
and Environment has set as an objec-
tive to achieve zero emissions opera-
tion of all ferries in Norway by 2030,
which includes about 200 vessels
operating across 130 routes. Further-
more, Amsterdam, The Netherlands,
wants to ban all diesel-powered pas-
senger ships and ferries from city canals by 2025. In the
United States, Washington State Ferries is also proposing
the addition of 16 hybrid-electric vessels to its fleet as part
of its 2040 long-range plan, retiring and replacing 13 of the
23 ships currently in operation. Thus, in the coming years,
a significant number of newly built vessels or retrofit
installations can be expected within the full range of ferry
applications listed in Table 1. Furthermore, additional
efforts toward electrification of other types of vessels are
also expected.

It should also be mentioned that technology for long-
term power supply from shore to other types of vessels
has been developed and studied for several decades. For
instance, supplying the auxiliary loads of ships at berth
from the onshore grid (usually referred to as “cold iron-
ing”) has been considered for a long time as an alternative
to the use of auxiliary onboard (diesel) generators. Indeed,
stopping all fossil-fuel-based onboard power generation
helps to make the harbor area cleaner and reduces noise
of diesel generators. Therefore, facilitation of power supply
at ports for cold ironing and charging is turning into a
requirement for future harbors. Consequently, further
research is necessary for investigating loading strategies
under constrained harbor environments, stability control
methods, and renewable energy integration issues at
future smart ports.
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Power System Architecture

for Charging Systems

From a power system point of view, solutions for supplying
power from shore consist of an interface to the main grid
by a step-down transformer, possibly an onshore energy
storage system typically based on Li-ion batteries, power
electronics converters responsible for ac-dc and dc—dc
conversion, transformers for maintaining the galvanic iso-
lation as well as voltage-level adjustment, circuit breakers,
and cable management systems. In this article, the current
shore-to-ship charging technologies are categorized into 1)
conductive or wired charging systems, 2) wireless charging
systems, and 3) battery-swapping mechanisms.

Wired Charging Systems

Depending on the electrical connection between shore
and ship, wired charging solutions are categorized into
two types of charging systems: 1) ac charging systems and
2) dc charging systems. The first evaluated shore-to-ship
charging topology is based on ac charging, with all energy
transferred to the ship by an ac connection. Thus, the
ac—dc converter responsible for charging is placed
onboard, in a similar way as for onboard electric vehicle
(EV) chargers. For small battery-driven fishing and leisure
boats, charging from a standard 3-phase 400-V ac plug is
the most common solution for shore charging because it
is commonly available in industrial environments. As a
result, fishermen’s and sailors’ routes would not be limit-
ed due to the availability of charging options. However, for
passenger or car ferries, which require more power to
recharge their onboard batteries, a dedicated infrastruc-
ture should be established. Depending on the number of
vessels stopping at a port and their onboard battery
capacity, the required power rating of the port infrastruc-
ture may change.

Figure 1(a) shows an ac shore charging power system
connecting to a single-bus dc hybrid onboard power sys-
tem. Although most practical propulsion systems for fer-
ries and larger vessels are designed to ensure redundancy
by having two or more buses operating in parallel, only a
single bus is shown for simplicity. Besides the grid inter-
face, there is a stationary battery storage system, which is
typically charged slowly from the grid. Overnight charging
and/or charging during off-peak hours can be considered
not only to decrease the stress on the local grid but also to
utilize cheaper electricity. Transformer T12 is a 50-Hz
transformer stepping down the grid voltage into shore bus
voltage and galvanically isolating the shore bus from grid.
Converter C15 serves as a charger that is responsible for
rectifying received energy from shore. Converter C12,
which is directly connected to onboard battery B11, con-
trols the transferred power during the charging and dis-
charging process. Similarly, converter C17 controls the
power of the onshore battery B12. Further, converter C16
operates as a rectifier during onshore battery charging and
as an inverter during onboard battery charging. It is worth
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mentioning that, to minimize costs, the battery pack in
some onboard propulsion systems is directly connected to
the main bus without a de—dc converter. In that case, C15
controls the charging power. However, for multibus pro-
pulsion systems, there should be a dedicated charging
converter like C15 for each bus, which controls the charg-
ing power balance of each onboard battery pack.

In Figure 1(b), the shore charging power system is the
same as that in Figure 1(a), but it is connected to an ac-
based propulsion system. For an ac charging solution of
an ac-based propulsion system, it would be necessary to
synchronize the voltage, phase, and frequency of the
onboard power system to the onshore grid before con-
nection to avoid severe inrush currents. The only excep-
tion would be if the onboard power system is completely
passive (with zero voltage) before connecting to the
onshore system. Given the time-consuming synchroni-
zation process, considering ac charging for an ac-coupled
onboard system may not be a proper solution for fast
charging within the critical charging time. Instead, such
solutions are mostly used for cold ironing, where there are
no strict time limits for connection. However, to avoid the
synchronization effort, a dedicated active or passive recti-
fier, C27, can be employed instead of converter C21.
Regarding the system in Figure 1(b), there may be an
onboard transformer to provide galvanic isolation or
adjust the voltage between the main ac grid and shore
bus. On the other hand, adding an onboard transformer
would result in higher costs and lower energy efficiency.
Thus, the use of an onboard transformer will usually
depend on application-specific tradeoffs.

In general, the main battery charger can be installed
onboard or can be located offboard, in a dedicated charg-
ing station. Although onboard chargers make it easy to
charge using a regular ac plug everywhere, there would
be several limitations for the size, weight, and cost of the
onboard equipment, resulting in a constraint on charging
power. In contrast, dedicated offboard charging stations
can provide high power for charging since the weight
and the size of the charger are not limited, enabling fast
charging and reduced charging time. In marine vessels,
there can be size and weight restrictions in the design,
such as weight- and volume-sensitive ships. For
instance, this would be the case of high-speed ferries
where the weight of onboard equipment can highly
affect the operation range and the performance of the
vessel. Hence, eliminating an onboard transformer or
minimizing onboard power conversion stages can be
important when moving to more efficient zero-emission
sea transportation.

Figure 2(a) depicts a dc shore charging power system
connected to a dc hybrid onboard power system. Com-
paring the power converters in Figure 1(a) with those
in Figure 2(a), it is obvious that the C15 onboard is
exchanged with the converter C35 onshore. However,
they do not necessarily have similar ratings, so their
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respective cost and efficiency can differ. In this scheme,
the charger converter (C32) can be removed, so the
onboard battery pack is directly connected to the main
dc bus. Then, an onshore dc-dc converter can be directly
connected to the plug and used for controlling the charg-
ing power. This may result in weight-saving onboard the
ship. Figure 2(b) depicts a dc shore charging solution for
an ac-based hybrid propulsion system. The to-ship bus is

connected to the input of converter C42, so the charging
path is the same as that in Figure 2(a).

Wireless Charging Systems

Wireless or contactless power transfer has received great
attention for EV chargers, medical applications, and con-
sumer electronics. There are two types of wireless power
transfer—capacitive and inductive—where the energy
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Figure 1. AC shore-to-ship charging for (a) a dc-based propulsion system and (b) an ac-based propulsion system. Aux: auxiliary; G: generator; M: motor.
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transfer is based on either an electric field or a magnetic
field between two plates or coils, with one operating as a
transmitter and the other as a receiver. However, for high-
power battery charging in electrified transportation sys-
tems, most of the research and applications have been
based on inductive power transfer in which the energy is
transferred through an electromagnetic field. In marine
application, using wireless power transfer technology for

shore-to-ship charging is promising. In harsh environ-
ments with salt water, cables and plugs are exposed to
mechanical wear and tear as well as corrosion, leading to
additional maintenance requirements and safety issues.
By replacing plugs, receptacles, and dynamic cables with a
set of coils for inductive power transfer, wireless charging
can gain significant advantages over wired solutions by
eliminating those issues. For opportunity charging of

|
' |
' |
' |
' |
| T31 |
: [
|
| Calll et !
I Main dc Bus :
' |
: Cc34 c33 c32 :
: _’\_, _f\, P |
| | Bar] ! SR e :
Aux + |— Shore Bus
| Load "I}_ | I — l |
| | | ” “’ |
| I | T32 |
I | | C35 |
: I | |
| : I I {z |
| To-Ship Bus I .—I : de= ” T :
: Ship : ~ | Shore C3e B3z :
————————————————————— [
(a)
[_ ___________________ 7
| |
| |
| |
| |
I Ta2 :
|
I Main ac Bus |
| |
| C43 | | oa | |
Ny Aux U |
: ] s | ,
| C44 | ca2 p— |
— — —1 |l I «EaEEETEEsseEEEEES 1
: =0 o : 'IShoreBus = 8 |
I B41 | : | I () :
I + = I T42
: 1k : ! c45 :
|
: : : | —==!
[ | ToShipBus | o1 ™ | qump N[ [T |
T ) I
: Ship | :Shore e B |

Figure 2. DC shore-to-ship charging for (a) a dc-based propulsion system and (b) an ac-based propulsion system.
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scheduled ferries, in which charging time is critical, wire-
less charging also eliminates the need for connecting and
disconnecting plugs and receptacles, making the best use
of docking time to charge the batteries. In fact, the charg-
ing can be started as soon as the receiver side on the ship
is close enough to the sender side on shore. A simplified
model of an inductive charging for a ship with a dc main
bus is shown in Figure 3.

In inductive power transfer, transmitter and receiver
coils act like a transformer with a low mutual inductance.
The relatively low magnetic coupling results in a high
magnetizing current, so capacitive compensation net-
works (P51 and P52 for the example of series—series com-
pensation in Figure 3) are used for generating the reactive
power consumed by the coils. Converter C56 generates a
high-frequency (several kilohertz) square-wave voltage for
the transmitter coil and C5S5 rectifies the high-frequency
output of the receiver coil. It is worth mentioning that, for
C56 and C55, a two-level voltage source converter and a
diode rectifier, respectively, can be used. Thus, similar con-
verter designs like conventional ac-dc or dc—dc conversion
can be utilized, although the control strategy differs from
the other topologies.

As can be seen, transmitter and receiver coils provide
galvanic isolation, obviating the need for a dedicated
onboard transformer. All in all, the inductive charging sys-
tem offers unparalleled advantages in terms of utilization of
the docking time for charging, especially in situations where
vessels are frequently berthed for short periods. Further,
because of enhanced available charging time in wireless

T51g
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charging, the required power level for charging would
decrease, which will also help to limit infrastructure costs.
Although inductive charging offers unique benefits, it poses
a few challenges, for instance with respect to cost and
onboard weight. Furthermore, the achievable transfer effi-
ciency is sensitive to the transmission distance and the
requirements for maintaining power transfer capability
under misalignment. Increasing the transmission frequency
and/or coil dimensions can improve the efficiency of the
power transfer. However, increased coil dimensions will
increase the weight and volume, while challenges with loss-
es and thermal management limit the potential for increas-
ing power density by increasing the operating frequency.

Battery-Swapping Methods

Replacing batteries has been considered as a rapid battery
refueling method, especially for electric heavy-duty trucks
and electric buses. It can be a suitable solution for short-
distance ferries, which have a critical docking time. In this
method, discharged onboard batteries are exchanged
with fully charged batteries while the vessel is at berth.
Regarding the power grid, the battery-swapping solution
can reduce the adverse impacts of charging stations on
the local power grid since onshore battery packs are not
being charged in a short time, rather they can be charged
at off-peak times with cheaper electricity or transferred to
a central station that may incorporate renewable energy
resources (e.g., solar, wind, and hydropower energies). In
other words, by using such a method, a peak load caused
by charging for a short time can be distributed into a
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Figure 3. Inductive shore-to-ship charging for a dc-based propulsion system.
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flexible and smooth load profile. Further, it is usually not
required to use high-power converters for fast charging
because the charging process for stationary battery packs
can be carried out overnight or in several hours. However,
depending on the type and application of the vessel—if a
battery is discharged in a certain time, another battery
would have to be fully charged in the same time, other-
wise it would be necessary with multiple units.

Although battery-exchange technology offers several
benefits, it may require large robotic equipment to per-
form the exchange process and extra battery packs
onshore (for example, large cranes for moving battery
packs). Hence, the excessive capital expenditures from
having extra battery packs and mechanical infrastruc-
tures must be evaluated against the possible advantages
of this solution, two of which are quick refueling and
being less harmful to the local power grid. Figure 4 depicts
the power system of a battery-swapping method. When
the vessel is docked, B51, a discharged battery pack,
would get substituted by B52, a fully charged battery pack.

Shore-to-Ship Interface

The shore-to-ship interface is referring to the part that
enables the electric connection between the onshore and
onboard power systems to transfer the electric power. This
interface may include several main elements, such as
electric connection, mechanical structures (e.g., robotic
arms, pantograph, and towers), and monitoring systems.
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Figure 4. The battery swapping method for charging a dc-based ferry.
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The electric connection could be established through
either a wired link, such as plugs and receptacles, or a
wireless link, like a pair of transmitter and receiver coils.
When looking at previous shore-to-ship connection proj-
ects for cold ironing, most of the connection procedures
were undertaken with the assistance of personnel who
would carry several heavy cables, connecting, and discon-
necting plugs into receptacles. This process usually takes
several minutes when depending on manual actions. As
can be seen in Figure 5, the connection of two cables, each
of which conveys 1.2-MW charging powetr, is done manu-
ally. However, for ferries with short stays at berth, auto-
matic connection systems will not only improve the
safety of the system but can also maximize the time avail-
able for charging during the docking time, for instance by
using a robotic arm capable of dynamic movement. Thus,
automatic connection systems are needed, although they
may add complexity and cost to the shore infrastructure.
For long-stay vessels, the time required for connection is
less critical since the connection and disconnection time
will always be a small portion of the docking time. Howev-
er, it can still be beneficial to utilize automatic plug sys-
tems because they provide greater safety and can operate
with heavy high-voltage cables.

The NG3 PLUG is an automated shore-to-ship con-
nector that has been used for cold ironing and charging
purposes. In a typical PLUG system (Figure 6), when the
ship is docked, a shuttle bar connected to a chain from

|
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2 NN GD-E).
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the ship side above the quay is lowered to reach the
shore-side connector. Next, the shuttle bar is locked to
the quay-side connector. Then, the chain lifts the power
socket up to the ship-side socket. The NG3 PLUG is used

Figure 5. The manual connection of two cables for charging the
future of the fjords. (Source: Severin Synnevag; used with permission.)

(a)

to provide the Color Hybrid with 2.5-MW overnight
charging and 6.5-MW afternoon-stop charging.

For the two sister ferries MS Aurora and MF Tycho Brahe,
the ABB IRB7600, an autonomous robotic arm (Figure 7), is
employed to automatically connect cables through a plug
into the onboard charging port. It is placed on land, and
the connection procedure starts by the robot turning on to
be ready for initiating the mechanical connection when
the ferry approaches port. It features a 3D laser position-
ing system for recognizing the onboard receptacles in
harsh conditions.

Another plug solution, which has been used for charg-
ing MF Ampere and MF Elektra, is Cavotec’s Automated

Figure 7. The ABB IRB7600, an autonomous robotic arm used for
charging the MS Aurora and MF Tycho Brahe. (Source: ABB; used with
permission.)

Figure 6. (a) The typical PLUG structure and (b) the NG3 PLUG used for charging the Color Hybrid. (Source: PLUG; used with permission).
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Figure 8. The Cavotec Automated Plug-in System tower used for
charging the MF Elektra. (Source: Cavotec; used with permission.)

Plug-in System (APS) tower. As shown in Figure 8, from top
of the tower a plug automatically drops into the onboard
receptacle, which has been exposed, enabling flexibility
for low- and high-water levels. Using the automatic mech-
anism, the charging process can start 1 min after a ship
docks. To make the ferry still and secure at berth, a vacu-
um mooring system is employed.

Lately, Cavotec has developed another automatic plug-
in system called APS Counterweight, which is currently
being installed in Oslo, Norway. As is indicated in Figure 9,
this tower is applicable for ferries with charging points in
the bow, aiming to reduce the size of onboard and
onshore system.

The Mobimar Nectors also provide automated charging
connectors for dc and ac systems; Nectors accesses the

B
Figure 9. The Cavotec Automated Plug-in System Counterweight
allows automatic connection with the charging point on ferry bow.
(Source: Cavotec; used with permission.)

bow section for shore-to-ship connection using the exist-
ing car ramp to limit the effect of ship movements caused
by sea-level changes during shore charging. This system
has been used for the E-ferry Ellen as a 4-MW dc charging
connection, as is depicted in Figure 10.

The Stemmann-Technik FerryCHARGER is another
commercial automated contact-based charging system for
battery-electric vessels, as shown in Figure 11. This system
utilizes a pantograph, which is capable of moving 15 ft ver-
tically, within the tower, and 1.3 ft horizontally. The

Figure 10. The Mobimar Nectors dc-based charging station for the E-ferry Ellen. (Source: Mobimar; used with permission.)
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connection process is completed within 10 s, and the charg-
ing can start immediately after the contact is established. For
the Ampere, there are two connection provided, the panto-
graph-based FerryCHARGER and a Cavotec APS tower simi-
lar to the system in Figure 7. The pantograph system is
preferred because it is faster to connect and allows for
more motion of the ferry when docked. For the plug sys-
tem, the operator must wait for the arm to extend before
lowering the plug. Moreover, the plug does not have much

Figure 11. The Stemmann-Technik FerryCHARGER unit. (Source:
Stemmann-Technik; used with permission.)

flexibility, so if the vessel moves, the plug can become
loose, interrupting the charge and damaging the contacts.
In addition, other than the side-mounted FerryCHARGER
utilized for Ampere, Stemmann-Technik is offering other
solutions, such as side-telescope, ramp-type, tower-type,
and bow-type solutions, capable of providing several mega-
watts of charging power.

The Zinus ZPP850 (Figure 12) offers an automatic shore-
to-ship connection with current capability of 4,500 A. It has

Figure 13. The Wartsila inductive charging system for charging the
MF Folgefonn. (Source: Wartsila; used with permission.)

1L|

Figure 12. The Zinus port power P850 system. (Source: Zinus AS; used with permission.)
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a telescopic arm capable of revolving 180° and a 10-m tidal
difference adjustment, which is placed on top of a tower.
The arm can feed 20-m cables into the onboard reception,
which automatically pulls the charging cables into a dry
and safe environment.

As mentioned, inductive charging is a promising
solution for maritime applications since it eliminates
the physical contact between the shore side and the
ship side. There are already two examples of inductive
charging infrastructures that have been demonstrated
for battery-electric ferries. In Wartsild’s inductive
charging system for MF Folgefonn (Figure 13), a robotic
arm is used for moving the onshore, transmitter coil
close to the receiving coil on the ship. However, this
robotic arm does not have to track the accurate posi-
tion of the receiver coil onboard the vessel. Rather it is
designed to compensate for the tidal movements,
which can cause variances of several meters in water
levels in some locations along the Norwegian coast.
The robotic arm is also utilized to move the transmit-
ter coil back into a safe position when it is not in use
since other vessels may need to dock at the same posi-
tion. Because the direct mechanical connection requir-
ing accurate positioning is eliminated using inductive
charging, the charging process can be started as soon
as the ferry is approaching the onshore installation. By
utilizing wireless communication between the ferry
and the port, the onshore robot arm can be prepared to
approach the receiver coil when the vessel is
approaching the dock, and the power transfer can start
automatically when the distance is small enough. This
charging system was capable of transferring a maxi-
mum 1 MW of power in the range of 15-50 cm of dis-
tance between the coils.

Figure 14 depicts an inductive shore-to-ship charging
system developed by IPT Technology for an electric shuttle
ferry built by Swede Ship Marine for operation in Fredrik-
stad. It is operated 24/7 by only one person using a 100-kW

s
~

o /’.'f!-,‘ i -

Figure 14. Inductive shore-to-ship charging for the Go Vakker Elen
shuttle ferry. (Source: Swede Ship Marine; used with permission.)
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automated wireless charging solution. Because this ferry
operates on a river, there is no major tidal movements
affecting the shore-to-ship connection, so the transmitter
coils are stationary.

Control and Power Management

Generally, two levels of control can be considered in a
charging system: 1) low-level control, which includes
control of power converters, that is, power control and
voltage control depending on the mode of operation;
and 2) high-level control, which includes the power and
energy management system that generates the power
and voltage set points for stable and efficient operation
of the power system during the charging process. It also
includes the onshore and onboard battery management
systems, which are responsible for estimation of the
state of charge (SoC) and the state of health, thermal
management, and cell balancing. In a smart charging
station, the efficient control commands are issued
based on the ferry schedule, onshore and onboard SoC,
and local grid capacity. In this section, to illustrate the
function of the control and power management in
shore charging, an example of the power converter and
system-level control structures for a dc shore charging
system for a dc-based propulsion system is introduced
and discussed.

Power Converter Control

To illustrate the power converter control, a dc charging
system for a dc-based propulsion system, like the sys-
tem shown in Figure 2(a), is considered. In such a sys-
tem, the power converters involved in the charging path
have different control objectives. At the onshore station,
the grid is interfaced through a transformer and a recti-
fier. Converter C35 is responsible for the shore bus dc-
voltage control and can provide ac side voltage control
or reactive power control taking into account power
quality issues for the grid. Usually, a two-level voltage
source converter is selected for C35. In this regard, a
common control system for the C35 is depicted in
Figure 15 which includes a synchronization block (typi-
cally a phase-locked loop), a current controller [usually a
proportional-integral (PI) controller], a pulsewidth mod-
ulation (PWM) generator (which generates signals for
driving switches in the power converter), and outer-loop
controllers for power flow or dc voltage and ac voltage or
reactive power, providing the active and reactive (d- and
q-axis) current references. Besides the grid interface,
there is an onshore battery pack connected to the shore
bus through a bidirectional dc-dc converter. There are
two modes of operation for converter C36: 1) charging
from the grid and 2) discharging to the ship. For Li-ion
batteries, the charging process is typically started with a
constant current while the battery voltage rises until the
moment that the battery voltage reaches a specified
value, then the charging continues with a constant
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Figure 15. An example of converter-level control for dc charging applicable for a dc-based ferry.
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voltage and descending current. The
controller for such a de-dc converter
is comprised of a power control
block, which ensures tracking the
reference power and includes an
inner current control loop, as well as
a PWM block. Similarly, for the
onboard battery pack, converter C32
controls the charging power. Thus, it
regulates the charging power when
the vessel is at berth and discharg-
ing power when the vessel is oper-
ating. The control mechanism can
be the same as for converter C36.

System-Level Control

To discuss the high-level control, it is better to study the
onboard and onshore controllers separately since they
can be highly dependent on the type of application. An
example of a high-level control scheme is depicted in
Figure 16. As mentioned in the previous sections,
onshore battery packs are recharged from the grid and
discharged into the onboard batteries, so there are four
modes of operation for a charging station: 1) charging
onshore batteries when no vessel is docked, 2) when a
vessel is docked; charging based only on power from
the grid, 3) transferring power to the ship only from the
onshore batteries, and 4) transferring power to the ship
from both the grid and the onshore batteries. The
onshore batteries are usually charged overnight with
low power or between ferry dockings with higher power.
Thus, in the charging station, an EMS and a power man-
agement system (PMS) are needed for generating the
references for the total charging power, the charging
and discharging power of the onshore battery bank, and
the power from the grid. Apart from the power flow,
controlling the voltage of the shore bus is another
objective for the onshore controllers. Furthermore, a

Ship

Onboard Energy Management System

Onboard SoC

battery management system (BMS)
is typically used to perform battery
monitoring and battery cell balanc-
ing. The BMS communicates with
the EMS to operate the battery in a
safe and optimal manner.

When a ferry is at berth, onboard
charging control would send the
amount of required charging power,
so the onshore EMS should decide
the share of the grid power and
the onshore battery bank. Utilizing
the onshore battery reduces the
stress of handling high charging
power on the local grid and can
allow for reducing the total electric-

ity costs by charging during off-peak hours. On the
other hand, drawing the charging power from the
onshore battery bank is less energy efficient than
using the grid because of the energy loss generated by
the additional power electronics converters used to
interface with the onshore battery and the battery
itself. In other words, using energy buffers such as
onshore battery packs generates additional energy loss
in the process of charging and discharging the onshore
batteries. Hence, the onshore EMS should choose the
optimal share of sources in terms of energy transfer
efficiency, power quality issues, and/or cost of energy
from the grid. In a smart charging station, the informa-
tion from the port substation is considered for making
the decision of load sharing between onshore batteries
and the grid.

For instance, assume the required charging power to
be 800 kW for 10 min and that the ferry will come back at
berth for the next charging after 30 min. If the charging
power from the grid and the onshore battery pack are
200 kW and 600 kW, respectively, the onshore battery
pack can be recharged by the constant charging power of
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Figure 16. An example of the system-level control structure for a shore-to-ship charging system.
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200 kW drawn from the gird when the ferry is away. In
this case, the power drawn from the grid will be con-
stant. However, in most practical systems, the power
from the grid during charging of the onboard battery is
higher than the power required for recharging the
onshore battery.

For an onboard PMS, there are three states: 1) operat-
ing in all-electric mode, 2) operating in hybrid mode (or
emergency mode for all-electric ferries), and 3) charging
from shore. In the first mode, the converter connected
to the onboard battery packs should control not only
the output power of the battery but also the dc bus volt-
age (since no onboard generators are in operation). In
the second and third modes, converter C32 is only con-
trolling the battery power. Further, to avoid instability
during the charging process in which the onboard dc
bus is connected to the shore bus, two converters
should not be allowed to operate simultaneously with PI
dc-voltage controllers. In the case of directly connected
onboard batteries, there should be a dedicated onshore
dc-dc converter for controlling the charging power,
making the onshore EMS and PMS more complex. Dur-
ing the charging process, monitoring the state of charge
and voltage level of the onboard batteries as well as
start and stop commands are carried out by means of
the onboard PMS.

Conclusion

This article presents a review of current technologies and
future trends for shore-to-ship charging of marine vessels
including power system architectures, charging infrastruc-
ture, and control systems for charging management.
Because the electrified vessel fleet is growing rapidly, pro-
viding cleaner energy for sea transportation from sustain-
able sources is a hot topic for research and development
in the marine industry and academia. Shore charging is a
great opportunity to use a land-based grid supported by
renewable energy systems for powering the propulsion of
marine vessels, although it is challenging to charge
onboard batteries within a limited time from a weak grid
available in remote areas.

Three methods for shore to ship charging are
explained: wired charging, wireless charging, and the bat-
tery swapping method. In the wired solution, there is a
plug and receptacle, which can be a pantograph or a tele-
scopic arm, etc., to connect the shore power to the ship for
charging its onboard batteries. Depending on whether the
provided shore power is ac or dc, the arrangement and
control objectives of power converters included in the
charging path vary. In the contactless shore-to-ship con-
nection, the electric energy is transferred through the
magnetic field by two coils—the transmitter coil onshore
and the receiver coil onboard. In the last method, the bat-
tery swapping method, the depleted batteries exchanged
with the fully charged batteries at port. To have a better
understanding of the practical solutions, some of the

current shore-to-ship charging interfaces have been intro-
duced in this article.

The control strategies used for the battery recharging
process can play a significant role in energy efficiency
enhancement and local grid support. In this regard, an
example of a high-level and a low-level control scheme for
a dc charging system was discussed in the last section.
Based on current and future trends involving the shore-to-
ship charging and the specification of the ship, the proper
choice of power system architecture for the charging sys-
tem and the control strategy plays an important role for
improving the efficiency and cost of the system.
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