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Electric Design of Fast Wireless Charging for Electric Ferries
SAFOORA QAYYUM
Department of Electrical Engineering
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Abstract
Marine transport is an essential part of the transportation system in Sweden. It is
transforming conventional energy solutions to sustainable energy solutions to power
the vessels. Inductive power transfer (IPT) is an emerging technology for water-
borne transport. In this thesis, the use of IPT technology in the marine sector is
investigated.

In this thesis, the focus is on a charging system for medium size vessels which
run through the Swedish sea and rivers. Three different ferries named Carl Wil-
helmson, Tellus, and Adelsöleden are chosen as subject vessels. To implement the
fast wireless charging system, the route, schedule, and energy consumption of these
vessels are investigated, and the ratings of the energy storage system are proposed
based on the available data.

Integration of a fast wireless charging system with the grid is an important part
of the whole wireless charging system. Different topologies for single phase and
three phase power factor correction (PFC ) boost rectifier are studied. Some single
phase and three phase PFC boost rectifier topologies are designed and simulated
using LT Spice. A comparison between different three phase topologies gives an
overview of the best topology to connect the charging system to the grid. The con-
straints for designing the three phase boost rectifier are Vout= 900 V DC and Pout=
300 kW. All the designed topologies for three phase gave Vout in the range of 850 V
DC to 910 V DC and Pout 273 kW to 305 kW. The three phase six switch topology
is found to be the optimal one with 0.99 input power factor, less than 2% THD, and
98% efficiency.

Keywords: Marine, inductive power transfer, Carl Wilhelmson, charging system,
three phase, power factor correction boost rectifier.
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1
Introduction

1.1 Background
In modern society, efficient means of transportation play a vital role as a social
and economic driver. However, the increasing transportation activities of human
beings have put greater pressure on the environment and natural resources. The
environment has greatly suffered from greenhouse gases and air pollutants produced
by various kinds of vehicles. Moreover, concerns surrounding fossil fuel resource
exhaustion have persisted for decades. All the fossil fuels that humans rely on to-
day will eventually run out. Different experts and authorities have given different
estimates of how long it will be until the fossil fuels run out. Nevertheless, there is
a consensus that if we keep burning the natural resources at the current rate, oil,
natural gas, and coal will run out this century [2]. The environmental awareness is
raised, people are paying more and more attention to sustainable means of travel,
which has driven a lot of innovation of transportation.

Ferries traveling inland rivers and at sea are a competitive alternative to land-based
transportation, especially in Sweden. At present, the maritime transport sector is
committed to developing green transportation aiming at the reduction of carbon
dioxide CO2 emissions along with other hazardous gases from waterborne transport
[3]. There is a rising trend towards the electrification of ferries. Besides, due to the
growing popularity of electric vehicles in recent years, charging technologies have
been greatly developed, which provides necessary technical supports for ferry elec-
trification.

This thesis work is based on the research on Inductive Power Transfer (IPT) tech-
nology under development at Chalmers University of Technology by Yujing Liu and
Daniel Pehrman.

1.1.1 Electrification in Marine Sector
The electrification of marine vessels has been evolving for decades to increase func-
tionality, flexibility, and fuel efficiency. The development towards electrification is
one of the most promising options currently available towards zero-emission marine
transport[4].

Various factors affect the hybridization and electrification of marine vessels, includ-
ing the commuting route, the number of stops, docking time, onshore and on board

1



1. Introduction

battery size, and charging capacity and charging system, etc. In general, short-haul
ferries operate on tight schedules with short docking times, meaning that the time
available for charging is severely limited. In addition, the amount of energy supplied
to the battery at each stop must be sufficient to maintain regular and continuous
operation, implying the need for high-power recharging device [5].

1.1.2 Wireless Charging System

Nowadays, most electric or hybrid vessels are charged by plugging a cable into a
charging station installed on the harbor. The main drawback of plug-in battery-
powered ships is the long charging time compared to the refueling time. The charg-
ing time in this type of ship is inevitably includes the time spent on manual or
automatic plugging.

A wireless charging system removes the need to plug in and is utilized for easy
transfer of power from shore to ship. It replaces the traditional cable method and
facilitates a safe connection and disconnection. This method offers a possibility for
overcoming the challenges of high-frequency travel and short docking time between
ferry crossings for short-haul boats [6]. It reduces maintenance costs as it avoids
wear and tear by eliminating the physical connection of electrical components. Fur-
thermore, the use of a wireless charging system also avoids additional difficulties
faced by the plug in cable method, due to harsh winter weather conditions and the
saline environments.

1.1.2.1 Inductive Power Transfer

Inductive power transfer (IPT) and capacitive power transfer are the two most com-
mon wireless power transfer technologies. IPT uses two closely spaced coils. Current
flowing in one coil generates a magnetic field, which links to the other coil and in-
duces an emf in it. Electrical energy is transferred from one coil to another through
electromagnetic induction. Capacitive power transmission consists of two parallel
plates separated by a gap, and the energy transfer to the receiver plate is dependent
on the electrical field of both plates.

In this thesis work, the focus is on IPT technology.

A typical IPT system block diagram is shown in Figure 1.1. A direct current (DC)
power supply is used to generate a high-frequency sinusoidal current through the in-
verter, and it creates a high frequency alternating magnetic field on the transmitter
side. The electric energy is transferred to the receiver pad from the primary side by
magnetic field coupling. The rectifier circuit converts the high-frequency alternat-
ing current (AC) voltage into DC voltage on the secondary side of the system. DC
voltage is used to charge the battery [7].

2



1. Introduction

Figure 1.1: IPT system block diagram [7].

Figure 1.2: 50 kW IPT system developed at Chalmers [?].

1.2 Aim of the Project
This thesis aims to design a three phase power factor correction (PFC) boost recti-
fier to connect with a novel wireless charging system for medium-sized electric ferries
used in Swedish rivers and seas. One main task of this thesis is to learn and design
the energy storage system for a different type of vessels.

1.3 Scope
The purpose of this thesis is to study electrification in the marine sector. Investi-
gation on the use of IPT technology for medium-size ships and vessels in Sweden.
Research on the state of the art of IPT technology for waterborne transportation.
Learning about the energy consumption of different diesel-powered passenger ferries
and free line ferries running in different parts of Sweden.

Modeling and electrical circuit simulations of the PFC boost rectifier is an essential
part of this thesis work. Different topologies of single-phase and three-phase PFC
boost rectifier are studied. Some of them are designed and simulated in LT Spice.
A comparison between the different topologies is covered in this thesis to find out

3



1. Introduction

the most appropriate topology to incorporate with IPT system.

In order to integrate the PFC boost rectifier with the grid a brief study is also
done in this thesis. To connect the PFC boost rectifier with on shore supply con-
nection, a transformed is modeled and simulated in LT Spice to verify the proposed
fast wireless charging system.

4



2
Design of On Board Energy
Storage System and Vessel

Information

In this chapter, the general and technical information about several types of vessels,
including passenger and road ferries is presented. A market survey is conducted
to collect the data. Their background information is given, the possibility of an
IPT system applied to these boats is discussed, and the feasible ratings of the fast
wireless charging system are put forward.

2.1 Energy Storage System
To design the energy storage system, the following factors are of importance.

2.1.1 Energy consumption estimation
The estimation of the energy consumption of a vessel is a prerequisite for proposing
the ratings of the battery or energy storage system. In this thesis, it is estimated
by the following two methods.

• The product of the length of the route or of the time of the trip and the mean
energy consumption per unit of length or of time.
Energy consumed (kWh)= Time of trip (h) x Energy consumed(kWh) / Time(h)

• The product of the fuel consumption for the route and the energy generated
per unit of fuel and the efficiency of the engine.

Energy consumed (kWh)= Fuel consumption (L) x Energy generated(kWh) /
Fuel(L) x Efficiency

2.1.2 Battery parameters
Battery ratings are crucial to ascertain that it provides the required energy to the
load. Unsuitable ratings of the battery can cause serious problems like permanent

5



2. Design of On Board Energy Storage System and Vessel Information

battery damage due to over-discharge, low voltage to load and insufficient backup
time. The following parameters are of importance in an estimation of a battery.

2.1.2.1 State of charge

The state of charge (SoC) represents the level of the charge available in a battery
relative to its capacity. It tells the user how much longer the battery can provide
energy. It is measured in percentage (%).

SoC (%)= Charge available / Maximum charge available x 100

2.1.2.2 Charging rate

The charging rate or C rate explains how fast the battery is charged or discharged.
Generally, the batteries are rated as 1C. If the battery has a capacity of 2 Ah with
1C, it provides 2 A for one hour. Similarly, if the charging rate is 2C, it provides 4
A for 30 minutes. If the C rate is 0.5C, it provides 1A for 2 hours.

C rate also gives information about the discharge time. 1C means the 1 hour dis-
charge time, 2C means 30 minutes discharge time and, 0.5C means 2 hours discharge
time.

2.1.2.3 Depth of discharge

The amount of energy cycled into or out of the battery for a given cycle, expressed
as a percentage of battery capacity is known as depth of discharge(DoD). It is the
inverse of SoC.

DoD (%)= Charge consumed / Maximum charge available x 100
DoD (%)= 100 % - SoC (%)

2.1.2.4 Battery capacity

The battery capacity is expressed in ampere-hour (Ah) or kWh. It is the current
drawn from the battery over a period of time.

Capacity=Electricity x Time duration

As the battery capacity is expressed in kWh so it describes for how long the power
can be drawn at the maximum power limit.

Capacity=Power x Time duration

Usually, the fast speed vessels have a limitation on space and weight, so the battery
size and volume are important constraints in selection of its capacity.

6
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2.1.2.5 Temperature

Battery capacity and its life are affected by temperature. At a higher temperature,
the battery capacity is higher but its life is shortened.

2.1.3 Charging Power
The charging power describes how much energy is needed to charge a battery for
uninterrupted operation of an electric ferry.

Charging through IPT technology falls under the category of opportunity charg-
ing. In this case, the batteries are charged during the loading and unloading of
commuters and vehicles.

There are several factors that are of importance to estimate the charging power
for electric ships and vessels.

• Battery charging rate.
• Grid and available network strength at the docking locations.
• Time available for charging.
• Availability of space to install the equipment.

2.2 Investigation of passenger and road ferries
Trafikverket is a Swedish transport organization, which is responsible for rail, road
and water transport. Sweden’s public transport system mainly consist of Trafikver-
ket’s commuter and road ferries. Millions of people move freely around coastal areas
as well as in urban and rural districts by using the ferries short-cuts over the water.
Public transport through passenger ferries contributes to the development along the
rivers and coastal areas.

Ferry routes not only provide an essential public service but also play an impor-
tant role in goods transportation. These ferries operate with minimal interruption
to service and according to their timetable.

Passenger ferries running on long routes, the commuters can board along with the
vehicles. The passenger parked the vehicles in a dedicated section of the ferry and
seated in a passenger section to enjoy a comfortable journey.

In the case of road ferries during transit, vehicles are collectively transported through
road ferries. It is necessary to switch off the engines of the vehicles while being trans-
ported from one place to another.

The Swedish state has decided that by 2045 all the means of transport must be
climate-neutral. This is a challenge for the passenger vessels as well as for the road
ferries [13]. So it is recommended to find fuel alternatives and new smart ways that

7
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help to keep a good environment for all.

2.2.1 Carl Wilhelmson
The vessel that is determined as the research target is the passenger ship - Carl
Wilhelmson. The owner of the ship is interested in retrofitting it into an electric
ferry, in line with current trends in the marine industry.

Carl Wilhelmson is a medium-size ship that could accommodate 180 passengers
when it was first built but today can accommodate 220 passengers. The length and
the width of the boat are 27.37 m and 6.58 m respectively.

Figure 2.1: Carl Wilhelmson ferry view 1 [9].
Figure 2.2: Carl Wilhelmson ferry view 2 [9].

Carl Wilhelmson was built by Hasse Westers Mekaniska Verkstad AB, Sweden and
delivered to Munkedal Trading AB in 1990. In 2011, the boat was sold to Västtrafik
AB, Gothenburg and in 2013, the operation and staffing was taken over by Dejlig
Cruise AB, Fiskebäckskil.

Since 2012, 2 x Volvo Penta D13 MH, each having crankshaft power of 400 hp
(294 kW) propel the vessel. The maximum speed of the vessel is 11 knots.

2.2.1.1 Route and Timetable

The Carl Wilhelmson ferry sails between Lysekil and Skaftö. Figure 2.3 displays
the round trip route. The trip over Gullmarsfjorden departs from Lysekil and calls
at Östersidan after about 15 minutes, after another 5 minutes, the boat docks in
Fiskebäckskil to drive on towards Lysekil again. The total round trip takes about
30 minutes.

Lysekil Harbour is a small port in Sweden. The boat undertakes the transport from
Lysekil, and it is also known as the 847 ferry. It starts operation at 6:00 AM and
ends at 10:45 PM on weekdays. On Saturdays, its operation hours are 8:30 AM -
10:15 PM and on Sundays 12:10 PM - 9:45 PM. The timetable with the docking

8
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Figure 2.3: The traffic route of Carl Wilhelmson, from Lysekil - Östersidan -
Fiskebäckskil and back.

intervals are given below in Table 2.2.

As can be seen, the docking time for the ferry is not consistent, which varies from 0
min (at tour 13, 16, 17, 21 ,and 23) to 55 min (10:20 AM - 11:15 AM). The average
interval available for charging after each round trip is 12 min.

2.2.1.2 Specification of Requirements

Table 2.1 presents the diesel consumption and correspondingly the energy consump-
tion of the vessel for a round trip. The diesel consumption of Carl Wilhelmson is 22
liters for one round trip. Generally one liter of diesel generate around 9.5 t0 9.7 kWh
of energy. If the diesel engine is assumed to be 30% efficient, the energy consumed
by the vessel for a tour is approximately 63 kWh.

Table 2.1: Diesel consumption and kWh of Carl Wilhelmson

Parameters Values
Diesel
L/tour 22
kWh/L 9.5
kWh/tour 209
Electricity
η of diesel engine 0.3
kWh/tour 62.7

9
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Table 2.2 shows the schedule of the Carl Wilhelmson, its energy consumption, state
of charge (SoC) of the battery, energy charged by fast wireless charging system
during the docking time of the vessel if the IPT system has a power rating of 300
kW .

Table 2.2: Timetable, energy consumption and SoC of 847 ferry (assump-
tion:energy available at the start of day=300 kWh, SoC=100%, rating of propose
charging system= 300 kW)

Tour Depart Arrival
Docking

/ Charging
time

kWh con-
sumed

kWh
available
after one

tour

SoC (%)
after one

tour

kWh
charged

kWh
after
charge

SoC(%)
after
charge

1 06:00 06:30 00:05 63 237 79 25 262 87
2 06:35 07:10 00:05 63 199 66 25 224 74
3 07:15 07:40 00:05 63 161 54 25 186 62
4 07:45 08:15 00:15 63 123 41 75 198 66
5 08:30 09:10 00:05 63 135 45 25 160 53
6 09:15 09:45 00:05 63 97 32 25 122 41
7 09:50 10:20 00:55 63 59 20 275 300 100
8 11:15 11:45 00:05 63 237 79 25 262 87
9 11:50 12:25 00:15 63 199 66 75 274 91
10 12:40 13:10 00:20 63 211 70 100 300 100
11 13:30 14:00 00:05 63 237 79 25 262 87
12 14:05 14:40 00:00 63 199 66 0 199 66
13 14:40 15:15 00:35 63 136 45 175 300 100
14 15:50 16:25 00:15 63 237 79 75 300 100
15 16:40 17:10 00:00 63 237 79 0 237 79
16 17:10 17:40 00:00 63 174 58 0 174 58
17 17:40 18:15 00:40 63 111 37 200 300 100
18 18:55 19:25 00:10 63 237 79 50 287 96
19 19:35 20:10 00:30 63 224 75 150 300 100
20 20:40 21:10 00:00 63 237 79 0 237 79
21 21:10 21:40 00:05 63 174 58 25 199 66.3
22 21:45 22:15 00:00 63 136 45 0 136 45
23 22:15 22:45 63 73 24
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Figure 2.4 shows the SoC of the battery for 300 kW IPT system. At the end of the
day, the vessel has more than 20% of charge.

Figure 2.4: SoC and docking time of Carl Wilhelmson with 300 kW charging.

Figure 2.5 shows the comparison of SoC of battery for different power ratings of IPT
system. It is clear from the figure that the minimum rating of IPT system should
be 300 kW for Carl Wilhelmson to operate it in electric mode.

Figure 2.5: Comparison of SoC of battery for different power ratings of IPT system.

With the 300 kW system, the battery SoC goes down to 20% whereas with 250 kW
and 200 kW systems the battery is completely drained.
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2.2.2 Tellus
This hybrid ferry operates in Sweden on the Gullmarsledan route, a 1.85 km route
linking Uddevalla and Lysekil. It is a newly built ferry by shipyard Baltic Work-
boats AS in Estonia. The dimensions of the ferry are 100m x18m. It has a passenger
capacity of 297 and a vehicle capacity of 80 cars. The maximum speed of Tellus is
11 knots.

The ferry operates in a fully electric mode, with batteries charged overnight through
an on-shore charging station. On-board diesel engines also charge these batteries
while the ferry is in operation. Danfoss Edition delivered the electric power plant
and propulsion system of the ferry. The power plant has a capacity of 949 kWh. It
is lightweight and is connected to 12 battery racks supplied by Corvus batteries.

Figure 2.6: Tellus route [11]. Figure 2.7: Tellus[10].

In addition to propulsion control of the ferry, the load control system automatically
monitors the power plant. Under non-electric mode, the load control system ensures
the optimized fuel consumption. In hybrid electric mode, only one generator set is
operated and the battery power is mainly used to propel the ferry.

At present Tellus is already operated in electric mode through batteries, the fast
wireless charging can be more easily integrated into Tellus as compared to other
road ferries.

2.2.2.1 Specification of Requirements

On the Gullmarsleden route, two ferries named Tellus and Neptunus runs between
Finnsbo and skår. The average energy consumption of each ferry is 100 kWh. The
energy consumption of the Tellus during a whole day, its docking time, and optimal
proposed rating of the fast charging system are summarized in the Table 2.3. The
rating of the charging system is proposed by presuming that the onshore charging
infrastructure will be built at either Finnsbo or Skår.

As Tellus and Neptunus run on the same route and the onshore charging infrastruc-
ture is assumed to be only on one side, the charging time for each free standing road
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ferry is quite limited. In Table 2.3 the charging power of the IPT system is proposed
by considering the already installed battery capacity (950 kWh) of the Tellus.

Table 2.3: Timetable, energy consumption and SoC of Tellus (assumption:energy
available at the start of day= 950kWh, SoC=100%, rating of propose charging sys-
tem= 1400kW)

Tour Depart-
ure Arrival

Docking/
charging
time

at Finnsbo

kWh con-
sumed

kWh
available
after one

tour

SoC (%)
after one

tour

kWh
charged

kWh
after
charge

SoC(%)
after
charge

1 04:00 04:10 00:00 100 850 89 0 850 89
2 04:20 04:30 00:30 100 750 79 700 950 100
3 05:00 05:10 00:00 100 850 89 0 850 89
4 05:15 05:25 00:05 100 750 79 117 867 91
5 05:30 05:40 00:00 100 767 81 0 767 81
6 06:00 06:10 00:05 100 667 70 117 783 82
7 06:15 06:25 00:00 100 683 72 0 683 72
8 06:30 06:40 00:05 100 583 61 117 700 74
9 06:45 06:55 00:00 100 600 63 0 600 63
10 07:00 07:10 00:05 100 500 53 117 617 65
11 07:15 07:25 00:00 100 517 54 0 517 54
12 07:30 07:40 00:05 100 417 44 117 533 56
13 07:45 07:55 00:00 100 433 46 0 433 46
14 08:00 08:10 00:10 100 333 35 233 567 60
15 08:20 08:30 00:00 100 467 49 0 467 49
16 08:40 08:50 00:10 100 367 39 233 600 63
17 09:00 09:10 00:00 100 500 53 0 500 53
18 09:20 09:30 00:10 100 400 42 233 633 67
19 09:40 09:50 00:00 100 533 56 0 533 56
20 10:00 10:10 00:10 100 433 46 233 667 70
21 10:20 10:30 00:00 100 567 60 0 567 60
22 10:40 10:50 00:10 100 467 49 233 700 74
23 11:00 11:10 00:00 100 600 63 0 600 63
24 11:20 11:30 00:10 100 500 53 233 733 77
25 11:40 11:50 00:00 100 633 67 0 633 67
26 12:00 12:10 00:10 100 533 56 233 767 81
27 12:20 12:30 00:00 100 667 70 0 667 70
28 12:40 12:50 00:10 100 567 60 233 800 84
29 13:00 13:10 00:00 100 700 74 0 700 74
30 13:20 13:30 00:10 100 600 63 233 833 88
31 13:40 13:50 00:00 100 733 77 0 733 77
32 14:00 14:10 00:10 100 633 67 233 867 91
33 14:20 14:30 00:00 100 767 81 0 767 81
34 14:40 14:50 00:10 100 667 70 233 900 95
35 15:00 15:10 00:00 100 800 84 0 800 84
36 15:20 15:30 00:10 100 700 74 233 933 98

Continued on next page
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Table 2.3 – continued from previous page

Tour Depart Arrival
Docking
/Charging

time

kWh con-
sumed

kWh
available
after one

tour

SoC (%)
after one

tour

kWh
charged

kWh
after
charge

SoC(%)
after
charge

37 15:40 15:50 00:00 100 833 88 0 833 88
38 16:00 16:10 00:05 100 733 77 117 850 89
39 16:15 16:25 00:00 100 750 79 0 750 79
40 16:30 16:40 00:05 100 650 68 117 767 81
41 16:45 16:55 00:00 100 667 70 0 667 70
42 17:00 17:10 00:05 100 567 60 117 683 72
43 17:15 17:25 00:00 100 583 61 0 583 61
44 17:30 17:40 00:05 100 483 51 117 600 63
45 17:45 17:55 00:00 100 500 53 0 500 53
46 18:00 18:10 00:10 100 400 42 233 633 67
47 18:20 18:30 00:00 100 533 56 0 533 56
48 18:40 18:50 00:10 100 433 46 233 667 70
49 19:00 19:10 00:00 100 567 60 0 567 60
50 19:20 19:30 00:10 100 467 49 233 700 74
51 19:40 19:50 00:00 100 600 63 0 600 63
52 20:00 20:10 00:10 100 500 53 233 733 77
53 20:20 20:30 00:00 100 633 67 0 633 67
54 20:40 20:50 00:10 100 533 56 233 767 81
55 21:00 21:10 00:00 100 667 70 0 667 70
56 21:15 21:25 00:05 100 567 60 117 683 72
57 21:30 21:40 00:00 100 583 61 0 583 61
58 21:45 21:55 00:05 100 483 51 117 600 63
59 22:00 22:10 00:00 100 500 53 0 500 53
60 22:20 22:30 00:30 100 400 42 700 950 100
61 23:00 23:10 00:00 100 850 89 0 850 89
62 23:20 23:30 00:30 100 750 79 700 950 100
63 00:00 00:10 00:00 100 850 89 0 850 89
64 00:20 00:30 00:30 100 750 79 700 950 100
65 01:00 01:10 00:00 100 850 89 0 850 89
66 01:20 01:30 00:30 100 750 79 700 950 100
67 02:00 02:10 00:00 100 850 89 0 850 89
68 02:20 02:30 100 750 79

Figure 2.8 shows the SoC of the battery before and after charging the 950 kWh
battery with 1400 kW charging system. The maximum charging time is 30 minutes
and the minimum charging time is 0 minutes. With this rating, the minimum SoC
of the battery is 35% after completing trip number 14. At the end of the day, the
Soc is just below 80%.

A comparison of the SoC of the battery before and after charging the battery for
each tour with different power ratings of the charging system is shown in Figure 2.9.
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Figure 2.8: SoC and docking time of Tellus with 1400 kW charging.

It is observed that for Tellus the most feasible rating of the IPT charging system
is 1400 kW. With a 1300 kW charging rating the SoC goes to almost 3% and with
1350 kW charging power the SoC goes to 20%.

Figure 2.9: Comparison of SoC of battery for different power ratings of IPT system.
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2.2.3 Adelsöleden

The Adelsö trail runs in Mälaren islands between Munsö and Adelsö. The ferry route
is 1000 meters long and it takes six minutes to go in one direction. The journey
between Munsö and Adelsö by road ferry is free of charge.

Figure 2.10: Adelsöleden route [15].

Figure 2.11: Adelsöleden[14].

2.2.3.1 Specification of Requirements

Table 2.4 gives a brief overview of the energy consumption by the Adelsöleden. It
completes three round tours in one hour time so the power consumption in one hour
is 30 kW.

Table 2.4: Energy consumption by Adelsöleden

Attributes Values
Distance between Adelsö–Munsö 900 m
Crossing time 6 min
Energy consumption for one side journey 4.5 kWh
Energy consumption during docking time 1 kWh
Total energy consumption for one round tour 10 kWh
kWh/L 9.5
Diesel consumption for one round trip 1.05 L

To install the fast wireless charging technology in Adelsöleden, a study is carried
out. The energy consumption of the road ferry can be met with an 80 kW IPT
system. Figure 2.12 shows the Soc and the docking time of the Adelsöleden for each
round trip with 80 kW fast wireless charging system.
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Table 2.5: Timetable, energy consumption and SoC of Adelsöleden (assump-
tion:energy available at the start of day= 80 kWh, SoC=100%, rating of propose
charging system= 80 kW)

Tour Depart Arrival
Docking
/ charging

time

kWh con-
sumed

kWh
available
after one

tour

SoC (%)
after one

tour

kWh
charged

kWh
after
charge

SoC(%)
after
charge

1 05:00 05:19 00:11 10 70 88 14.67 80 100
2 05:30 05:49 00:11 10 70 88 14.76 80 100
3 06:00 06:19 00:01 10 70 88 1.33 71 89
4 06:20 06:39 00:01 10 61 77 1.33 63 78
5 06:40 06:59 00:01 10 53 66 1.33 54 68
6 07:00 07:19 00:01 10 44 55 1.33 45 57
7 07:20 07:39 00:01 10 35 44 1.33 37 46
8 07:40 07:59 00:01 10 27 33 1.33 28 35
9 08:00 08:19 00:11 10 18 23 14.67 33 41
10 08:30 08:49 00:11 10 23 28 14.67 37 47
11 09:00 09:19 00:11 10 27 34 14.67 42 53
12 09:30 09:59 00:11 10 32 40 14.67 47 58
13 10:00 10:19 00:11 10 37 46 14.67 51 64
14 10:30 10:59 00:11 10 41 52 14.67 56 70
15 11:00 11:19 00:11 10 46 58 14.67 61 76
16 11:30 11:59 00:11 10 46 58 14.67 61 76
17 12:00 12:19 00:11 10 51 63 14.67 65 82
18 12:30 12:59 00:11 10 55 69 14.67 70 88
19 13:00 13:19 00:11 10 60 75 14.67 75 93
20 13:30 13:59 00:11 10 65 81 14.67 79 99
21 14:00 14:19 00:11 10 69 87 14.67 80 100
22 14:30 14:59 00:11 10 70 88 14.67 80 100
23 15:00 15:19 00:11 10 70 88 14.67 80 100
24 15:30 15:49 00:01 10 70 88 14.67 80 100
25 16:00 16:19 00:01 10 70 88 1.33 71 89
26 16:20 16:39 00:01 10 61 77 1.33 62 78
27 16:40 16:59 00:01 10 53 66 1.33 54 88
28 17:00 17:19 00:01 10 44 55 1.33 45 57
29 17:20 17:39 00:01 10 35 44 1.33 37 46
30 17:40 17:59 00:01 10 27 33 1.33 28 35
31 18:00 18:19 00:11 10 18 26 14.67 33 41
32 18:30 18:49 00:11 10 23 28 14.67 37 47
33 19:00 19:19 00:11 10 27 34 14.67 42 53
34 19:30 19:49 00:11 10 32 40 14.67 46 58
35 20:00 20:19 00:11 10 37 46 14.67 51 64
36 20:30 20:49 00:11 10 41 52 14.67 56 70
37 21:00 21:19 00:11 10 46 58 14.67 61 76
38 21:30 21:49 00:11 10 50 63 14.67 65 82
39 22:00 22:19 00:11 10 55 69 14.67 70 88
40 22:30 22:49 00:11 10 60 75 14.67 75 93
41 23:00 23:99 10 64 81
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Figure 2.12: SoC and docking time of Adelsöleden with 80 kW charging.

The Figure 2.12 shows that at the end of the day with the proposed 80 kW system,
the battery has more than 80% of charge.

Figure 2.13: Comparison of SoC of battery for different power ratings of IPT
system.

A comparison of different ratings of IPT charging system is shown in the Figure
2.13. The most feasible rating for Adelsöleden is 80 kW with which the minimum
Soc is 23%. With 75 kW, Soc is reached to 18% and with 70 kW, the 80 kwh battery
completely drains out.

Table 2.5 represent the schedule of Adelsöleden. It can be seen that the charg-
ing time for the ferry can be 11 minutes which is the same as that of the docking
time. But in the case of rush hours from 6 A.M to 7:40 A.M the docking time or
charging time is the minimum time for loading and loading the vehicles. Similarly
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in the afternoon from 3 P.M to 6 P.M the charging time is very small. With 80 kW
charging power the battery SoC is more than 80% at the end of the day even with
minimum charging time during peak hours.
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3
Inductive Power Transfer

Technology

This chapter introduces the basic principles of the IPT technology. First, a general
concept of IPT technology is discussed. Next, basic principles and compensation
topologies are explained using a circuit model. Finally, the state of the art of IPT
technology in the marine sector is briefly presented.

3.1 Principle
IPT technology is based on the laws of electromagnetic induction. It uses two
induction coils which are separated by a small gap. The primary coil creates an al-
ternating electromagnetic field. The secondary induction coil takes the power from
electromagnetic field and convert it back to the electrical energy.

Figure 3.1: The changing current I1 in coil 1 creates a changing magnetic field B1
which produces φ21[20]

Consider two coils having N1 and N2 turns closely spaced to each other. The alter-
nating current I1 in coil 1 gives rise to magnetic field B1, proportional to the current
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(a) Coupled inductor time domain model. (b) Coupled inductor frequency domain model.

Figure 3.2: Magnetically coupled inductor model.

flowing in the coil. The magnetic flux which is linked to the coil is φ11. Since two
coils are closely spaced , some magnetic field lines are also passed trough coil 2. So
the magnetic flux φ12 is linked to coil 2. An electromotive force E21 is induced in
the secondary coil due to this linking flux.

E21 = N2 ·
dφ21

dt
(3.1)

The rate of change of magnetic flux coupled with coil 2 is proportional to the rate
of change of current in coil 1.

N2 ·
dφ21

dt
= M · dI1

dt
(3.2)

Where M is the proportionality constant known as the mutual inductance. It can
be written as

M = N2 · φ21

I1
(3.3)

There are two parameters that plays a crucial role in an optimized inductive trans-
mission.

• High frequency improves the power transfer capability.
• Capacitors, connected the coil creates a resonant system, and increase the

power transmission.

3.2 Modeling
Magnetically coupled coils can be model as a traditional transformer. But to transfer
power without physical contact, it requires loosely coupled coils. So it has higher
leakage inductance as compared to the traditional transformer. The time domain
and the corresponding frequency domain model of the coupled inductors are shown
in Figure 3.2a and Figure 3.2b.

v1(t) = L1
di1
dt

+M
di2
dt

v2(t) = L2
di2
dt

+M
di1
dt

(3.4)
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The corresponding frequency domain equation can be written as
v1 = jωL1i1 + jωMi2

v2 = jωL2i2 + jωMi1
(3.5)

3.3 Maximum Power Transfer for Uncompensated
Coils

The performance of magnetically coupled coils is determined by the open circuit
voltage Voc of the receiver coil, which is induced by the alternating current in trans-
mitter coil I1 and the short circuit current of the receiver coil Isc . The maximum
VA rating of the coupled coils can be expressed

Su = Voc · I∗
sc (3.6)

By (3.5) the Voc and Isc can be expressed by putting i2 = 0 and v2 = 0 respectively.

Voc = jωMi1

Isc = Mi1
L2

(3.7)

Su = Voc · I∗
sc = jω

M2i21
L2

(3.8)

3.4 Compensation topologies
In a contactless inductive power transmission between the primary and the sec-
ondary coil, there is an air gap between the coils. Due to this separation, there is a
leakage inductance and it reduces the magnetizing flux and mutual inductance. In
order to compensate for the leakage inductance and improve the power transmis-
sion, a compensation circuit is added to an IPT system. It is achieved by adding
capacitors on either side or both sides. It can be added in series or parallel.

There are four main types of compensation topologies:
• SS: Series- series
• SP: Series-parallel
• PS: Parallel- series
• PP: Parallel -parallel

The simplified equivalent circuit of compensation topologies are shown in Figure
3.3.

The basic function of compensation capacitor on the primary side is to minimize the
reactive power requirement, hence reducing the VA rating of the power supply. For
the secondary side, it minimizes the inductance of the secondary coil, maximizing
the power transfer capability.
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(a) Series-Series compensation[22]. (b) Series-Parallel compensation[22].

(c) Parallel-Series compensation[22]. (d) Parallel-Parallel compensation[22].

Figure 3.3: compensation topologies[22].

3.4.1 Series- Series Compensation
The SS choice allows selecting compensation capacitances depending only on the self-
inductances, no matter what the load and the magnetic coupling are. Therefore, in
case of misalignment between the coil, the system keeps working under resonance
dispite of the mutual inductance variations. The equivalent circuit diagram of series
series compensation is shown in Figure 3.4 .

Figure 3.4: Series-series frequency domain equivalent circuit diagram.

For series compensation

Z1 = R1 + jωL1 + 1
jωC1

Z2 = R2 + jωL2 + 1
jωC2

+RL

(3.9)

where C1 and C2 are the series compensated capacitors. L1 and L2 are showing the
self inductance of the coil and R1 and R2 are the equivalent series resistance (ESR)
of the coils.

3.5 Power Transfer for Compensated Coils
In this project, the series compensation topology has been studied as this topology
is practically implemented in an ongoing research at the Chalmers University of
Technology.
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The maximum power transfer and efficiency expression are derived for the series
compensated coils.

Sss = Voc · I∗
sc (3.10)

With series- series compensation (3.7) as be written as

Voc = jωMi1

Isc = Mi1
Rs + jωL2 + 1

jwC2

(3.11)

If the coils are completely compensated then

Isc = Mi1
R2

(3.12)

Ssc = Voc · I∗
sc = jω

M2i21
R2

(3.13)

3.6 State of the Art
In order to facilitate the reduction in the greenhouse gas(GHG) emissions from the
marine sector, International Maritime Organization recommends the development
of a charging infrastructures for the electric or hybrid vessels, in particular from
renewable energy sources. Several developments in the same direction are emerging
globally, and numerous manufacturers and operators in the maritime industry are
considering transitioning to clean energy alternatives[23].

Converting or retrofitting diesel-powered ships into hybrid or fully electric results in
considerable emission reductions and increased operational efficiency.

With the recent development in IPT technology, some companies and research cen-
ters, have proposed their systems to improve the electric mobility through the IPT
technology for the shipping industry. Currently, there are two vessels in the Nordic
region that operate on the principle of IPT technology. A brief introduction of these
vessels is given in the next sections.

3.6.1 Byferga
In Norway, Glomma River divides the city of Fredrikstad into several parts. The city
ferries are an important means of Fredrikstad’s transport system. Byferga is one of
the city ferry, sails between Gamblebyen and Gressvik. It is a newly built electric
ferry constructed by Swedeship Marine AB. It is operated by electric propulsion
motors with lithium batteries, using wireless induction charging from land.
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Figure 3.5: Byferga ferry route[27].

Byferga is 14.95m long, has a passenger capacity of 50, and operates at a maximum
speed of 10 knots. It crosses the river six times in an hour, around the clock, seven
days a week. The docking time of the ferry is quite limited.

The propulsion system has a main electric engine rated 150 kW. The voltage rating
for the main propulsion switch board is 750 V DC with 230 VAC auxiliary voltage
and 24 V DC for control and emergency voltage. The backup diesel generator is 60
kW with induction charging of 100 kW from shore. The shore connection is rated
with 230 V AC.

Figure 3.6: Byferga ferry [28].

Figure 3.7: Charging of Byferga [31]

The control and integration are taken care of by ZEM-Zero Emission Maritime Solu-
tions. All the cabinets and inverters for microgrid are of Power Tech Sweden which
were handed over to ZEM. ZEM provided the 100 kWh energy storage system (ESS)
and driveline system. The lithium ion battery installed is 4 X 24 kWh Akasol. The
batteries are categorized as propulsion battery, starting battery, consuming battery,
and cross connection between battery systems. The propeller has 4-blade, stainless
steel duplex. The propulsion inverter is supplied by Danfoss.
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The German company IPT Technology developed an inductive charging system for
the ferry. The main advantage of the system is the short charging time of the bat-
teries during the limited docking time of the ferry. The inductive charging system
consists of two loading plates with coils, one coil with the plate installed on shore
and the other coil on the hull of the ship. For loading, the shore side plate is brought
close to the ship-side plate. It is charged with an output of around 100 kilowatts.
According to IPT Technology, the ship has an average of 112 seconds to charge, each
charging is approximately 2 kWh. There are 145 stops during the day that keeps the
battery charge level at around 72%. The captain is currently operating the system
from the bridge. According to the manufacturer, it should work automatically in the
future. It is harmless to passengers and crew and can be used in any weather[31].

3.6.2 M/F Folgefonn
The ferry runs between the islands of Stord, Tysnes, and Huglo in Norway. It has a
passenger capacity of 297 and a car capacity of 76. In 2015, the ferry was retrofitted
into a full scale plug-in hybrid vessel.

Wärtsilä developed the wireless charging technology based on inductive power trans-
fer. Cavotec and Wärtsilä jointly developed an integrated wireless charging system.
As Cavotec provides automated mooring systems for various types of vessels.

Figure 3.8: M/F Folgefonn ferry [29].

Figure 3.9: Inductive Charging System [30].

The system used on the ship is designed to transmit 1 MW of rated power over
a range of 15-50 cm between coils. The on board batteries are dimensioned for
the transmission system’s full charging capacity, but the utilization depends on the
chemistry type, the charging interval, and the predicted battery life. With current
battery technology, the charging rate is about 2-3 times the nominal battery capac-
ity, but with high power battery chemistry, the charging rate can be up to 6 times
the battery capacity.
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This solution is best suited for ferries with short docking time and with high power
demand. The contact less charging system, which requires minimum maintenance,
is an optimal solution for saline environments.

The sources from Wärtsilä show that the vessel can be operated as a hybrid electric
and plug-in hybrid. Under the hybrid operation, the savings in fuel consumption
in the optimized mode can reach 10–20%. The expected reduction in emission is
30%. Fuel savings are expected to be 20–30% in plug-in hybrid operation and the
potential can be 100% in pure plug-in operation.
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This chapter presents the brief overview of the whole charging system. Each section
describes the building block of fast wireless charging system.

Figure 4.1: Grid to ship system schematic.

4.1 System Description

Figure 4.1 represents the fast wireless charging system from the grid to the vessel.
The single line diagram of the system is shown in Figure 4.2. The proposed system
is divided into the following parts:

• Substation
• Floating dock/on shore system
• Coil pads
• On board system

Each part of the system consists of different building blocks which are described in
the following subsections.
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Figure 4.2: Single line diagram of the system.

4.2 Substation
The incoming supply of 10.5 kV, 500 kW is available from the grid. This supply
is proposed to connect to the incoming switchgear. The main component of the
incoming panel is a circuit breaker. In addition to the circuit breaker, metering and
protection equipment is installed in the switch gear.

An out going switch gear is connected to the step down transformer. The outgoing
panel is used to protect the incoming supply from any fault from the transformer
side.

A step down transformer is used for stepping down the 10.5 kV to 0.571 kV. The
incoming panel, outgoing panel, and transformer are placed in a small house called
as substation. The outing form the substation is connected to the three phase PFC
boost rectifier.

4.2.1 Transformer
The specifications of the selected transformer are presented in Table 4.1.

Table 4.1: Transformer specifications [32]

Parameters Values
Power kVA 315
Primary voltage kV 10.5
Secondary voltage kV 0.571
Vector group Dyn11
Cu losses W 3300
ez % 5.0
er % 0.9

The ez and er are the voltage drop across short circuit impedance and short circuit
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resistance expressed as a percentage of rated voltage.

The transformer with the above specifications is modeled and simulated in LT Spice.
Details are presented in Appendix 1.

4.3 Floating Dock/ On Shore System
A floating dock (pontoon) is a structure that floats on water and moves as the water
level rises or falls. It is commonly used at harbor. The main purpose of the floating
dock is to prevent the water level from changing too much in a year, resulting in
too much vertical error between the ship and the fixed dock. With the existence of
the floating dock, the deck can be flush with the pontoon vertically when the ship
docks, providing a guarantee for passengers to safely and conveniently get on and
of the ship.

A part of fast wireless charging system which consists of a PFC boost rectifier
and inverter is proposed to install on the floating dock.

This part of the system can also be placed in a housing at the shore.

There can be different feasible solutions for the placement of fast wireless charg-
ing but it is not in the scope of this thesis.

4.3.1 Rectifier
The main focus of this thesis work is the design of the power factor control (PFC)
boost rectifier. A detailed description of the PFC boost rectifier is presented in
Chapter 5.

4.3.2 Inverter
The parameters of the inverter which are required to design the design the PFC
boost rectifier are presented in Table 4.2.

Table 4.2: Inverter specifications

Parameters Values
Input voltage 800 to 900 V DC
Input power 300 kW

4.4 Transmitter and Receiver Coils
The coil pads are an essential part of an IPT system. The transmitter coil is sup-
posed to be installed on the floating dock or on the shore. The receiver coil is usually
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placed on the ship. The design of coil pads and on-shore and on-board transmitter
and receiver coil placement is not in the scope of this thesis.

4.5 On board system
Some part of the IPT system is installed on the vessel. The receiver coil is placed
on the vessel. Also, a rectifier which converts the AC voltage to DC voltage is also a
part of the on board system. The battery is connected to the rectifier through a DC
bus. The propulsion motor, hotel load and auxiliary loads also connected to DC bus.

The ratings of the battery for each of the subject vessel is discussed in Chapter
2.
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This chapter presents a detailed description of the power factor correction (PFC)
boost rectifier.

The purpose of this thesis is to integrate the fast wireless charging system with the
grid. Thorough research has been carried out for it. At first, the rectifiers which are
available in the market are searched and analyzed. Later, it was decided to design
the three-phase power factor correction boost rectifier.

5.1 PFC Boost Rectifier
To feed the DC load from the grid, AC-DC power electronics circuits between the
grid and the DC bus are required. If a incoming AC supply is single phase, a
single-phase rectifier is used and if the supply is three-phase, a three-phase rectifier
is used. AC-DC conversion uses rectifier topologies. The input stage of these AC-
DC power converters consists of a bridge rectifier followed by a large filter capacitor.

With the passive AC rectification, the input current is drawn from the grid is non-
sinusoidal which results in deteriorated current waveforms. In addition, this process
also affects the other users feed from the same grid, causing low power quality with
high harmonic current. Also, the utility line cabling, the distribution transformers
are affected by these harmonic current values which results in expensive electricity
network.
The power factor of the rectifier system can be improved with different methods.
These methods are categorized as active power factor correction and passive factor
correction. With the active power factor correction method, not only the power
factor is improved but also the output voltage can be controlled with the active
switches which are used in addition to the diode rectifier. However, in the case of
the passive power factor correction method, only passive elements are used to im-
prove the shape of the line current drawn from the grid. Thus, there is no control
over the output voltage. The output of the PFC can be boosted using a DC to DC
boost converter

In order to establish a connection from the grid (three phase supply) to the on-
shore segment of the IPT system, the PFC boost rectifier is an intrinsic part of the
whole charging system. The goal of rectification is to provide isolated, regulated
DC output, free of input harmonics and with a unity power factor. With the active
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PFC rectifier systems, there is a possibility to control the output dc voltage to a
constant value, independent of the actual mains voltage and the load.

5.1.1 Single phase PFC Boost Rectifier

Different PFC boost rectifier topologies are shown in Figure 5.1. The conventional
boost converter topology uses only one switch, so it is not suitable for high power
applications (Figure 5.2a). Interleaved type boost topology (Figure 5.1e) is used
to increase the rated power value of conventional boost converters and to reduce
the higher switching frequency. However, the use of more controllable switches
causes the cost to increase and the control circuit becomes more complex than the
conventional type boost circuit.

(a) Conventional single phase PFC boost
rectifier[33]. (b) Bridge less boost rectifier[33].

(c) Active half bridge boost rectifier[33]. (d) Active full bridge boost rectifier[33].

(e) Interleaved boost rectifier[33].

Figure 5.1: Single Phase PFC Boost Converters.
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5.1.1.1 Single phase interleaved PFC Boost Converter

Boost converter is the most popular topology for active PFC regulators used in high
power applications. In order to reduce the size of the converter and to increase the
power density, interleaving technique is utilized.

An interleaved PFC boost converter consist of two boost converters operating in
parallel 180◦ out of phase. The two inductor currents are summed up to give the
input current as shown in Figure 5.1e. As the two inductor’s ripple current are out
of phase they tend to cancel each other and reduce the input ripple current. The
best input ripple current cancellation occurs at 50% duty cycle.

The capacitor current is the sum of the two diode currents less than the dc out-
put current. The average output DC current is the sum of the two diode current,
as the average current through the capacitor is zero in steady state condition. The
diode currents are the function of the duty cycle. As the duty cycle approaches 0%,
50% and 100% the sum of the two diode current approaches dc.

Iin = IL1 + IL2

Ico = IDo1 + IDo2 − Io

(5.1)
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5.1.2 Three Phase PFC Boost Rectifier

Different topologies for the three-phase rectifier based on the single-phase PFC boost
rectifier are listed below and shown in Figure 5.2.

• Simple boost type converter
• Diode rectifier with PWM regenerative braking rectifier
• Diode rectifier with PWM active filtering
• Vienna Rectifier
• Three phase six switch PFC rectifier

(a) Simple Boost Converter with boost inductor
shifted to AC side[37].

(b) Diode Rectifier with PWM Regenerative
Braking Rectifier[37].

(c) Diode Rectifier with PWM Active
Filtering[37]. (d) Vienna Rectifier [37].

(e) Six Switch Rectifier[37].

Figure 5.2: Three phase PFC Boost Converters.

The comparison of the characteristics of each topology is shown in Table 5.1.
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Table 5.1: Comparison of Three Phase Boost Rectifier Topologies

Topology Regulated DC
output Voltage

Low Harmonic
Distortion

of Line Current

Near Sinusoidal
Current
waveforms

Power factor
Correction

Bidirectional
Power
Flow

Diode
Rectifier No No No No No

Boost Type
Converter Yes No No Yes No

PWM
Regenerative

Braking Rectifier
No No No No Yes

PWM Active
Filtering
Rectifier

No Yes Yes Yes NO

PWM
Vienna
Rectifier

Yes Yes Yes Yes No

PWM
Six Switch
Rectifier

Yes Yes Yes Yes Yes

In this thesis, three-phase boost converter with diode converter and six switch PFC
rectifier are studied and designed.

5.1.2.1 Three phase Boost Converter with Diode Rectifier

This topology is the three-phase extension of the conventional single-phase boost
type diode rectifier. It is hybrid structure having passive three-phase rectifier and
then the boost converter with active switch as shown in Figure 5.3.

Figure 5.3: Three phase boost converter with diode rectifier[34].

With this topology, the output voltage can be controlled, but the input currents are
not of sinusoidal shape, it is of block shape. The current wave shape can be slightly
improved if the boost inductances move to the input side.
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5.1.2.2 Six Switch PFC Boost Rectifier

In three-phase applications, the six-switch PFC boost rectifier is the most widely
used topology because of its good performance and cost effectiveness. It has rela-
tively simple structure as compared to other topologies, despite high functionality.

The overall structure of the three phase boost rectifier is shown in Figure 5.4.

Figure 5.4: Three phase six switch PFC boost rectifier[36].

In this topology, there are three inductances in series with a three-phase ac voltage
source. The six MOSFET, two in each bridge leg, are required for voltage regulation
and sinusoidal current impression. The inductance reduces the harmonic content by
boosting the input ac voltage and filtering the input current.

In general, the operation of a converter can be explained in terms of the input
quantities, output quantities and the switching pattern of the MOSFETs. The av-
erage output voltage is controlled by controlling the switch on and off duration.

One method for controlling the output voltage is called pulse-width modulation(PWM)
switching. This method employs a constant switching time period T = ton + toff ,
hence a constant switching frequency, and adjusting the on duration of the switch
to control the average output voltage. In PWM switching, the switch duty ratio D
, which is defined as the ratio of the on duration to the total switching time period,
is varied.

In other control method, both the switching frequency (hence the time period) and
the on duration of the switch are varied. Variation in the switching frequency makes
it difficult to filter the ripple components in the input and the output waveform of
the converter.
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5.1.2.2.1 Operating Principle: The three-phase line voltages and the current
are given by the following equations.

ea = EmCos(ωt)

eb = EmCos(ωt−
2π
3 )

ec = EmCos(ωt−
4π
3 )

(5.2)

ia = ImCos(ωt+ φ)

ib = ImCos(ωt+ φ− 2π
3 )

ic = ImCos(ωt+ φ− 4π
3 )

(5.3)

As the three phase system is assumed to be balance, the whole circuit can be repre-
sented by only one phase. The fundamental frequency components of the three phase
supply voltages ua1(t), ub1(t) and uc1(t) and the corresponding fundamental currents
ia1(t), ib1(t) and ic1(t) are responsible for the useful power transfer. The basic circuit
equation for the fundamental components using Figure 5.4 can be expressed as,

ea1 = vaL1 + uan1 (5.4)

In phasor form the above equation is

ea1 = vaL1 + uan1 (5.5)

The fundamental component of the current is given by

ia1 = ea1 − uan1

jωL
(5.6)

Equation 5.6 shows that the magnitude and the angle of line current ia is controlled
by the voltage drop across the inductance L interconnecting the three phase ac sup-
ply and the converter.

Figure 5.5 shows the corresponding phasor diagram of the (5.5).

Figure 5.5: Phasor diagram of PFC boost rectifier [36].
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The power factor is determined by the angle between ea1 and ia1 which is δi as
shown in Figure 5.5. The line current ia depends on voltage uan and the value of
inductance L. For a fixed value of supply voltage, the desire value of the current ia
can be obtained by varying uan and inductance L value.

From Figure 5.5 the following relationships can be obtained.

VaL1cosδi = ωLIacosδi = Uan1sinδu (5.7)

VaL1sinδi = ωLIasinδi = Ea1 − Uan1cosδu (5.8)

The input active and reactive power can be expressed using (5.7) and (5.8).

Pin = Ea1Ia1cosδi = E2
a1
ωL

(Uan1

Ea1
sinδu) = Ea1Uan1

ωL
sinδu (5.9)

Qin = Ea1Ia1sinδi = E2
a1
ωL

(1− Uan1

Ea1
cosδu) = (E2

a1 − Uan1Ea1cosδu)
ωL

(5.10)

When the power flow from the ac side to the dc side, the converter operates in
rectifier mode. In this mode, the uan1 lags ea1 by an angle δu and the real power is
positive. While the uan1 leads ea1 by an angle δu, the real power is negative and it
flow from load (dc side) to the source side(ac side). In this mode the converter is
said to be operated in inverter mode.

The values of active power Pin and the reactive power Qin depend on uan and
the value of inductance L. Thus, for a given ac supply voltage and the chosen in-
ductance L value, the active and reactive power can be varied by changing uan.

In order to achieve a desired value of active output power and the controllable
reactive power, the proper switching signals for switches in the three legs of voltage
source converter, which decides the required fundamental converter voltage uan1,
are required to generate. The three-phase voltage source converter can provide the
regulated DC link voltage and low distorted line side currents with close to the unity
power factor operation by varying the amplitude Uan1 of this fundamental compo-
nent and its phase shift δu with respect to the supply voltage ea1.

The control strategies for the PWM rectifier are categorized as
• Voltage based control
• Virtual flux based control

The main purpose of the thesis is the use IPT technology for marine application so
control is out of the scope of this project. The space vector pulse width modulation
(SV PWM) pattern for the MOSFETs is generated by one of my supervisor Junfei
Tang. This SV PWM pattern is used for the simulations in LT Spice.
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5.2 Rectifier Design and Simulation Results using
C3M0016120K

The three-phase and single-phase PFC boost rectifier are designed and simulated
in LT Spice. Two topologies are covered in this thesis work. One is the interleaved
boost converter and the other is the six switch active boost rectifier.

The details of three-phase rectifier are presented in section 5.2.1 and of single-phase
are presented in Appendix B.

5.2.1 Three-phase PFC boost converter with diode rectifier
An interleaved boost converter with diode rectifier for three-phase, is designed and
simulated in LT Spice. The schematic for the three-phase system is shown in Figure
5.6.

Figure 5.6: Three phase interleaved boost converter.

The input voltage for the three-phase is 400 V line to line rms. For simulation
purposes it is converted to maximum phase voltage.

VL−Lrms = 400V

Vphrms = VL−Lrms√
3

= 230.94V

Vphmax =
√

2 · Vphrms = 326.59V

(5.11)

The design of the interleaved boost converter involves the selection of inductors,
diodes, power switch, input, and output capacitors. It is designed to be operated in
continuous conduction mode (CCM) as this is the preferable mode for high power
applications [34]. The output power is equally shared by both the legs of the con-
verter so the inductors, diodes, and switches are identical.
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In order to get the output power of 300 kW and the DC voltage of 800 to 900 V at
the output, C3M0016120K silicon carbide power MOSFET from CREE is selected.
It is N channel enhancement mode power transistor. The spice model and library
of C3M0016120K from Wolfspeed is imported in LT Spice. The main attributes of
the C3M0016120K are stated in Table 5.2.

Table 5.2: C3M0016120k Attributes [38]

Attributes Value
Channel Type N
Maximum Continuous Drain Current 115 A
Maximum Drain Source Voltage 1200 V
Maximum Drain Source Resistance 16 mΩ
Maximum Gate Threshold Voltage 3.6 V
Maximum Power Dissipation 556 W
Turn on Delay Time 34 ns
Rise Time 33 ns
Turn off Delay Time 65 ns
fall Time 13 ns

The first step is to calculate the inductor value at the border between the continuous
conduction mode (CCM) and discontinuous conduction mode (DCM). It gives an es-
timation of the inductance value used in converter design. For calculation purposes,
the converter is assumed to be lossless.

Vo = Vin

1−D
Pin = Pout

vL = L
di

dt
= L

∆i
∆t

(5.12)

When the MOSFET is conducting the inductor voltage is equal to the input voltage.
Thus, the change in the inductor current(ripple current) can be written as

∆i = VinD

Lfs

(5.13)

At the boundary between the CCM and DCM, the average inductor current is half
of the ripple current.

L = VinD

2ILfs

= V 2
inD

2Poutfs

= V 2
o D(1−D)2

2Poutfs

L = V 2
o

2Poutfs

(D − 2D2 +D3)

(5.14)
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To find out the inductance value at the boundary condition, (5.14) is differentiated
with respect to the duty cycle. It is found that maximum value of the minimum
inductance occurs at D=1/3. By using (5.14)

L = V 2
o D(1−D)2

2Poutfs

(5.15)

Figure 5.7: Three phase three branches boost converter.

The diodes, inductors and capacitors used for LT Spice simulations are ideal. The
MOSFET is modeled in LT Spice by using the actual parameters. The duty cycle is
increased to 36.6%. The simulations are run with two switching frequencies 85 kHz
and 20 kHz. The inductance value in each branch is 4.7 uH for 85 kHz and 19 uH
for 20 kHz to meet the requirements.

The load for boost converter is inverter. It is assumed to be pure resistor for LT
Spice simulations. The value of resistor can be estimated from Vout=900 V and the
Pout=300 kW.

Rout = V 2
out

Pout

= 2.7Ω (5.16)

The required rating of the output power and the output DC voltage is quite high
and the switches and diodes are drawing high current, so a three branches PFC
boost rectifier has been proposed which is shown in Figure 5.7. In this topology,
the switching frequency is the same as that of two branch topology .i.e 85 kHZ and
20 kHZ but the duty cycle is 25.4% as compared to 36.6% in two branch topology.
As the current is divided into three branches so the inductance value is also divided
into three branches.
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5.2.2 Six switch PFC boost converter
The schematic diagram for active three phase six switch rectifier is shown in Figure
5.8.

Figure 5.8: Three phase six switch.

The gate to source voltage signal applied to each MOSFET is shown in Figure 5.9.

Figure 5.9: Gate signal to the switches.

5.2.3 Simulation Results
The three-phase input voltage for all the topologies is shown in Figure 5.10. The
output voltage of the three phase boost converter(V (vout_boost)) and the output
voltage of bridge rectifier(V (vout_rec)) are presented in Figure 5.11. The simulation
result of output power of the converter is shown in Figure 5.12.
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Figure 5.10: Input voltage.

Figure 5.11: Three phase interleaved simulation result: Output voltage.

Figure 5.12: Three phase interleaved simulation result: Output power.

The results of three-phase three branches PFC boost rectifier are presented in Figure
5.13 and Figure 5.14.

Figure 5.13: Three-phase three branches simulation result: Output voltage.

Figure 5.14: Three-phase three branches simulation result: Output power.

The output values which are obtained by simulating the six switch circuit are shown
in Figure 5.15 and Figure 5.16.
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Figure 5.15: Three-phase six switch simulation result: Output voltage.

Figure 5.16: Three-phase six switch simulation result: Output power.

The LT spice simulation results are summarized in the Table 5.3.

Table 5.3: Simulation Results

Parameters Single-phase
interleaved

Three-phase
2 branch
interleaved

Three-phase
3 branch
interleaved

Three-phase
six switch

20 kHz 85 kHz 20 kHz 85 kHz 20 kHz 85 kHz 20 kHz
Output voltage (V) 353 351 907.44 903.05 893.04 901.49 859.82
Output power (kW) 56.373 55.63 305.45 301.6 295.85 301.48 273.96
Input power (kW) 58.40 57.89 317.67 316.07 311.6 317.78 286.88

Power factor 0.98 0.983 0.967 0.966 0.9679 0.9679 0.999
Duty cycle (%) 36.6 36.6 36.6 36.6 25.4 25.4 NA

Drain current (RMS) (A) 92.03 92.9 217 218 172 177 293
Frequency (Hz) 50 50 50 50 50 50 50

THD (%) 3.73 4.59 26.05 26.31 25.88 25.89 1.357
Efficiency (%) 96.51 96.19 96.15 95.45 94.7 94.87 95.49

Pcond of MOSFET (W) 135.424 138 753.424 760.38 473.344 501.26 1373.58
Psw of MOSFET (W) 597 679 2606 3039 2526 3499 678.3
Ploss of MOSFET(kW) 0.733 0.817 3.36 3.8 3 4 2.055
Total circuit loss (kW) 2.027 2.26 12 14 15.8 16.3 12.92

The current flow through each MOSFET, for each topology is more than its rated
current. In order to implement these topologies practically, the switches are put in
parallel which in turn reduced the current through each switch. The simulation also
are run by putting two or more switches in parallel and different parameters for each
topology has been calculated using LT Spice.
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In case of parallel switches, the losses of the MOSFET and total losses in the each
topology is discussed in section 5.2.5.

5.2.4 Losses in MOSFET
The losses in the MOSFET comprises of switching losses and the conduction losses.

Ploss = Pcond + Psw (5.17)
Conduction losses are given by equation

Pcond = I2
rms ·Rds (5.18)

The drain to source resistance Rds of C3M0016120k is 16m Ω and the root mean
square (RMS) and average value of the current flowing through the switch for each
topology is calculated with LT Spice.

Figure 5.17: Timing waveform of C3M0016120k [38].

Switching losses arises due to the non ideal characteristic of the MOSFET and it
also depends on the switching frequency. The switching losses consist of power
dissipation during turn on and turn off of the MOSFET.

Psw = (Wsw(on) +Wsw(off)) · fsw (5.19)

Refer to the data sheet of the C3M0016120k, Wsw(on) and Wsw(off) can be approxi-
mated as follow.

Wsw(on) = VdsIds

2 · ton

Wsw(off) = VdsIds

2 · toff

(5.20)

ton is comprised of turn on delay time and rise time of the MOSFET and toff is the
sum of turn off delay time and the fall time.
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Table 5.4: Losses in C3M0016120K

Parameters Single-phase
interleaved

Three-phase
2 branch
interleaved

Three-phase
3 branch
interleaved

Three phase
six switch

20 kHz 85 kHz 20 kHz 85 kHz 20 kHz 85 kHz 20 kHz
Idrms (A) 92.03 92.9 222 224 172 177 293
Idavg (A) 51 49 124 128 79 83 106

Vdsrms (V) 297 297 699 699 645 652 601
Vdsavg (V) 206 206 538 538 538 538 425
Pcond (W) 135 138 795.66 760.38 473.34 501.264 1373.58
Psw (W) 15.233 62.20 96.78 414.4 60.84 275.18 65.322
Ploss (W) 150.233 200.20 893.9 1174.78 534.18 776.44 1438.9

The losses in one MOSFET for each boost rectifier topology are calculated using
the analytical expressions are shown in Table 5.4.

Table 5.3 is showing the losses for each MOSFET calculated using LT Spice. The
value of switching losses for each topology is larger for LT Spice than the values
which are calculated using the analytical expression (Table 5.4).

Analytical calculations are based on some assumptions. The voltage Vds and the
current Ids is assumed to have a constant value throughout one cycle and the energy
dissipated in turning on and turning off the switch is the same. While in LT Spice
simulations, the energy dissipation in turning on and turning off the MOSFET is
not the same. Also, the values of Vds and Ids are not constant for one cycle. Thus,
there is a difference in the switching loss values calculated with LT Spice and with
analytical expressions.

5.2.5 Losses in PFC boost rectifier
The losses in each component of the PFC boost rectifier are calculated with LT
Spice. The results are presented in the form of a pie chart and table.

The losses for the parallel combination of switches and the efficiency is shown in
Table 5.5.

Table 5.5: Losses in PFC boost rectifier with parallel switches

Losses Single-phase
interleaved (1)

Three-phase
2 branch

interleaved(3)

Three-phase
3 branch

interleaved(2)

Three phase
six switch(4)

20 kHz 85 kHz 20 kHz 85 kHz 20 kHz 85 kHz 20 kHz
Pcond (W) 135.424 138 251.1 253.46 236.672 250.632 343.395
Psw (W) 597 679 2606 3039 2526 3499 678.3
Ploss (W) 0.733 0.817 2.857 3.29 2.757 3.749 1.019

Total circuit loss (kW) 2.027 2.26 10.996 12.986 15.087 15.547 6.74
Efficiency (%) 96.53 96.10 96.47 95.75 95.17 95.11 97.65
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When two or more switches are put in parallel, Rds is reduced which in turn reduced
the conduction losses. The losses are calculated for the different number of parallel
switches for each topology and the efficiency of each topology with reduced losses
is also calculated. For three-phase two branch interleaved topology, three-parallel
switches for each branch are used. For three-phase three branch interleaved topology,
two parallel switches for each branch and three phase active six switch topology, four
parallel switches for each phase are used.
The results are presented in Figure 5.18, Figure 5.19 and Figure 5.20

(a) Three phase two leg 20 kHz.
(b) Three phase two leg 20 kHz with parallel
switches.

(c) Three phase two leg 85 kHz. (d) Three phase 85 kHz with parallel switches.

Figure 5.18: Losses in three phase two leg PFC boost rectifier with 20 kHz and
85 kHz switching frequency.

It is clear from Figure 5.18 and Figure 5.19 that with the high switching frequency,
the switching losses are increased as shown in Figure 5.18a and Figure 5.18c.

In case of parallel switches, the current through each switch is reduced so the conduc-
tion losses of the MOSFET are reduced as shown in Figure 5.19c and in Figure 5.19d.

The losses in the three-phase active six switch topology are shown in Figure 5.20.
The conduction losses are reduced due to the parallel switches for each phase.
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(a) Three phase 3 leg 20 kHz. (b) Three phase 3 leg 20 kHz parallel switches.

(c) Three phase 3 leg 85 kHz. (d) Three phase 3 leg 85 kHz parallel switches.

Figure 5.19: Losses in three phase three leg PFC boost rectifier with 20 kHz and
85 kHz switching frequency.

(a) Three phase six switch 20 kHz. (b) Three phase six switch 20 kHz parallel.

Figure 5.20: Losses in three phase six switch PFC boost rectifier with 20 kHz
switching frequency.

5.3 Six switch PFC rectifier with input from the
transformer and C3M0016120K

It is proposed that the input side of the rectifier is connected to the three-phase
transformer. The secondary side of the transformer is rated as 571 V rms. Details
about the transformer can be found in Chapter 4. Table 5.6 shows the results of the
simulation with input voltage = 571 V.

The Ploss is the sum of switching loss and conduction loss in one switch. The total
losses in three-phase PFC are 4.8 kW in which the main contributor is the MOSFET
where as the rest of the loss (84 W) occur in inductor.
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Table 5.6: Three-phase active PFC rectifier simulation results using C3M0016120K
with Vin= 571 V

Attributes Results
Output voltage 880 V
Output power 287 kW
Input power 291.8 kW
Efficiency 98.3%
Drain current (RMS) 211 A
Input power factor 0.99
THD 0.93%
Pcond 712 W
Psw 73 W
Ploss 786 W
Total losses 4.8 kW

5.4 Three-phase PFC boost Rectifier with CPM3-
1200-0013A

To develop the prototype of three-phase active PFC boost rectifier, it is simulated
with a MOSFET CPM3-1200-0013A. The reason of selecting this MOSFET from
CREE is that there is half bridge module CAB450M12XM3 which has five dies in
each switch position. The die is of CPM3-1200-0013A. The three-phase active PFC
boost rectifier topology is simulated in LT Spice by scaling down the whole circuit
to 5, by using only one MOSFET. In this case the output power requirement is
reduced to 1/5 of 300 kW.

Figure 5.21: Six switch PFC boost rectifier with CPM3-1200-0013A.

The attributes of MOSFET are shown in Table 5.7.
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Table 5.7: CPM3-1200-0013A Attributes [39]

Attributes Value
Channel Type N
Maximum Continuous Drain Current 149 A
Maximum Drain Source Voltage 1200 V
Maximum Drain Source Resistance 13 mΩ
Maximum Gate Threshold Voltage 3.6 V

5.4.1 Results with Vin = 400V
The scale down and complete circuit results results are presented in Table 5.8.

Table 5.8: Three-phase active PFC boost rectifier simulation results using CPM3-
1200-0013A

Parameters Scaled down
circuit results

Complete circuit
results

Output voltage 889 V 889
Output power 58.5 kW 292.5 kW
Input power 59.6 kW 298 kW
Efficiency 98% 98%
Drain current (RMS) 61 A 305 A
Input power factor 0.99 0.99
THD 1.65% 1.65%
Pcond 47.44 W 237 W
Psw 137 W 688 W
Ploss 185 W 925 W
Total losses 1.1 kW 5.5 kW

The plot of output voltage and output power from LT Spice are presented in Figure
5.22 and Figure 5.23. It can be seen that output voltage has a value of around 900
V DC. The plot of output power showing that the value of output power is around
60 kW.

Figure 5.22: DC output voltage and three phase input voltage with CPM3-1200-
0013A Vin=571V.
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Figure 5.23: Output power with CPM3-1200-0013A Vin=571V.

The Figure 5.24 is showing the total losses which occur in the circuit. In this case
the switching losses are the dominant one.

Figure 5.24: Losses in six switch PFC boost rectifier with 20 kHz and Vin= 400
V.

5.4.2 Results with Vin = 571V
The results with vin =571 V are shown in Table 5.9. With the increase in the input
voltage, the current through the MOSFETs is decreased. The switching and the
conduction losses are also decreased correspondingly.
The plots of output voltage and output power obtained from LT Spice are shown in
Figure 5.25 and in Figure 5.26 respectively.

Figure 5.25: DC output voltage and three phase input voltage with CPM3-1200-
0013A Vin=571V.

53



5. PFC Boost Rectifier

Table 5.9: Three-phase active PFC boost rectifier simulation results using CPM3-
1200-0013A with Vin=571 V

Parameters Scaled down
circuit results

Complete circuit
results

Output voltage 891 V 891 V
Output power 58.8 kW 294 kW
Input power 59.2 kW 296 kW
Efficiency 99% 99%
Drain current (RMS) 43 A 215 A
Input power factor 0.99 0.99
THD 0.23% 0.23%
Pcond 22.18 W 111 W
Psw 53 W 265W
Ploss 75.6 W 378 W
Total losses 0.453 kW 2.26 kW

Figure 5.26: Output power with CPM3-1200-0013A and Vin= 571V.

The losses in the three-phase active PFC boost rectifier with the input voltage 571
V are shown in the form of pie chart in Figure 5.27.

Figure 5.27: Losses in six switch PFC boost rectifier with 20 kHz and Vin= 571V.

With the results obtained from the LT Spice simulations, it is concluded that the
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best topology to integrate the grid with fast wireless charging system is the three-
phase six switch active PFC boost rectifier.
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6
Conclusion and Future Work

6.1 Conclusion
The electrification of ferries is sustainable since it directly addresses the urgent
need to reduce CO2 emissions, noise, and wave generation [40] from waterborne
transportation. It saves energy compared to conventional, diesel-powered ferries.
Electric ferries are also superior in terms of lower maintenance costs as diesel engine
has more moving parts as compared to the electric motor in which only the bearings
need maintenance.

They are some limitation on the electrification of ferries. These are mainly due
to the battery capacity and its size. Also, in some harbor areas, the grids are not
strong enough to charge the high-power batteries of electric vessels. Due to the
restrictions on burning the worst quality marine fuel and strong air quality regula-
tions, battery technology is getting more competitive and cost effective. But still,
the electrification in the marine sector is not feasible for deep sea ships that sail more
than 10 to 20 days in sea. It is more viable for ferries, supply ships, and tugboats.

Studies show that building an electric vessel is expensive than the conventional
diesel- powered ship. Then there is a cost for the transformer and the other electri-
cal infrastructure. Once it reaches the break-even point, then it is a saving.

IPT technology has the potential for implementation in small and medium-size pas-
senger ferries and line ferries. Fast wireless charging of electric ferries using IPT
technology, is a practical solution for charging the electric ferries with a tight sched-
ule and short docking time.

In order to establish a connection between the fast wireless charging system and
the grid, a three-phase PFC boost rectifier is used. Three-phase active six switch
topology is the most promising topology in to get the constant DC voltage with
fewer harmonics. The simulation results show that the efficiency and power factor
have the most favorable figures for this topology.

6.2 Future work
Fast wireless charging of electric ferries can be applicable for large ferries. Stud-
ies can be carried out for different commuter vessels and cargo vessels to analyze
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their energy consumption, schedule, and docking time to implement the fast wireless
charging using IPT technology.

The bidirectional feature of three-phase active six switch PFC boost rectifier topol-
ogy can be studied and implemented. A prototype of a three-phase active switch
six PFC boost rectifier can be build by using the simulation results and verified.
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A
Appendix 1

A.1 Three Phase Transformer
The three phase transformer is modeled in LT Spice by using the specifications
provided in the data sheet of the transformer. The Figure A.1 represent the LT
Spice model of the transformer.

Figure A.1: Transformer model in LT Spice

The transformer has a vector group Dyn11 so

V1

V2
= N1√

3N2
(A.1)

In LT Spice the transformer is modeled as coupled inductors. The value of inductor
is calculated by using the number of turns.

L1

L2
=

√
N1

N2
(A.2)

The values of the leakage inductance and resistance are calculated using the data
sheet.
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Table A.1: Transformer specifications [32]

Parameters Values
Power kVA 315
Vector group Dyn11
Primary line phase voltage 10.5 kV
Secondary line voltage 0.571 kV
Secondary phase voltage 0.329 kV
Primary line current 17.32 A
Primary phase current 10 A
Secondary line phase current 318 A
Total Cu losses W 3300 W
Cu losses per phase 1100 W
ez 5.0 %
er 0.9%
Resistance per phase 9.45 Ω
Leakage reactance 0.16 H

The load for the transformer is PFC boost rectifier. It is modeled as resistive load.
The power per phase of the transformer is 100 kW as the input power of the rectifier
is assumed to be 300 kW.

R = V 2

P
(A.3)

R = 1.1Ω (A.4)

The primary and secondary voltages of the three phase are shown in Figure A.2.
V(pi) represents the transformer primary voltage, V(si) represents the transformer
secondary voltage and i is representing the phase of the transformer.

Figure A.2: Three phase transformer primary and secondary voltage.
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Figure A.3: Three phase transformer output power per phase.

The power dissipated across the per phase resistance of the the transformer is shown
in Figure A.3. The average value of output power is 100 kW.

The copper losses are calculated using LT Spice which turns out to 900 W.
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B
Appendix 2

B.1 Single Phase PFC Boost Rectifier
To evaluate the performance of the single phase PFC boost converter, same compo-
nent as that of three phase circuit, are used to simulate the single phase PFC boost
converter. The schematic of single phase PFC boost rectifier is shown in Figure B.1

Figure B.1: Single phase interleaved PFC boost converter

The results of the single phase PFC boost converter are shown in Figure. B.2 and
Figure. B.3.

Figure B.2: Single phase simulation result: Output voltage.
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Figure B.3: Single phase simulation result: Output power.

The results are also presented Figure B.4

(a) Single phase 20 kHz. (b) Single phase 85 kHz.

Figure B.4: Losses in single phase PFC boost rectifier with 20 kHz and 85 kHz
switching frequency.
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