GNTNU SIEMENS

Norwegian University of ""g‘“"“f 'F"" Co
Science and Technology ‘7 {Q
SPECIALIZATION PROJECT

Identification of Key Parameters
and Potential Solutions for

Smarter Charging of Battery Ferries

Morten Volland Finnekas

Submission date: December 18, 2018
Supervised by: Dr. Jon Are Suul, ITK
MSc. Lars Andreas Lien Wennersberg, Siemens

Dr. Atle Rygg, Siemens

Norwegian University of Science and Technology

Department of Engineering Cybernetics






Abstract

To reach the national plan for reduction in greenhouse gas emissions, a revolution in
the Norwegian ferry operation has taken place over the last years. By using batteries
instead of diesel generators for ferry operation, an equivalent annual emission from
150,000 cars can be reduced in near future.

One key problem to investigate is how to smarter plan the charging of such battery
ferries. Today’s charging pattern is mainly focusing on transferring the most energy
in the shortest possible time, but a future charging plan could take into account many
factors for more effective charging.

This report is identifying some of the important factors regarding operation and
charging of ferries and proposes a methodology for controlling the charging based on
electricity pricing and weather conditions.

While there is a lack of literature aiming directly at the problem, research in the
field of electric vehicles and charging of lithium-ion batteries are used to support the
material in the report.

A brief overview of the history, different configurations and characteristics of a
battery ferry is given, and important factors regarding the origin of battery ageing
phenomena and proposals for achieving greater battery lifetime are discussed.

A system consisting of a battery ferry crossing between two charging stations
connected to local grids are modelled in Simulink. The first study case is using a
controller taking the weather conditions into account and the second study case is
using a controller considering the electricity pricing.

In the first study case, the batteries in the two charging stations are more utilized
due to more energy consumption in the ferry. In the second study case, results
shows that cost savings can be made by adjusting the amount of energy transferred
throughout the day.

Future work should emphasize on better modelling of the system, with more
advanced weather and load models, and the development of a more dynamic charge

controller.
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Acronyms

In alphabetical order:

AC  Alternating Current

BESS Battery Energy Storage System
CMS Charge Management System
DC Direct Current

DoD Depth of Discharge

DPS Dynamic Position System

ESM  Energy Storage Module

ESS Energy Storage System

IAS Integrated Automation System
IPS Integrated Power System

ODE Ordinary Differential Equation
PDE Partial Differential Equation
PEBB Power Electronic Building Block
PEM Power Electronics Module
PMS Power Management System
RCS Remote Control System

RTE Round Trip Efficiency

SEI  Solid Electrolyte Interphase
SoC  State of Charge
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VSC Voltage Source Converter

VSD  Variable Speed Drive
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Chapter 1

Introduction

This introductory chapter will provide background context on and motivation for
smarter charging of battery ferries. Both technical and social aspects on the current
situation for battery ferry’s will be enlightened and used as a basis for the problems to
be solved.

Since the system to be considered involves high complexity and a large variety of
impacting factors, assumptions and limitations used to simplify the system are discussed.
Delimitations are also given to limit the scope of the problem and to define the boundaries
of the study.

Further, a literature review will present the relevant knowledge and work on this
topic. The literature review will be divided into two parts, where the first part is
considering the literature on hybrid ferry systems and the second part is considering
the literature on battery life management.

Finally, the achievements for the work done in this study and the background

contributions are presented.
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1.1 Motivation

"The Norwegian Parliament asks the Government to make sure that all future ferry
tenders meets a demand for zero-emission technology (and low - emission technology)

when this is indicated by the technology”

Approved proposal, Budget agreement fall 2014 [17]

People and villages are connected to the outside society and national roads are
connected together through the use of ferries. Today there are about 180 ferries that
includes as an important and necessary part of the Norwegian transportation infrastruc-
ture, and almost all of them are powered by diesel generators. This causes the ferries to
be one of the highest contributors to climate pollution in the transportation sector[18].

To reach the climate goal sat by the Norwegian Parliament, that greenhouse gas
emissions shall be reduced by at least 40 % from the reference year 1990 by 2030 [19],
something must be done in the transportation sector. For the ferries, this challenge has
marked the beginning of a new era. Since the first battery operated car ferry, Ampere,
was commissioned and put into operation in 2015, there has been several initiatives to
renew a large part of the ferry fleet in Norway by introducing pure battery and hybrid
concepts to reduce operational costs and decrease the environmental impacts. Norway
is the world leading country in operative and scheduled battery ferries, and by 2021,
about 60 battery-powered or hybrid vessels will be in operation [10].

One reason for the opportunity to revolutionize and renewing the ferry fleet is the
innovation and cost reduction in lithium - ion batteries. Lithium - ion is today the
most common battery technology used in consumer electronics, new electric vehicles
and ferries. From Figure 1.1 it can be seen that the cost of lithium-ion batteries has
had an exponential decrease the last 8 years, from 8500 NOK per kWh in 2010 to 1500
NOK per kWh in 2018. In the years to come, the cost will be reduced even more with a
predicted cost of 1000 NOK per kWh in 2022. Together with the rapid price decrease,
the improvements in energy density, that is estimated to increase with 7.5 % every year
[20], ensures that the battery is soon to be competitive with a diesel engine in terms of
cost and utilization for several more ferry crossings.

A study from Siemens and Bellona states that it is profitable to replace 70 % of the
180 ferries with battery or hybrid solutions in Norway [21]. If this is done, nitrogen
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Figure 1.1: Battery cost expectation [8].

oxide (NOx) emissions are cut by 8,000 tonnes per year and CO2 emissions by 300,000

tonnes per year, equivalent to the annual emissions from 150,000 cars [22].

There is little doubt that the new revolution in using zero emission battery ferries
will contribute to cleaner fjords and a more sustainable transportation network in
Norway. However, this revolution also add new questions, challenges and opportunities

that needs to be solved.

Most ferries built have specific characteristics both in terms of design, equipment,
operational routes as well as requirements for emission and energy usage. One key
problem to investigate is how to smarter plan the charging for such ferries. Optimal
charging of battery ferries should take into account many factors such as weather
forecast, battery lifetime, available grid power, electricity prices, and power losses.
Large costs can be saved if the ferry applies a smarter routine when calculating the

requested charging energy per shore docking.

Little is done with regards to smarter charging of battery ferries. However, the car
industry has undergone a big change towards using batteries as the mean for operation
and much of the research and technology used in this industry are applicable for the
battery ferry. Thus, studying some of the work done in the car industry can be of high
potential for the ferry industry.
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1.2 Objectives

This specialization project will contribute with a study aimed at smarter charging of
battery ferries. The focus will be on finding key parameters that influences the charging
of a battery ferry and how they can be utilized for more optimal and effective charging.
To start, background knowledge about the ferry configuration and operation are needed
for building a valid framework. This framework should then be modelled and simulated
using a known ferry configuration for operational analysis.

More clearly, the project involves the following objectives:

1. Provide a brief review of the most common battery and hybrid ferry configurations

that are used in state-of-the-art new build ferries today.
2. Identify key parameters necessary to plan charging of the ferry more efficient.
3. Identify possible optimization methods suitable for the problem.

4. Develop case study analyses for test and verification of the framework using a

known ferry route.
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1.3 Assumptions, Limitations & Delimitations

Delimitations are here defined to be boundaries of the study that the writer has control
of. Most of the delimitations are related to the system model and simulations and are
added for limit the scope of the study.

To not be confused when looking at the simulations and the results, a clear statement
will be given here: the model and simulations are based on a ferry operated on only
batteries, meaning no diesel generators and other energy sources are influencing the
operation. The battery in the ferry is recharged only when docked to the harbour and
is discharged only when the ferry is in transit.

The system is based upon ferries operated in Norway and on connections found
in the Norwegian transportation network. In the simulations, only one battery ferry
is operated in the connection, meaning the charging station at the harbour is only
discharged when the same ferry is connecting after crossing the fjord two times.

The battery model is simplified to only consider energy losses due to internal
resistance and does not consider capacity fade, temperature increase, power fade and
other battery ageing phenomena.

In the power transmission between the local grid, the charging station and the ferry,
no transmission losses are taken into account. The active power component is the
transferred unit, meaning no reactive power is considered in the model.

In the case study analyses, the system considers weather conditions and electricity
pricing as the two parameters for charge planning. The two parameters are not conflict-
ing and are analysed independently. For the weather conditions, only the wind speed is
considered to contribute to either load reduction or increase.

Limitations are also present in the model and important to elaborate. The wind
model used for the wind speed impact on the ferry is only based on discussions with
the supervisors and is not based on any existing verified models. A deviation between
the wind load impact on the ferry from the wind model and the actual wind impact on
a real ferry must here be taken into account.

Only one data set for the operational profile is used in the simulations. Some
modifications are done with this operational profile when considering the weather
conditions and when a sensitivity analysis for the electricity pricing is performed. A

larger data set, containing several operational profiles could be used to better validate
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the results, strengths and limitations with the model.

Some assumptions are done to restrict the scope, and thus necessary to mention.
In the simulations of the battery ferry system, it is assumed that the ferry have a
predictable operation, keeping the ferry schedule, the charging time limits and that the
route is identical for each crossing. The ferry’s battery is assumed to be held inside its

operational limits, and to always have sufficient energy to cross the fjord.

Another assumption is that grid power is always available to recharge both the
charging station and the ferry with the given rated power. The model also assumes that
the energy consumption during ferry operation is always predictable, ensuring that the

energy transferred to the ferry can be pre-determined.

The battery is assumed to operate predictable, meaning no failures during the
simulation period and that the actual power output is the commanded power output. In
the transmission system, it is assumed that all equipment have a higher capacity than
the power ratings from the battery, meaning that the transmission system can not be a

bottleneck to the power transferred.

1.4 Literature Review

Since this report will build up under further work on charging of battery ferries, much
work are laid on attaining background knowledge and a bigger overview of the battery
ferry operation. Papers on battery systems, power systems and charging strategies are
the dominant and most used supportive literature in this report.

Smarter charging of battery ferries is a relatively new term and there is a lack of
published work aiming directly at the objectives targeted in this report. Thus, literature
on charging strategies and battery systems are mainly related to the automobile industry.
It is therefore crucial to gain insight into how such research can be converted into the
battery ferry framework and the potential discrepancies which may follow from this.

This literature review aims to provide some insight and discussion on the papers
used as a support on the objectives regarding state-of-the-art ferry systems, battery
lifetime and charging strategies. First, the review gives a brief overview of the published
research regarding hybrid ferry systems and thereby, the review focuses on the literature

on battery utilization and lifetime.
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Hybrid ferry systems

A presentation of the past, present and future challenges of the marine vessel’s electrical
power system is given in [23] by E. Skjong. This paper is used extensively throughout
the report as a source to both background of battery ferries and shipboard power systems.
The paper is a walkthrough of the past development towards the modern ferries that
are in use today, and while the paper is not focusing on the charging of battery ferries,
it is reflecting upon the forthcoming challenges in power system fault handling and ICT
infrastructure among other things.

An approach to economic energy management in diesel - electric marine vessel’s is
given in [24] by E. Skjong. The paper proposes an optimal EMS algorithm based on a
mixed-integer linear programming problem that results in an increase of operational
efficiency. While this report will not consider hybrid operation, the paper is used for
further understand the load profile and control structure of a hybrid ferry operating on
batteries.

The focus in the ferry industry today has been on operating the new battery ferries,
dimension the systems and to transfer sufficient energy to meet the load requirements.
In [18], DNV GL gives a mapping of the investment needs in the electricity grid for
car ferry operation in Norway. The report states that investments above 900 million
NOK in the grid are needed to ensure electrification of 52 ferry connections in Norway.
Hence, much work and investment are needed for fully revolutionize the car ferry fleet

in Norway.

Battery lifetime

Battery life management is a research field with almost unlimited amount of published
research papers available. With the increasing development in electric vehicles and
smart devices the demand for effective charging strategies for cost savings and battery
life prolonging is highly requested.

To achieve effective battery life management, a better understanding of the processes
in a battery system is necessary. A review on lithium-ion battery ageing mechanisms
and estimations for automobile applications is given in [13] by A. Barré et al., with a
presentation of techniques, models and algorithms for battery ageing estimation. The

paper also discusses the validity of test bench studies of battery ageing, where the results
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often deviates from realistic results due to controlled conditions.

High temperatures for the battery are in [25, 14] reported to have a distinct negative
effect on both cycle and calendar life. In [26], a high change in state of charge(ASoC) is
verified to accelerate the battery power fade. In [27], a high charging current is stated
to increase both capacity losses and heat losses. These are just some of the reported
variables which effects the battery lifetime and since the variables are not independent
of each other, an exact model of battery ageing is hard to develop.

Several attempts on better battery life management are proposed through different
types of charging strategies for the battery. Common for all the charging strategies
are the conflicting objectives between charging time, energy losses and battery life
management. In [28], the optimal charging strategy when considering charging time
and energy losses is computed to be the constant current - constant voltage strategy.
In [29], a linear quadratic optimization approach for optimally charging a lithium-ion
battery, considering charging time, energy losses and temperature rise in the battery, is
proposed. However, no results on verified better battery lifetime are presented in the
two papers.

In [7, 27], two different charging strategies using a model predictive control (MPC)
framework are presented. Both methods are proposing an optimal tradeoff between
charging time and battery lifetime and are using two different reduced order models for
the battery modelling. Significant improvement in terms of charging time and state of
health is observed in [7] and a decrease in both capacity loss and energy loss is observed
in [27].

Because of complexity and a large number of variables that impacts on the battery
lifetime, a direct connection between battery utilization and lifetime is hard to find. As
described in [13], there is currently no study considering ageing as a consequence of all
the existent interactions between environment and utilization mode. Thus, obtaining
a complete battery diagnosis based on every ageing factor is still a major remaining

challenge.
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1.5 Background Material & Contributions

As equally important as the results to take with further are the assessments and reflec-
tions on the potential for smarter charging of battery ferries presented in this report.
The report focuses on enlightening the factors impacting the charging of a battery ferry
and to find smarter methods for more effective charging.

The main contributions of this report are:

« Collection of important parameters regarding operation and charging of ferries
and the following emphasise on the parameters in the context of smarter charging

of battery ferries.

« Proposal of a methodology for controlling the energy transfer with regards to

electricity pricing and weather conditions.

Relevant data from actual ferry projects in Norway have been made available by
Siemens for this specialization project. The data includes information about the system
philosophy of a number of ferries operating in Norway, technical information about
battery systems and a realistic operational profile for use in the simulations. The
operational profile is generated by BatteryProfileTool, a program developed at Siemens.

The simulink model is made by the writer, but with the battery model being based
upon a model given in the course TET4175 - Design and Operation of Smart Grid Power
Systems in spring 2018. Two Matlab scripts, given in Appendix B, are used to initialize

the parameter values in the Simulink Model.
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1.6 Outline

The report is structures as follows: in Chapter 2, the relevant background knowledge
on ferry history, power systems and control systems are presented, with an elaboration
on battery technologies, types and life management. The two last sections in Chapter
2 involves the system modelling and implementation of the system in Simulink. In
Chapter 3, a discussion on charging strategies is given. The constant current - constant
voltage charging strategy is presented and a method containing a model predictive
controller is proposed.

In Chapter 4, the simulations and results of two study cases are given and compared
up against a reference system. The first study case proposes a controller which takes the
weather conditions into account and the second study case proposes a controller which
considers the electricity pricing. Finally, in Chapter 5, the work done in the project is

concluded and a few thoughts on future work are given.



Chapter 2

Methods and Modelling

This chapter will present some background knowledge of battery ferries, their history
and how they are configured. Different types of shipboard power systems will be
illustrated, and the benefits and disadvantages with AC and DC distribution will be
discussed.

For further understanding of the charging strategies given later in the report, a
detailed presentation of the lithium-ion battery is given, with comparison to other types
of batteries. Benefits and disadvantages are elaborated and how to operate the battery
is discussed.

Finally, the system used in the simulations, with its specifications and characteristics,

are presented.

11
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2.1 Battery Ferries

A battery ferry is a fully electric marine vessel that can be powered by batteries in
all parts of operation. The ferry utilizes a battery energy storage system (BESS) that
delivers the power necessary for the propulsion motors and the other critical and non-
critical loads onboard during operation. A brief walkthrough of the history towards the
development of the first fully electric car battery ferry is given below, and is based on
the work by E. Skjong et al. in [23].

The first recorded effort to apply electric power on a marine vessel occurred in
the late 1830s after Moritz Hermann Jacobi of Germany invented a simple battery -
powered DC motor which was installed experimentally on small boats. In 1880s, the
first commercially available shipboard electrical system was built, with the onboard DC
system in SS Columbia.

With its 11 meters long and 2 meters wide construction, Elektra, built by Siemens &
Halske in 1885, was the first successful electrical powered vessel, powered by a 4.5 kW

motor supplied by batteries. A picture of Elektra is given in Figure 2.1.

3 ' P ww
f
i

e i

e ——— -

e ELE}‘FM.—-Ti"-V-‘“-” e
SIEMENS & HALSKE

; :
Figure 2.1: Picture of Elektra. Taken from [9].

An arms race with new technological breakthroughs in electric propulsion and diesel
- electric power systems followed in the World Wars I and II, where the development
and use of the AC motor and the transformer were central.

The advances in semiconductor technology after World War II revolutionized the

field of electronics, and today’s modern electric ships takes extensively use of power
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electronics to control and convert the electrical energy. The use of power electronics
to maximize fuel efficiency became a trend in the 1980s, and applications such as the
dynamic position system (DPS) rely heavily on this technology.

In late 2012, the world first hybrid car ferry MV Hallaig was launched. The ferry,
built at Fergusons shipyard with support of more than £20 million from the Scottish
government, is powered by a hybrid combination of lithium-ion batteries and a small
diesel engine. MV Hallaig marked the start for a more environmental friendly ferry
configuration, which is the norm in new build contracts today[30].

The recent development in more efficient batteries and energy storage systems has
made it possible to build marine vessels operated by only renewable energy sources. In
January 2015, the world’s first fully electric passenger and car ferry, MF Ampere, was
commissioned. The ferry has an installed battery capacity of 1040 kWh, two electric
motors of 450 kW and is capable of transporting 360 passengers and 120 cars between
Oppedal and Lavik in Sognefjorden.

A modern type of a battery ferry system is illustrated in Figure 2.2. The system
is highly influenced by information and communication technology and uses this to
control the ferry and the charging process more effectively. The ferry is communicating
its states with the charging station at harbour and can remotely command the charging

plug to prepare for charging before arriving to optimize the charging period.
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Figure 2.2: Picture of a modern battery ferry system. Taken from [9].
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Today’s battery ferries have a capacity large enough to operate purely on battery
power in routes where the crossing time is less than 30 minutes. For longer operation,
the ferry needs support from other power sources, where the diesel engine is most
common. Based on the report, [18], from DNV GL, 52 of Norway’s ferry routes can be
operated by battery ferries where the crossing time of 30 minutes holds and the weather
conditions are not to challenging. This calculation is based on a ferry with a car capacity
of 120, a crossing speed of 12 knots and the requirement that the ferry should manage

to be fast charged within 5 minutes at quay.

2.2 Ferry Power Systems

This section will provide a brief overview of the most common power system configu-
rations used in battery ferries today. The configurations have much in common with
the land based distribution system, where energy sources are combined and power is
distributed from an electrical substation to small and large loads.

Necessary to mention is that vessels categorized as a battery ferry are typically
vessels with a hybrid power system consisting of BESSs and diesel generators. However,
the operation is mainly based on only using the batteries as the energy source. Diesel
generators are necessary components in a battery ferry with regards to reliability and
secure operation, and is typically used when the ferry is operating outside of the normal
route and when travelling to or from the shipyard.

The following theory around IPS and PEBBs are based on the work by E. Skjong et
al. in [23], and a further discussion on the topics can be found in this paper.

Common for all the configurations is that they are structured as an Integrated Power
System (IPS). In an IPS, as shown in Figure 2.3, all the required power, for the vessel’s
propulsion and service loads, is generated and distributed by the same main energy
sources. The IPS shares all power from the energy sources on an integrated power grid,
which distributes the power to all individual consumer systems located throughout the
grid in a utility fashion. The property of power sharing is the main advantage of IPS
and improves power flexibility and availability.

Power electronic building blocks (PEBBs) are important and heavily used compo-
nents in modern shipboard power systems. Their main objectives is to supply the right

form and level of power to the connected systems and equipments. An important power
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Figure 2.3: Structure of an Integrated Power System (IPS)

electronic device is the voltage source converter (VSC), which is able to convert the
electric power from one form to another (AC/DC, AC/AC, DC/AC, DC/DC). The VSC
can be programmed to produce voltage and current waveforms, different power factors,
and obtain a desired frequency from a range of different input waveforms. The VSC are

used in motor drives, active power filters and inverter systems.

The shipboard power system is typically designed to be redundant, where a forward
and aft (rear) power station can be operated independently. This requires also redun-
dancy in power system components, making the system more complex but with higher

reliability and safety benefits.

2.2.1 AC- and DC Distribution

As described in [23], properties (and requirements) such as reliability, survivability, and
continuity of electrical power supply, sustainability, and efficiency can all be related
to the power system’s design. In the following, the two topologies used in shipboard

power systems today - the DC distribution and the AC distribution - are presented.

The characteristics and key points of the two distributions are based on the work
by E. Skjong et al. in [23]. The figures illustrating the topologies of the distributions
are based on lecture [31] in the course TTK 24 Control of Marine Power Conversion
Systems by J. A. Suul, fall 2018.
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2.2.1.1 AC Distribution

An AC - distribution power system can be compared to the land-based power distribution
in a small township. The bus where the power sources are connected works like the
township substation, from where the power is distributed to all users via multiple feeders
going to various parts of the township [32]. The AC distribution has the advantage of
transforming the power from one voltage level to another without the use of power
electronics and fitting in with already AC running devices.

Figure 2.4 shows how a modern type of AC distribution is structured. With today’s
requirement for flexibility, a DC bus is added to the power system such that loads can
be interfaced to both the AC or DC bus. The DC bus is connected to the AC bus through
a VSC and a transformer. The system can be compared to a land-based Smart Grid
system, where both electrical producers, consumers and storage systems are connected
together. The energy storage system (ESS) is connected to a constant voltage DC bus
through VSC which controls the power flow to and from the ESS. The ESS can both
deliver energy and store the excess energy in the system.

The diesel generators connected in parallel must match the frequency, voltage and
phase before connecting to the common AC bus. When matched, the frequency droop
lines of the generators determine their share of the total load in the system. Load sharing
is controlled by adjusting the prime mover’s governor setting, which controls the input
valve of the fuel. The governor’s automatic control system varies the fuel input rate
and the speed directly proportional to the load. When the load increases, the fuel is
increased, and vice versa[32].

A back-to-back VSC can be used as a drive system to control the power and speed
of the propulsion motor. The back-to-back VSC consists of a converter interfacing the
AC bus, a DC link and an inverter interfacing the motor.

As seen, this system design with a hybrid AC - DC distribution depends heavily
on the use of power electronics to control power flow and convert the voltage form,
making the system more complex.

Compared to the DC distribution system that is presented in Section 2.2.1.2, the
AC distribution system has a higher loss of power in the transmission. One reason for
this is the skin effect, which due to self-inductance is causing the current to flow on
the surface of the conductor and prevents it to flow inside[33]. Another reason is the

reactive current component, which reduces the energy transmission capability.
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Figure 2.4: Hybrid AC-DC distribution system
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A positive side of the AC distribution system is that the impedance in the cables,
together with generator- and transformer impedance, limits the short circuit currents.
On the other side, impedance of the cables causes a current dependent voltage drop
along the cable[34].

If the batteries are used as the main source of energy in the system, it can be more
suitable to connect the propulsion system directly to the DC bus. By doing this, the
power from the batteries no longer have to flow through the VSC and the transformer
to the drive system, which increases the efficiency grade. A power system like this is

usually called a DC distribution system, and is described in the following section.

2.2.1.2 DC Distribution

DC distribution systems offers a highly efficient distribution of electric energy by
eliminating components for energy conversion and optimizing the use of cables [34].
One example of a DC distribution system is given in Figure 2.5. Here, the propulsion
systems, the BESSs and the diesel generators are connected directly to the DC bus
through VSCs. An inverter and a transformer is connecting the nominal 1000 V DC bus
to the 230 V AC bus, where the charging cable and the other AC utilities are connected.

There are several benefits by using a DC distribution power system. Since frequency
control is not a concern at the DC bus connecting the diesel generators, the prime
movers can be operated at optimized speed, and thus increasing fuel efficiency. In this
power system, voltage droop control, and not speed frequency control, is used to achieve
load sharing. By setting different values for voltage droop control for different power
sources in a DC system the power ripple can be split over the power sources[35]. Power
from the generators can be controlled by adjusting the exciter current in the generator
system.

Since phase matching of paralleled power sources is not needed in a DC distribution
system, faster power generation response time can be achieved. In addition, since the
DC network only requires two conductors for power transmission and that reduction
gears in the generator system is not needed for frequency control, weight and space are

saved.
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The DC current does not experience skin effect during power transmission and does
not transport reactive current as in the AC network. Thus, the current amplitude is
reduced, resulting in lower transmission losses. A consequence of no reactive current
flowing in the network is that only the very low ohmic resistance of the cables limits the
short circuit currents. This causes a very high short circuit current that equally effects
all parts of the power system, which ultimately may damage the system components[36].
A solution, used on modern ships with DC distribution today, is to use solid state bus
ties with IGBT transistors as the protection circuits for limit the current rise when a DC
short circuit appears.

Comparing the DC distribution in Figure 2.5 to the AC distribution in Figure 2.4, the
DC system can be seen as less complex than the AC system. Fewer PEBBs are necessary
for a fully functional DC system, and the implementation of ESS is simpler. Since the
drive system for the motor propulsion is connected directly to the DC bus, there is no
need for a converter, making the VSC less complex.

The complexity could be reduced even more by removing the VSC from the ESS
and letting the DC bus voltage float. This would require the VSC connecting the diesel
generator to control the DC side voltage to the varying voltage amplitude at the DC
bus. If a passive rectifier is used instead of a VSC between the generator and the
bus, excitation voltage control can used to control the voltage output to correct value.
In addition, if the DC bus voltage is floating and the bus tie between the DC busses
are closed, the control objectives of the other VSCs must be changes so that they do
not interfere with each other. Two VSCs trying to control the same voltage with a
PI-regulator would not perform very well.

Two ferries with different configurations are presented in the following sections.
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2.2.2 MF Ampere

MF Ampere, pictured in Figure 2.6, is a car ferry that is operated between Lavik and
Oppedal in Sognefjorden in Norway. The ferry is the world’s first all-electrical car ferry
operated on batteries and is built by the shipbuilder Fjellstrand in cooperation with

Siemens and Norled[1].

Figure 2.6: MF Ampere. Photo by Carina Johansen/Bloomberg[10].

MF Ampere is crossing the fjord 34 times a day, with each trip taking around 20
minutes. The ferry specifications are given in Table 2.1. Special for this ferry system is
that a battery pack of 390 kWh is installed at each pier to serve as a buffer and to supply
electricity to the ferry while it charges. This battery buffer prevents the local grid to be
overloaded and it is slowly recharged when the ferry is in transit.

MF Ampere has a simple power system topology, as seen in Figure 2.7. The propul-
sion motors and the other heavy loads, such as hydraulic power units and the car deck
system, are connected to the DC bus together with the ESS. Since the ESS is connected
directly to the DC bus without a VSC, the DC bus voltage is floating. Note that the
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Table 2.1: MF Ampere specifications. Data from [1, 2]

Length 80 m
Breadth 20m
Passengers 360
Cars 120

Main engines 2 x 450 kW
Battery capacity 2 x 520 kWh

bus ties are normally operated open and that closed bus ties require considerations
regarding the control structure, as discussed in Section 2.2.1.2.

A 230 V /50 Hz AC bus is connected to the DC bus on both sides of the bus tie
through a transformer and a VSC. The auxiliary loads, such as consumer electronics
and other equipment are connected to the AC bus. Since there is no generator in the
system that is producing a frequency on the AC bus to synchronize to, the EMS must

provide a fixed frequency with frequency droop- and load sharing control.

Forward power station Aft power station

AC 230 V /50 Hz AC 230V /50 Hz

Bus tie

‘Shore

Shore
connection: ‘connection

Bus tie

Other Other
consumers consumers.

ESS Azimuth thruster . . Azimuth thruster ) ESS ‘

Figure 2.7: Simplified Single Line Diagram of MF Ampere. Based on [2]
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Because of reliability and security, the ferry has a separate emergency switchboard
used to power emergency equipment in case of a blackout or a fire. The switchboard,
not shown in Figure 2.7, have an emergency diesel generator and will supply power to
the emergency lightning, car deck system, fire pump and other equipment when needed.
The emergency generator can also be used for range extension, which may be needed

in situations as when the ferry is moving from or to the yard.

2.2.3 MF Gloppefjord

MF Gloppefjord, pictured in Figure 2.8, is a car ferry that is operated between Anda
and Lote in Sogn og Fjordane in Norway. The ferry is a hybrid car ferry with batteries
as the main energy source and diesel generators as reserve. The ferry is built by the

shipbuilder Tersan in cooperation with Siemens.

Figure 2.8: MF Gloppefjord. Picture from [3]

The crossing time between Anda and Lote is around 10 minutes, and the charging
time at each quay is in the range from 5 minutes to 9 minutes. The ferry specifications
are listed in Table 2.2.

The single line diagram of the ferry configuration is given in Figure 2.9. The config-
uration is similar to MF Ampere, but with additional diesel generators connected to the
AC bus.
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Table 2.2: MF Gloppefjord specifications. Data from [3, 4, 5]

Length 106.2 m

Breadth 16.8 m
Passengers 349
Cars 110

Diesel engines 2 x 550 kVA
Azimuth thrusters 2 x 1200 kW
Battery capacity 2 x 520 kWh
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Figure 2.9: Simplified Single Line Diagram of MF Gloppefjord. Based on [5]
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With this configuration, the control structure must be based on different operational
scenarios. Using only the batteries as the energy source, with the generators turned
off, is the most common operational scenario. In this scenario the control structure
is identical to MF Ampere, described in Section 2.2.2. When the diesel generators are
contributing to hybrid operation, the generators are also producing a frequency at the
AC bus, which the VSCs connected to the DC bus needs to be synchronized to.
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2.3 Ferry Control System

The control system has a vital part in the overall operation of a ferry. Ferry manoeuvring,
power and energy management, alarms and instrumentation are important control
mechanisms implemented in a modern ferry. The control system described in this
section consists of three parts, with the energy management system (EMS) being the
unit in which all other parts are connected to. One part is considering the charging
station on shore, another part is considering the power and energy management onboard
the ferry and the last part is considering the manoeuvring and control of the ferry.

An illustration of the topology of the ferry’s control system is given in Figure 2.10.
As seen, the link between the EMS in the ferry and the ESS on shore is wireless and the
link between the EMS and the RCS in the ferry is wired.
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Figure 2.10: Topology of a ferry’s control system hierarchy

As described in [24] by E. Skjong, the overall objective of the power and energy
management system (PMS/EMS) is to supply the load demand, thus ensuring that all
online consumers, and especially consumers that are critical for a given operation
experience a stable and reliable supply of power.

The EMS controls the energy to and from the battery and the starting and stopping
of the diesel generators. When the ferry is charging at the harbours, the EMS controls
the charging power transferred to the ferry and signals the charging station on when to
initialize charging and when to stop charging. A charge management system (CMS) in
both the EMS and in the charging station is handling the communication between the

ferry and the charging station. The communication is going through a wireless link and
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radio waves, 4G mobile internet and other communication protocols could be used as a
medium for this link.

The Power Management System (PMS) is in charge of balancing the production
and consumption, and to make sure that the electrical system is safe and efficient. The
PMS is highly integrated with the EMS, and the main difference between PMS and
EMS is that the PMS controls the vessel’s power plant at instantaneous time with the
purpose of stabilizing voltage and frequency and meet load demands, while the EMS
often considers events in past and present along with future predictions and estimates
[24]. In an industry and sales perspective, these terms have in practice no separation
and the EMS is doing all the power and energy management in the ferry.

The Remote Control System (RCS) is controlling the propulsion and thrust units
in the ferry. The RCS interfaces with navigation system, which includes the dynamic
position system, the joystick and the autopilot among other things. Both the RCS and
the navigation system are typically placed on the bridge. When the RCS receives a
manoeuvring command, it communicates with the EMS to provide the necessary power
and with the variable speed drive system (VSD) to actuate the commanded action.

All systems are connected to an integrated automation system (IAS). This system is
monitoring all process values of interest and alarms the operators when an abnormal
situation occur.

In addition to the control systems mentioned above, there are supplementary safety
control systems for load limitation and overload protection of the battery systems and
propulsion systems. Big load transients can occur when the ferry is operating in heavy
sea conditions, which may then lead to very high battery currents from the ESS to the
propulsion drive system. Protection systems are thus crucial for preventing damage to

the battery and the other electronic equipments.



28 CHAPTER 2. METHODS AND MODELLING

2.4 Battery Technology

Since the battery plays an important part in the battery ferry and for the charging
strategies, some background knowledge of the key factors regarding the technology are
necessary to obtain. A battery is an electrochemical system that can store electric power
by transforming chemical energy to electricity. The battery is used extensively and in a
wide variety of applications today, raging from consumer products to industrial plants.

There are two types of electrochemical batteries: Primary batteries and secondary
batteries. As described in [32] by M. Patel, the primary battery converts chemical energy
into electrical energy, in which the electrochemical reaction is non-reversible, while the
secondary battery have a reaction that can be reversed by injecting a direct current from
an external source. Therefore, the secondary battery is also known as a rechargeable
battery.

Generally, primary batteries have a higher capacity, cost less and have a higher
initial voltage than secondary batteries. Typical applications for primary batteries are
toys and watches, but the batteries are also used in medical equipments, weapon systems
and missiles [37]. Secondary batteries have the advantage of being more cost-efficient
over the long term for high utilization applications, but suffers from higher discharge
rates and varying battery life ratings. The secondary batteries are used in power tools,
computers, electric transportation systems and in spacecraft among other things[38].
To further understand concepts and terms related to the battery, short explanations of

key performance characteristics are given in Table 2.3.

Table 2.3: Key performance characteristics in batteries

Characteristic Explanation

Depth of Discharge (DoD) Indicates how deeply the battery is discharged.

State of Charge (SoC) Indicates how much capacity remaining in the battery. The inverse of DoD.

Round Trip Efficiency (RTE) Defined as the ratio between energy output and energy input at the terminal. Shows
how much of the energy that is wasted (turned into heat) in a round trip of full
discharge and then full charge[32].

Self-Discharge Rate A measure of how quickly a cell will lose its energy without any connection between
the electrodes due to unwanted chemical actions within the cell[39].

C-rate Describes how fast the battery will be fully charged or discharged. 1C is equivalent
to nominal battery capacity divided by 1 hour.

State of Health Describes how much the battery capacity is reduced.
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In the rest of the section, the secondary battery will be considered since this is the
battery type used in hybrid ferries today.

Lead-acid, Nickel-metal hydride and Lithium-ion are some of the rechargeable
battery technologies that have been fully developed and are in use in the industrial and
consumer markets today. Table 2.4 gives a brief overview of the important characteristics,
advantages and disadvantages of the three battery technologies. The data in the table
are based on specifications from [32, 40, 41, 42].

Table 2.4: Overview of battery characteristics

Electrochemistry Typical Applications  Cell Voltage [V] Advantages Disadvantages
Lead - acid UPS, automotive, in- 2.0 Low cost, reliable, ro- Heavy, not suitable
dustry bust, can deliver high  for fast charging
currents
Nickel-metal hydride Low cost consumer 1.2 High energy den- High self discharge
applications, automo- sity, low internal rate, temperature
tives impedance,  rapid sensitive
charge, can be deep
cycled
Lithium-ion Low cost consumer 3.6 High cell voltage, Degradesathightem-

applications,  elec-
tric transportation,
Smart Grid

very high energy
density, safe,
tains no metallic
lithium, Low weight,
high discharge rate,
fast charge possible

con-

peratures and high
DoD, complex mea-
suring of SoC

As seen in Table 2.4, the lithium - ion battery has some nice properties that sets the
technology in first position to be used in high power battery applications. Because of
this and the fact that lithium ion batteries are used in state-of-art hybrid ferries, the

focus hereafter will be on the lithium-ion technology.
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2.4.1 The Lithium - Ion Battery

As described in [43] by S. Bashash et al., lithium-ion batteries store electric energy
by shuffling lithium ions between low and high potential energy states via a set of
electrochemical processes. Lithium ions have the lowest energy when they are in the
positive electrode (cathode) and the highest energy when they are in the negative
electrode (anode). During charging, external current forces lithium ions to move from
the cathode to the anode. During discharge, ions naturally move from the anode to the

cathode, creating a useful current. This movement of ions is illustrated in Figure 2.11.
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Figure 2.11: Charging and discharging mechanism in lithium-ion batteries. Based on

[11].

In the lithium-ion battery family, there are many different types of cell chemistries.
In this report, the Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO, or NMC)
type will be presented, since this is the type used in battery ferries related to Siemens.
The NMC battery is one of the most successful lithium-ion systems, with good overall
performance. Because of their high energy density availability, their zero emission
characteristic during operation and their rather low carbon footprint the NMC batteries
are attractive for use in electrical and hybrid transportation[14].

The key characteristics of this battery type are given in Table 2.5 and are based
on data from [44, 32, 8]. Note that because of the rapid improvement of this battery

technology, some of the specifications can already be outdated.
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Table 2.5: Characteristics of NMC battery type

Characteristic Value Unit
Voltage (Nominal) ~ 3.65 \%
Voltage (Operating range) 3.0-4.2 \%
Specific energy (Capacity) 150 - 220 Wh/kg
Charge (Preferred) 0.7-1 C - rate
Discharge (Preferred) 1-2 C - rate
Temperature (op. range) +10 to 45 °C
Heat capacity 0.38 Wh / kg-K
Cycle life (Full discharge) 1500 - 3000 Cycles
Calendar life 8-10 Years
Self-discharge (at 25°C) 5-10 % per month
Cost ~ 180 $ per kWh
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2.4.2 Electrical Circuit Model

The battery can be modelled in many different ways, and dependent on the level of
accuracy, the models are ranging from electrical circuits, to simplified electrochemical
models and to more complex neural network models [45]. The electrical circuit model of
a battery in steady-state is presented in this section and is mainly based on the battery
model and theory described in [32] by M. Patel.

As a first approximation, the battery can be modelled with an internal voltage source,
Vi, behind a small internal resistance, R;, as shown in Figure 2.12. With the parameters

in Table 2.6, the variation in internal voltage and internal resistance is given by

Vi=W —K; - DoD

(2.1)
R; = Ry + K, - DoD
where,
Ah drained from battery
DoD = - (2.2)
Rated Ah capacity
and

SoC = Ah remaining in battery — 1—DoD. (2.3)

Rated Ah capacity

Thus, the internal voltage and resistance vary with the degree of which a battery is
discharged. When DoD > 0, V; is lower than V; and R; is higher than R,.

Table 2.6: Electrical model parameter definitions

Parameter Definition
Vi Open - circuit voltage
R; Internal resistance
Vo Open - circuit voltage at SoC = 1
Ry Internal resistance at SoC = 1

K; and K, Curve fitting constants
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L J

Figure 2.12: Electrical model of battery for steady - state performance

The terminal voltage of a partially discharged battery delivering load current I is

less than V; by the voltage drop over the internal resistance; that is,

Vi =V —IR; =V — K; - DoD — IR;. (2.4)
The power delivered to the external load is given by
Ploga = IzRLa (2.5)
where

(2.6)

and the internal power loss in the battery is given by

Pioss = IzRi’ (2.7)

which is dissipated as heat. As the battery is discharged, its internal resistance, R;,

increases, which in turn increases the heat dissipation.
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2.4.3 Battery Life

The battery life is an important issue for the implementation of lithium-ion batteries into
practical use. Accurate knowledge of lifetime can avoid malfunction and catastrophic
failures and ensure stability and safety of the batteries[46].

As defined in [32] by M. Patel, the battery life is measured in number of cycles it can
be discharged and recharged before the active electrode material wear out. When the
active anode material is exhausted, there will no longer be a current flowing between
the anode and cathode. The battery life depends strongly on the electrochemistry, and
also on the depth of discharge and temperature as will be further discussed. As an
example, Figure 2.13 illustrates the dramatically effect by operating the battery with a
high DoD.
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Figure 2.13: Cycle life versus DoD curve for lithium-ion NMC battery. [12]

In the following, some of the ageing and degradation mechanisms in a battery are
identified. Identifying the mechanisms is a challenging goal, because battery processes
are complicated as many factors from the environment and from utilization interact to
generate different ageing effects. The theory on ageing effect is based on [13] by A. Barré
et al. which provides a review intended to summarize today’s results on mechanisms,

factors and estimation methods of lithium-ion battery ageing on automotive applications.
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2.4.3.1 Electrochemical Ageing

For every charge cycle, the capacity in the battery will be reduced due to irreversible
processes in the battery chemistry. One of this processes is the development of a solid
interface on the electrolyte / negative electrode interface, and is named Solid Electrolyte
Interphase (SEI). This solid interface is naturally created during the first charge and
have the advantage of protect the negative electrode from corrosions and being a barrier
between the negative electrode and the electrolyte.

However, when the battery is oper-

ated outside its electrochemical stability

. . Graphit SEI S o Graphite exfoliation,

range, in terms of temperature and uti- g O particle cracking,
. . = j - gas formation
lization, the SEI becomes unstable and s

. L. & SEl creation
develops over time. This induces loss of - | &
lithium ions and electrolyte decomposi-
tion as the SEI is expanding. Loss of avail- - & _

£ SEl expansion

able lithium due to side reactions at the 2

negative electrode has been reported as

Negative / positive
interactions

the main source of ageing during storage

periods[25]. With time, there is also a loss

SEI dissolution

of active surface on the negative electrode,

increasing the electrode’s impedance. & ®
2 Lithium platin
Under high temperatures, the SEI j& e

may dissolve and create lithium salts

less permeable to the lithium ions and
Figure 2.14: Ageing effect on the negative

therefore increase the negative electrode .
electrode. Illustration taken from [13]

impedance. On the contrary, low tempera-
tures can lead to a lithium plating overlay
on the electrode. The SEI formation and development and the lithium plating are all
responsible for the loss of cycleable lithium, reducing the battery’s capacity over time.

Figure 2.14 illustrates the phenomena taking place at the negative electrode.
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2.4.3.2 Calendar Ageing

The calendar ageing corresponds to the phenomena and the consequences of battery
storage and is the irreversible proportion of lost capacity during storage. The main
condition considering the calendar ageing is the storage temperature. Corrosion and
lithium loss are more present when the temperature is high, causing capacity fade. The
SoC is another factor that contributes to calendar ageing, where a high SoC causes more
battery degradation due to higher cell voltage and more tension on the stability limit of
the electrochemistry.

Figures 2.15 and 2.16 shows the reduction in battery capacity and charge cycles
with regards to the ambient temperature and SoC, respectively. Keeping the ambient
temperature around 25°C and the SoC level around 60 % will, as seen from the figures,

prolong the battery lifetime.
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Figure 2.15: Calendar ageing dependentFigure 2.16: Calendar ageing dependent
on the temperature. SOC = 80 % [14]  on the SOC[14]

2.4.3.3 Cycle Ageing

Cycle ageing happens when the battery is either in charge or in discharge. The battery’s
SoC, utilization and temperature conditions are some of the factors that contributes to
cycle ageing. Hence, all factors described in Sections 2.4.3.1 and 2.4.3.2 have an impact.

Results from [26] by I. Bloom et al. show loss of battery power as the state of charge
variation during a cycle, (ASoC), is high. Other factors impacting the cycle ageing are the
charge/discharge voltage and current amplitude. A high voltage is causing more tension

in the electrochemistry, while a high current is causing an increase in temperature

which accelerates the ageing phenomena.
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As seen in Figures 2.17 and 2.18, the ambient battery temperature and the charge
and discharge C-rate have a big influence on the battery’s SoH. High temperature
during utilization decreases charge cycles and SoH rapidly. An interesting observation
is that increasing the discharge rate has more negative effect on the SoH compared to
increasing the charge rate.

It is essential to have a control on the ambient battery temperature to avoid operating
the battery outside the acceptable temperature range. Typical cooling solutions that are
used are air or water cooling.

To find an optimal way to operate the battery, covering all the variables stated
above, to prolong the battery life is a hard task. To summarize, controlling the current
amplitude to limit the temperature increase and keeping a low depth of discharge will
have a positive effect on the battery lifetime. Hence, this will be a focus in the charging

strategies.
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2.5 System Modelling

The system used in the model and simulations in Chapter 4 is described in this section.
Each component in the system is presented with its specifications and characteristics,
and important assumptions and simplifications that deviates this model from a real
system are also discussed.

The system consists of a ferry connected to a charging station and the local grid as
illustrated in the topology in Figure 2.19. The ferry configuration consists of an energy
storage module, a propulsion load and a hotel load. VSCs are added to the figure to
illustrate the voltage form in the system. The level of detail is chosen on the background
of the simulation objectives, which are mainly considering power flow between the

charging station and the ferry.

Shore
connection

Charging station

Figure 2.19: System topology
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The power flow in the network, from the grid to the charging station and ferry, is
defined to be the active power component. Hence, only the useful power and not the
reactive power is considered in the simulations. This is an important simplification of
the system, since a real ferry would draw a big share of reactive power from the grid.

As seen in the system topology, only one charging station is modelled, whereas in a
real system, and in the simulations, the ferry is operated between two charging stations.
This is solved in the simulations by ensuring that the battery in the charging station
always has been recharged to upper SOC limit before the ferry is connected. In the

simulations, the ferry can be in the 7 different operational modes given in Table 2.7.

Table 2.7: Operational modes of ferry

Mode Description
At Quay Ferry loading or unloading passengers
Manoeuvring 1 Manoeuvring out of quay area
Acceleration Increasing speed to transit speed
Transit In transit
Deceleration Decreasing speed to manoeuvring speed
Manoeuvring 2 Manoeuvring to the quay area

Connection / Disconnection =~ Connection or disconnection of charging equipment
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2.5.1 The Grid

The power delivered from the grid to the charging station and the ferry is in this model
defined to be constant. The rated grid power is given in Table 2.8 and defined to only

consist of the active power component.

Table 2.8: Grid Characteristics

Rated Grid Power 1500 kW

When the ferry is charging, the ESS on the ferry is fed with power from both the
charging station and the grid. The grid is always delivering the rated power, while the
power from the charging station can be controlled and adjusted accordingly to meet
specific charging objectives. While the ferry is offshore, the battery in the charging
station is charged with the rated grid power to the upper SOC limit. This normally takes

7 minutes after a charging time of 4 minutes.

2.5.2 The Charging Station

The charging station is modelled with an ESS and connections to the local grid and the
ferry. The specifications of the ESS in the charging station are listed in Table 2.9.

The battery is designed to be close to a realistic system, with battery modules
connected in series and parallel in order to achieve the desired nominal voltage of 930 V
and the capacity of 1200 Ah. The ESS in the charging station and the ferry are identical
except from the capacity, which is higher in the ferry’s battery. Since the ferry demands
high performance for the battery to be operated in all conditions, the battery is designed
with a high efficiency factor, meaning low internal impedance and low transmission
losses.

To prolong the battery lifetime, the battery is operating between an upper and lower
SoC limit. This is a strict limit, meaning that the charging will stop at 65 % SOC, and
the discharging at 20 % SOC. This operational range is determined on the background
of the theory presented in Section 2.4.3.

The charging station and the ferry is communicating its states with each other

during operation. This ensures that the controller in the charging station always know
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Table 2.9: Specifications for the ESS in the charging station

Battery Type Lithium - ion (NMC)
Capacity 1200 Ah / ~ 1110 kWh
Effective Capacity 540 Ah
Max Power 4140 kW
Max C - Rating 4452 A
Max Charging Voltage 1053 DC
Efficiency Factor 0.97
SOC Upper Limit 0.65
SOC Lower Limit 0.2
SOC Initial 0.65

the ferry’s SoC and can then calculate the amount of energy needed to be delivered
before the charging process begins.

A simplification in the charging process is the instant ramp up in power transmission
when the ferry starts to charge. In a real situation, the current would ramp up in
amplitude for approximately 10 seconds before reaching its maximum charging current.
In this model, the current is assumed to ramp up immediately after connection, and the

ferry is charged with a constant power during the charging period.

2.5.3 The Ferry

The ferry is modelled with an ESS, a propulsion load and a hotel load. For simplicity,
the ferry is modelled without diesel generators. This requires the ESS to have a capacity
large enough to deliver the load demand requested in the modelled period. The ferry’s
ESS specifications are listed in Table 2.10.

A high capacity is chosen such that the ferry is able to operate its route schedule
with limited charging time and to have some degree of freedom when deciding the
amount of energy transferred to the ferry. The ferry’s ESS is else similar to the charging
station’s ESS.

A controller in the ferry is controlling the ESS to deliver the power necessary to met
the load demand. The ferry is following a pre-deterministic operational profile and it is

assumed that the ferry is able to always follow the route schedule. During transit, the
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Table 2.10: Energy Storage System on Ferry

Battery Type Lithium - ion (NMC)
Capacity 5200 Ah / ~ 4800 kWh

Effective Capacity 2340 Ah

Max Power 4140 kW

Max C - Rating 4452 A

Max Charging Voltage 1053 DC
Efficiency Factor 97 %
SOC Upper Limit 65 %
SOC Lower Limit 20 %
SOC Initial 65 %

ferry can experience load variations due to weather conditions, which can be turned on
and off in the simulations.
The operational profile and load characteristics for the ferry are further discussed

in Section 2.5.5.
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2.5.4 The Energy Storage System

Both the charging station and the ferry have an energy storage system (ESS). The ESS
consists of an energy storage module (ESM) and a power electronics module (PEM),
as illustrated in Figure 2.20. The ESM is the unit storing the energy in the system and
controller logic, security electronics and other systems to manage the ESS are included
in the PEM.

PSM PES
«— | Power Electronics

&

Energy Storage

Pioss

Figure 2.20: Model of Energy Storage System

Power flow in the direction of the arrows indicates discharging of the ESM, and
power flow in the opposite direction indicates charging. Hence, when discharging, the
useful power going out of the storage medium is Psy; > 0 and when charging Psy < 0.

Power losses in the PEM are modelled as a single loss given by

Pjoss = PEs — Psy > 0. (2.8)

The power output from the ESS when discharging is given by

Psm = nPps >0 (2.9)
where 7 is the efficiency factor for the ESS. The power loss when discharging is then

Pspy
Pross = T = Psy

X (2.10)
= (= = 1)Psy.
n
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When the ESS is charging, the power to the energy storage is given by

Pgs = nPsy <0, (2.11)

and the power loss is then

Plass = UPSM_PSM
= (71— 1)Psm.

(2.12)

Note that the efficiency factor is assumed to be the same for charging and discharging
the battery. To get a more realistic dynamic of the battery’s SoC, the varying terminal

voltage of the battery is used to calculate the current. The current in the battery is given

by

Pgg
Ips = V_T’ (2.13)
where Vr is the terminal voltage of the battery. The terminal voltage dynamic is
non-linear and changes with respect to the battery’s SoC. When calculating the current,
the values from Figure 2.21 are used for the terminal voltage, which are based on data

from Siemens battery systems.

Battery Open Circuit Voltage to its SOC
T T T T T

1050

1000
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Figure 2.21: Terminal voltage vs. SOC
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2.5.5 Operational Characteristics

The operational profile for the model are based on a tool for generating ferry load
profiles by Siemens and the schedule for the ferry route between Lavik and Oppedal in
Sognefjorden. The route is operated by Norled AS and the route schedule can be found
at their website[47].

The operational profile has a duration of 24 hours, starting at 03:00, as seen in
Figure 2.22. The ferry starts by being in nightlay until 06:00, when the first crossing
takes place. At 06:56, the ferry is back at the first harbour and is docked till 07:30. In this
time, the ferry’s battery is recharged to its upper SoC limit, as seen by the SoC profile
in Figure 2.23.

Normal operation between the two harbours, as given in Tables 2.11 and 2.12, is
followed for the rest of the day, with an exception at 10:00, when the ferry is docked for
an additional 10 minutes. During this pause, the battery is again recharged to the upper
SoC limit.

The SoC profile of the ferry, given in Figure 2.23, shows that the battery is recharged
to upper SoC limit two times during the modelled period and that this occurs when the
ferry has longer docking periods at 07:00 and 10:00. Under normal operation, the ferry
is consuming more energy than it is supplied, and hence, the SoC is decreasing in the
period from 10:10 to 23:36. The lowest SoC during the period is 29% which occurs at the
end of the last crossing.

After the last crossing, the ferry is immediately switched to nightlay-mode. In this
mode, the power consumption in the ferry is constant at 13.5 kW. This load is met by
the local grid, which is simultaneously recharging the ferry’s battery back to upper SoC
limit with a reduced transferred power of 930 kW.

In Figure 2.24 the SoC profile for the battery in the charging station is given. As
seen, the battery is never operated outside its SoC limits, and is always recharged to
upper SoC limit by the rated grid power when the ferry is in transit. In a real system the
battery in the charging station could be recharged more slowly because the ferry has to
cross the fjord two times before reconnecting to the same charging station. Hence, in
this system, the same charging station is used to look at the dynamic in two stations, at

the same time.
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Operational profile
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Figure 2.22: Operational profile of ferry
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Figure 2.23: Ferry SOC profile
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In addition to nightlay, the operational profile is divided into 7 modes. The opera-
tional profiles for leg 1 and leg 2, with the power and time used in each mode, are given

in Tables 2.11 and 2.12 respectively. The profiles are generated by a tool developed at

Siemens.
Table 2.11: Normal operational profile - leg 1

Mode Power [kW] Duration per trip [min]
Manoeuvring 1 689.4 0.5
Acceleration 1053.9 2.5
Transit 822.6 17
Deceleration 94.5 3.5
Manoeuvring 2 689.4 1.5

Connection / Disconnection 56.7

At Quay 56.7 4
Charging 3929.7 4
Total 30

As seen in the tables, the power used in the modes are different for the two stages,
resulting in the ferry using more energy in leg 1 compared to leg 2. To justify this
modelling, DNV GL states that energy consumption is dependent on many factors such
as the sea surface, shape of the ferry and wave resistance, and that variations can occur
internal in the ferry connection[18].

Hotel load is also incorporated in the model. When the ferry is one of the operational
modes given above, the hotel load is included in the power used. When the ferry is in
nightlay, the hotel load is defined to be 13.5 kW. The local grid is supplying the power
necessary to meet this load demand.

In Tables 2.13 and 2.14 the energy budget in respectively leg 1 and 2 are presented.
The budgets shows that the ferry uses 12.6% more energy in leg 1 compared to leg 2
and that this results in a more negative balance, and thus making a higher impact on

the battery’s SoC during leg 1.
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Table 2.12: Normal operational profile - leg 2

Mode Power [kW] Duration per trip [min]
Manoeuvring 1 643.5 0.5
Acceleration 990 2.5
Transit 693 17
Deceleration 198 3.5
Manoeuvring 2 643.5 1.5
Connection / Disconnection 59.4
At Quay 59.4 4
Charging 3929.7 4
Total 30

Table 2.13: Energy budget - leg 1

Mode Energy [kWh]
Ferry in transit 310.2
Ferry charging 262

Balance -48.2 kWh

Table 2.14: Energy budget leg 2

Mode Energy [kWh]
Ferry in transit 275.6
Ferry charging 262

Balance -13.6 kWh
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The charging capacity is in normal operation 90% of full capacity, meaning that
maximum charging power is 4322 kW and maximum energy that can be delivered to
the ferry in a normal charging time of 4 minutes is 288 kWh. With maximum charging
power the energy balance in leg 2 would be positive, meaning that the ferry would
receive more energy that it consumes in leg 2. In leg 1, the negative balance would be

reduces and overall the ferry would operate on a larger margin to the lower SoC limit.

2.5.6 Weather Characteristics

The weather conditions have an important impact on the ferry. Waves, sea currents,
headwind and tailwind are factors that will change the total ferry load and thus, must
be considered when determining the capacity of the energy storage.

In this model, only the wind speed and wind direction are added as a factor for the
ferry load. The wind profile is given in Figure 2.26 and shows the wind speed at Sandane
Airport in Sogn og Fjordane between the 26th and 27th of September 2018. The weather
data is retrieved from [6] by yr.no and is presented in detail in Appendix A. Sandane
Weather Station is chosen because of the nearby ferry crossing between Anda and Lote,
which crosses the fjord in a north - south direction, as seen in Figure 2.25.

It is chosen a windy day with large variations for the wind speed. This is chosen
for easier see the impact on the total ferry load and the potential in controlling the
transferred energy accordingly to the weather conditions. During the time the ferry is
in operation, the wind speed is at its maximum with 11.2 m/s at 08:00, and at its lowest
with 1.6 m/s at 21:00. The wind speed is high during the morning and afternoon, and
decreases throughout the evening.

Since the ferry is modelled to cross the fjord in a north - south direction, a wind
direction from north would effect the ferry as a headwind when the ferry is in transit to
the north harbour, and as a tailwind when the ferry is in transit to the south harbour.
The vice versa is happing if the wind is coming from the south.

An illustration of this is given in the wind phasor plot in Figure 2.27. As the wind
can take intermediate directions between north, south, east and west, the different
directions will have different effect on the ferry. y is chosen to represent the directional
factor and can take a value in the range between 0.5 and 1. A negative y represents a

tailwind for the ferry, while a positive y represents headwind.
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Figure 2.25: Map over the ferry crossing between Anda and Lote. From [15].
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Wind profile
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Figure 2.26: Wind profile

In addition to this, it is assumed that the normal load profile, given in Figure 2.22,
has an average wind speed of 2.5 m/s already included in the load. A consequence of
this is that a wind speed below 2.5 m/s will reverse the situation above, meaning that a
tailwind of 0.8 m/s will increase the total load for the ferry.

The wind impact is adjusted accordingly to the operation of the ferry, meaning that
when the ferry is in one of the modes with high load demand, the wind impact is also
high. Hence, with this wind model, the ferry will experience a higher wind impact when
accelerating and in transit, than it will when decelerating and manoeuvring to the quay.
The wind power is given by

® = Wao
Pyying = Pferrym Y, (2.14)
where Pf,,.y is the actual ferry load, w is the actual wind speed and wgyy is the

average wind speed. Hence,

Oavg = 2.5 m/s. (2.15)
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Figure 2.27: Wind phasor. y is represented by the numbers.

P,,ind can be both positive or negative regarding on the sign of y and the value of w.
® = Wapg = 2.5 will result in zero effect on the ferry from the wind. In the model, @y ax
is defined to be 50 m/s, resulting in an increase or decrease of 18% in total ferry load
with a wind speed of 11 m/s and a y equal +1.

The Ferry’s total load and the power that the battery needs to deliver is then given
by

Pror = Pferry + Pyind (2-16)
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2.5.7 Electricity Price Characteristics

To operate a battery ferry is very power demanding. A huge amount of energy is drawn
from the grid to meet the load demand in the charging station and the ferry. Since
the electricity price is varying throughout the day, large costs can be saved by better
planning the charging of the batteries.

Only the price of electricity is considered in this study, meaning that grid rental
and special tariffs are not taken into account. The electricity price dynamic used in the
model is given in Figure 2.28. In the figure, a curve representing the normal electricity
price from Nordpool’s market data[16] in the Molde-region is plotted. The curve is
based on the averaged hourly prices over the period from 29th October to 3rd November
2018.

The other curve in Figure 2.28 is representing the adjusted electricity prices. This
curve is a scaled version of the normal price curve and is used in the simulations for

better see the potential in smarter planning of battery charging.
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Figure 2.28: Electricity price curve over 1 day[16]
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2.5.8 Further Model Considerations

In the model, only one battery ferry is assumed to operate in the ferry connection.
Hence, this model is similar to the Lavik-Oppedal connection, where one battery ferry
(MF Ampere) is operated together with two other ferries driven by diesel engines. In
other ferry connections, such as the Anda-Lote connection, two hybrid ferries, mainly
driven on batteries, are operated together. This case would not be suitable for the model,
hence a limitation is given here.

A simple model for the ESS is chosen for the system. The ESS in both the charging
station and the ferry are assumed to operate ideally, with no failures and battery
degradation throughout the simulated period. The power output from the ESS is only
constrained by the power ratings for the battery and no thermal or electrochemical
factors are considered when operating. Temperature and battery degradation could be
estimated by adding more complexity to the ESS model, which could then be further
used for better analysing the charging strategies.

A simple model for the grid connection is chosen, with no power variations during
the simulated period. In a real system, the available grid power would vary some during
the day, and by adding this variation and taking the reactive power component into
account, a more realistic model could be obtained.

Important assumptions for the model when considering the simulation results are

summarized in the list below:

Single battery ferry operating in the connection.
« Constant power from the grid. (Except from nightlay)

« Zero transmission losses.

Predictable energy consumption - Energy consumption can always be predicted

before charging process begin, even when considering weather conditions.

« Predictable operation - No discrepancies from the operational modes.
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2.6 Simulink Model

The model is built and simulated in Simulink, a graphical programming environment for
modelling, simulating and analyzing dynamical systems developed by Mathworks[48].
The solver used is a ODE3 fixed-step solver with a sampling time of 1/60. The resolution
of the data is in minutes, meaning that the data set for 1 day contains 1440 data points.
The solver interpolates between the data points, resulting in a data set of 86401 points
for each variable simulated.

When the model is simulated, it retrieves the system parameter values from a
configuration file in Matlab. This configuration file, given in Appendix B, initializes the
data time series from the BatteryProfileTool and sets the parameter values before the
Simulink model is run.

In the next sections, the most important blocks of the model are presented. The

additional blocks are given in Appendix C.
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Overall System

The top level of the modelled system is given in Figure 2.29. Here, the three main compo-
nents in the system, the grid, the charging station and the ferry, are shown together with
the connection between them. On the transmission lines there are modelled a reduction
gain for the transmission losses. This gain is equal to 1 in this system, meaning that no
transmission losses are present in the system.

Since the ferry and charging station are communicating, a signal for the ferry’s SoC
is going from the ferry block to an input on the charging station block. This is used in

the charging station’s controller to control the power transferred to the ferry.

Line power

Power loss from grid to CS. Power loss from CS to ferry

Line power  Grid power

Charging station (CS)

Figure 2.29: Overview of the simulink model
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The Grid

The grid block, given in Figure 2.30, is the simplest block in the model, only consisting
of the constant rated grid power transferred to the charging station and the ferry. A

more complex grid model could be considered, as discussed in Section 2.5.8.

Pgrid_rated

Grid power

Pgrid_rated

Figure 2.30: The grid modelled in Simulink

The Charging Station

The charging station block consists of an energy storage module and a controller module,
as seen in Figure 2.31. When the ferry is charging, the output from the charging station
block is the sum of the power from the ESS and the local grid. When the ferry is in
transit, the local grid is recharging the battery and the output from the block is zero.

Grid power
Grid power
Pgrid_cmd + 1
i Pgrid_cmd g -
» - Pcs_cmd

50

From Pes_CS

Goto

Ppe_cmd Pes_CS_cmd
Pcs_cmd

- P ferrySoC Pes_CS

ferrySoC

Energy storage module

CScontroller

Figure 2.31: The charging station modelled in Simulink
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The charging station’s controller module, given in Figure 2.32, is the most complex
block in the model. The controller’s main objective is to control the power to and from
the ESS and decide when to transfer power to the ferry. The output of the block is
the commanded grid power to the ferry and the commanded ESS power. Note that
the commanded ESS power can be both positive and negative, where a positive value
commands the battery to discharge, while a negative value commands the battery to
charge. Also note that the commanded grid power is always the rated grid power, except
from when the ferry is in nightlay.

Logic is implemented in the controller block to switch between the different op-
erational modes of the ferry. The modes and their outputs are describes in the list

below.

« Ferry offshore: When the ferry is in transit, zero power is commanded to the ferry.
The controller commands the battery in the charging station to be recharged to

upper SOC limit by the rated grid power.

« Ferry at nightlay: When the ferry is at nighlay, zero power is commanded to the
charging station’s battery. The local grid is slowly recharging the ferry’s battery
to upper SOC limit and is also providing the requested hotel load supply.

« Ferry docking: When the ferry is connecting / disconnecting to the charging

station, zero power is commanded.

« Ferry charging: When the ferry is charging, the rated grid power together with
the commanded power from the charging station are transferred to the ferry. The
commanded power is pre-determined and constant during the charging period. If
the ferry’s battery is recharged to upper SOC limit, the controller sets the local
grid to supply the hotel load demand on the ferry.
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The commanded grid power and ESS power are sent to a cost calculation block
where the total power is multiplied with the given electricity price. The instantaneous
cost is then integrated during the simulation period to find the total accumulated cost
of electricity. Note that the block is only calculating the new energy into the system,
meaning that already stored energy in the ESSs are not a part of the calculation. This

calculation block is given in Figure C.1 in Appendix C.

Controller logic
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Figure 2.32: The charging station’s controller modelled in Simulink
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The charging station’s ESS is based on the model discussed in Section 2.5.4. The
input to the block is the commanded power to or from the ESS, and the output is the
actual power transferred to the ferry.

The block also consist of a protection system, given in Figure C.2 in Appendix C,
preventing the battery to be charged or discharged outside its rated power and SoC
limits. The power out from the protection block is then divided by the terminal voltage,
given by a look-up table which outputs the voltage based on the battery’s SoC. The
obtained current is then going through a gain representing the efficiency factor in the

ESS and an integral to calculate the battery’s new SoC.

D7)

s50C3

Terminal voltage lookup.

Pes_CS_cmd

sSOC1

PE protection

Figure 2.33: The charging station’s ESS modelled in Simulink
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The Ferry

The ferry block, given in Figure 2.34, consists of a power controller, a load controller, a
load module and an energy storage module. The input to the block is the total power
coming from the local grid and the charging station and the output is the SoC signal
going to the charging station. The load module consists of the ferry load module, given

in Figure C.3, and the weather impact module, given in Figure C.4 in Appendix C.

Totalload
Total load >

Load module

fesSOC

fesSOC

[Pload_cmd) Pes _cmd

- Ples_omd
Ples oo Pload_cmd Pload_cmd
From Ples ,, | Floed_cmd
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Ferry energy storage module
Ferry load controller

Photel

Ferry power controller

Figure 2.34: The ferry modelled in Simulink

The total load, including propulsion, wind and hotel load, together with the power
from the ferry’s battery and the power supplying the hotel load when connected to the
charging station are connected on a common bus going to the ferry’s load controller.
The load controller, given in Figure 2.35, acts like a PI - regulator and will always try to

control the power from the ESS to meet the load demand.

The load controller brings a more realistic dynamic into the system, resulting in the
power balance between the delivered power and the load demand not necessary being
always zero. This is caused by the delay introduced in the controller, making the system

not able to supply the requested power at instant time.
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Old controller

Pload_cmd
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Elements

Figure 2.35: The ferry’s load controller modelled in Simulink

The controller works fairly well and have a fast response, as seen in the simulation
in Figure 2.36. The biggest error of 300 W occurs when the ferry is going from nightlay
and directly to acceleration mode. The controller corrects this error in 8 seconds, thus,

going from zero propulsion power to 1050 kW is the taking the system 8 seconds.

Ferry load controller response
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Figure 2.36: AP between the load demand and the power delivered

A simpler modelling of the load controller could be to disregard the PI - regulator
and instead use a rate of change limiter. The rate limiter could be tuned to achieve equal
or better response time and the controller output would be linear.

The ferry’s power controller is controlling the power to and from the ferry’s ESS.
It has two inputs: the commanded power from the load controller and the total power

coming from the harbour when charging. The outputs are the commanded power to
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the ESS and the delivered power to the hotel load when the ferry is charging.

When the ferry is in transit, the ferry’s ESS is delivering all the power necessary
to meet the load demand. When the ferry is connected to the charging station, the
power from the local grid and the charging station are recharging the ferry’s battery and
supplying the necessary power to the hotel load. The ferry’s ESS is modelled identical
to the ESS in the charging station.
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Figure 2.37: The ferry’s controller modelled in Simulink
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2.7 Model Predictive Control

As the charging strategy presented in Section 3.2.2 is using the principle on model
predictive control (MPC) for optimal charging, a brief overview on MPC is given in this
section. The theory is based on the formulations given in [49] by D.Q. Mayne et al. and
on [50] by B. Foss and T. A. Heirung handed out in the course TTK4135 - Optimization
and Control spring 2017.

As formulated by D.Q. Mayne in [49], MPC is a form of control in which the current
control action is obtained by solving on-line, at each sampling instant, a finite horizon
open-loop optimal control problem, using the current (estimated) state of the plant as
the initial state; the optimization yields an optimal control sequence and the first control
in this sequence is applied to the plant.

An output feedback MPC procedure is given in Listing 2.1. The algorithm relies on
a state estimate which uses available output measurements and is based on Algorithm 3
in [50].

Listing 2.1: Output feedback MPC procedure

for t = 0,1,2,.... do

Compute an estimate of the current state x(t)_hat
based on the measured data up until time t.

Solve a dynamic optimization problem on the
prediction horizon from t to t + N with x(t)
_hat as the initial condition.

Apply the first control move u_t from the solution
above.

end for
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A reference tracking MPC structure with a quadratic objective function and linear

constraints is given below. The structure is a modification of Equation 4.4 in [50] and

omits the rate of change constraints and the linear penalty function.

N-1
1 1 1
min f(z) = Z =(yr - yref)TQ()?t - yref) + d;f/l + —utTRut + dgut + =e’'Se (2.17a)
zeR" £ 2 2 2
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(2.17b)
(2.17¢)
(2.17d)
(2.17¢)
(2.17f)

(2.17g)
(2.17h)

(2.17i)
(2.17))

The matrices Q, R, S and vectors d;, d, are time invariant and the slack variable € is

added to soften the constraints.

The goal in this MPC structure is to track an estimate of the controlled variable, y,

which depends linearly on the states, i.e., j; = HX;. For a more detailed discussion on

the structure and the feasibility of this optimization problem, the paper by Foss and

Heirung should be studied.



Chapter 3
Charging Strategies

This chapter will present potential solutions for smarter charging of battery ferries.
First, the goals and purpose for smarter charging will be discussed and the objectives
presented. The strategies will be divided into two categories: Charging current and
energy transfer. The strategies regarding charging current are based on published
research in the field of lithium-ion batteries and two different charging methods will be
discussed here. Strategies regarding energy transfer are mainly based on an operational

view from Siemens and discussions with the supervisors.

3.1 Goals for Smarter Charging

Technical, operational, environmental and economical goals can be included when
designing smarter charging strategies for the battery ferry. Different stakeholders may
have different objectives regarding their interest, which may conflict with each other.
The technical objectives concerns the battery and power electronic characteristics.
Key technical objectives to consider are to minimize the energy losses in transmission,
avoid battery temperature increase and battery degradation. A common parameter in
all the objectives is the charging and discharging current. As described in Section 2.4.3,
a high current will contribute to higher battery temperature and increase the energy

losses due to the internal resistance.
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The operational objectives concerns the ferry’s ability to have sufficient energy
capacity to operate the ferry route with minimal delay. Maximize the energy transfer
to the ferry when docked and designing battery packs with adequate capacity are key
operational objectives to consider. As described in Section 2.4.3, the battery depth of
discharge and state of charge have influence on the battery lifetime. Hence, an objective
could be to operate the battery state of charge within operational limits.

The economical objectives are a product of both technical- and operational charac-
teristics. To prolong the battery life by optimize the charging current will reduce the
system’s maintenance costs, while maximizing the energy transfer will increase the
operational costs. Taking the electricity prices and weather forecast into account when
deciding the energy transfer can provide operational cost savings.

As seen, the different objectives are not independent of each other and trade-offs

must be taken when designing smarter charging methods.

3.2 Charging Current Strategies

In this section, two charging current strategies are presented. The first strategy is the
constant current - constant voltage method, which is the most common strategy used
today. The second strategy considers a model predictive controller and is presented as a
pre-study for further work in a master thesis.

There are several techniques to charge a battery, and with the use of better models,
more sensors and data processing, the charging is becoming even more advanced. The
first charger used in conventional consumer products was the constant current trickle
charger. This charger provides a very low constant current rate to the battery and relies
on the user to stop the charge when the battery has returned to full capacity. The charger
is very economical and simple to design but do nothing to optimize the performance
of the battery [51]. A more enhanced version of the constant current charger is the
multi-step constant current charger. Here, the current amplitude can be adjusted to
a higher value initially and then be lowered towards the end for not to accelerate the
battery ageing processes.

Another technique developed is the constant voltage method, which keeps the
battery charging voltage constant during the charging process. The charging current is

large at the beginning due to the high differential voltage between the terminal voltage
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and the internal voltage and decreases towards the end of the process when the internal
voltage increases. This follows from Equation (2.6) in Section 2.4.2. The advantage
of this method is that the charger is relative simple, and the current will be adjusted
automatically to avoid battery ageing phenomena. The disadvantage is the high current
at the beginning, which can lead to a high temperature increase and consequently be

damageable for the battery [45].

3.2.1 Constant Current - Constant Voltage Strategy

Since the methods mentioned above have some undesired effects of poor performance
and potentially insecure behaviour, a method combining both constant current and
constant voltage has been developed to improve the charging performance and solving
the problems with the two charging methods. This charging strategy is further described
below.

The most used charging strategy today is the constant current - constant voltage
(CC-CV) strategy. Here, a constant current is applied until the battery voltage reaches a
predetermined value, at which the charging voltage is held constant and the current is
reduced. The charging stops when the current reaches a minimum threshold value. This
method ensures fast charging with constant current when the battery can receive higher
current amplitude, and also limits the temperature increase and ageing phenomena in
the constant voltage period[51].

However, the constant current - constant voltage charging strategy is very conserva-
tive. As stated in [52], the charging profiles are determined by some predefined current
and voltage limits irrespective the of battery’s in situ physical and chemical characteris-
tics. One charging strategy trying the emphasise the internal battery characteristics is

presented in the next section.

3.2.2 A Model Predictive Controller Strategy

Model Predictive Control (MPC), elaborated in Section 2.7, can be used for optimal
charging of lithium-ion batteries. This is a relatively new approach for battery charg-
ing control and has gained more attention in the last years because of its benefits in
estimating the battery’s SoC and SoH.

In [7] by C. Zou el al. a new charging algorithm, using MPC, for a battery to balance
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the competing objectives of battery lifetime and charging time is proposed. The strategy
uses a reduced order battery model where the original mathematical representation of
the battery, containing coupled electrical, electrochemical, thermal and ageing dynamics,
is simplified in a two-step process:

First, time-scale separation techniques are used to decouple the dynamics. This can
be done since the electrical dynamics are much faster than the electrochemical-thermal
dynamics, which is again significantly faster than the degradation dynamics. Second,
the original partial differential equations (PDE) describing the model are reduced to
ordinary differential equations (ODE). A further elaboration on this is given in the paper.

A brief presentation of the battery modelling and the outline leading to the overall
problem formulation is given in Appendix D. Note that the outline does not cover all
parts of the problem formulation and for a more thoroughly description the original
paper should be studied.

The overall problem formulation for the MPC charging strategy is given by

N-1
* . ~ . r 12 2 -~ 2
= argmin D110 =y e+ Dl + s+ 1500 -y G+ N, 612

subject to Vi € {0, ..., N — 1} (3.1b)
X(i + 1) = Aex(i) + Bru(i) + dy (3.1¢c)
3(i) = Cx(i) (3.1d)

x(0) = Xk (3.1e)
~Ipax < u(i) <0 (3.1f)
Mx(i) <co+s (3.1g)
s20 (3.1h)

where the decision variable, u; is the optimal sequence of the predicted charging
current input to the battery over the prediction horizon. Only the first input, u*(0), is

applied to the system.
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The system outputs of interest, y(i), are defined to be

T
y(i) = |SOC(i) ASOH(i) 62)

ASOH(i) := SOH(i) — SOH(i — 1),

and hence, the cost function contains two competing objectives: namely maximizing
the charge rate whilst simultaneously minimizing the change in SoH. The notation || - ||?
is interpreted as the squared weighted 2-norm, i.e., ||x| |é = xTQx.

The input constraint in Equation (3.1f) is adding a upper value to the charging
current and the constraints for the estimated states in Equation (3.1g) are adding an
upper limit on the temperature and limits for the lithium-ion concentration in the
battery. Because of uncertainty of violating these constraints, they are implemented as
soft constraints by introducing the slack variable s. Under this relaxation, the term s’ T's
is added as a penalty function to the cost function.

The proposed control algorithm is illustrated in Figure 3.1. For given references,
SOC” and SOH", and state information from the estimator X, the designed MPC con-

troller calculates the optimal input current, u; at each time step k.
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Figure 3.1: lllustration of MPC algorithm for battery charging. Taken from [7]

As described in [52], the charging strategy presented here have two benefits: it is
able to reduce the battery’s charging time and increase the battery lifetime; and it offers

flexibility to manipulate battery degradation or the charge profile as desire.
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3.3 Energy Transfer Strategies

By looking at the energy transfer between the charging station, the ferry and the
local grid, the charging strategies are changed from a technical perspective to a more
operational perspective.

In an operational perspective the controller is controlling the amount of energy
transferred between the systems based on both internal and external parameters. Inter-
nal parameters can be operational limits in the battery such as SoC and power limits and
external parameters can be weather conditions impacting the ferry during transit, avail-
able grid power considerations, electricity prices and power losses during transmission
among other things.

There exist a lot of research on optimal scheduling for energy transfer to charge
electric vehicles and much of this is applicable to use in battery ferries. In [53], Y.
He et al. formulates a global scheduling optimization problem, in which the charging
powers are optimized to minimize the total cost of electricity of all electric vehicles
which perform charging and discharging during the day. By some adjustment, this
optimization problem could be used to design an optimal charging strategy for the ferry.

In the next chapter, two different energy transfer strategies for charging the ferry are
studied: A strategy considering weather conditions and a strategy considering electricity
pricing. The controllers are not based on optimal algorithms for energy transfer, but
rather trial and error to find the best way to charge the ferry when considering external

parameters.



Chapter 4

Energy Transfer Optimization

In this chapter, two strategies for more optimal energy transfer between the charging
station and the ferry are studied. The first strategy is considering the weather conditions
for better planning of energy transfer. The second strategy is taking the electricity price
variations into account when planning the energy transfer.

The two strategies are independent of each other, meaning that the weather condi-
tions will not conflict when deciding the energy transfer with regards to the electricity
pricing. This is a simplification compared to a realistic system, but is chosen for better
see the potential, benefits and disadvantages of the strategies.

A reference system is presented first to be further used in comparison with the other
study cases. An important parameter when comparing the study cases is the power
from the charging station, Pcs, which directly influences the SoC in both the charging
station and the ferry, the total energy used and the total accumulated cost of electricity

during the simulation period.
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4.1 Reference System

The reference system is following the operational profile given in Section 2.5.5 and
is not taking the weather conditions and electricity pricing into account. As seen in
Figure 4.1, the power delivered to the ferry when charging is always the same, giving
the SoC profiles for the ferry’s and charging station’s battery in Figures 2.23 and 2.24,

respectively.
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Figure 4.1: Power from charging station to ferry, Pcs, under normal run

The key results from the simulation of the reference system are given in Table 4.1.
The battery in the charging station has its highest DoD (32 %) at 10:00, when the ferry’s
battery is recharged from 54% and up to 65%. In a normal charging cycle with a charging
time of 4 minutes, the battery in the charging station is cycled with a DoD of 15 %,
which increases the ferry’s battery SoC by 5.1%.

Because the energy balance between the consumed energy and the delivered energy
to the ferry is negative, the ferry’s battery SoC is decreasing throughout the simulation
period. After the last crossing, the SoC has decreased down to 29%, resulting in a DoD
of 36% from the upper SoC limit. Remark that this is under ideal weather conditions
with a constant wind speed of 2.5 m/s and a predicted operation of the ferry.

The average charging station DoD at each harbour is used as an indicator for the

overall utilization of the battery. In the reference system, the average at harbour 1 and
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harbour 2 are respectively 16% and 15%, meaning we have a higher overall utilization of
the battery in the charging station at harbour 1. Looking at the highest DoD cycle, the
battery in the charging station at harbour 1 is cycled 11% deeper than the battery in the

other charging station.

Table 4.1: Key results after normal run

Result Value  Unit

Total energy consumed 10330 kWh

Total cost of electricity 4834 NOK
Lowest ferry SoC 29 %
Ferry DoD 36 %
Highest CS DoD (Harbour 1) 33 %
Highest CS DoD (Harbour 2) 22 %
Average CS DoD (Harbour 1) 16 %
Average CS DoD (Harbour 2) 15 %

In a real operating ferry system, the charging power is determined by the available
grid and charging station power and the limitations in the power transmission. The
overall objective for the charging strategy used today is to maximize the energy trans-
ferred to the ferry. Hence, the charging power can be seen as relatively constant, making

the reference system presented in this section more equal a real operating system.
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4.2 Study Case: Weather Conditions

In this study case, the ferry’s load profile is influenced by the varying weather conditions.
The weather characteristic presented in Section 2.5.6 is used to model the weather
conditions during the simulation period. As discussed, the factor contributing to the

load variation is the wind effect on the ferry.

4.2.1 Objective

Since it is assumed that the wind speed and wind direction are known before the
charging process begin, the controller in the charging station can decide how much
extra or less energy that is necessary to transfer during the charging period.

Two objectives are chosen for this study case: The first objective is to control the
amount of energy that is transferred in each charging cycle to obtain the same SoC,
within + 1%, as the reference system’s SoC at the end of the day. Hence, to have a SoC
in the range 28% to 30% at the time the ferry is going back to nightlay-mode.

The second objective is to satisfy the upper and lower SoC limit in the charging

station’s ESS and operate within the power transmission limits.

4.2.2 Operational Profile

The profile for the wind load is given in Figure 4.2. This profile is calculated by using
Equation (2.14) and the values for the wind speed given in Figure 2.26. As seen, the
wind load is positive and negative, illustrating the ferry experiencing both headwind
and tailwind. Usually, the ferry experiences headwind in one crossing and tailwind
in the next, but when the wind direction suddenly changes, the ferry can experience
headwind or tailwind in both crossings.

In the model, the wind load is added to the normal operational profile, giving the
new load profile for the ferry, as shown in Figure 4.3. Since the wind speed is higher in
the morning and before noon, the impact on the ferry load is bigger in this period.

While the ferry load is constant in each mode of operation, the wind load can vary.
This is easiest seen in the operational profile by the positive and negative slopes when
the ferry is in transit mode. The energy used during the simulation period is calculated

to 10399 kWh, which is 69 kWh more than the energy used in the normal operational
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Figure 4.2: Load impact on ferry caused by wind

profile. Hence, the ferry is affected more by headwind than tailwind.

To compensate for the additional load demand, the energy delivered to the ferry
should increase with approximately the same amount. The profile for the power trans-
ferred to the ferry is given in Figure 4.4. As seen, the power is not the same in each
charging cycle, varying from 3537 kW and up to maximum allowable power of 4323 kW.
These values are + 10% of the normal charging power used in the reference system.

The controller is deciding the power transfer based on the upcoming weather
conditions for the crossing, meaning that when a tailwind with speed above 5.0 m/s is
predicted, the controller is reducing the power transferred. On the contrary, when the
predicted weather shows headwind and a wind speed above 5.0 m/s, the controller is
increasing the power transferred. The controller strives to satisfy this charging strategy
but it is not strictly followed because the controller also need to take the ferry’s SoC

into account.
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(a) Operational profile over 1 day
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Figure 4.3: Operational profile under weather conditions
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Figure 4.4: Power from charging station to ferry under weather conditions
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4.2.3 Results

As seen in the SoC profile for the ferry’s battery, given in Figure 4.5, the SoC at the end
of the day is 30%. Comparing this to the reference system, the SoC is increased by 1%.
The SoC profile for the battery in the charging station, given in Figure 4.6, shows that
the battery is always operated within the limits. Hence, the two objectives for the study
case are fulfilled.

The other blue curve in the SoC profile for the ferry’s battery is the SoC profile for
the reference system. Comparing the simulations when the wind speed is at its highest
during the morning and before noon, the profiles are following each other fairly well.
Towards the afternoon, the SoC profile under weather conditions is decreasing more
slowly than the reference system. This is caused by the increase in energy transfer at
13:40 and 14:40 at harbour 2.

Ferry's SoC - Weather conditions vs. normal run
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Figure 4.5: Ferry’s SOC under weather conditions

Assumed the grid power remains constant, less energy transferred to the ferry
implies lower DoD for the battery in the charging station and more energy transferred
implies higher DoD. Comparing the charging station’s SoC profile under weather condi-
tions in Figure 4.6 to the reference system in Figure 2.24, the most important difference

is that the highest DoD at harbour 1 is increased with 3%. This means higher utilization
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of the battery, which in a real system would result in a negative effect on the battery’s
SoH.

Charging station SOC - weather conditions
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Figure 4.6: Charging station SOC under weather conditions

The key results for the study case are listed in Table 4.2. Comparing the results to
the reference system, the average CS DoD at harbour 2 is increased with 1%. This is
natural, since more energy is transferred to the ferry because of the increase in energy

consumption.

Table 4.2: Key results after run considering weather conditions

Result Value Unit

Total energy consumed 10399 kWh

Lowest ferry SoC 30 %
Ferry DoD 35 %

Highest CS DoD (Harbour 1) 35 %
Highest CS DoD (Harbour 2) 21 %
Average CS DoD (Harbour 1) 16 %

Average CS DoD (Harbour 2) 16 %
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4.2.4 Further Considerations

Since the battery capacity in the ferry is very large, the wind effect is not impacting
the system as much as predicted. This is seen by calculating the contribution from the
additional energy consumed by the ferry to the effective storage. With an effective
storage of approximately 2176.2 kWh in the ferry, the additional 69 kWh consumed is
only 3.1% of the capacity.

If the ferry is operated in a place with statistically more wind from one direction than
the other, some factors on the operation of the charging stations must be considered.
Using the charging strategy above, one charging station would be more utilized than
the other, and hence, the battery degradation over time in the two charging stations
would not be equal. A technical and an operational study should then be performed to
analyse the difference in letting the SoH in each charging station not be equal.

Some reflections around the weather model used should also be mentioned. The
model is only based on qualitative guessing of the impact on the ferry load by the wind
speed. Consequently, converting this charging strategy to a real system could yield

unsatisfying results.
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4.3 Study Case: Electricity Pricing

In this study case, the controller is considering the current and forthcoming electricity
price when deciding the amount of energy transferred to the ferry. Because of high
variations in electricity price during the day, the potential of scheduling the energy
transfer to periods with lower electricity cost for savings is studied.

The adjusted electricity price dynamic, given in Figure 2.28, is used by the controller
as a decision basis, and it is assumed that the controller knows the forthcoming prices

before the energy transfer is calculated.

4.3.1 Objectives

The objectives in this study case will be to reduce the overall electricity cost compared

to the reference system and to operate the system within the operational limits.

4.3.2 Operational Profile

The operational profile for the ferry is identical to the reference system given in Fig-
ure 2.22 and no external factors are impacting on the ferry load under operation. As
seen by the price dynamic in Figure 2.28, the price of electricity is at its highest in the
morning (around 08:00) and in the evening (around 17:00), and consequently there is
beneficial to transfer less energy to the ferry in these time regions.

As seen in Figure 4.7, the controller in the charging station is adjusting the power
output between three different values. The normal charging power, used in most of the
charging cycles, is 3930 kW. When the electricity price is high, the controller reduces
the power output down to 1965 kW, which is a decrease of 50% from the normal power
output. When the electricity price is low or when more energy is necessary to transfer
to satisfy the battery SoC in the ferry, the controller is increasing the power output to
4323 kW, which is the maximum allowable power output and an increase of 10% from

normal power output.
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Figure 4.7: Power from charging station to ferry with respect to electricity pricing

The instantaneous cost of electricity is given in Figure 4.8. As seen, the bars in
the figure are following the electricity price dynamic and the amplitude of the bars
are illustrating the cost of the system at a given time during simulation. To reduce
the overall cost of electricity, it is necessary to decrease the areal under the bars with
highest amplitude. In a system context, since the grid power is constant, this means
to limit the recharging time of the battery in the charging station by transferring less

energy to the ferry.

4.3.3 Results

The resulting SoC profiles for the ferry and the charging station are given in Figures 4.9
and 4.10, respectively. Comparing these profiles against the reference system, there are
some important differences.

When the controller is reducing the power output, only 131 kWh is transferred to
the ferry in one charging cycle, resulting in a negative energy balance of 179.2 kWh in
leg 1 and 144.6 kWh in leg 2. This causes the SoC in the ferry’s battery to rapid decrease,
as seen around 08:00 and 16:40 in Figure 4.9. To avoid operating the ferry’s battery
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Figure 4.8: Instantaneous electricity cost

outside the SoC limits, maximum power is transferred during the evening when also
the price of electricity is low.

At the end of the day, the SoC in the ferry’s battery is 22%, which is a reduction of 7%
compared to the reference system. This is caused by less energy being overall transferred
to the ferry. In an operational view, having only 2% clearing from the lower SoC limit
will not be satisfying for the operators and in a technical view, cycling the battery with
a DoD of 43% will have more negative effect on the battery lifetime compared with the
reference system.

The battery in the charging station at harbour 1 is deep cycled down to the lower
SoC limit once during the simulation period. This occurs when the ferry has a longer
pause at 10:00 and the battery in the ferry is recharged to 64%. The average DoD in the
batteries at harbour 1 and 2 are respectively 15% and 14%, meaning the utilization is

lower compared to the reference system.
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Figure 4.9: Ferry’s SOC with respect to electricity pricing
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Figure 4.10: Charging station SOC with respect to electricity pricing
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The accumulated cost of electricity for this system compared to the reference system
is given in Figure 4.11. The blue curve is representing the system taking the electricity
price into account and the red curve is representing the reference system. As seen,
the difference between the systems becomes bigger towards the evening, when the
electricity price is high and the controller is reducing the power transferred to the ferry.
Overall, the total cost of electricity in the system accumulated to 4779 NOK, which is a
reduction of 1.1% from the reference system.

An important observation from the figure is the difference in cost between the
systems in the morning which becomes negligible after the pause at 10:00. Since
less energy is transferred to the ferry under the high electricity price period in the
morning, more energy is transferred during the pause at 10:00, making the overall
energy transferred almost equal the reference system. A better charging strategy would
here be to charge the ferry’s battery in the same manner as the reference system during

the morning and thus have more capacity to use for savings during the evening.
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Figure 4.11: Accumulated electricity cost
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The objectives for the study case are fulfilled with a small remark on the battery in
harbour 1 which is cycled down to lower SoC limit at one instance. The key results are
listed in Table 4.2.

Table 4.3: Key results after run considering electricity pricing

Result Value  Unit

Total energy consumed 10330 kWh

Total cost of electricity 4779  NOK
Savings 1.14 %
Lowest ferry SoC 22 %
Ferry DoD 43 %
Highest CS DoD (Harbour 1) 45 %
Highest CS DoD (Harbour 2) 35 %

Average CS DoD
Average CS DoD

Harbour 1) 15 %
Harbour 2) 14 %

(
(

4.3.4 Further Considerations

Since the battery utilization in the ferry is higher when taking the electricity price
into account, the reduction in cost should be considered up to the long term battery
degradation. If the acceleration in battery degradation is larger than the savings, the
charging strategy proposed here would not be profitable.

It could be beneficial to change the time of the pauses to periods with lower electricity
prices. As an example, an operational profile with just one large pause, lasting 30 minutes,
at 10:30 is simulated. The SoC profile for the ferry’s battery is given in Figure 4.12 and
as seen, the SoC is going under the lower SoC limit and ends on 19%. However, the cost
is accumulated to 4758 NOK, which is a reduction of 1.6% from the reference system.

Allowing both changes to the ferry schedule and going outside the operational limits
adds new degrees of freedom to the problem. Further work with sensitivity analyses

with regards to cost savings could exploit new ways for better charging the ferry.
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Figure 4.12: Ferry SoC with alternative operational profile

In this study case, only the battery in the ferry is considered when controlling the
power transfer. Rejecting the battery in the charging station to fully recharge under
periods with high electricity price and varying the power transfer to the battery in a
same way as the battery in the ferry, could further reduce the overall costs.

A more complex controller with dynamic output, which allows the power transfer
to be more varied, could be beneficial for the performance of the system. This controller
could take use of a mathematical approach for finding the optimal amount of energy to
be transferred.
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Chapter 5

Conclusion & Future Work

In the first part of the report, an overlook of the history towards the modern battery
ferry is given with a discussion on the different shipboard power systems and two
examples of operating ferries in the Norwegian transportation network. An example
on a ferry control system is then proposed, with a brief presentation on the control
objectives for the different components in the system.

A discussion on different battery types and technologies, with an elaboration on the
lithium-ion battery ageing phenomena is then given. Furthermore, the system modelling
and the Simulink implementation for use in the simulations are presented.

In the second part, strategies for charging the ferry are discussed. The constant
current - constant voltage strategy and the more complex model predictive controller
strategy are presented with a discussion also on energy transfer strategies.

The chapter also presents some of the key parameters that are necessary for planning
the charging of a ferry more efficient. The parameters are summarized in the following
list:
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+ The charging current: influences the energy losses, battery temperature and

battery degradation.

+ The battery DoD: influences the ferry operation, battery utilization and battery

degradation.
« The weather conditions: influences the battery utilization.
« The electricity pricing: influences the operational costs.

« The available grid power: influences the battery utilization.

In the last part, a reference system, a system with varying weather conditions and
a system considering electricity pricing are simulated and compared to each other. A
energy transfer controller for each of the two last systems are proposed with the purpose
of smarter charging the ferry.

In the system with varying weather conditions, the battery at harbour 2 is more
utilized compared to the reference system, which is caused by the controller taking
the SoC in the ferry’s battery into consideration when deciding the energy transfer.
In the system considering electricity pricing, the overall utilization of the battery at
each harbour is reduced compared to the reference system. However, the ferry’s battery
is more utilized and operates closer to the operational limits. This is caused by the
controller taking economical considerations when deciding the energy transfer. It is
seen by changing the time of the pauses, the cost of electricity could be further reduced.

The writer’s opinion is that an energy transfer controller could be beneficial for
more predictable and effective utilization of the batteries in a ferry system as the one
presented here.

The simplified weather model and battery model, together with the relatively con-
stant operational profile, are some of the key factors that deviates this system from a
realistic system. Since the study cases also are isolated from each other it is hard to say
how a controller in a real system would perform.

As the writer will continue with a MSc project on this topic, a brief discussion
on further work and possibilities within smarter charging of battery ferries will be

presented in the following.
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System modelling

Developing a more scalable model of the system, with incorporation of a suitable current
charging strategy for the battery, should be considered for future work. With scalable it
is meant a model which is built for easily changing its attributes, i.e., adding more ferry
systems, operational profiles or changing the charging station characteristics. A such
system could further be used for better sensitivity analyses of future control strategies.

Limitations in equipment with regards to power transmission could be included
to improve the model. For better validating the performance of the model, the results

should also be compared to actual data from real operating ferries.

Weather and load model

For future work, a more realistic and proven weather model should be considered.
Factors such as the vessel’s angle towards the wind and waves, the vessel’s frictional
resistance towards the water working against movement and the actual wind impact on
the ferry should be studied.

In this study, an almost constant load model is used for the simulations. In a realistic
system, the load would vary throughout the day as the number of cars and passengers on
the ferry is not constant. For better load estimation in the controller, the load variation

should therefore be taken into account.

Charging controller

Designing a more advanced charging controller should be a focus for future work.
By obtaining better models for the weather and load, a more advanced controller
could predict the energy used in one crossing and propose an optimal value for the
transferred energy. A cost function minimizing the difference between the predicted
energy consumption and energy delivered with respect to the electricity price and

battery lifetime could be suitable for the charging strategy.
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Grid power considerations

A future study on the impact of variable available power from the grid could be per-
formed. In such a case, the ferry could take more power from the grid when this was
available for reducing the utilization of the battery in the charging station.

A cloud system, such as Mindsphere from Siemens, illustrated in Creffig:mindsphere,
could be used to collect data from the charging stations and the ferry. In addition, if the
cloud system started to collect data from the substations, the available power from the

grid could be implemented in the controller design.

SIEMENS
Ingemaity for Gfe

Ie

Figure 5.1: Communication between substation, charging stations and ferry[9].

Some of the potential in smarter charging of battery ferries is given in this report
and much more can be considered when looking at the possibilities. With willingness
to realize the potential benefits, an even more sustainable ferry system could be within

reach.
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Weather Model
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Table A.1: Weather data from Sandane Airport Weather Station. Data from [6]

Hour Temperature [°C] Rainfall [mm] Wind [m/s] Wind Direction

03 8.9 0.0 6.1 E-NE
04 9.7 0.0 4.0 E-NE
05 9.4 0.0 34 E-NE
06 9.5 0.0 2.5 NE
07 10.4 0.0 3.7 N-NW
08 10.2 0.0 11.2 NW
09 10.8 0.0 8.0 AW
10 9.3 0.0 6.4 W-NW
11 10.4 0.0 8.1 W-NW
12 10.2 0.0 6.9 W-SW
13 11.1 0.0 7.0 W-NW
14 11.2 0.0 53 W-NW
15 9.2 0.0 5.4 W-SW
16 8.9 0.0 3.3 N-NE
17 10.1 0.0 2.5 N-NE
18 10.1 0.0 2.8 NW
19 9.5 0.0 4.6 W-NW
20 8.5 0.0 2.5 W-NW
21 9.5 0.0 1.6 N-NE
22 8.4 0.0 3.7 N
23 8.8 0.0 3.6 SE
00 8.0 0.0 33 N
01 8.0 0.0 2.1 N-NE
02 7.7 0.0 3.2 N-NW

03 7.2 0.0 1.2 AW
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Appendix B

Matlab Code

Listing B.1: Configuration file

%% Configuration file

%% System properties

sys.Pbase = 1200e3;
sys.windfactor = 1/(50-2.5);
sys.wind_avg = 2.5;

%% Load data

profile

loadtimeseries

quaytimeseries

modetimeseries

chargetimeseries

elpricetimeseries

windtimeseries

winddir . time

winddir . signals . values
profile . wind_dir (:,3) ];

winddir. signals . dimensions

load_battery_profile () ;

profile
profile
profile
profile

profile.

profile
profile

.totpwr;
.leg;
.modenum ;

.chrgpwr;

elprice;

.wind ;
.wind_dir (:,1);

[profile .wind_dir (:,2),

2;
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98 APPENDIX B. MATLAB CODE
chargetimeseries (isnan(chargetimeseries)) = 0;

%% Power grid data

Pgrid_rated = 1500e3; % Assuring sufficient power flow

from grid

%% Charging station specifications

cs.Prated = 4140e3;
cs.Vrated = 930; % [V]
cs.Crated = 1200+60; % [Ah]

cs.C_ 0 0.65+cs.Crated;
cs.SOClower = 0.2;
cs .SOCupper = 0.65;

cs.Ppe_upper = cs.Prated;
cs.Ppe_lower = —cs.Prated;

cs.eta = 0.97;

%% Ferry energy storage module specifications
fes.Prated = 4140e3;

fes.Vrated = 930; % [V]

fes.Crated = 2%2600+60; % [Ah+min/h]
fes.C_ 0 = 0.65«fes.Crated;
fes.SOClower = 0.15;

fes .SOCupper 0.65;
fes.Ppe_upper = fes.Prated;
fes .Ppe_lower = —fes.Prated;
fes.eta = 0.97;




gl W N =

O 0 N

10
11
12

13

14

15

16
17
18

19
20
21
22
23

24
25

99

Listing B.2: Script for loading operational profile

Function to load battery profile from excel

% and wind— and electricity price profiles

function profile = load_op_profile ()

[num, txt] = xlsread('OperationalProfileWeather.xlsx ')
load adj_elprices;
load anda_wind;

load anda_wind_dir;

profile .min = num(:,1);
profile .time = num(:,2);
profile .leg (:,2) = num(:,4); profile.leg(:,1) =

profile .min;
profile .modenum(:,2) = num(:,6); profile.modenum(:,1)
= profile .min;

profile . totpwr (:,2) num(:,10)«1000; profile.totpwr

(:,1) = profile.min;
profile .chrgpwr(:,2) = num(:,12)+1000; profile.
chrgpwr (:,1) = profile.min;

%% El. price timeseries

adj_elprices = adj_elprices=(1/1000)%(1/1000)+«(1/60);
% [NOK / Wmin]

t = 0:60:1440;

t = t';

tt = 1:1440;

adj_elprices = interpl(t, adj_elprices, tt);

profile . elprice (:,2) = adj_elprices; profile.elprice

(:,1) = profile .min;

%% Wind timeseries
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end

APPENDIX B. MATLAB CODE

anda_wind = interpl(t, anda_wind, tt);
profile .wind (:,2) = anda_wind; profile.wind(:,1) =

profile . min;

profile . wind_dir (:,2) = anda_wind_dir(:,1); profile.
wind_dir (: ,1) = profile.min;

profile .wind_dir (:,3) = anda_wind_dir (:,2);
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Simulink Diagrams
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Figure C.1: Cost calculation function modelled in Simulink
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Protection module in the ESS
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Figure C.2: ESS protection module modelled in Simulink
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Figure C.3: Ferry’s load module modelled in Simulink
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Appendix D

MPC Problem Formulation

Table D.1: Nomenclature for the MPC charging strategy[7]

Input:
I Applied current
Variables:
Ce Lithium-ion concentration in the electrolyte
Cs Bulk lithium-ion concentration in solid particles
Css Lithium-ion concentration at the surface of solid particles
qs Concentration flux at the surfaceof solid particles
QOsr Capacity fade
socC State of charge in the electrode
SOH State of health for the battery cell
T Battery temperature
Vv Terminal voltage
Parameters and subscripts:
The negative electrode (Anode)

+ The positive electrode (Cathode)
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With the nomenclature, given in Table D.1, the MPC formulation given in [7] and

the reduced battery model described in Section 3.2.2, the following state vector

T
x=|C;, g5, Coo T, Qs (D.1)

is defined with input, u, representing the applied current. The output vector of

interest is defined as

T
z:=|SOC, SOH, T, V] : (D.2)

The control-oriented battery model is summarized as

(t) = £€(xe(t), u(t) (D.3a)
Cix(t) + ¢
2(t) = glx(t), u(t)) = Corlt) + ez (D.3b)
ng(t)

h(x(t), u(t))

where f°, g, h are nonlinear functions, C;, C;, C3 are constant matrices, and c;, c;

are constants.

To further reduce the computation complexity of the MPC charging controller, the
nonlinear battery model in Equation (D.3) is linearized around the reference trajectory

and previous system input, resulting in

x(i + 1) = A@)x(i) + B(@)u(i) + d(i) (D.4)
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where

Ali) = ™ (D.5a)
B(i) = W (D.5b)
d(i) = f(x(i), u(i — 1)) — A@i)x(i) — B(i)u(i — 1). (D.5¢)

The linarized model is assumed to be invariant under the prediction horizon. Hence,

A(i) ~ A, B(i) ~ By

(D.6)
d(i)=dy, Vie{0,..,N-1}.
Input and state constraints:
The only input constraint in the system is
- Imax < u(l) <0 (D7)

which limits the charging current up to some physically allowable limit. The follow-

ing state constraints are considered in the charging problem:

Css,min < C;ts(i) < Css,max (D-Sa)
Ce,min < C:(l) < Ce,max (ng)
T(l) < Tmax (D.8C)
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or in the compact form

Mx(i) < cp, ie€{l,...,N—1}. (D.9)

A vector of slack variables s is introduced to account for the uncertainty of the
impact associated with explicit violations of these constraints. An additional term s’ T's

is added to the stage cost, and the state constraints are replaced by

Mx(i) <co+s (D.10a)
s20 (D.10b)

State estimation:

The estimator is based on the discretized battery model given in Equation (D.3):

Xkr1 = Xk k) + Lic - (241 — Zhs1] (D.11a)
Ziesr = 9(f Kk uge), u) (D.11b)
U1 = Cxpp1 (D.11¢)

where the detail on the calculation of the estimator gain L; can be found in [52].
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