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Case Study: Island Operation in the Port of Gothenburg
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Department of Electrical Engineering
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Abstract
Environmental impacts of human actions have shown severe long–term consequences.
In order to mitigate this effect, the current trend is a conversion from non–renewable
sources of energy to substitutes that are more sustainable. The EU–funded project
Sea Li–ion was initiated with the specific target of accelerating maritime electrifi-
cation. The project investigates the idea of using Battery Energy Storage Systems
(BESS) in harbour areas with the primary application of charging electric ferries.

Using the onshore BESS for charging of electric ferries alone limits the possible ben-
efits of such a configuration. BESS can be used to provide ancillary grid services
to increase system stability in frequency and voltage magnitude, as well as assist
during times of high loading. Furthermore, it can be used in an islanded system con-
figuration where a section of the power system is disconnected from the synchronous
grid. This becomes particularly important should the main grid be subject to major
disturbance or outage.

This thesis investigates how a BESS can be used to support an isolated grid. An
islanded grid is modelled around the Port of Gothenburg, consisting of gas turbines
from Rya combined heat and power plant, BESS and an electric ferry representing
a load. The gas turbines serve as primary generation for the grid whereas the BESS
impact on the grid performance is investigated.

The BESS is modelled as a battery connected to a grid–forming converter as an in-
terface to the islanded grid. A suitable control system is developed where the impact
of different control parameters is investigated. The system performance without the
BESS and with the BESS installed is assessed to investigate the impact of a BESS
in an islanded system configuration.

Results show that the BESS possesses fast dynamics and can be efficiently used with
conventional generating units to improve the initial frequency response during an
event on the grid. Frequency oscillations can be mitigated by configuring the BESS
control accordingly. BESS provides a major benefit of having a control structure
that allows specific tuning, which can be used to target requirements of the grid in
question.

Keywords: Sea Li–ion, Battery Energy Storage System (BESS), Second–life lithium–
ion batteries, Electric ferry, Port of Gothenburg, Island operation, Grid–forming
converter, Frequency support.
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1
Introduction

During recent years, environmental footprints as consequences of human actions
have been discovered to bring severe problems to the planet as a repercussion of in-
creased carbon emissions. In 2020, approximately 20% of the world’s total emissions
originated from the sector of transportation, including public usage and different
strategies of freight [2]. In order to reduce consequences of human actions and meet
The Paris Agreement, rapid changes must be made to limit the impact of climate
change [3]. Owing to this, efforts are being made to liquidate fossil fuels in the sector
of transportation and find suitable substitutions that are more sustainable.

1.1 Background
The concept of using electricity as a replacement for the conventional combustion
engine in cars and trucks is well under development and can be found to a wide
extent in commercial use today [4]. The same, rapid progress, has not yet been seen
in the maritime sector. In order to be in the front of the technical advancement
regarding maritime electrification, Stena Line is planning to install fully electric fer-
ries to operate the route between Gothenburg and Frederikshavn [5]. This acts as
an initial step towards electrification of the maritime sector to reduce emissions.

While the concept of electric ferries may be a requirement to reach the climate goals,
the implementation introduces a number of challenges. In order for the ferries to be
able to travel the full distance between Gothenburg and Frederikshavn, the capacity
of the batteries installed on board must be sufficient to ensure safe travels over the
full distance. Furthermore, the ferries must be chargeable quickly, as they typically
stay in the harbours for short periods of 60 to 90 minutes before departing once
more [5]. This may become problematic due to limitations in available capacity
from the power grid, as consumers have a maximum allowed instantaneous power
consumption. The cost for increasing the consumers’ maximum power capacity
and expanding grid infrastructure to account for the increased required capacity is
typically very high, while the lead time of planning through execution is long. Addi-
tionally, connecting a significant load at short times also impacts the stability of the
grid. This can cause problems for the local grid regarding voltage and frequency as
the instantaneous connection of a large load could act as a disturbance to the grid [6].

To tackle the presented challenges, the EU–funded project Sea Li–ion was initi-
ated as a cooperation between DNV, BatteryLoop, Stena Recycling, Stena Rederi,

1



1. Introduction

Stena Line and the ports of Gothenburg and Kiel. The target of the Sea Li–ion
project is to investigate the possibility of installing Battery Energy Storage Sys-
tems (BESS) in ports, using second–life lithium–ion batteries [7]. The purpose is
to boost electrification of the maritime sector by having large local BESS installed
onshore in harbour areas which can be used to charge the batteries of the electric
ferries. This can ensure that sufficient capacity is available for the ferries while
it reduces the impact on the grid and allows faster charging than what would be
possible otherwise. By using a combined feeding from the local power grid and the
BESS, the connection of such a load may be achievable without causing problematic
network disturbances, and without needing to significantly expand the grid capacity.

The primary functionality of the BESS as charging for electric ferries might limit its
possible positive impact should the available charging capacity be high. Therefore,
to further widen the applications for the BESS, investigations are made to increase
the active time of the batteries without jeopardizing the charging of the electric
ferries. This presents an interesting topic about how the BESS can be controlled
in order to optimize its impact on the power system while still serving its primary
purpose.

Further applications can potentially be to use the BESS as local grid support in order
to provide stabilizing services, where the BESS can be used for peak shaving and to
mitigate voltage and frequency deviations. Multiple studies show promising results
regarding BESS for frequency control due to the possibility of rapidly adjusting the
active power exchange to the grid [8][9]. The BESS could also be used to supply local
areas in case of a total blackout where the main grid goes offline. This is referred
to as island operation [10], and allows a defined part of the grid to be online in the
case of failure of the main grid. This may be a very significant trait of the BESS, as
it would serve as primary generation or significant support should the main power
system face severe damage or outage, depending on the configuration of the islanded
grid in question.

1.2 Purpose
The aim is to investigate the possible benefits of using a BESS installed in the Port
of Gothenburg with a primary application of charging electric ferries to provide
ancillary services for an islanded power system. The primary objective is to investi-
gate the impact of a BESS on a local, islanded grid, primarily fed by gas turbines.
Specific emphasis is placed on how the BESS can improve islanded grid operation
according to the requirements of the grid code by analysing frequency and voltage
behaviour.

1.3 Scope
The modelling of the BESS is limited to providing a simplified model of the battery
that is sufficient for power system studies. The physical structure of the battery is
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not considered. The analysis is limited to lithium–ion batteries, resulting in that
the analysis may not be feasible for other technologies such as supercapacitors and
hydrogen. No other alternatives of energy storage are considered . Additionally, it
is assumed that the converter connecting the battery and the grid is ideal, and no
considerations regarding the converter design are done.

BESS analysis behaviour is limited to the specified location of the Port of Gothen-
burg, and no alternative location is considered. Data regarding system characteris-
tics is provided by parties involved in the Sea Li–ion project. Information regarding
grid elements is provided by Göteborg Energi. Estimations according to public
sources are made when the available data is limited or inaccessible.

As the primary target is to investigate the BESS operation for an islanded grid, no
analysis is done regarding ancillary services to the main grid. For a grid–connected
purpose, only a brief analysis regarding the impact of the electric ferry on the syn-
chronous grid is conducted. This in order to investigate if the BESS serves a purpose
during standard operation.

The required charging of electric ferries is to follow the schedule of the future Stena
Elektra with assumed arrival and departure times. However, as this is season–
dependent (peak–season and off-season), only the seasonal schedule putting most
demand on the batteries will be investigated, as this would cover the feasibility for
both scenarios.

1.4 Report Structure
The structure of the report is as follows. Chapter 1 serves as an introduction where
general background and the target area of the report is defined. Chapter 2 and
Chapter 3 introduces relevant background information serving as the base of the
project. Chapter 4 covers theory connected to BESS and Chapter 5 theory behind
control structures for converters. Chapter 6 presents the method of how the result-
ing system was implemented. In Chapter 7, the used simulation models and case
studies performed are introduced. The corresponding results for the simulations
presented in Chapter 7 are found in Chapter 8. Finally, Chapter 9 presents discus-
sions regarding what has been found from the results and Chapter 10 concludes the
work by summarizing the obtained results.
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2
Characteristics of Electric Ferry,

Harbour and Rya CHP

This chapter aims to introduce the characteristics of the future electric ferry Stena
Elektra and the Port of Gothenburg. This includes the estimated energy require-
ments for the two as well as the daily schedule of the electric ferry. This puts the
baseline requirement out of which the onshore BESS is designed. Additionally, the
combined heat and power plant Rya is introduced.

2.1 Electic Ferry
The electric ferry Stena Elektra is an ongoing project with the intention of being a
pioneer within maritime electrification, with a scheduled maiden voyage with pas-
sengers in 2030 [11]. Multiple projects regarding the installation of electric ferries
have been conducted, and [12] presents an overview of the electric ferries that are
currently in operation. As of the study in [12], it becomes clear that the capacity
requirements of Stena Elektra is significantly higher than any other similar project
that has been implemented. Most electric ferries are currently relatively small or
travel very short distances in order to reduce the requirements of the onboard storage
systems. Therefore, Stena Elektra presents a relevant research topic to investigate
the feasibility of electrifying large–scale maritime vessels and pave the way for fu-
ture, similar projects. An illustration of Stena Elektra is shown in Figure 2.1.

Figure 2.1: Illustration of the electric ferry Stena Elektra. Image provided by
Stena Mediabank [13].
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Stena Elektra is estimated to have an onboard BESS with a capacity of 70 MWh [11].
The ferry is to take tours between the harbours of Gothenburg and Frederikshavn,
and the estimated energy consumption for a one–way trip is 30 MWh. This means
that the onboard BESS of the electric ferry is sufficient to cover the round trip jour-
ney. Nevertheless, in order to provide sufficient margin such that the electric ferry
reliably and safely reaches shore at all times, it is planned to be charged whenever
berthed in a harbour. The strategy of feeding is not crucial and the ferry can be fed
from the power grid if sufficient capacity and grid strength is available. However,
in order to assure that the ferry can be reliably fed at all times, a BESS is planned
to be installed in each harbour. The BESS dimension for the Sea Li–ion project is
not yet determined. However, for this project it is dimensioned such it that ensures
sufficient energy to fully charge the equivalent energy of a trip between the two
harbours, regardless if the grid would be heavily loaded such that grid assistance
is not possible. The required time to charge the 30 MWh for the electric ferry is
estimated to be 45 minutes, resulting in a required onshore BESS power of 40 MW.
The time of charging corresponds to how long the ferry is estimated to be berthed
in the harbour with the availability of charging before departing once more.

The electric ferry is planned to follow two different time schedules corresponding to
peak and low season, setting different requirements on how quickly and often the
onshore BESS must be charged. The amount of scheduled trips during the different
seasons are shown in Table 2.1. The minimum time between that a ferry departs
from a harbour until the next arrives is scheduled to be approximately three hours,
as two ferries are planned to be in service simultaneously. This means that the
electric ferry requires the onshore BESS to be fully recharged in the corresponding
time window so that it is prepared for when the next ferry arrives. The result is
that the BESS must be recharged relatively quickly for the majority of the day. The
only exception is the charging between the final trip of a day and the first trip of the
following day, which can be conducted slowly if desired during the night. However,
this must be planned corresponding to whether the BESS is to be used for ancillary
services during the night or not.

Table 2.1: Seasonal schedule of electric ferry Stena Elektra. During peak season,
the expected schedule is that the electric ferry travels six times per day, whereas it

is only expected to travel four times per day in the low season.

Peak season Low season
Period May–September October–April
Daily trips 6 4

The charging of the electric ferry is to be conducted via an AC connection of 10
kV to the harbour substation. Therefore, only a common point of connection is
installed which connects the overlying grid, the onshore BESS and the electric ferry.
This is illustrated in Figure 3.3 presented in Section 3.1.2.
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2.2 Harbour Loads
A harbour consists of a large variety of loads, ranging from smaller ships, harbour
cranes and other equipment used for various tasks. In the Port of Gothenburg, these
are supplied by Göteborg Energi through the already installed connection point to
the power system. The most significant loads apart from the future Stena Elek-
tra are ferries travelling between Gothenburg and Germany, requiring a power of
approximately 1.5 MW when berthed. Harbour cranes and other machinery also
correspond to high instantaneous power requirements, although during short peri-
ods of time. Regardless of this, it should be noted that the installation of Stena
Elektra and other planned infrastructure requires an additional purchased connec-
tion point of feeding from the main grid. Owing to this, it is not crucial to know the
exact characteristics of the harbour load profile for this purpose, as the connection
point will be decoupled from the currently installed.

There are also additional loads following the installation of the electric ferry. This
includes the power required for the terminal buildings and various elements around
the harbour. These are kept in mind, but not modelled for simulation purposes. This
is motivated behind an assumption that the loads would be relatively constant, with-
out rapid changes in short periods of time and hence not have significant impact on
the dynamic response of the system during the connection of the electric ferry. The
assumed additional loads that have been neglected following the electric ferry instal-
lation are shown in Table 2.2, mainly being constituted by powering the terminal
building, possible freight houses and quay lighting. The estimated significance of
the load magnitude in comparison to the electric ferry is also briefly mentioned. The
data is based on an available energy audit provided by BatteryLoop [14], presenting
measurements from various parts of the Port of Gothenburg, such as the Germany
and Denmark terminals. Assumptions are made that the corresponding loads in the
new harbour section will have a similar pattern to those. Provided data indicates
that the magnitude of the expected loads is small in relation to the electric ferry.

Table 2.2: Additional loads as well as power requirement in comparison to Stena
Elektra as a consequence of the electric ferry installation. This includes energy to

power the terminal, freight houses and quay lighting.

Load Name Load Magnitude Compared to Stena Elektra
Terminal Minor
Freight House Very Minor
Quay Lighting Very Minor

2.3 Harbour Connection to Main Grid
In order to be allowed to exchange power with the synchronous grid, a consumer must
first purchase a connection point from the Distribution System Operator (DSO). The
Port of Gothenburg is supplied by the DSO Göteborg Energi. Generally, it is pos-
sible to purchase a point of connection corresponding to 5, 10 or 20 MVA, as well
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as different combinations of the mentioned. For the Sea Li–ion project, the contract
regarding connection is not yet determined. Additionally, the planned BESS can be
connected to either 130 kV or 10 kV. The two options have different cost characteris-
tics from the DSO [15]. Generally, connecting to 130 kV has a higher corresponding
fixed subscription cost, while the cost per unit energy and power is lower. Further-
more, for a 10 kV connection, the corresponding transformers connecting the BESS
and the grid is owned by the DSO, while for the 130 kV connection, the correspond-
ing customer is responsible for the transformers.

There are several options regarding the onshore BESS sizing together with different
purchased connections. A high purchased power puts less stress on the BESS being
able to operate each charging, as it then would act as a supplementary backup while
the main grid supplies majority of the charging power during normal operation. If
instead the system is built around the BESS providing charging for every time a ferry
is berthed, it will cycle through the full State of Charge (SOC) range multiple times
per day while potentially having less impact on the local power grid and relying less
on its state. However, consequences of this is that the BESS capacity degradation
will be accelerated due to the amount of SOC cycles, and that the complete discharge
of the BESS makes it unable to provide support in case of unexpected grid events
during certain times. Determining which strategy is the most beneficial in terms
of economical and environmental aspects is a substantial task, as it depends on
several future factors that can only be forecasted and estimated. This includes
restructuring of the power system, generation capability, penetration of renewables
and manufacturing of batteries. However, this is not included in this thesis, resulting
in that the uncertainties act as the primary motivation of the chosen BESS size. As
expressed in Section 2.1, the onshore BESS is in this project dimensioned such that
it is able to fully charge the ferry without grid support. The benefit of this is that
the relatively large BESS size can increase its possible impacts regarding alternative
operation such as ancillary grid support.

2.4 Rya CHP Plant
The Combined Heat and Power (CHP) plant Rya is located close to the Port of
Gothenburg. Rya is operated by Göteborg Energi and has a combined available
output power of 261 MW electricity and 294 MW heat [16]. A part of the power
plant consists of three gas turbines, each with an installed capacity of 45 MW [16].
The gas turbines of power plant are, in this project, considered to be suitable can-
didates to be used in combination with the BESS in order to operate an islanded
grid around the Port of Gothenburg.

Ryaverket is a continuously developing facility, and efforts are being made by inves-
tigating alternative, more renewable fuels for the installed gas turbines in order to
increase the sustainability of the power plant [17]. Furthermore, the power plant is
scheduled to expand as of an environmental permit application to add a bio–steam
boiler to be used together with the already installed steam turbine [18].
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In order to accurately represent the dynamics of a gas turbine for simulations, mul-
tiple characteristics such as turbine compressors and temperature must be mod-
elled [19]. Due to security reasons, information regarding this plant can not be
supplied for the project as it requires security clearance. Therefore, the best estima-
tion is given through using general templates for common gas turbine models. The
most important aspects to model include the gas turbine governor and excitation
system, determining how the gas turbine acts when connected to a grid.
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3
Analysed Power System and Grid

Requirements

The analysed power system setup is introduced, both for grid–connected and is-
landed configuration. The section also covers general grid requirements set by the
Transmission System Operator (TSO) and DSO that are to be followed in for the
customer to be allowed connection to the grid. Additionally, frequency regulating
services are presented.

3.1 Overview of Investigated Power System
This section serves as an introduction to the analysed power system, where both a
grid–connected model and islanded model are introduced. The considered system
units are presented to indicate all elements that are included for system analysis.
Furthermore, a geographical map of the harbour is included to show the location of
the future electric ferry, BESS, harbour substation and Rya.

3.1.1 Geographical Orientation of Considered Grid Units
All units that are considered on a detailed level in this thesis are located in or
around the Port of Gothenburg. Figure 3.1 illustrates the geographical location
of the BESS, electric ferry, harbour substation and Rya. The reasoning behind
the BESS placement is to minimize the distance to the electric ferry such that
the transmission losses are reduced and to agree with an approximate considered
location in the Sea Li–ion project. Placing the BESS as in Figure 3.1 also places it
physically in between the harbour connection point and the substation. This further
reduces transmission losses and material usage. An illustration of Arendal, being
the focus area of the project with the future Stena Elektra berthed in the harbour
is shown in Figure 3.2.
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Figure 3.1: Geographical representation of harbour components for power system.
This includes the placement of the electric ferry, BESS, Substation, Rya CHP and

a simplified representation of the 10 and 130 kV cables.

Figure 3.2: Illustration of Arendal with Stena Elektra berthed in the harbour
provided from [1].

3.1.2 Analysed Power System Setup
This section presents one–line representations of the power system topologies that
have been investigated. Two models with similar components are introduced, being
a grid–connected and islanded model respectively.

3.1.2.1 Grid–Connected System Setup

As the system investigation is conducted from the harbour point of view where the
electric ferry is connected, the external grid is modelled as an aggregated represen-
tation of reality to simplify the grid behaviour. The important interfaces to model
is the nearby units that are potential candidates for the islanded grid around the
harbour. This includes the onshore BESS, as well as the gas turbines from Rya
presented in Section 2.4. Figure 3.3 shows the connection interface between the
harbour, overlying grid and onshore BESS.
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Figure 3.3: Diagram representation of investigated power system from the
perspective of the harbour. The external grid is modelled as an aggregated model

of the total generation and load of the synchronous grid.

3.1.2.2 Islanded System Setup

The analysed islanded system is illustrated in Figure 3.4. Elements presented in the
islanded grid are the same as in the grid–connected model shown in Figure 3.3. The
fundamental difference is that the grid is disconnected from the synchronous power
system, removing the possibility of using the same reference unit. Therefore, either
the BESS or the gas turbines in Rya must act as a generating unit that decides the
system frequency. The gas turbines in Rya represent a more significant unit while
the power plant has an excellent capability of being the frequency reference. Owing
to this, the gas turbines are selected as a reference machine for the islanded sys-
tem. Figure 3.4 shows the corresponding islanded grid setup, consisting of harbour,
electric ferry, BESS, gas turbines and harbour substation.
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Figure 3.4: Diagram representation of investigated islanded power system from
The model consists of the harbour with the electric ferry, the BESS, gas turbines

in Rya as well as the harbour substation interface.

3.2 Grid Requirements
An electrical power system is a sensitive infrastructure. Therefore, requirements are
set to assure that a grid can operate safely without interruptions. Some of these
include voltage magnitude guidelines, frequency requirements and requirements on
generating units. This section aims to introduce important guidelines that should
always be followed that are provided by the TSO and DSO.

3.2.1 Voltage Requirements
In order to preserve the integrity of the power system, certain demands are specified
on voltage magnitudes by the TSO and DSO. The local DSO Göteborg Energi fol-
lows the guidelines presented in EIFS 2013:1 in order to assure that system voltages
are kept within acceptable limits during certain time periods [20]. One requirement
is that all voltage measurements performed in ten minute intervals should have
a magnitude within the window of 90% to 110% of the nominal system voltage.
Furthermore, the customer is allowed to have a 4% voltage drop within the corre-
sponding installation to account for transmission losses in low voltage cables and
other grid elements.

14



3. Analysed Power System and Grid Requirements

3.2.2 Frequency Requirements
A general power system is sensitive to frequency deviations from that of the nominal.
This due to that many generating units as well as various loads require a certain
frequency in order to function properly. Therefore, requirements on frequency are
set to assure that a power grid remains stable. For the Nordic power system, a gen-
eral requirement is that the frequency should be kept above 49 Hz during a severe
disturbance to assure that the system remains intact [21]. If the frequency decreases
below 49 Hz, load shedding and other actions can be taken in order to preserve sys-
tem stability. This is undesired, and it is of high importance to keep the frequency
close to that of the nominal. The frequency range for standard operation is specified
to the frequency window of 49.9–50.1 Hz.

It is common that generating units have a characteristic that react with a response
in power output to frequency deviations, should the grid frequency differ from that
of the nominal frequency. The frequency in the power grid is changing continu-
ously, resulting in that a direct frequency control could create a shaking generation
from droop–controlled units. Therefore, a deadband of 100 mHz is required, both
above and below the nominal frequency [22] when providing frequency support for
disturbances to the main grid. The purpose of this is to create a regulation that
can assist during abnormal conditions, while it is idle during standard operation
close to nominal system frequency. If a deadband for the droop–base control is not
introduced, there is a possibility to have a shaking generation regulation around
nominal frequency, which could worsen the system behaviour during steady–state
operation while it also creates additional stress on generating units. The described
characteristic is shown in Figure 3.5, which shows the change in active power output
∆P with respect to the system frequency. If the measured frequency deviates more
than the set deadband from the nominal system frequency fnom, the corresponding
unit will increase or decrease its active power output as a linear function of the
frequency deviation, depending on if the frequency is below or above that of the
nominal.
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Deadband

Figure 3.5: Generation unit characteristic for active power output versus
frequency. If the measured frequency is within the deadband, the corresponding
change in active power output ∆P is zero. When the frequency is outside the

deadband, the active power output is a linear function of the frequency deviation.
The nominal system frequency is marked and expressed as fnom.

The synchronous system frequency is continuously measured and the Swedish TSO
Svenska Kraftnät (SVK) publicly offers access to the frequency statistics [23]. Fig-
ure 3.6 shows the system frequency for 2022–03–01 between the time of 06:00–07:00
to show frequency variations during an arbitrary day. The allowed frequency span is
marked, and the measurements indicate that the frequency normally is kept within
100 mHz from the nominal frequency.

Figure 3.6: Measured system frequency on 2022–03–01 during the time of
06:00–07:00, as well as indications of normal allowed frequency deviations from the
nominal [23]. Frequency data on the official SVK website is provided by Statnett.

3.2.3 Generator Requirements
In order to be allowed to connect a generating unit to the grid, specific requirements
must be met [22]. Firstly, the active power setpoint must be changeable with re-
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gards to what is instructed by the grid operator. A general requirement is that the
active power output of a generating unit should be adjustable such that it can be
changed from maximum generation to half within a time period of one minute [22].
There are also specific requirements regarding change in active power depending on
the type of generation unit, as different technologies act substantially differently.
This includes that the generating unit should be able to manage specific steps in
active power over a certain time period. For this purpose, BESS provide an ex-
cellent opportunity due to its possibility to quickly change its corresponding active
power exchange with the respective grid. This is because the BESS does not have
any rotating mass compared to many other commonly used generating technologies,
allowing more rapid changes due to the reduced mechanical constraints.

There are also requirements regarding the operation of generators within different
frequency ranges. For European grids, certain frequency requirements are entirely
regulated by the European Network of Transmission System Operators for Electric-
ity (ENTSO–E) [24]. Additionally, the basic guidelines are not strictly the same for
all grid regions. For the Nordic synchronous system, generating units are required
to continuously operate within the frequency region of 49–51 Hz. Outside of this
frequency window, units must only be able to operate for a defined time interval.
The set requirements for the Nordics is shown in Table 3.1.

Table 3.1: Required operation times for generating units connected to the Nordic
synchronous system [24]. The frequency range of 49.0 – 51.0 Hz is considered the
norm where continuous operation is expected. Outside of this frequency range,
generating units are only required to properly function for a limited time period.

Frequency Range Time period for operation
47.5 Hz – 48.5 Hz 30 minutes
48.5 Hz – 49.0 Hz To be defined by each TSO, but not less than 30 minutes
49.0 Hz – 51.0 Hz Unlimited
51.0 Hz – 51.5 Hz 30 minutes

3.3 Frequency Regulating Services
In order to maintain a system frequency that is close to that of the nominal so
that system stability is assured during normal operation, generating units can be
used to change their corresponding output power to balance the power system. This
is referred to Frequency Containment Reserve (FCR), where units have an active
power versus frequency characteristic similar to what is shown in Figure 3.5 pre-
sented in Section 3.2.2. Units providing this service are directly selling regulating
services to the power system, for which the corresponding owner is awarded. The
FCR–market is divided into two sections being Frequency Containment Reserve for
Normal Operation (FCR–N) [25] and Frequency Containment Reserve for Distur-
bances (FCR–D) [26][27]. The award for providing these services is determined
through bidding that occurs one and two days prior to when the unit in question is
to provide the agreed upon service.
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4
Battery Energy Storage Systems

This chapter serves as an introduction to BESS. It covers how BESS can be applied
for power system applications and the general structure of a grid–connected BESS.
Additionally, strategies of modelling batteries for simulation purposes are presented,
as well as important battery properties.

4.1 BESS for Power System Applications
Large scale energy storage systems have become attractive for power system appli-
cations due to several reasons. BESS offer the possibility to quickly change its active
power exchange with the grid that it is connected to. Therefore, the BESS can be
used efficiently should the grid face loss of generation or see significant increases in
load. Furthermore, BESS can be controlled in order to act as a reference machine
for a grid and hence decide the system frequency. This becomes an important trait,
as it enhances the possibility of running small, islanded power systems without con-
ventional synchronous machines should the main grid be out of service, which for
instance may occur due to generator tripping or damaged infrastructure. The appli-
cation of BESS is further expanded by the ongoing trend of replacing conventional
generation units using fossil fuels to renewable energy, mainly wind and solar [28].
This because of two main aspects, the first being that the transition to renewables
results in a reduced overall inertia of the power system, making it less redundant
in case of large load connections or generation losses [29]. For this purpose, BESS
can provide frequency support and quickly inject active power to counteract severe
frequency deviations and potential blackouts. The second aspect is that renewable
energy lacks the possibility of providing a sustained, reliable power output through-
out the day, as it depends on solar radiation and the wind. Therefore, BESS provide
an excellent possibility of being charged during times of high production, to be dis-
charged in order to compensate at times where production is low. This enhances
the motivation behind the BESS as the trending direction of generation technologies
may require significant storage capability in order to be feasible.

The major consequence of BESS for different applications, not only power systems,
is the manufacturing process of battery technologies. This includes that of lithium–
ion batteries as well as other popular battery chemistries [30]. Owing to this, the
investigation of alternative methods of production is a relevant topic, attracting
a significant amount of market participants. An example for this is the ongoing
planning for a large factory for battery manufacturing in Gothenburg by Northvolt
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and Volvo Cars [31]. These projects become significant factors for the installation
of large BESS and may elevate the motivation behind investing in storage systems.

4.2 BESS Structure

A BESS consists of multiple components in order to properly function in symbiosis
with a corresponding power system. The main electrical structure is constituted by
a battery and a DC/AC converter that acts as the interface between the battery
and corresponding connection point. However, in order to manipulate the BESS be-
haviour such that it can be controlled to act depending on the grid circumstances,
control strategies must be employed. This includes a controller for the converter,
modifying the output of the converter. Additionally, a Battery Management System
(BMS) is crucial in order to ensure that the battery operates safely and efficiently
to mitigate the possibility of battery destruction and lifetime reduction [32]. Bat-
tery protection is not included in this project, resulting in that the BMS has been
neglected. The general structure of a grid–connected BESS is shown in Figure 4.1.

Converter
Controller

Battery
=

~

DC/AC Converter

Battery
Management

System

Grid Interface

Figure 4.1: Generic structure of a grid–connected BESS. The primary elements are
the battery, converter, BMS and converter controller. The BMS monitors the
corresponding battery packs within the battery to ensure safe and reliable

operation, while the converter controller decides the BESS power exchange with
the corresponding power system.

4.3 Electrical Modelling of Lithium–Ion Batteries

This section aims to introduce the concept of modelling for lithium–ion batteries for a
power system application. Different approaches are mentioned, and the preferred for
the purpose of this project is motivated. Furthermore, some of the most important
parameters to consider when modelling lithium–ion batteries are highlighted. This
includes the impact of temperature, state of charge and capacity degradation.
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4.3.1 Equivalent Circuit Model Representation
As the dynamics of batteries are based on chemical reactions and processes, the
behaviour of battery cells depends on several physical properties that are constantly
changing with regards to the structure of the battery as well as the surrounding envi-
ronment. It is possible to derive and use electrochemical models to quite accurately
represent the physical behaviour of battery cells [33], based on physical properties
and chemical reactions. However, these models generally require significant com-
putational power and are difficult to accurately parameterize. An alternative is
to use an Equivalent Circuit Model (ECM) [34]. The purpose of this is to derive
battery models that can be represented electrically through passive electrical com-
ponents, and hence be more suitable for studies on power system level. There are
several methods to represent battery behaviour through ECMs, depending on the
required accuracy and the characteristics of the battery [34]. The general modeling
is based on a simple structure with a voltage source representing the Open–Circuit
Voltage (OCV) connected to impedance links. Figure 4.2 shows example struc-
tures of three different ECMs with gradually increasing complexity and accuracy,
where UOCV is the open–circuit voltage, R0 represents the ohmic resistance of the
battery, R1 and R2 the polarization resistances and C1 and C2 the polarization ca-
pacitances. Polarization is a complex dynamic of batteries that includes multiple
processes that occur [35]. This includes battery properties such as contact problems
between solid phases, mass transport limitations and that some chemical reactions
occur slowly [35]. For studies where it is important to very accurately represent the
battery dynamics, several RC–links of polarization impedance representations are
used, where each link is tuned differently to correspond to its own dynamic response.
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(a) Simple model, no polarization.

(b) First–order model.

(c) Second–order model.

Figure 4.2: Equivalent circuit models of lithium–ion batteries with increasing
complexity. The most trivial model (Figure 4.2(a)) consists of an OCV in series
with a pure resistance to account for the internal voltage drop of the battery.
Higher order models (Figure 4.2(b) and Figure 4.2(c)) include parallel RC

branches to represent polarization processes and hence present a more dynamically
accurate battery model.

The parameters of an ECM are commonly obtained through fitting according to
experimental testing on battery cells and can represent battery behaviour without
major error [36]. A drawback of this approach is that the individual impact of
effects on battery modelling can not be directly analysed to the same degree as
in electrochemical models unless targeted specified measurements are performed,
which in turn include several uncertainties. However, it can simulate battery be-
haviour during certain conditions with good precision and fast computation. This
becomes important when the battery is to be simulated for grid applications, where
the computational speed must be sufficiently fast. Furthermore, for power system
applications, it is important to be able to accurately determine the terminal voltage,
battery current, output power and SOC. This in turn to correctly estimate the state
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of the battery such that it operates within its specified allowed limits.

In order to estimate the terminal voltage at a given SOC, the corresponding transfer
function between terminal voltage and current can be used. For an arbitrary ECM
of order m, the transfer function is given according to Equation (4.1). The transfer
function illustrates the internal voltage drop of the battery from OCV to terminal
voltage, where R0, Rm and Cm are treated as functions of dynamic properties such
as SOC and temperature.

Ucell = UOCV − icell

(
R0 +

m∑
n=1

Rm

sCmRm + 1

)
(4.1)

4.3.2 Temperature
Temperature is an important parameter to consider when determining the perfor-
mance for a lithium–ion battery and has major effects on battery behaviour. Tem-
peratures below zero degrees celsius show a significant increase in internal resistance
and should hence be avoided [37]. The internal resistance generally always increases
with decreasing temperature. However, on the other hand, operation at high tem-
peratures can cause thermal runaway and direct destruction of the battery cell [37],
resulting in that Li–ion batteries require accurate strategies for temperature predic-
tion and control. The temperature also directly affects the available capacity of a
battery cell and very low temperatures can ultimately cause major losses of capac-
ity [38]. Nevertheless, one can decide to model batteries under the assumption of a
constant operating temperature in order to neglect this effect and make the dynamic
modelling significantly less complicated. This is generally a fair assumption as long
as the charging current is limited, and the battery stored within a confined space
with proper cooling such that the temperature can be controlled to what is desired.
For fast charging, temperature rise may be difficult to mitigate due to heating from
high currents. However, it should be noted, as previously highlighted, that the in-
ternal resistance is inversely proportional to the temperature. This results in that a
temperature rise may not be that detrimental to the impedance as long as a thermal
runaway is not triggered. Nevertheless, temperature also has a significant impact
on other important properties, which is brought to attention in Section 4.3.4.

4.3.3 State of Charge
The SOC represents a measure of the remaining capacity within a battery in com-
parison to the nominal capacity when the battery is fully charged. It is a direct
indication of how an operation depletes the charge of a battery. The OCV of a
lithium–ion battery is directly influenced by the SOC at a given moment, and in-
creases with the SOC [39]. This relation is obtained by performing experimental
measurements of the cell of interest, often in combination with tests for parameter
estimation as mentioned in Section 4.3.1. This can then be used during the operation
of the battery if the SOC is tracked in order to estimate the OCV. The measurement
of SOC can be done in multiple ways, where a commonly used method is Coulomb
Counting [39]. The method is based on measuring the current and integrating it in

23



4. Battery Energy Storage Systems

order to measure the charge throughput and hence the change in SOC as

∆SOC = 1
Qnom

∫ t2

t1
i(t) dt, (4.2)

where ∆SOC is the change in SOC, Qnom is the nominal capacity of the battery,
t1 and t2 the starting and ending time of charge or discharge. The main drawback
of this is that an initial SOC must be known in order for the measurement to be
reliable. If there is an initial error, the integration continuously increases the error
which can eventually lead to severe miss–estimations of the SOC. This would then
further follow that the OCV of the battery is also poorly estimated.

The operation of lithium–ion batteries is highly connected to the SOC at a given
time as the battery chemistry is continuously changing. The equivalent battery
impedance is greatly affected by the SOC and therefore also the terminal voltage
and current for a specific operation. The SOC at which a battery is stored has a
significant impact on its lifetime [40]. Storing a lithium–ion battery at high SOC can
enhance various ageing effects such as electrolyte decomposition and porosity [41].
Furthermore, charging a lithium–ion battery to high SOC with a high current can
cause direct destruction of battery cells as it can result in lithium plating [42],
forming dendrites that pierce the structure of the battery.

4.3.4 Capacity and Power Fade
The lifetime of a lithium–ion battery is commonly defined as the time from begin-
ning of life until the battery has reached a 20% capacity fade [43]. This means that
capacity degradation–rate must be monitored and preferably reduced as much as
possible without compromising the possibility of the battery to perform its assigned
tasks, in order to maximize the lifetime. The Depth of Discharge (DoD), being a
measure of how much of the SOC range that is used for each discharge or charge
cycle directly influences the number of cycles that can be expected during the life-
time of a battery [43].

Many aforementioned parameters have significant impact on the lifetime of a battery
cell. The primary parameters that impact battery lifetime are depth of discharge,
discharge rate and temperature [44]. In [45] it is mentioned that the capacity of a
lithium–ion battery degrades if the temperature is beyond 50◦ C, no matter of the
discharge rate or cell chemistry. Furthermore, storing a battery at a high SOC can
accelerate capacity fade [46]. All of these factors must hence be considered when
designing a BESS in order to maximize lifetime and overall performance, such that
the possible economical and environmental profits can be optimized.

4.4 Impacts of Second–Life Batteries
The target of the Sea Li–ion project is to use second–life lithium ion batteries to
design the onshore BESS. Following from this are environmental benefits compared
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to using new batteries, as the primary battery manufacturing process is unrelated to
the BESS. Additionally, the current, rapid trend of electric vehicles presents a sig-
nificant source of second–life batteries [47]. Due to the high required instantaneous
powers for sufficient acceleration in an electric vehicle, as well as the limited amount
of space and weight for batteries, a battery for this purpose has stricter requirements
to operate adequately. For grid applications, this issue is generally not a problem
as a BESS for this purpose can be significantly larger in space. This results in an
opportunity of combining the two applications to make more use of each produced
battery cell, elevating both environmental and economical aspects significantly.

Considering the reduced relative battery performance with that of beginning of life,
a consequence of using second–life batteries is that it introduces new challenges.
In [48], it is found that batteries with a high internal impedance may introduce
difficulties, should they be used during second–life for demanding applications. An-
other critical task is the difficulty of estimating when the second–life batteries can
no longer be used, as the corresponding battery degradation is currently relatively
unknown [49]. This may prove to be a difficult task, considering that a degradation
that is more rapid than anticipated can lead to battery failure before the estimated
end of life for secondary use. Additionally, [49], mentions the importance of moni-
toring how batteries are used in their first life, as many cells may be insufficient to
fulfill the requirements of second–life.
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5
Converters and Control Concepts

The most common control structures of converters and their fundamental operat-
ing principles are presented. The main difference between grid–forming and grid–
following converter structures are assessed. Furthermore, control–concepts used for
these converters are introduced. This serves as background theory for the imple-
mented converter control strategy, and an introduction to concepts that have been
investigated.

5.1 Converter Control Structures
The concepts of grid–following and grid–forming converters are discussed. The op-
erational control structures and differences are introduced. Furthermore, the advan-
tage of grid–forming control is highlighted and when it may be preferred to use.

5.1.1 Grid–Following Converter
Grid–following converters are often found as interfaces between generating units and
power systems. Commonly, these converters are fed with references of active and
reactive power in order to set the output voltage [50], and hence control the injected
current [51]. This is often done by the implementation of power controllers cascaded
with a current controller. However, in order to perform this action, knowledge of the
phase angle at the PCC is required in order to have the converter synchronized with
the grid. This is commonly achieved by implementing a phase–locked–loop [52].

5.1.2 Grid–Forming Converter
Grid–forming converters can conceptually be seen to have similar tasks as grid–
following converters, consisting of controlling the output active and reactive power
at the PCC (or by other words the power exchange between the grid and the con-
verter). However, as opposed to the operation of the grid–following converters, the
grid–forming converter is designed to control the voltage at the PCC, both in am-
plitude and phase [51], rather than the injected current. As a result, this converter
does not strictly require knowledge of the phase angle at the PCC, and can during
no–load operation act as a reference setpoint for the grid it is connected to [53]. This
becomes an important trait for grid–forming control, as it allows the converter to
be used efficiently as a reference machine for isolated grids during island operation.
This in turn results in the possibility of using the BESS to black–start islanded

27



5. Converters and Control Concepts

power systems, and to use it efficiently in combination with other generating units
that require a reference machine. Additionally, grid–forming converters can perform
better in weak grids and allow the possibility to provide virtual inertia to reduce
the Rate–of–Change–of–Frequency (RoCoF) following a grid disturbance.

The control of grid–forming converters can be designed by multiple methods such
as Power Synchronization Control, Virtual Synchronous Machines, Synchroverters
or Virtual Oscillators [51], where the characteristics of the control are different.
Often, the different controls are designed to perform certain operations and have
non–optimized behaviour for other aspects. The control concepts considered in this
project are presented in Section 5.2.

5.2 Converter Control Concepts
This subsection aims to introduce concepts for controlling grid–forming convert-
ers. The implementations of power synchronization control and virtual synchronous
machines are presented, as well as the control structure used in this project.

5.2.1 System Model for Control Derivation
The model used to derive control system approaches for the grid–forming converter
is shown in Figure 5.1. It consists of the BESS, modelled as a voltage source to
represent the battery behind an ideal converter. Furthermore, an impedance Zf is
added to represent the converter filter, being a series RL–impedance. Addition-
ally, the overlying grid is modelled as an ideal voltage source behind a series RL–
impedance Zg, to represent the strength of the grid. For a strong grid, the equivalent
grid impedance Zg is low whereas for a weak grid, the corresponding impedance is
higher.

PCC GridBESS

Figure 5.1: Simplified network model used for derivation of control concepts for
grid–forming converter. The model consists of a voltage source representing the
BESS with a series RL–filter Zf as well as the overlying grid, together with the

grid equivalent impedance Zg.

5.2.2 Power Synchronization Control
A widely known and used concept in power system analysis is the theory behind how
active and reactive power is connected to the angle difference between buses and volt-
age magnitudes [54]. The active power transfer between two points is strongly con-
nected to the difference in phase angle, while the reactive power transfer is strongly
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connected to the difference in voltage magnitudes. The active power exchange be-
tween two arbitrary buses can be expressed as

P = VsVr

X
sinδ, (5.1)

where Vs is the voltage magnitude from the sending bus, Vr the voltage magnitude
at the receiving bus, X the total reactance between the buses and δ the difference in
voltage angle. Power Synchronization Control (PSC) is a method of synchronization
by using an active power controller. The active power controller ensures that the
system approaches the reference active power by changing the reference voltages
used for the Pulse Width Modulation (PWM) pattern of the converter. A method
to synchronize the active power to the reference is presented in [54], where the basic
system block diagram is shown in Figure 5.2 and the adopted control law is given
as

d∆θ
dt

= ω1 +Kp(P ∗ − P ), (5.2)

where d∆θ
dt

is the change in angle with respect to time, ω1 the nominal system
frequency, Kp the active power controller proportional gain, P ∗ the reference active
power and P the measured active power transfer.

+
-

Figure 5.2: Block diagram of basic PSC structure, consisting of proportional
control parameter Kp and the corresponding transfer function between θ and P ,

expressed as JPθ(s) [54].

Furthermore, [55] suggests adding an active damping term to mitigate oscillations
around the power reference setpoint. This is done by feeding the measured dq–frame
current through a high–pass filter as well as a gain block and subtracting it from the
nominal voltage magnitude in the dq–frame. The resulting inner control structure
of this controller is shown in Figure 5.3.
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-
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Figure 5.3: Block diagram of PSC control structure with active damping from
measured current from [55].

The tuning of Kp is suggested from [55] to be set according to

Kp = ω1Ra

κV 2 , (5.3)

where Ra is the introduced active damping resistance, κ a constant depending on
which transformation method between abc/αβ–frame that has been used (κ = 1
for power invariant transformation, which has been used for this project) and V
the nominal voltage magnitude of the system in dq–frame. The active damping
resistance Ra originates from that [55] recommends subtracting a high–pass filtering
from the voltage magnitude V , which is governed by the transfer function of

Ha(s) = Ra
s

s+ ωb
, (5.4)

where ωb the filter bandwidth, typically selected depending on the nominal angular
frequency as

ωb ≈ 0.1ω1. (5.5)
The high–pass filter is used in order to reduce oscillations of the system by using the
measured current, which otherwise can be prone to significant oscillations in output
active power P , resulting in a less stable system operation.

5.2.3 Virtual Synchronous Machine
One disadvantage with the active power control presented in Section 5.2.2 is that
it does not allow the converter to provide virtual inertia to the system. Inertia
is an important characteristic of power systems which is directly connected to the
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robustness of the system. The transition from large rotating machines to converter–
based generation directly reduces the direct inertia of a power system. This may
result in systems where a high RoCoF is possible, which raises concerns regarding
system stability. Therefore, it is desired to design converter control interfaces such
that virtual inertia [56] can be achieved. A well–researched and relatively simple way
of implementing this is to mimic the behaviour of synchronous machines by Virtual
Synchronous Machines (VSM) [57]. Synchronous machines are typically described
through the swing equation, and [58] shows the conventional VSM control structure
as

θ = 1
s
ωconv = 1

s

[
ω1 + 1

sM +KD
(P ∗ − P )

]
, (5.6)

where θ is the angle of the voltage at the converter, M the virtual inertia scaled to
ω1, KD the virtual mechanical damping constant and P ∗ the reference active power.
Additionally, M is found from the virtual inertia constant H and ω1 through

M = 2Hω1. (5.7)

Comparing Equation (5.6) with the transfer function presented in Equation (5.2),
it can be seen that the active power control gain Kp can be replaced by the swing
equation as

Kp = 1
sM +KD

. (5.8)

The new closed–loop system of the active power–control can then be expressed by the
block diagram shown in Figure 5.4, where the variables Vc, Vg and Xf represent the
grid voltage magnitude, converter voltage magnitude and converter filter reactance.

-
+

+
+

Figure 5.4: Block diagram for PSC with Kp replaced by swing equation. The
system transfer function between θ and P is expressed as VcVg

Xf
.

The closed–loop transfer function Gcl VSM(s) for the VSM control structure in Fig-
ure 5.4 is given by

Gcl VSM(s) =
1

sM+KD
1
s
VcVg
Xf

1
sM+KD

1
s
VcVg
Xf

+ 1
. (5.9)
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Resulting is that the expression of Gcl VSM(s) corresponds to a second–order transfer
function H(s) with the characteristic of

H(s) = ω2
n

s2 + 2ζωns+ ω2
n
, (5.10)

where ωn is the natural angular frequency and ζ the damping ratio. By comparing
Gcl VSM(s) withH(s) the representation of each term can be assessed, and the control
structure can be tuned so that the desired natural angular frequency and damping
can be obtained.

5.2.4 Active Power Control with PI–Controller
A significant drawback with using the VSM from Section 5.2.3 for the active power
control is that the control becomes incorrect should the grid frequency deviate from
the nominal frequency, according to the damping term KD. Resulting is a steady–
state error between the output power of the converter and the set reference power. To
mitigate this, the implemented swing equation can be replaced by a PI–controller
that is able to force the steady–state error in power to zero. This becomes an
important trait, as the system frequency more often than not deviates from the exact
nominal frequency, ultimately resulting in that the PI–controller is arguably the best
choice for the converter control for this application. The block diagram for the PSC
with a PI–controller is shown in Figure 5.5, where Kp represents the proportional
gain and Ki the integral gain. A feedback of the power P is implemented through
a gain Ra1 in order to implement active damping. This is done in order to reduce
overshoots in active power output when a new reference power setpoint is given.
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+
- -

+ +
+

x

x

+
-

Figure 5.5: Block diagram of active power controller, constituted by a
PI–controller that takes measured active power and active power reference as

input. A damping term Ra1 is added to reduce overshoots in active power output
when a reference power is given to the control system.

The tuning of Kp, Ki and Ra1 are attempted through two strategies, where the
first strategy is presented in [59] and [60], whereas the second approach is based on
deriving the closed–loop transfer function. The purpose of both strategies is to tune
the parameters such that the pole of the closed–loop transfer function is cancelled.
The effect of this is to cancel overshoots in the active power generated, as significant
overshoots are not allowed and may damage equipment. The block diagram of this
system representation is shown in Figure 5.6.

-

+
+

-
+

Figure 5.6: Block diagram of active power control with PI–controller.
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The closed–loop transfer function of this system configuration can be derived by
the same strategy as applied in Section 5.2.3. For this case, the transfer function
includes an inner closed-loop transfer function Gcl,i(s) that can be expressed as

Gcl,i(s) =
1
s
VcVg
Xf

1
s
VcVg
Xf
Ra1 + 1

. (5.11)

Simplifying the expression and introducing K ′ = VcVg
Xf

yields the expression for the
inner closed–loop transfer function as

Gcl,i(s) = 1
sK ′ +Ra1

. (5.12)

Using the expression for Gcl,i(s) from Equation (5.12), the full closed–loop transfer
function is given as

Gcl,PI(s) = Kps+Ki

s2K ′ + s(Ra1 +Kp) +Ki
. (5.13)

This can be seen as a generic transfer function G(s) with the bandwidth α with the
corresponding shape of

G(s) = αs+ α2

s2 + 2αs+ α2 . (5.14)

In order to remove overshoots in the system response, the pole of the closed–loop
transfer function should be eliminated. By setting Gcl,PI(s) = G(s), the tuning for
the corresponding PI–controller in the control–loop can be found as

α =
√
Pmax

M
(5.15)

Ki = α2

Pmax
(5.16)

Kp = α

Pmax
(5.17)

Ra1 = Kp, (5.18)

where α is the bandwidth of the controller, Pmax the maximum power transfer be-
tween the converter terminal and the PCC as Pmax = VcVg

Xf
and M the virtual inertia

scaled to ω1. The controller takes input signals corresponding to the measured active
power P at the PCC, the reference power P ∗ and the αβ–frame currents iα + jiβ.
The powers are fed through a PI–controller which gives an output that corresponds
to a differential angular frequency, which is then subtracted from the nominal an-
gular frequency of the system. Integrating the angular frequency gives the resulting
phase angle. The required voltage magnitude together with the phase angle yields
the corresponding reference voltages in αβ–frame.

5.2.5 Voltage Control
In order to prevent the voltage at the PCC from deviating significantly from the
nominal value, a voltage controller can be implemented. The controller can be
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designed as a pure integrating controller as suggested in [60]. The block diagram
of the voltage controller is shown in Figure 5.7, where |Vdq| is the measured voltage
magnitude in dq–frame, Vnom the nominal voltage, |V ∗dq| the resulting controlled
voltage and Kivc the integrator gain.

+
-
+

+

Figure 5.7: Block diagram of voltage controller that keeps the voltage at the PCC
close to the nominal voltage. The controller compares the measured PCC voltage

magnitude in dq–frame with the nominal voltage magnitude.

The integrator gain is tuned according to [60] as

Kivc = αvc(Xf +Xg)
Xg

, (5.19)

where αvc is the bandwidth of the voltage controller, Xf the filter reactance of the
converter and Xg the reactance of the grid. The voltage controller can be connected
in cascade with the active power controller presented in 5.2.4. Therefore, [60] sug-
gests that the bandwidth of the voltage controller is set greater than that of the
active power controller.

5.2.6 Frequency Control
A frequency controller can be designed as a simple proportional controller that
takes the measured frequency as input and subtracts it from the nominal frequency.
The result is fed through a proportional gain that scales the frequency deviation to
represent a reference power that should be fed to the system. The block diagram of
such a frequency controller is shown in Figure 5.8. This creates a droop characteristic
where the proportional frequency controller gain Kp freq represents the droop setting
of the BESS.
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+
- +

+

Deadband Limiter

Figure 5.8: Block diagram of frequency controller to provide reference active power
setpoint for BESS control system. The control system takes the measured system
frequency and compares it to the reference frequency to set the corresponding

reference active power.

This topology of frequency controller will cause the BESS to charge or discharge
whenever the system frequency deviates more than the defined deadband from the
nominal frequency. This may not be desired, as it would result in that the BESS
can discharge quickly as it could be in continuous operation if the load increases. To
mitigate this, an alternative is to design the frequency controller such that the BESS
assists the grid with active power should there be an event that changes the system
frequency, but then slowly reduce its active power output to zero. This can be done
by adding a high pass filter to the frequency controller, where the corresponding
time constant determines the time for the BESS output power to reach zero. The
adjusted frequency controller can be seen in Figure 5.9. The result of this strategy is
that the initial frequency response increases as the BESS activates, but the steady–
state frequency will eventually converge to the same as without the BESS.

+
- +

+

Deadband Limiter

Figure 5.9: Block diagram of adjusted frequency controller with high–pass filter to
slowly set the adjusted output active power of the BESS due to a frequency

deviation to zero after an event.
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System Realization

The block diagram for the battery model is introduced along with motivated assump-
tions regarding battery dynamics. The complete model for controlling the BESS is
presented as well as the model for the gas turbines in Rya. Results of verification
simulations for the used models are included to motivate the behaviour of various
elements of the system.

6.1 Battery Modelling
The battery is modelled as a first–order equivalent circuit model (see Figure 4.2(b)),
in order to represent its dynamic response. Data from published estimations of bat-
tery ECM parameters to measured data is used [61][62]. The battery is modelled
to have changing characteristics with regards to SOC and temperature, as these
parameters generally have the most significant impact on battery behaviour. An
assumption is made that the battery is contained within a well isolated area with a
proper cooling–system. Following is that the temperature during operation can be
assumed constant. In reality, the temperature will vary due to several factors, espe-
cially the charging or discharging current flowing through the battery. However, this
would mainly correspond to a rise in temperature, which would result in a reduced
voltage drop across the internal impedance of the battery. Therefore, this would
not have a significant impact regarding the charge or discharge speed of the battery,
meaning that it is not a detrimental assumption for this analysis. The temperature
should for the full system behaviour be monitored carefully, especially to prevent
thermal runaway and battery destruction, as the temperature impacts the chemical
reactions inside the battery.

The battery model is first realized in Simulink in order to verify the mathemati-
cal representation. The battery is discharged with a predefined current in order to
study and verify the response of the battery. Once the model is verified to function
as intended, it is created in PowerFactory by using the same approach.

A mathematical representation of the battery is constructed as a block diagram
shown in Figure 6.1. The block uses the estimated battery current in order to
calculate the resulting SOC from charging or discharging. Furthermore, once the
SOC is known, the corresponding output voltage of the battery is calculated through
the defined relation of battery impedance voltage drop with SOC and temperature.
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Figure 6.1: Mathematical representation of the battery model. The measured
current and temperature are taken as input, where in turn the SOC and resulting

battery terminal voltage are found.

6.2 BESS Representation
Due to the complexity of building a converter that has sufficiently low switching
harmonics, the BESS representation in the physical grid is simplified. This is done by
modelling the grid–forming converter together with the battery as a static generator.
The static generator acts corresponding to a set reference voltage which decides the
output voltage of the device. The result is that the static generator represents the
battery behind an ideal converter. The motivation behind this methodology is that
the converter design is not included in this thesis and that the converter design
for a real implementation is not yet determined. However, it should be highlighted
that the converter has a significant impact for the overall performance of the power
quality of the BESS, as well as its limitations during operation.

6.3 Control System Setup
The full control system includes the control of a grid–forming converter as well as
the control and model of the battery. This includes active power control, voltage
control, frequency control (or an active power setpoint depending on the operational
mode), terminal voltage estimation and SOC estimation. A representation of the
control system for the study is shown in Figure 6.2. An assumption is made that
any required measurement is available for use, mainly being information regarding
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the PCC where the BESS connects to the power system and load buses. The flow
of active power at the PCC is measured and fed to the active power controller
together with a set reference power which is obtained either through a frequency
controller or an active power setpoint. The controller then forces the measured
active power at the PCC to equal that of the reference and finds the corresponding
angular frequency ω and phase angle θ. The phase voltages are measured at the
PCC, transformed to αβ–frame by power–invariant Clarke transformation and then
transformed to dq–frame by Park transformation [63]. The magnitude of the dq–
voltage is fed into the voltage controller which attempts to keep the voltage close
to the nominal system voltage. The output of the voltage controller is then fed to
the active power controller in order to set the magnitude of the reference voltage.
Using the obtained voltage magnitude and phase angle, the reference voltages are
found and fed as inputs to the grid–forming converter. The corresponding output
power of the battery is monitored and fed to the battery model in order to find the
battery current and monitor the SOC and terminal voltage.

3-Phase
Current

Measurement

3-Phase
Voltage

Measurement

3-Phase
Power

Measurement

Voltage
Controller

Active Power
Controller

Battery Model

Converter

Frequency
Controller

Frequency
Measurement

Figure 6.2: Representation of full control system for BESS. This includes
measurements of active power, currents and voltages. The measured quantities are

transformed to αβ–frame and dq–frame, and fed to the corresponding control
system models.

6.4 Modelling of Gas Turbines in Rya CHP Plant
Due to limitations in available information, the gas turbines of Rya CHP plant
are modelled as general gas turbines with commonly used templates. The turbines
are in PowerFactory represented by a governor and an excitation system behind a
synchronous machine template. The governor estimates the mechanical power of
the turbine, and the IEEE GAST–model is used, due to its relative simplicity and
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that it is commonly applied [64]. The excitation system estimates the excitation
voltage of the machine. In this project, the IEEE AC8B model is used. The result
of this approach is that Rya CHP plant is not directly modelled due to its individual
characteristics, but seen as a general, arbitrary representation of gas turbines. In
order to assure that the characteristics of the gas turbines are realistic, data from a
95 MVA gas turbine in [64] is used for the governor model. The three gas turbines
of Rya are aggregated to a single, large gas turbine with a maximum power output
of 135 MW. The characteristics of the governor are shown in Table 6.1. In order
to confirm that the gas turbine behaves as expected, a load rejection simulation is
performed. This is included in Appendix A.

Table 6.1: GAST governor parameter characteristics for reference 95 MVA gas
turbine [64].

Parameter Setting
Permanent droop [p.u.] 0.042

Governor time constant [s] 1.5
Turbine power time constant [s] 0.1

Turbine exhaust temperature time constant [s] 3
Temperature limiter gain [p.u.] 1

Ambient temperature load limit [p.u.] 1
Turbine damping factor [p.u.] 0
Minimum turbine power [p.u.] -0.02
Maximum turbine power [p.u.] 1

Inertia constant [s] 6.5

6.5 Verification of Model Implementations
This section aims to verify that the derived models function as intended. A constant
current discharge and charge test is conducted for the battery. The BESS control
system is verified by applying a step in the reference active power.

6.5.1 Battery Model Verification
The battery model is verified through simulations in Simulink where the battery is
operating on its own without being connected to a grid. The battery is discharged
from its maximum allowed SOC of 0.9 to the minimum of 0.1 and charged vice versa
with a constant current of 1C, corresponding to a full discharge or charge in one
hour. This is done by connecting a constant corresponding to the rated current of
the BESS to the measured current used as input to the battery model. This means
that a correct estimation of SOC would indicate that a full discharge or charge will
take 60 minutes. The SOC, current, OCV and terminal voltage is calculated and
monitored. The profiles of the test are shown in Figure 6.3. The result is verified
by analysing the SOC, and it can be seen that the time in order for the battery to
discharge respectively charge is 48 minutes. This is expected as the battery SOC
range is 80%, while the current is chosen to have a full discharge in 60 minutes.
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The result shows the voltage profile at the terminal voltage compared to the OCV,
depending on both the SOC at a given moment and the connection between battery
impedance to SOC and current.
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Figure 6.3: Battery SOC–profile, current, OCV and terminal voltage for 1C
discharge and charge in a SOC range of 0.9–0.1.

6.5.2 BESS Control System Verification
The control system for the grid–forming converter is verified by applying steps to
the reference power which should be followed by that the BESS changes its corre-
sponding output power. Therefore, the frequency controller is replaced by a simple
step in active power reference. The system is designed to act as a first–order re-
sponse to a step change in active power reference. The system used to verify the
behaviour for the BESS in PowerFactory is shown in Figure 6.4. A static generator
is used to represent the battery behind an ideal converter to remove the impact of
switching harmonics. The connecting grid is modelled as an ideal voltage source
with an internal series impedance constituted by a resistor and an inductor. The
verification is based on that the initial condition for the BESS is to not provide any
active power and the resulting active power exchange between the grid and BESS
should be zero. At the time of one second in the simulation, the reference power
is stepped to one per unit, and stepped back to zero again at four seconds. The
resulting active power exchange and reference power with different grid strengths is
shown in Figure 6.5. The tuning of the controller is done under the assumption of
an infinitely strong grid. This is never true, and Figure 6.5 shows how the accu-
racy of the tuning changes with the Short–Circuit–Ratio (SCR). A weak grid has
a low SCR, and a high equivalent impedance, resulting in a more severe overshoot
in active power compared to a strong grid. This shows that the derived controller
performs worse in a weak grid while it performs well in strong grid conditions.
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Figure 6.4: Testing system for BESS control consisting of BESS, converter filter
and grid.
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Figure 6.5: Control system response when active power reference is stepped from 0
to 1 p.u. and vice versa for grid strengths with SCR = 2, SCR = 10 and SCR = 20.

6.5.2.1 Effect of Active Damping from Measured Power

The derived control structure from Section 5.2.4 contains an active damping term
P · Ra1 that is added to the output of the PI–controller. As already covered, the
purpose of this is to prevent overshoots in active power output when the reference
power changes. In Figure 6.5, it can be observed that a weak grid is subject to
overshoots even if the damping term is included. Figure 6.6 shows the corresponding
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controller response for a strong grid with an SCR of 20 for the derived controller in
Section 5.2.4, as well as the controller response if the introduced damping term is
removed. The result shows that the damping term efficiently reduces the overshoots
and that the controller is subject to severe overshoots even for a strong grid should
the damping term be removed. By comparing Figure 6.5 and Figure 6.6, it can be
observed that the corresponding controller without active damping for a strong grid
performs worse than the controller with active damping in a weak grid.
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Figure 6.6: Response of BESS when an active power step of 1 p.u. is applied and
removed with and without the damping term Ra1 from the measured power.

6.5.2.2 Effect of Active Damping from Measured Current

In order to reduce oscillations in active power output of the BESS, a damping term
is subtracted from the voltage setpoint by using the measured current. The result
of removing this damping term is shown in Figure 6.7. It can be observed that the
system is subject to high frequency oscillations around the active power setpoint
before reaching a steady value if the damping term Ra is removed. This highlights
the importance of the damping, as it prevents oscillations which would otherwise be
present when the active power setpoint of the BESS changes.
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Figure 6.7: Response of BESS when an active power step of 1 p.u. is applied and
removed with and without the damping term Ra from the measured current.
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7
Simulation Models and Case

Studies

This chapter aims to introduce methodology behind the conducted case studies. This
includes the categories of grid–connected and islanded operation. The corresponding
grid model used in PowerFactory for each simulation case is introduced. An overview
of the simulation cases is also presented.

7.1 Overview of Simulation Cases

The studied simulation cases are divided in two subcategories, being grid–connected
and islanded operation. Table 7.1 shows the corresponding simulations that have
been studied, as well as the section where the procedure of each corresponding case
is described. The simulation results are presented in Chapter 8.

Table 7.1: investigated simulation cases, including the corresponding simulation
names as well as a reference to the section where each simulation is described in

detail. Furthermore, the power system model used for each simulation is presented.

Simulation Case Name Case Description Grid Model
Grid–Connected Charging of Ferry Section 7.2.2 Section 7.2.1
Islanded Charging of Ferry Section 7.3.2 Section 7.3.1
Frequency Response Improvement Section 7.3.3 Section 7.3.1
Impacts of Reaching SOC Limits Section 7.3.4 Section 7.3.1
Frequency Controller Gain Section 7.3.5 Section 7.3.1
Impact of BESS Inertia Constant Section 7.3.6 Section 7.3.1

7.2 Grid–Connected Model and Case Studies

As the majority of this project investigates islanded operation, only a simplified
simulation is conducted for grid–connected operation. This section introduces the
simulation model for this purpose used in PowerFactory as well as the method of
the simulation in question.
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7. Simulation Models and Case Studies

7.2.1 Simulation Models for Grid–Connected Operation
To investigate the impact on system frequency of connecting the electric ferry to
the main grid, the system in Figure 7.1 is used. The model consists of the BESS,
electric ferry as well as an external, aggregated grid represented by a hydropower
plant. The purpose is to provide a simple model to represent the Swedish power grid
in order to analyse if the electric ferry has any impact on the main grid stability.
The hydropower unit is assumed to correspond to a sufficient representation of the
Swedish power system considering the high penetration of hydropower. For the
simulation purpose, the BESS is taken out of service so that only the aggregated
generator feeds the electric ferry.
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Figure 7.1: One–line diagram for grid–connected operation for frequency response
analysis. The grid consists of an aggregated hydropower plant, BESS, electric ferry

and aggregated loads.

To investigate how the strength of the synchronous grid affects the eventual need
for the BESS, the simulation model in Figure 7.2 is used. For this purpose, the
hydropower plant from Figure 7.1 is replaced with an external grid model where the
equivalent short–circuit power can be specified and changed accordingly. The esti-
mated, rated short–circuit power at the connection point of the harbour is provided
by the local DSO Göteborg Energi [65].
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Figure 7.2: One–line diagram for grid–connected operation for Voltage magnitude
analysis. The grid consists of an external grid, BESS, electric ferry and aggregated

loads.

7.2.2 Grid–Connected Charging of Ferry
In order to understand whether there is a purpose for the BESS to be used for grid
stabilization when the ferry is connected or not, the Swedish grid is modelled as an
aggregated hydropower plant. The ferry is then connected for the case when the
BESS is not present, and the frequency response is analysed. This is because the
ferry represents a rather insignificant load compared to the entirety of the power
system. Therefore, there may not be a purpose for the BESS to provide stabilizing
services for when the ferry is connected. However, the BESS can be used to assist
the charging of the ferry if the main grid is heavily loaded such that the harbour
is restricted in terms of power exchange from the main grid. For this situation,
the BESS can be used to provide the missing active power. This would be a rare
occurrence, as the local grid owner is usually able to reliably provide the agreed
upon power. The system setup for this simulation is shown in Figure 7.1. Note that
the BESS is disconnected from the main grid when the original frequency response
is tested.

The simulation is conducted for two cases, being when the synchronous power system
is considered according to what is specified from [65] and when the grid is weak where
the equivalent short–circuit power is ten times lower. This changes the equivalent
impedance that connects the external grid to the harbour and hence the voltage
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7. Simulation Models and Case Studies

profile when a current flows from the grid to the harbour when a load is connected.

7.3 Simulation Model and Case Studies for Is-
landed Operation

Islanded operation constitutes the majority of the investigated simulation cases.
This section introduces the simulation model used for islanded operation in Power-
Factory as well as the method behind each simulation.

7.3.1 Simulation Model for Islanded Operation
The setup used for islanded operation is shown in Figure 7.3 and consists of two
generating units, being the BESS and the gas turbines from Rya. The grid is
designed so that the BESS is connected to a dedicated 10 kV bus. The bus is
connected through 10 kV cables to the connection point of the ferry and harbour
loads, as well as to the closest substation. The harbour grid and Rya are connected
via 10/130 kV transformers. Furthermore, an aggregated load is added on the island
130 kV grid bus to simulate other loads in the islanded grid and motivate that the
islanded grid is operating in steady–state prior to the connection of the electric ferry.
Cable and transformer data is chosen with regards to standards of Göteborg Energi.
Due to confidentiality reasons, the amount of parallel units or cable lengths could
not be shared. Therefore, the amount of parallel cables and transformers are chosen
such that the maximum estimated power transfer is below the total nominal of the
elements. However, the impact of these assumptions on the islanded grid behaviour
is very small, mainly due to that the short cable length limits the cables impact.
If the physical transmission distance would be longer, the impact would be more
significant.
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Figure 7.3: One–line diagram for islanded grid used for simulations in
PowerFactory, consisting of BESS together with the BESS converter filter as well

as gas turbines, electric ferry and aggregated loads.

7.3.2 Islanded Charging of Ferry
The impact of the charging of the ferry becomes significantly more noticeable if the
charging occurs for an islanded power system as the ferry represents a larger load
in relation to the grid size. Therefore, the islanded grid in Figure 7.3 is used. In
order to analyse the impact of the BESS, cases are observed where the grid is only
controlled by the gas turbines and when the BESS offers support to stabilize the
grid. In order to simulate the grid without BESS, the branch where the BESS is
connected is simply taken out of service to create the alternative islanded grid. The
ferry is connected by ramping its corresponding active power load during different
time windows in order to analyse the frequency response, active power contribution
from BESS and gas turbines as well as voltage magnitude at the connection point
of the ferry. This simulation is done for two cases, where the ferry is connected by
ramping from zero to nominal load within one second and ten seconds respectively.
Notable is that a continuous ramping of loads is not available for Electromagnetic
Transient (EMT) simulations in PowerFactory, as loads are modelled as fixed, con-
stant impedances. Therefore, ramping is achieved by dividing the ferry in multiple
segments of small instantaneous steps to imitate a constant ramping behaviour. This
causes the waveforms to appear more abrupt than what in reality would happen, es-
pecially for the voltage profile and the slow connection strategy. The corresponding
information regarding the two simulations is shown in Figure 7.2.
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Table 7.2: Considered connection methods for electric ferry. Two cases are
investigated where the ferry is connected fast during a ramp of one second and

slow during a ramp of ten seconds respectively.

Case Name Ramp Duration [s] Ramping Rate [MW/s]
Fast Ramping 1 40
Slow Ramping 10 4

7.3.3 Frequency Response Improvement
As it may be undesired to continuously discharge the BESS when the electric ferry
is connected should there be sufficient power available from the gas turbines, the
islanded system response is analysed if the adjusted frequency controller presented
in Figure 5.9 is used. For this purpose, the electric ferry is connected as a ramped
load from 0 to 40 MW in one second to provide a significant grid event. The purpose
of this is to illustrate how the BESS can be used to quickly inject active power to
make the islanded grid more robust, without continuous discharge.

7.3.4 Impacts of Reaching SOC Limits
The BESS is set to operate in a SOC range of 0.9–0.1. If a limit is reached through
charging or discharging, the BESS will terminate its current operation to not over-
charge or over–deplete. The islanded grid response to these actions is analysed in
order to understand how the gas turbines will act once the BESS is unable to provide
support and must initiate charging, or when charging must be terminated. The im-
pact of hitting the lower SOC limit and initiating charging is investigated by having
the BESS provide support to the gas turbines when the electric ferry is connected.
The SOC limit is hit and once the gas turbines find a new steady frequency, charg-
ing is initiated. The charging power is set such that the battery will charge fully in
three hours. The BESS is then charged to the maximum SOC limit, when charging
is terminated and regulation support once again initiated.

7.3.5 Frequency Controller Gain
The gain of the frequency controller directly corresponds to the droop setting of the
BESS and dictates how much active power that the BESS will inject to a given fre-
quency deviation. In order to show the impact of varying this variable, a simulation
of connecting the electric ferry is conducted for two different frequency controller
gain settings, being the base–case of Kp freq = 25 and a case where Kp freq = 100.
This to illustrate how the parameter impacts the BESS behaviour and showcase
benefits and consequences of adjusting the gain.

7.3.6 BESS Virtual Inertia Constant
A benefit of the grid–forming control is as previously mentioned that it allows the
BESS to provide virtual inertia to the system and therefore impact the initial RoCoF
during an event in the islanded grid. Therefore, to analyse if the BESS is able
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to provide significant virtual inertia, the impact of the virtual inertia constant is
investigated. A simulation where the electric ferry is connected as a load ramp with
a connection time of one second from zero to nominal loading is implemented. The
virtual inertia constant is varied in order to investigate if the BESS is able to provide
relevant inertia to the islanded system and hence impact the initial RoCoF during
an event. The tested cases of virtual inertia constants correspond to a value of H =
5 s, H = 10 s, H = 20 s and H = 30 s.
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8
Simulation Results

This chapter presents the results for each simulation study introduced in Chapter 7.
This includes connection of the electric ferry to the synchronous grid, connection
of the electric ferry to the islanded power system, impacts of hitting SOC limits,
alternative frequency controller, impact of the frequency controller gain and the
virtual inertia constant of the BESS.

8.1 Connection of Electric Ferry to Main Grid
This section aims to investigate if the connection of the electric ferry Stena Elektra
has a significant impact on the synchronous power system. The analysis is done for
two cases where the grid is first modelled according to data given from Göteborg
Energi, and then changed to correspond to a weaker grid. The corresponding system
frequency response when the external grid is modelled as an aggregated hydropower
plant is investigated. Furthermore, the voltage magnitude where the electric ferry
is connected is presented for the estimated grid strengths.

8.1.1 Synchronous System Frequency for Electric Ferry Con-
nection

Figure 8.1 illustrates an estimated synchronous system frequency response to the
connection of the electric ferry. The result indicates that the frequency is merely
affected by the connection and that the electric ferry corresponds to an insignificant
load compared to the synchronous system as a whole. The maximum frequency de-
viation as a consequence of the connection is within the expected frequency window
presented in Figure 3.6 in Section 3.2.2. This means that no action to reduce the
impact of the electric ferry on the synchronous power system is required.
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Figure 8.1: Synchronous system frequency when the external grid is modelled as
an aggregated hydropower plant and the electric ferry is connected.

8.1.2 Connection of Electric Ferry to Estimated Grid Strength

Figure 8.2 shows the voltage profile at the bus where the electric ferry is connected.
At five seconds in the simulation, the ferry is connected as a ramp over one second
from zero to nominal loading. The corresponding voltage at the ferry bus decreases
equivalently and it can be seen that the resulting voltage is close to the nominal.
This is well within the specified limits by the DSO and the connection for this case
should not cause problems regarding voltage magnitude. The result shows that the
grid strength at the connection point is relatively strong and regardless that the
electric ferry represents a relatively large load, the resulting voltage magnitude does
not become a problem.
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Figure 8.2: Voltage magnitude at electric ferry connection point when external
grid strength is chosen according to data from [65].
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8.1.3 Connection of Electric Ferry to Weak Grid
A weak grid is prone to more significant voltage magnitude variations when a change
in load occurs. Figure 8.3 shows the voltage magnitude at the electric ferry when it
is connected to a grid that has an equivalent short–circuit power that is ten times
lower than the rated given in [65]. It can be observed that the corresponding voltage
drop is now significantly higher than what was found in Figure 8.2 in Section 8.1.2.
The maximum allowed voltage drop is 10%, as specified by the DSO in Section 3.2.1.
This means that the connection is feasible also for the weak grid configuration and
indicates that the electric ferry does not represent a significant enough load to cause
severe grid problems.

0 10 20 30 40 50 60 70 80 90

0.9

0.95

1

1.05

Figure 8.3: Voltage magnitude at harbour connection point when the electric ferry
is connected to a weak external grid.

8.2 Connection of Electric Ferry to Islanded Grid
To investigate the impact of the BESS on the islanded power system, the electric
ferry is connected for the cases when the BESS is providing support and when it
is not present. This in turn is conducted for two cases, where the electric ferry is
connected fast and slow respectively.

8.2.1 Fast Connection of Electric Ferry
The result for the simulation case introduced in Section 7.3.2 is presented. Figure 8.4
shows the islanded system behaviour when the BESS is not included in the islanded
grid. This includes electric power and mechanical power output of the gas turbines,
active power flow to the ferry load, system frequency and voltage magnitude at the
point where the electric ferry is connected. At the simulation time of five seconds,
the electric ferry is connected as a load and rapidly increases to its rated load. This
causes an increased requirement of active power output of the gas turbines. It can
be observed that the mechanical power has a slower change than the electric power,
which by the swing equation results in a RoCoF until the two are equivalent. The
system is prone to a few oscillations before reaching a new steady–state where the
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electric and mechanical power are equal at a lower corresponding frequency accord-
ing to the droop–setting of the gas turbines.
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Figure 8.4: Change in electric and mechanical power output of gas turbine, load
power of the electric ferry, as well as system frequency response and voltage

magnitude at ferry bus for connection of electric ferry when BESS is not present
during a fast connection strategy.

The same simulation is carried out for when the BESS is connected to the islanded
grid to provide frequency support. The same system properties as previously pre-
sented, with the addition of the electric power output of the BESS are shown in
Figure 8.5. The result shows that the increased load is now shared between the
gas turbines and the BESS, depending on the droop–setting of the two units. The
resulting oscillations and overshoots are significantly reduced and the system be-
haviour is improved.
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Figure 8.5: Change in electric and mechanical power output of gas turbine, BESS
electric power, load power of electric ferry, as well as system frequency response
and voltage magnitude at ferry bus for connection of electric ferry when BESS is

present during a fast connection strategy.

Figure 8.6 illustrates a comparison of the system response with and without the
BESS for the simulation. By comparing the two responses, it becomes clear that
the BESS is effective at reducing the magnitude of the initial frequency oscillations.
For the case without the BESS, the lowest frequency for this simulation is approxi-
mately 48.8 Hz, being outside the allowed frequency window specified in Section 3.1.
When the BESS is connected, this response is improved significantly and the system
remains within the defined frequency range. Additionally, it can be observed that
the final steady–state frequency is closer to 50 Hz when the BESS is connected.
This is expected, as the BESS operates so that it continuously discharges should
the frequency be outside the deadband of the frequency controller. This results in
a lower output power of the gas turbines and hence a frequency that is closer to
the nominal. The drawback of this is that the BESS is continuously discharging,
resulting in that this operation is not feasible for long time intervals.
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Figure 8.6: System response comparison for islanded power system when BESS is
not present and when BESS is used for frequency support during a fast connection

strategy.

8.2.2 Slow Connection of Electric Ferry
The connection of the electric ferry can be conducted during a longer time inter-
val. This reduces the initial stress and requirements on the generating units in the
grid. Figure 8.7 shows the output electric and mechanical power of the gas turbine,
electric ferry load profile, system frequency and voltage magnitude when the ferry
is connected at five seconds in the simulation under a ramping behaviour of ten
seconds. Comparing the result with the same simulation in Section 8.2.1, it be-
comes obvious that this ramping behaviour has much less impact on the system and
the lowest frequency is not as severe as the previous case. This because the strat-
egy of applying the load is more suitable for the slower dynamics of the gas turbines.
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Figure 8.7: Change in electric and mechanical power output of gas turbine, load
power of the electric ferry, as well as system frequency response and voltage

magnitude at ferry bus for connection of electric ferry when BESS is not present
during a slow connection strategy.

Figure 8.8 shows the same system properties with the addition of electric power of
the BESS if the BESS is used for frequency support for the same event. As for the
case when the ferry is connected during a ramp of one second, the system response
is improved as the BESS supports by taking a part of the increased load, resulting
in a less severe frequency disturbance.
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Figure 8.8: Change in electric and mechanical power output of gas turbine, BESS
electric power, load power of electric ferry, as well as system frequency response
and voltage magnitude at ferry bus for connection of electric ferry when BESS is

present during a slow connection strategy.
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Figure 8.9 compares the system response for the simulation with and without the
BESS. It can be observed that the corresponding frequency response is improved
with the BESS. However, much less compared to what has been found in Sec-
tion 8.2.1. This shows that the BESS provides a more significant benefit for faster
events when the dynamics of the gas turbines are too slow.
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Figure 8.9: System response comparison for islanded power system when BESS is
not present and when BESS is used for frequency support during a slow connection

strategy.

8.3 State of Charge Limits
The following section presents simulation results for the islanded grid when the BESS
reaches its minimum and maximum SOC. The effect on the active power output of
the gas turbine and the BESS is observed. Included is the system response to
terminating BESS support operation and initiating charging, as well as terminating
BESS charging and initiating support.

8.3.1 Lower SOC Limit and Charge Initiation
Figure 8.10 shows the system response when the BESS reaches the minimum allowed
SOC and the load must be transferred to the gas turbines. The change in electric
as well as mechanical power of the gas turbines is presented. Furthermore, the
change in the active power exchange of the BESS with the grid is illustrated, as
well as the system frequency and BESS SOC. At 10 seconds in the simulation, the
BESS reaches the minimum SOC level of 0.1 by feeding a constant load of 40 MW.
This causes the BESS to terminate its possibility of feeding a load, and the result
is an increased loading of the gas turbines. As a consequence of this, the system
frequency decreases quickly, but the gas turbines are able to find a new steady–
state operating point and preserve system stability. At the time of 40 seconds,
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charging of the BESS is initiated where the gas turbines are responsible to provide
sufficient charging power. This results in an increased frequency deviation, however
still within allowed limits. The result shows that the islanded grid is able to remain
stable during this operation. However, it should be observed that this simulation
is conducted under the assumption that sufficient reserves are available from the
gas turbines. If the gas turbines run at maximum load from the beginning of the
simulation, it is not possible to transfer the load from the BESS. Nevertheless, this
is a fair assumption, as the islanded grid should be structured so that the connected
loads at a given can always be sufficiently fed.
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Figure 8.10: Change in electric and mechanical power output of gas turbine,
electric power of BESS, system frequency and BESS SOC when minimum SOC is

reached and charging is initiated.

8.3.2 Maximum SOC Limit and Support Initialization
When the BESS reaches its maximum allowed SOC of 0.9, charging should be ter-
minated to not overcharge the batteries. A simulation showing the system response
when this happens is shown in Figure 8.11. The change in electric and mechanical
power from the gas turbines is shown, as well as the active power exchange with
the BESS, the system frequency and SOC. At 10 seconds, the BESS reaches the
maximum allowed SOC through charging from the gas turbines. This terminates
charging and the result is that the load that is supplied by the gas turbines is de-
creased. Following from this is a frequency increase above the nominal of 50 Hz.
The change is relatively minor due to the low charging power of the BESS. The
system remains stable and the BESS is once again set to provide frequency support.
The resulting system frequency is outside the deadband of the frequency controller
and the BESS would for this frequency under normal circumstances provide sup-
port by consuming active power. This is however not possible for the presented
case, as the BESS is at the maximum SOC and is not allowed to charge any further.
Therefore, the BESS cannot for this configuration be used to reduce the resulting
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over–frequency from terminating the BESS charging.
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Figure 8.11: Change in gas turbine electric and mechanical power, BESS electric
power, system frequency and BESS SOC when Maximum SOC is reached and

support is initiated.

8.4 System Response with Alternative Frequency
Controller

The result in Section 8.2 shows that the BESS can enhance system behaviour for
the assumed configuration. The downside is that it results in a continuous discharge
from the BESS. Figure 8.12 illustrates a comparison of the system response for the
standard frequency controller presented in Figure 5.8 and the adjusted in Figure 5.9.
Displayed is the electric and mechanical power output of the gas turbines, as well
as electric power of the BESS and system frequency. The result indicates that both
frequency controllers provide a similar response during the initial time instances af-
ter an event. The adjusted frequency controller slowly sets the output power of the
BESS to zero in order to prevent continuous discharging. This means that the BESS
is initially providing support to the system and then slowly transfer the full load
increase to the gas turbines, resulting in a lower steady–state frequency. However,
still well within allowed limits.

Figure 8.13 presents the comparison in the battery properties of SOC and terminal
voltage for the two cases. It can be observed that the standard frequency controller
causes a continuous discharge and decline in SOC as well as terminal voltage, while
the adjusted controller quickly sets the BESS in an idle position. This gives the
possibility of preserving the battery and assuring sufficient SOC while still providing
significant support to the islanded grid.
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8.5 Impact of Frequency Controller Gain
The proportional gain of the frequency controller directly dictates how the BESS
output power is set and hence also the profile of energy dissipation during a load
event and steady operation. Figure 8.14 illustrates the impact on the system in
electric and mechanical output power of the gas turbines, electric power of the
BESS and frequency by changing the gain of the frequency controller for the BESS.
The base–case has a gain of Kp freq = 25 whereas it is now compared to a value
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of Kp freq = 100. It can be observed that the BESS responds with a significantly
higher output power when the gain is increased, which further decreases the change
in active power of the gas turbines. Following from this, the new steady–state
frequency is even closer to 50 Hz, with the consequence of high stress on the BESS
in both initial output power and steady–state output power. Figure 8.15 compares
the resulting difference in SOC profile and battery terminal voltage, and it can be
observed that the increased frequency controller gain increases the rate of change of
SOC accordingly.
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Figure 8.14: Electric and mechanical power output of gas turbines, active power of
BESS as well as system frequency when the electric ferry is connected as a ramp
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8.6 Impact of BESS Inertia Constant
A benefit of the grid–forming converter control strategy is the possibility of providing
virtual inertia to the power system. Figure 8.16 shows the active power output of
the BESS as well as the system frequency for four different cases where the virtual
inertia is changed. The values of virtual inertia are chosen as H = 5 s (base–case),
H = 10 s, H = 20 s and H = 30 s. The result shows that a high virtual inertia can
have significant impact on the initial RoCoF of the system during an event. The
drawback of this is that the initial BESS output power is very high and prone to
large overshoots, as the virtual inertia is reflected in the PI–controller gains of the
active power controller. This shows that even though the BESS can be manipulated
to provide more inertia, it comes with the consequence of significant initial stress on
the BESS. An observation that should be done that is not visible in Figure 8.16 is
that an increased virtual inertia is expected to bring the consequence of a reduced
damping of the system. This would be observable if the simulation is performed in
a case where the frequency controller is deactivated and the active power output
of the BESS is controlled to be constant so that only the changing virtual inertia
constant impacts the system dynamics. For the case shown here, it is not visible
due to the regulation of the frequency controller.
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Discussion

This chapter aims to serve as a discussion around the results that have been obtained.
The impact of various BESS tuning is discussed and the benefits as well as drawbacks
of BESS are discussed. Additionally, the chapter includes a discussion regarding
environmental impact of grid extension versus installing a BESS. Important aspects
that have not been included in this work have been summarized as potential future
work.

9.1 BESS for Reducing Main Grid Impact
The synchronous Nordic power system is a robust and relatively strong grid with a
high amount of power produced from synchronous machines found in hydropower
or nuclear plants. The electric ferry has a corresponding charging power of 40 MW,
acting as a negligible change for the power system. The equivalent inertia of the
Nordic power system considering the generated power is high and the tested cases
in this thesis verify that the electric ferry will not cause problems for the stability of
the main grid as a whole. Changes continuously occur in the synchronous system,
many of which correspond to more significant actions compared to the connection
of the electric ferry. This includes connecting large industries or local faults. The
resulting change in electrical frequency for the connection of the electric ferry is not
noticeable to the synchronous system. Therefore, it is not necessary to connect a
BESS in order to improve the system frequency response for the connection of ferry.
This is further motivated from that it is required to use a deadband of 100 mHz
when providing frequency support for grid disturbed operation. The system elec-
trical frequency is well within this deadband during the connection of the electric
ferry, rendering the use of BESS to improve the connection for this purpose moot.
With this in mind, the local power system may be affected more significantly by
the electric ferry connection. Concluding the outcome of discussions regarding this
matter with the DSO Göteborg Energi, it is unlikely that the electric ferry would
cause any local grid problems, such as voltage stability issues. This is motivated
by that there are already loads more significant than that of the electric ferry that
are barely noticeable for the synchronous system stability. Furthermore, the electric
ferry is only allowed to consume active and reactive power from the grid according
to the grid connection agreement. For this, the DSO assures that during normal
circumstances, the local grid is prepared to have sufficient reserves corresponding to
the bought connection. Therefore, as long as the connection is approved and con-
sidered possible by the DSO and the behaviour of the BESS is in accordance with
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the technical requirements, stability issues due to the connection should be unlikely.

Regardless of the BESS being rendered moot to increase the system response for
the electric ferry, it can be used for ancillary services such as frequency response.
It has been observed that BESS may provide excellent frequency support as a con-
sequence of its fast dynamics. This provides a motivation for installing the BESS
regardless of whether it would be required for the electric ferry or not. Nevertheless,
this requires further investigation as it becomes a financial matter. If the agreed
upon grid connection is sufficient to feed the entirety of the electric ferry, the BESS
would only serve to be used for emergency situations or ancillary services. Whether
this is beneficial or not depends on the regulation market as well as the manufac-
turing process and lifetime of the batteries used. If the BESS is continuously cycled
by charging the electric ferry, majority of the ageing and corresponding capacity
fade owes to cyclic ageing. This significantly reduces the lifetime of the BESS with
regards to time, while it also makes effective use of the BESS. If instead the BESS
is used for mainly regulating services and emergencies, majority of the lifetime will
correspond to calendar ageing. The lifetime in terms of time will be significantly
longer. However, the effective lifetime during usage will be expectedly lower as the
BESS is often idle. This presents an optimization issue in itself and requires further
investigation regarding economical costs of BESS versus charging from the grid, but
also the environmental impact of producing the BESS, as well as the charging strat-
egy.

Considering that the Sea Li–ion project aims to use second–life lithium–ion batteries,
the environmental impact is expectedly reduced, as the primary manufacturing and
material extraction has already been conducted. Consequences may be presented
due to ethical reasons, as there may be more important use of the used rare materi-
als. If the current renewable generation trend continues, sufficient green generation
may be available from the main grid to make the battery environmental impact sig-
nificantly less favorable. On the other hand, generation through renewable energy
sources such as wind and solar creates an uneven generation, which can be balanced
by using storage systems.

9.2 BESS for Islanded Operation
Utilizing a BESS for islanded operation has shown many possible benefits. Sec-
tion 8.2 shows how the initial frequency response of an islanded system can be
significantly improved by using a BESS to provide frequency support. Results show
that the magnitude and number of oscillations for a islanded grid event can be signif-
icantly reduced by implementing a BESS for frequency control. The BESS possesses
fast dynamics and can quickly be regulated in the case of an event on the system
such as connecting an additional load. The results also indicate that the BESS can
be used to reduce the islanded grid steady–state frequency deviation from that of
50 Hz as it introduces a droop–sharing between the BESS and gas turbines. Nev-
ertheless, operating the grid in a state where the BESS is continuously feeding the
system loads is not optimal as it will eventually lead to a complete discharge of the
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BESS, thereby limiting the BESS steady–state frequency improvement for long pe-
riods of high loading. Following from this operation is also that the islanded grid is
not prepared for a future grid event as the BESS can not provide regulative support
when it is completely discharged. Furthermore, as the BESS must be charged from
the gas turbines, a fully discharged BESS ultimately increases the system loading
for the time of the charging. Because of this, it is preferable to use the BESS for
support during grid events and slowly phase it out to transfer the full system loading
to the gas turbines. This allows reduced frequency transients while the BESS will
always be prepared for an upcoming grid event. The BESS can allow the islanded
grid to be heavily loaded during scheduled hours where it acts as a generating unit,
to be charged when the system load is lower. However, this requires a specific load
profile, but it introduces an interesting possibility of allowing high system loading
during peak hours of the day. Eventual industries or other facilities connected to
the island could run at higher loads during specified, agreed upon time intervals
throughout the day.

In Section 8.5, simulations were shown where the islanded grid behaviour was anal-
ysed when the gain of the BESS frequency controller was changed. The result
indicates that the BESS can adjust the system response to a load increase signifi-
cantly by introducing a large frequency controller gain. This means that the BESS
behaviour can be manipulated in order to assure that the islanded system follows
the frequency requirements. By adjusting the frequency gain, the droop–sharing be-
tween the gas turbines and BESS is impacted, and it can be used to reduce the initial
loading of the gas turbines in the event of a significant load increase. Noteworthy
is that it is not recommended to introduce a very large gain, as it will ultimately
result in heavy initial loading of the BESS as well as a fast discharge, should the
BESS be used in continuous operation. High currents cause significant stress on the
BESS and contributes to faster ageing and cell degradation, and in the worst case
eventually cell failure. Therefore, it is preferable to set the BESS frequency gain
such that the resulting initial frequency response is in agreement with the require-
ments without resulting in a fast, heavy loading of the BESS. This can still provide
benefits of system frequency response behaviour while limiting the BESS loading as
has been shown in Section 8.2, where the BESS only supplies approximately 25% of
the electric ferry loading.

Section 8.6 investigated if the BESS can contribute to system robustness at the very
instance after an event takes place in the islanded grid. The result shows that the
BESS can be used to provide significant inertia to the system by adjusting the set-
ting of the PI–controller of the active power controller. This introduces a drawback
of high instantaneous power output during the initial RoCoF. This causes a fast
initial discharge with a high current flowing through the battery cells. Regardless
of this, it shows that the BESS can be manipulated should there be a requirement
of reducing system inertia. For the analysed islanded system, the RoCoF is not
very high, even for a fast connection of the electric ferry. Concluding from this, the
gas turbines have sufficient inertia to preserve system stability when considering the
connection of a significant load.
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The concluding results from these simulations show that the BESS parameters have
a significant impact on its performance and interaction with the grid. This is a
major benefit with the BESS, as it can be tuned specifically to a given situation
or requirement. Should the BESS be installed for a grid that does not fulfill a
grid requirement, it can be tuned in order to make the system agree with what
is demanded, given that the system size is small enough for the BESS to have a
significant impact. However, it has been observed that the specific tuning of a
parameter often comes with a drawback that directly impacts the health of the
battery. If the BESS is configured to provide a more significant support during
events, it will discharge faster, see higher currents and consume more equivalent
life cycles during a shorter time. Therefore, the BESS lifetime is directly impacted
by the corresponding tuning. Owing to this, it is preferable to not use the BESS
more than required, as it serves no practical purpose to improve grid behaviour
significantly above the requirements set from the TSO and DSO.

9.3 Islanded System Demand of BESS
The performed simulations show that the investigated islanded grid is relatively
robust even when the BESS is not installed. Gas turbines have a high equivalent in-
ertia constant compared to many other generating units and are seemingly sufficient
for the presented grid. The only simulation showing that the gas turbines would
not be sufficient on their own is when the electric ferry is connected as a ramp over
one second from zero to rated load. However, this simulation is slightly unrealistic,
as the connection would generally occur much slower in reality. This would reduce
the problems of the slower dynamics of gas turbines and allow them to handle the
event better. Additionally, it is not certain that a frequency deviation below 49 Hz
for a short time would cause problems for the islanded grid, unless there are very
sensitive loads installed.

9.4 BESS or Grid Extension for Environmental
Profits

The trend of renewable energy is rapidly becoming a norm and the increasing pene-
tration of generation via solar and wind is a fact. Regardless of this, majority of the
generation today is still based on conventional, non–renewable energy sources. This
raises an interesting topic regarding the environmental consequences of installing a
BESS or alternatively extending the available capacity of the power grid. A grid
extension means that the instantaneous available power from the power system must
be sufficiently increased in order to match the corresponding increase in load. Unless
the required expansion in generation is completely constituted by renewable sources,
the installation will cause an increase of non–renewable energy. At the same time,
it is difficult to determine whether a full renewable expansion can provide enough
steady power to ensure that all grid loads can be supplied at all times. The same
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problem can be found if the BESS alternative would be chosen. In order for the
BESS to provide an environmental benefit over a grid expansion, the energy for
charging the BESS must be provided by renewable sources, otherwise the BESS
only presents an additional energy conversion with the only benefit of being able to
adjust the system loading by scheduled charging and discharging. Nevertheless, the
BESS offers a unique possibility to be used in symbiosis with upcoming renewable
generation, where the BESS can potentially be charged during times of high pro-
duction to be discharged when the generation is low or fluctuating. As it currently
stands, a future increased renewable penetration will require some coordinated en-
ergy storage system, but whether second–life lithium–ion batteries is the optimal
choice for this is not obvious, nor a part of this thesis investigation.

9.5 Future Work

This section aims to introduce suggestions for future work to further extend the
study and feasibility of using BESS for islanded power system applications. This
includes the implementation of a converter model, black–start capabilities and the
possibility to handle faults.

9.5.1 Converter Model

In order to investigate the full behaviour of a BESS for power system applications,
the converter connecting the battery and the grid should be modelled so that switch-
ing harmonics and non–ideal waveforms can be analysed. In order to be allowed to
connect to the grid, there are certain requirements on maximum Total Harmonic
Disorder (THD), specified by the DSO. Therefore, it is important to analyse this
before installing a BESS to the power system. This task was neglected in this the-
sis, due to that the required work of designing a suitable converter is too extensive.
Furthermore, discussions with Göteborg Energi indicate that harmonics should not
pose a problem. Regardless of this, it should be investigated and verified for a real
installation.

9.5.2 Black–Start and Seamless Transfer of Islanded Grid

In order to run an islanded grid, the possibility of black–starting and transferring
between grid–connected and islanded operation is a necessity. For this thesis, no
considerations regarding black–start capabilities have been done, as a realistic black–
start strategy requires significant time to develop. The gas turbines are already
configured for black–starting and can be used efficiently for this purpose. Using
the BESS for the same purpose has not been investigated. However, an interesting
topic would be to compare the black–start capability of the gas turbines and BESS
respectively in order to investigate which method that represent the best strategy.
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9.5.3 BESS Behaviour During Faults
A requirement to connect a unit to the grid is that it is able to operate during
a fault without causing problems for the grid or harm to itself. The used BESS
model requires modifications in order to function properly for faults. This includes
the addition of a virtual impedance and a current controller. This was considered
but not implemented as it is outside the scope of the thesis. Noteworthy is that
fault–ride through has been conducted in other studies where the BESS for the
corresponding situation was found to act properly.
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This thesis has investigated the possibility of using battery energy storage systems
(BESS) for an islanded grid configuration to improve system response. The grid in
question is a representation of a future, suggested islanded system including the Port
of Gothenburg, Rya combined heat and power plant as well as a BESS. The study
was limited to using lithium–ion batteries and no other alternatives were considered.

An electric equivalent circuit model has been successfully modelled to represent the
dynamic behaviour of a lithium–ion battery. Additionally, a control structure for a
grid–connected BESS has been implemented and verified. It has been found that
a BESS possess fast dynamics and can be configured to have significant impact
on behaviour of an islanded grid. The impact that various control parameters of
the BESS on the system behaviour has been assessed as well as the possible conse-
quences and drawbacks of tuning the BESS for a specific purpose. Additionally, the
characteristics of gas turbines have been investigated and the feasibility of using gas
turbines to power an islanded grid.

The possibility of providing virtual inertia by BESS has been investigated. Results
show that BESS can provide significant inertia to smaller scale islanded grid to
reduce the rate–of–change–of–frequency during an event. This has been observed
to include the drawback of a high instantaneous power output of the BESS during
the initial instances following an event. This causes a high current that leads to a
faster discharge and has more impact on battery ageing.
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A
Rya Gas Turbine Verification

In order to verify that the gas turbines of Rya CHP plant function as intended,
the power plant is connected by itself to supply a constant load. A simplified load
rejection is applied in order to analyze the frequency and power response character-
istics of the gas turbines. The response is then compared to available measurements
and tests that have been performed on real gas turbines [64]. The resulting active
power exchange and the corresponding frequency response when the generator is
set to dispatch 100 MW with a load rejection of 15 MW at five seconds is shown in
Figure A.1. It can be seen that the frequency sees an oscillation before finding a new
steady state of operation. The result is a slight increase in frequency as expected
due to the loss of load to supply, agreeing with the expected result from the swing
equation and the results from [64].

0 5 10 15 20 25 30 35 40

70

75

80

85

90

95

100

105

110

0 5 10 15 20 25 30 35 40

49.9

50

50.1

50.2

50.3

50.4

50.5

Figure A.1: Active power output for gas turbine and load active power, as well as
system frequency. Initially, the gas turbine is supplying a load of 100 MW, and at
the time of 5 seconds, 15 MW load is suddenly lost, causing the gas turbine to

reduce its output active power and increase the corresponding frequency.
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