*.) CHALMERS

UNIVERSITY OF TECHNOLOGY

Lithium-lon Battery Storage for
Frequency Control

Tentative Implementation in the Nordic Power System

Master’s thesis in Electric Power Engineering

LUCAS THOMEE

Department of Electrical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2018






Lithium-Ion Battery Storage for Frequency Control

Tentative Implementation in the Nordic Power System

CHAL

UNIVERSITY OF TECHNOLOGY

Department of Electrical Engineering
Division of Electric Power Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2018



Lithium-Ion Battery Storage for Frequency Control
Tentative Implementation in the Nordic Power System

LUCAS THOMEE

© LUCAS THOMEE, 2018.

Supervisor: Lena Max, DNV-GL
Examiner and supervisor: Jimmy Ehnberg, Department of Electrical Engineering

Master’s Thesis 2018

Division of Electric Power Engineering
Department of Electrical Engineering
Chalmers University of Technology
SE-412 96 Gothenburg

Sweden

Telephone +46 31 772 10 00

Typeset in BTEX
Gothenburg, Sweden 2018

v



Lithium-Ion Battery Storage for Frequency Control
Tentative Implementation in the Nordic Power System
LUCAS THOMEE

Department of Electrical Engineering

Chalmers University of Technology

Abstract

With increased integration of converter connected production, decommission of nu-
clear power plants in Sweden, reduction in frequency dependent loads, and increased
import through HVDC links, the power system frequency stability in the Nordic
power system is at risk. Reduced system frequency stability caused by the reduc-
tion of inertia, affects reliability and quality and could result in increased frequency
deviation and possibly power outages. New services contributing to frequency sta-
bility are needed.

This thesis investigates the possibilities of using battery energy storage systems
in Sweden, a part of the Nordic synchronous power system, to provide frequency
control. This is done by determining the role inertia has and how frequency is
regulated in the Nordic power system. The battery storage system development is
evaluated and different battery technologies are assessed. A dynamic model of the
Nordic power system and two control models for lithium-ion battery storage sys-
tems are developed in PSS/E. These models are then combined and simulations of
frequency deviations are performed.

The results indicate that large lithium-ion battery storage system controlled to
provide inertial response reduce rate of change of frequency, reduce the maximum
instantaneous frequency deviation, and delay time to frequency nadir. With droop
controlled battery storage systems providing FCR-D, the reduction in maximum
instantaneous frequency deviation is significant. It is found that using a single
derivative controlled 540 MW unit results in frequency distortion, while using a
droop controlled unit of the same size does not cause any frequency distortion. It
is also confirmed that 540 MW derivative controlled battery storage systems can
provide the equivalent of 130 000 MWs kinetic energy for the reference case.

The feasibility study illustrates the difficulty in finding economic incentives when
lithium-ion battery storage systems are used to provide FCR-D. Current regulations
and markets in Sweden and the Nordic power system do not enable the deployment of
lithium-ion for this application, despite its indicated benefits. The recommendation
is to create new markets and investigate additional services for battery applications
in the Nordic synchronous power system.

Keywords: Inertial response, primary frequency regulation, battery energy storage
systems, frequency reserve, Nordic synchronous power system.
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1

Introduction

Renewable energy generation is increasingly integrated in power systems all over
the world to create a cleaner generation capacity and reduce reliance on fossil fuels.
However, increased integration of renewable energy sources and reduction in conven-
tional power generation creates issues in the power system. One potential problem
is the decrease in power system kinetic energy, also known as inertia, resulting in re-
duced system frequency stability. This could severely affect system reliability, safety
and quality. To maintain high operational reliability, new services for frequency con-
trol and alternative sources providing the equivalent to inertia and kinetic energy
should be investigated.

This master’s thesis work investigates the possibilities of using battery energy stor-
age systems for inertial response and frequency regulation in Sweden as a part of the
Nordic synchronous power system. This is done by exploring the currently available
battery and converter technologies and their suitability for frequency regulation and
in providing inertial response. The proposed solution is modeled and simulated in
a model of the Swedish power system in PSS/E to illustrate the usefulness of the
technology.

1.1 Background

In Sweden, nuclear power plants are being decommissioned, power generation is
moving towards increased integration of distributed energy sources, such as solar
and wind, and at the same time there is a reduction in frequency dependent loads
and increase in import through HVDC links [1], [2]. This is expected to have a
large impact on system reliability [1], [2]. At the same time, society has a growing
dependence on a reliable, secure and high quality supply of electricity [1], [2]. The
Swedish transmission system operator is responsible to provide the means and main-
tain the conditions required to supply high quality electricity. Part of supplying high
quality electricity is the ability to maintain the frequency in the power system at
nominal levels by regulating changes in production and consumption, and manage
disturbances [1]-[3].

Inertia in a power system context is the result of naturally occurring kinetic energy
stored in rotating synchronous generators [2], [3]. The amount of kinetic energy
available depends on the type of energy source used. In Sweden, as a part of the
Nordic system, there has traditionally been an abundant amount of kinetic energy
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from hydro generators, nuclear and other thermal power plants [1], [2]. With changes
happening in Sweden, inertia is decreased [1], [2], [4].

Inertia reduces the rate of change of frequency caused by imbalances in produc-
tion and consumption, allowing output of generators to be adjusted and therefore
contributes to the power system’s ability in reducing frequency deviations [2], [3].
Reduced inertia results in an increased risk of large power outages following a se-
vere system event [1]-[3]. A frequency event could be a large power deficit after a
generation unit is disconnected or a large sudden deficit in load. There is therefore
a need to consider solutions related to the future shortage of inertia in the power
system.

One possible solution would be to improve power system equipment and protec-
tion systems to cope with faster and larger frequency deviations, and change the
technical requirements set by the grid code standards to allow the power system
to run at lower levels of inertia [1]-[3]. Another option would be to try and regu-
late frequency by other means or provide synthetic inertia from alternative sources.
This could be realized by converter connected production, synchronous condensers
or battery energy storage systems [1]-[4].

Battery energy storage systems are deemed to be a viable option in providing fre-
quency response because they can quickly and precisely regulate the power output
to the power system [4]-[7]. This study therefore investigates the issue of future
inertia deficiency, available battery technologies and the role battery storage could
play in power system frequency control.

1.2 Aim

To investigate the possibility of providing inertial response and frequency regulation
in the Nordic synchronous power system using battery energy storage systems in
Sweden.

1.3 Problem

First there is a need to understand and present the impact inertia has on the power
system and how frequency is regulated in the Nordic synchronous system. Following
the recent development of battery storage, the possibilities to utilize the technol-
ogy to provide the power system with frequency response are reviewed. This is to
determine the important characteristics of current battery systems and converters
available.

Another part of the work is to illustrate the possibility of using battery energy
storage systems in regulating frequency and the resulting effects, using a dynamic
model of the Nordic power system. Modeling and subsequent simulations are done
in PSS/E. Tt is first required to verify that the model of the grid resembles the
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actual system and fulfills the requirements during dynamic simulation. Models of
the dynamic characteristics of the battery storage system need to be created to exe-
cute simulations showing how the frequency regulation is handled by battery energy
storage systems in comparison to the conventional regulators.

The result illustrates the usefulness of the technology and is explained and pre-
sented in a way that it can be used to educate people interested in the subject, i.e.
the Swedish TSO and actors in the frequency reserve market. An ongoing part of the
study is therefore presenting, summarizing and discussing the findings and results
in a way that the work can be understood and used for further studies. Additional
tasks include looking at the placement of the technology in the grid and additional
possible power system applications, other than inertial response and primary fre-
quency regulation.

It is assessed that this study needs to consider sustainable and ethical aspects of
the project. The environmental effects of production and intended use of batteries
in the power system, and the possible ethical and societal consequences of using
batteries in the power system, mainly focused on the current working conditions
during the mining of material and production of batteries, are covered. Batteries in
the power system is also compared to the alternatives, which are continued used of
convectional generation or providing services from other technologies. The ethical
discussion also reflects on how the thesis work is carried out.

1.4 Scope

The thesis work is focused on the Nordic power system and the simulation is done in
a model of the Swedish transmission grid based on open source material. The work
is therefore limited to Sweden and determining if the outcome is viable or possible
to adjust to requirements in other regions is not within the scope of the work.

Based on the characteristics of battery energy storage systems it is deemed that
most viable power system applications are inertial response and primary frequency
control [4]-[7]. Focus is therefore on regulating frequency following disturbances,
which includes Inertial Response and Frequency Containment Reserve - Disturbance
(FCR-D), as denoted by the European Network of Transmission System Operators
for Electricity (ENTSO-E). Voltage stability is not examined in dynamic simulations.

The thesis work is limited to large battery storage systems dedicated to providing
frequency regulation in large interconnected transmission systems. The battery sys-
tem technologies studied are lead-acid, vanadium based flow batteries, sodium-sulfur
and lithium-ion. These battery types have shown to exhibit the desired character-
istics required for frequency regulation in large power systems [5], [7]-[11].
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Method

A literature study was conducted to describe how inertia is supplied and used in fre-
quency regulation in the Nordic synchronous power system today. The requirements
on frequency stability with focus on inertial response and FCR-D were covered. This
was covered to understand the need and requirements of inertial response and FCR-
D and how battery energy storage systems could provide it.

A thorough description of the current state of the development of battery tech-
nologies for power system applications was then carried out through a literature
review and personal contact with battery experts. This included characteristics and
suitability of different battery types, controls and power electronics for providing
frequency regulation in the Swedish power system. Also, a more detailed explana-
tion of aging mechanism of lithium-ion batteries was covered. This was conducted
to acquire an understanding of the battery technologies.

A static model of the Swedish power system created in PSS/E with dynamic char-
acteristics of Nordic synchronous power system was complemented. An already
developed model was used because it was based on open source to avoid any asso-
ciated issues and because of simplicity reasons. It was confirmed it performed as
expected by comparing the frequency response of the model to system requirements
and a recorded historical reference response and load case.

The effects of reduced inertia on the system were also illustrated by reducing the
level of kinetic energy in the model from initial 260 000 MWs to 130 000 MWs, and
80 000 MWs. 130 000 MWs was chosen at it is a low inertia case for the current
power system, and 80 000 MWs since it is an estimated minimum for the future
power system. Some minor differences between model and reality were observed,
which are the result of using an aggregated model. These small deviations were
deemed acceptable for this projects.

The battery type deemed most suited for the purpose was chosen based on the
performance parameters: discharge cycles, energy efficiency, maturity, costs and
sustainable aspects. These parameters were chosen as they are deemed the most
important for the intended application. Two dynamic frequency models were then
designed as user defined models for PSS/E. One based on derivative control to pro-
vide inertial response and one droop control to provide FCR-D.

Simulations using the Nordic dynamic model and battery storage models were per-
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formed to see the effects on frequency following a disturbance. The simulated cases
were based on a reference response case with additional 40, 100 and 540 MW bat-
tery capacities. The reference case was chosen to be a high load production hour
on March 05, 2015 where Ringhals 4 was suddenly disconnected resulting in 1110
MW power deficiency. This case was chosen as it enabled verification of the model.
40 MW power capacity was chosen as there are several battery storage systems of
that size installed globally. 100 MW is the power rating of the largest installed unit
to date. 540 MW was chosen as it is the power corresponding to increasing kinetic
energy from 130 000 MWs to 260 000 MWs.

Results from the simulated cases were then compared to each other based on per-
formance, in terms of reducing frequency deviation magnitude, time to nadir and
reduction in oscillations. These performance parameters are deemed to be the most
important when discussing frequency deviations. The results were used to verify the
hypothesis that batteries can provide frequency stability support. An economic and
lifetime analysis was conducted to conclude where further development in the area
needs to be focused.

The discussion handled the significant findings and limits of the results. The sus-
tainable and ethical aspects of the project, introduced in section 1.3, were also
considered by performing an investigation and discussion of these issues.



3

System Frequency Stability

In an AC power system, the frequency which the system is operating at is used
as an indication of the balance between generation and load. If there is an imbal-
ance frequency will deviate from its nominal value. To ensure operational security,
frequency should be kept within nominal limits, which in Sweden as a part of the
Nordic synchronous system is 50 + 0.1 Hz [2], [3], [12].

Power system stability is defined as the ability to remain in operational balance
following a disturbance and under normal conditions [13]. To achieve balance, pro-
duction is carefully planned to meet demand, but the power system must also be
able to regain balance after unexpected deviations in production and consumption
[2], [12], [14]. This is realized through characteristics of the power system and using
various control methods.

3.1 Inertia and Kinetic Energy

In general terms inertia is defined as the resistance of an object to any change in its
speed, direction or state of rest. In a power system context, inertia is the ability to
resist changes in system frequency [12]. The objects subject to a change of motion
are the rotating synchronous machines and inertia is the resistance to change in
rotational speed of the machines [3], [12].

When there is an imbalance between production and consumption frequency will
change and the rotating speed of machines will be affected [2]. Inertia enables con-
tinuous operation of the power system by limiting rate of change of frequency and
thereby assists in countering the imbalance between production and consumption
to restore frequency [2], [3], [12]. Inertia is provided from rotating machines by
their ability to absorb energy from the grid or inject energy into the grid using their
stored kinetic energy [3].

In a simplified conventional system, assuming only synchronous connected gener-
ators and absence of frequency dependent loads, the system inertia is provided from
kinetic energy stored in the rotational mass of turbines and generators (2], [3], [12].

To derive an expression for system inertia there is a need to look at the inertia of a
single generator. Kinetic energy (Fj) in generator at nominal angular frequency wy
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can be expressed as

B, = -0 (3.1)

where I is the moment of inertia [15].

The inertia constant H, is often expressed as kinetic energy in a generator pro-
portional to its power rating (5,). Resulting in

Tw?

E, =°
Hy="kF="2 (3.2)

! Sg Sg

where the inertia constant H, is a measurement in seconds of how long the kinetic
energy stored in a generator can provide nominal power [2], [3], [15]. Total system
inertia (H,ys) can then be expressed as

by X Bk
Z Sg Ssys
where S,y is the total generation capacity [3], [12]. In other words, the system iner-

tia is the sum of stored kinetic energy in generators divided by the total generation
capacity as shown in equation (3.3).

H,,, = (3.3)

In some cases, it can be more relevant to consider the system kinetic energy (Ejsys)
expressed in megawatt seconds rather than system inertia expressed in seconds [12].
Equation (3.3) can then be written as

Breys = > HySy = HeyoSeye (3.4)

3.1.1 Swing Equation

Frequency dynamics of power systems can be explained by the swing equation. It
describes the change in kinetic energy of generators in a power system, expressed as

dE
=P P (3.5)

where P, is the total generated power and P, the system load [3], [16]. It shows
that an imbalance between generation and load will result in a change in kinetic
energy of the rotating masses. Since kinetic energy is proportional to frequency, it
will result in a change in frequency [16].

The frequency dependence of the system inertia can be derived from equations (3.3)
and (3.5), and simplifying, which gives

2Hsysdf_Pg_-Pl

fo dt S (3.6)

where fj is the nominal system frequency and % is known as the rate of change of
frequency (RoCoF) [4], [15], [16].
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Equation (3.6) can be rewritten as

ﬁ: foAP :foAP (3.7)
dt  2HsysSsys  2Eksys ’

describing the relation of Hy,, and Ejgys to RoCoF in a system with nominal fre-
quency fo for a disturbance AP. When an imbalance occurs, the kinetic energy
works to counteract the change in frequency and with greater inertia the change in

frequency is reduced. This shows how inertia helps improve frequency stability [3],
[12].

3.2 Frequency Regulation in Sweden

When there is an imbalance in the power system the frequency will deviate from 50
Hz. Frequency regulation is the action of restoring balance between production and
consumption in the power system. In Sweden, frequency regulation can be divided
into primary, secondary and tertiary frequency regulation [17].

ENTSO-E has divided the frequency reserve needed to restore power balance into
Frequency Containment Reserve (FCR) and Frequency Restoration Reserve (FRR).
FCR can further be divided into Frequency Containment Reserve for Normal oper-
ation (FCR-N) and Frequency Containment Reserve for Disturbed operation (FCR-
D). FRR is divided into automatic FRR (aFRR) and manual FRR (mFRR). Table
3.1 summarizes the different parts of frequency regulation and correlation to respec-
tive frequency reserve.

Table 3.1: Frequency regulation measures and corresponding frequency reserves as
defined by the Swedish TSO and ENTSO-E.

Frequency Regulation Frequency Reserve

Primary FCR
Secondary aFRR
Tertiary mFRR

The stages of restoring frequency following an imbalance in the power system are
illustrated in Figure 3.1.
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50.2

50.1

50.0

Frequency (Hz)
&
(o]

49.8 -

49.7 -

49.6
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Figure 3.1: The different frequency regulation stages. The frequency event occurs
at 0 seconds and shortly after primary frequency regulation with FCR is activated.
Within 30, seconds secondary frequency regulation with aFRR is activated and
tertiary frequency regulation with mFRR is activated after maximum 15 minutes.

As seen in Figure 3.1, primary frequency regulation with FCR starts shortly after
the frequency event. This reduces the change in frequency to zero where frequency
is at its lowest point. Secondary frequency regulation with aFRR is activated within
30 seconds and tertiary frequency regulation with mFRR within 15 minutes. Pri-
mary frequency regulation reestablishes steady state frequency at a lower value than
nominal and the aim of the secondary and tertiary frequency regulation is to restore
frequency to its nominal value.

3.2.1 Inertial Response

Before primary frequency regulation is activated there is first an inertial response.
This is where the stored kinetic energy in rotating machines counters the frequency
deviation. The general operation of inertial response and FCR during a frequency
event is illustrated in Figure 3.2.

10
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50.4

50.3 AP

50.2 - —— Frequency
— Inertial Response

—FCR

o

©
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T
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3
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49.7
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Figure 3.2: Frequency, inertial response and FCR. At the start of the frequency
event at 10 seconds, inertial response replaces the loss in production AP. When FCR
increases inertial response decreases. Frequency is reestablished at a new steady
state frequency when FCR is at AP and inertial response at 0 MW.

As seen in Figure 3.2, at the start of the frequency event at 10 seconds inertial
response is at its peak and it is gradually reduced when FCR is activated. Inertial
response changes from positive to negative when maximum frequency deviation has
been reached, as this is where the synchronous rotating machines start to accelerate,
and is reduced to zero when steady state frequency is reached [12]. Steady state
frequency is at roughly 49.9 Hz for this case and this is when FCR reaches AP.

As depicted in equation (3.6), RoCoF depends on system kinetic energy, and larger
inertia results in greater kinetic energy and longer time to counter the power im-
balance. Inertia is therefore vital for the power system to function as controllers
responsible to restore frequency need time to respond [2], [3], [12].

At the moment, there is no defined minimum requirement on inertia or kinetic
energy in the System Operation Agreement (SOA) in the Nordic power system [14].
There is therefore no defined limit to lowest point of frequency following a distur-
bance [14], [18]. However, in the Nordic power system load shedding will commence
at 49.0 Hz and this level can be used as minimum acceptable transient frequency
level [18].

11
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3.2.2 Primary Frequency Regulation

Inertial response is followed by primary frequency regulation, where both FCR-N
and FCR-D are active. During normal operation, when frequency is in the range of
50 Hz £ 0.1 Hz, FCR-N is used to control frequency. The procedure using FCR-N is
automatically activated by frequency deviations from 50.0 Hz to keep the frequency
within the limits 49.9 - 50.1 Hz [14], [17], [19].

In the Nordic power system 600 MW FCR-N is required and the distribution of
FCR-N in each country is based on the annual consumption of the previous year
[2], [17], [18]. The volume requirement for Sweden is roughly 200 MW. Technical
requirements set by the Swedish TSO on FCR-N states that for a gradual change in
frequency 63 % should be activated within 60 seconds, and 100 % within 3 minutes
[19].

If the frequency deviates beyond 50 4+ 0.1 Hz FCR-D is activated. After a major
disturbance inertia prevents the frequency deviation from getting too large before
FCR-D can stabilize the frequency. The objective of FCR-D is to reduce the change
in frequency to zero and stabilize the frequency at a steady state value [14], [17], [19].

According to SOA, the requirement for FCR-D in the Nordic system is that it
should be able to handle the fault of the largest production unit or HVDC link
subtracted by 200 MW, for frequency dependent load, without resulting in steady
state frequency below 49.5 Hz [14], [18]. For the dimensioning fault of 1400 MW in
the Nordic system total FCR-D is 1200 MW.

The distribution of FCR-D is carried out in proportion to the dimensioning fault
within the respective country, which is shown in Table 3.2.

Table 3.2: Distribution of FCR-D to Sweden, Norway, Finland and Denmark based
on dimensioning fault, according to System Operation Agreement [18].

Country Dimensioning Fault [MW] Reserve [MW]

Sweden 1 400 412
Norway 1200 353
Finland 880 259
Denmark 600 177
Total 4 080 1 200

Per the network code on requirements for generators in the Swedish system [20],
generators are allowed a maximum of 2 second delay to regulate power output.
The technical requirements declared by the Swedish TSO state that units providing
FCR-D should for a gradual change in frequency activate 50 % within 5 seconds,
and 100 % within 30 seconds [19]. The requirements from ENTSO-E on the Nordic
system state that FCR-D must be fully restored within 15 minutes to be capable of
handling a new disturbance [21], [22].
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3.2.3 Secondary Frequency Regulation

After a major disturbance, secondary frequency regulation is needed in order to
return frequency to the nominal value [17]. The objective of secondary frequency
regulation is to restore the frequency to 50 Hz after it has stabilized at steady state
frequency by primary frequency regulation [17], [23]. This is an automatic process
using aFRR.

In the Nordic system, the requirement on aFRR is 300 MW of which 100 MW
should be provided in the Swedish system [24]. aFRR should be automatically ac-
tivated when a control signal is sent by the Swedish TSO. The requirement is that
units providing aFRR have to act within 30 seconds and 100 % of aFRR should be
activated within 2 minutes [19], [23].

3.2.4 Tertiary Frequency Regulation

The tertiary frequency regulation with mFRR is used to balance power and handle
congestion in normal and disturbed operation. When activated it works as a re-
placement for FCR and aFRR to bring the frequency to 50 Hz [17], [19]. It is the
main balancing resource and the requirement is that it should be activated within
15 minutes [14].

Following a frequency deviation both secondary and tertiary frequency regulation
are used to replace primary frequency regulation so that FCR-N and FCR-D can be
replenished. This is to allow the system to be ready for another frequency deviation
within 15 minutes [22].

3.2.5 Fast Frequency Response

Currently there is a discussion of introducing another term in frequency regulation,
denoted Fast Frequency Response (FFR) [7], [23], [25]. It can be defined as a re-
serve service provided by technologies capable of responding faster than conventional
reserves to frequency deviations [23], [7]. Examples of technologies capable of deliv-
ering FFR are wind turbines, different types of energy storage systems, and HVDC
links. It could also possibly be provided from demand response or vehicle-to-grid
solutions [23].

Battery energy storage systems (BESS) are a potential source of FFR. Compared to
traditional frequency reserves it has limited energy capacity but it possesses other
benefits and characteristics capable of assisting in maintaining system frequency.
Currently these are not fully recognized in defined reserve services in the Nordic
power system [7]. Conventional reserves, FCR and FRR, are procured through ex-
isting frequency response markets [24]. Since FFR differs from existing reserve it is
suggested to alter current definitions of services and markets or design new markets
to secure the full advantages of technologies capable of providing FFR [7], [25].

In Great Britain, the TSSO National Grid has created a new ancillary service market
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called Enhanced Frequency Response (EFR). 201 MW is procured for new technolo-
gies capable of providing FFR with the requirement of maximum response time of
1 second [26]. This service is directly designed for battery storage as it allows the
battery to charge and discharge when it is not providing its service [7]. This is just
one example of how BESS are becoming competitive with traditional methods of
managing frequency when their capabilities are recognized. It also shows how new
services and markets need to be created to adjust to a future power system to handle
potential issues.

3.3 Frequency Dependence of Generators

When the frequency in a grid deviates from its nominal value, available control
reserves are automatically activated as explained in section 3.2. The change in
output from generators depends on the frequency deviation and can be described
by the droop constant or setting R [2]. R in % is defined as

_Af/f
~ AP/PR,

where Af is the frequency change, fy nominal frequency, AP change in power
and Py nominal power [2]. The droop constant describes the power to frequency
characteristics of the generator speed governor setting [2], [27], illustrated in Figure
3.3.

R

-100 (3.8)
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Figure 3.3: The figure illustrates the linear relationship of droop setting R, which
is the slope and indicates how much generator power output changes following a
change in system frequency. If frequency is reduced from nominal system frequency
fo by Af, power will increase by AP from nominal power output F,. Generator
output can be limited by P,,., and P,,;, indicated by the dotted lines.

As shown in Figure 3.3, the droop setting R is a linear relationship between fre-
quency deviation and power output. With a decrease in frequency the power output
will increase following slope R, and when the frequency increases power output will
decrease. A low droop constant results in a steeper slope and a more powerful re-
sponse by the power supply [2].

The droop setting also helps explain why the frequency is not restored to its nominal
value by FCR-D. As described in subsection 3.2.2, following a frequency deviation,
output of generators providing reserve will adjust to compensate for the power im-
balance. When power balance is restored, the power output setting of generators
has changed and frequency will be stabilized at a steady state value, which is differ-
ent from nominal frequency. Secondary frequency regulation is therefore needed to
provide additional power allowing the primary reserves to return to their nominal
power output setting to be prepared for another deviation [12], [22].

3.4 Frequency Dependence of Loads

Similar to the frequency dependence of generators, loads in the form of synchronous
machines are also frequency dependent [2]. When frequency deviates the power
demand will change, similar to the droop setting of generators illustrated in Figure
3.3 but with an opposite sign. If the frequency decreases demand will decrease and
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if frequency increases the load will increase, which is opposite from the response
of production. This is described as the self-regulating power of the system as it
helps reduce power imbalance [12]. The impact of frequency regulation from loads
is less than that of generators and is expected to decrease further with increased
integration of converter connected loads [2].

3.5 System Frequency Response

The system frequency response or the power/frequency characteristic indicates how
much the power production changes with a change in system frequency. It is denoted
A, defined as

_ap
= Af
where Af is the frequency deviation following a disturbance and A is measured in

[MW /Hz] [18,27]. The requirements of system frequency response in the Nordic
power system are illustrated in Figure 3.4.

A (3.9)

— Ay = 6000 MW/Hz
—Ap = 3000 MW/Hz

System power (MW)
T
o

49.5 49.9 fO 50.1 50.5
System frequency (Hz)
Figure 3.4: The frequency response requirements in the Nordic synchronous sys-
tem. Frequency response A is the ratio of ﬁ—?. In the normal operating region, 50

+ 0.1 Hz, the requirement Ay on FCR-N is 6000 MW /Hz. For deviations until 49.5
and 50.5 Hz, Ap of 3000 MW /Hz is required for FCR-D [2], [18].

As mentioned in subsection 3.2.2, the requirement in the Nordic synchronous system
on FCR-N is at least 600 MW at deviations of 0.1 Hz and for FCR-D 1200 MW

16



3. System Frequency Stability

at additional deviation of 0.4 Hz. As shown in Figure 3.4, the frequency regulation
requirement is therefore at least 6000 MW /Hz for normal operation, within 50 + 0.1
Hz. For disturbed operation with deviations until 49.5 or 50.5 Hz, the requirement
is at least 3000 MW /Hz [18].
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4

Battery Energy Storage Systems

Battery energy storage systems (BESS) have the potential to change the concept of
power generation, transmission, and consumption. Further development is needed
before electricity can be stored in large amounts, but technology available today
can be implemented and used for several power system applications [4]-[7]. BESS
have rapid response times and can precisely regulate power input and output, and
therefore they are deemed a viable option in providing frequency regulation [4]-[7].
In this chapter, current BESS technologies for frequency regulation are reviewed.

Essentially a general BESS consists of a battery system, power conversion system,
and battery management system. Figure 4.1 shows this configuration. The battery
system is where the energy is stored. The power conversion system handles the con-
version of energy from the battery to the grid, and the other way around. Lastly,
the management system monitors and controls the battery and overall system [5],
[28].

Battery Energy Storage System

Battery System

Power Conversion System
+ > P ”|  Grid
P DC/AC A Connection
1
1
1
1 1
1 1
1 1
! ! —>» Power
= = = Communication

Management System

Figure 4.1: Configuration of a typical battery energy storage system with connec-
tion to the grid. It consists of a battery system, power conversion system and a
management system.
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4.1 BESS Projects Globally

The perceived vast potential of BESS has driven the development and deployment of
such technologies and there are currently several projects around the world involv-
ing grid applications [5], [11]. The U.S. Department of Energy administers a global
database listing up-to-date information regarding projects related to grid-connected
storage systems. Information from [11] is used to assess current battery energy stor-
age uses and applications around the world.

BESS projects associated with frequency regulation, in operation or under construc-
tion, with rated power over 1 MW found in [11] were studied. It is found that most
projects are in the United States, Germany, Italy, and China. The most common
technology types are shown in Table 4.1.

Table 4.1: Global battery energy storage projects over 1 MW by technology type.
Based on information from [11].

Technology type (%]
Lithium-ion based 78.3
Sodium-Sulfur 8.9
Lead-Acid 8.3
Vanadium-Flow 3.2
Other 1.3

As seen in Table 4.1, by far the most common technology type is lithium-based.
Different types of sodium-sulfur, vanadium-flow and lead-acid technologies are also
used.

One outstanding example of a battery storage project is the Hornsdale Power Re-
serve. It is the largest operational BESS, located in Australia connected to Hornsdale
Power Reserve wind farm [11]. It is a lithium-ion battery storage system provided
by Tesla with 100 MW / 129 MWh capacity. 70 MW out of its total capacity can
run for 10 minutes and is dedicated to frequency regulation by maintaining system
stability and security [29]. The other 30 MW can run for three hours and is de-
signed for load shifting [29]. The battery storage system has been in operation since
December 01, 2017 and has during that time proven to be capable of providing both
frequency regulation and load shifting [11], [29].

More large scale projects are announced and on the way, fueled by government
initiatives and incentives. As mentioned in subsection 3.2.5, a new ancillary service
has been created in Great Britain to encourage development of BESS and in Korea
several large-scale BESS projects are announced [7].

The trend indicated in Table 4.1, where lithium-based technology is the preferred
type, seems to continue. Through analyzing the data from [11], it is also concluded
that most BESS are not dedicated to simply one power system application. Com-
mon services other than frequency regulation are voltage and transmission support,
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congestion relief, load and generation shifting, renewable energy integration, black
start, and ramping.

4.2 Battery Systems

A battery in simple terms converts electrical energy into chemical energy when
charged, and the other way around when discharged [30]. Battery systems con-
sist of electrochemical cells with electrodes and electrolytes [10], [33]. In this sec-
tion specifications describing characteristics of batteries are introduced. Battery
technologies that are used or could prove useful in power system applications for
frequency regulation are also presented.

4.2.1 Battery Specifications

The following is a summary of common definitions from [30] used to describe the
most vital characteristics and specification of battery systems for BESS.

A battery system is a type of high voltage battery pack, which is built up of modules
and cells. A battery cell is the fundamental form of a battery, and modules consist
of several cells connected in series and parallel. The battery pack is then constructed
using modules connected in series and parallel. There is therefore no essential dif-
ference between a small or large battery except for the amount and configuration of
cells and modules [30].

State of charge (SOC) is a linear function of battery capacity given in percent-
age, indicating available battery capacity. SOC of 100 % indicates a battery that
is fully charged, and 0 % a discharged battery. Depth of discharge (DOD) is 100 -
SOC, showing how much of a battery is or will be discharged. An 80 % DOD from
a battery with SOC of 90 % results in 10 % SOC. DOD is also used as a limit of
maximum depth at which the battery can be discharged without severely affecting
the capacity and performance.

Cycle life of a battery is a given number of charge and discharge cycles for a specific
DOD and charge-discharge condition. Mainly the number of cycles and the depth
of which it is discharged, affects the lifetime of a battery. Optimizing management
and control of charge-discharge rate and DOD increases the lifetime of a battery [31].

Capacity of a battery is the total amount of energy, given in megawatt-hours (MWh),
available when it is discharged at a certain discharge current (given as C-rate) from
100 SOC to cut-off voltage. Cut-off voltage is the voltage level at which a battery
is considered empty. C-rate is the discharge current normalized to battery capacity.
For a battery with 100 MWh, 1C rate means that the entire battery capacity will
be discharged in 1 hour. C-rate can also be used as a limit of maximum continuous
discharge current set to protect the battery from damage and reduction in capacity.
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4.2.2 Lead-acid Battery Systems

Lead-acid is the most mature rechargeable battery technology available and it is
considered to be reliable, cheap and has long operational life [5], [9], [32]. In power
system applications it has primarily been used as an uninterruptible power supply
to provide back-up power, but other applications such as frequency regulation are
also recognized [5], [9], [32].

Lead-acid batteries conventionally utilize lead and lead dioxide as electrodes and
electrolyte consisting of sulfuric acid [9]. The production of lead-acid batteries is
well established and the recycling rate is high but with the materials used there
is an elevated risk of environmental pollution [5], [9], [32]. The materials used in
lead-acid batteries are toxic, hazardous, flammable and explosive, which has limited
its deployment in power system applications [5], [10], [32].

Despite being cheap and widely used, conventional lead-acid batteries also have
limited performance. The technology suffers from low energy and power density,
long charge time and high self-discharge rate. It also suffers serious loss in capacity
following deep DOD or rapid discharge [5], [33]. The main advantages and disad-
vantages of lead-acid batteries are shown in Table 4.2.

Table 4.2: Main advantages and disadvantages of lead-acid battery systems.

Advantages Disadvantages

+ Reliable - High risk of environmental pollution
+ Low cost - Low efficiency

+ Mature - High self-discharge

+ Long operation life - Limited depth of discharge

Research in lead-acid technology has resulted in the development of advanced lead-
acid batteries. Modifying the chemistry of the negative electrode by adding carbon
has shown to significantly improve characteristics in terms of cycle life, charge rate,
and power density [5], [9], [33]. The deployment of advanced lead-acid batteries is
currently not well established [11].

4.2.3 Vanadium-flow Battery Systems

Flow batteries consist of two cells separated by a membrane with remote storage of
the separate electrolytes [5], [9]. Electron pairs solved in electrolytes are pumped
through cells where the electrochemical reaction takes place on stationary electrodes
[5]. Since the storage of the electrolytes is remote it is possible to have very high
capacity making it well suited for large energy storage applications [9].

There are several different types of flow batteries but the most developed type is the
vanadium redox flow battery [5], [9], [34]. The vanadium based flow battery utilizes
the four oxidized states of vanadium contained in two separate sulfuric acid elec-
trolytes. Electrons are conducted by changing the oxidized state of the vanadium
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ions [5], [9].

The technology is considered to have high energy and power capacity, long lifetime
and no limit on DOD. It is also considered to have low risk of pollution, as there are
no toxic materials involved. Its major drawbacks are high construction costs and
the limited available supply of crucial material for electrolytes, electrodes and mem-
branes [5], [10]. It also suffers from low energy density compared to other battery
technologies and therefore its development has been restricted with only a few on-
going projects [34], [11]. The main advantages and disadvantages of vanadium-flow
batteries are shown in Table 4.3.

Table 4.3: Main advantages and disadvantages of flow battery systems.

Advantages Disadvantages

+ High capacity - High cost

+ No limit to depth of discharge - Shortage of material

+ Long lifetime - Low energy density

+ Low risk of pollution - Underdeveloped technology

Current development in the area is focused on the critical materials, increasing its
energy density and improving range of operating temperature, which is currently
roughly 0-40 °C [10].

4.2.4 Sodium-sulfur Battery Systems

Sodium-sulfur batteries are different from most conventional rechargeable batteries
as they have liquid electrodes and a solid electrolyte. Molten sodium and sulfur
act as the negative and positive electrodes respectively, while the electrolyte is a
solid ceramic tube separating the electrodes [5], [9]. It is a high-temperature bat-
tery operating at 300-350 °C, which is needed to keep the electrodes liquefied [5], [10].

Sodium and sulfur are both inexpensive, environmentally safe and abundant mate-
rials making the batteries ideal for large scale mass production in terms of material
[9]. The batteries have high energy density and high efficiency. They also have
proved useful in power system application, especially for load leveling [10], [9].

The main disadvantages are related to practical issues. With an operating tempera-
ture of 300-350 °C fires are of higher risk and therefore safety is important aspect [5],
[10]. The operating temperature also enhances corrosion of the compound materials.
With a fragile electrolyte, it suffers from regular breakdowns caused by vibrations in
certain applications, e.g. mobile applications [5], [9]. This could on the other hand,
indicate it is better suited for stationary power system applications.

Insulation and temperature management is expensive and to benefit from the cheap
and large supply of raw material, large units are required [9]. The cost and the
safety risks has so far limited its further development [5]. The main advantages and
disadvantages of sodium-sulfur batteries are shown in Table 4.4.
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Table 4.4: Main advantages and disadvantages of sodium-sulfur battery systems.

Advantages Disadvantages

+ Abundance of materials - High operating temperature
+ Cheap - Safety risks

+ High energy density - Corrosion

+ High efficiency

Research is mainly focused on lowering the operating temperature to reduce safety
concerns and corrosion issues [5], [10].

4.2.5 Lithium-ion Battery Systems

As shown in Table 4.1 in section 4.1, lithium-ion based batteries are the most com-
mon grid connected battery type used today. Lithium-ion is superior over other
technologies in terms of efficiency, energy and power capacity and density [9], [10],
[31], [33]. This makes them well suited for their current application in mobile phones,
vehicles, and in power systems [5], [10], [33].

Lithium-ion batteries usually consist of a graphite anode, a lithium metal oxide
cathode based on cobalt, and an electrolyte of organic liquid with lithium salt [10],
[9]. The electrodes have highly porous structures with many layers enabling exten-
sive storage of lithium-ions [35]. This ability to host ions explains why lithium-ion
batteries have the highest energy densities of all battery technologies [31].

Despite the mentioned advantages the main challenges are with the production costs,
which restricts their utilization in power systems [10]. The most expensive compo-
nent in a lithium-ion battery is the cathode, where cobalt is the most expensive
material [31]. The complicated process of developing the electrodes and electrolyte
also adds to the expenses [5]. Currently significant effort is put in to lower the
production costs but there are growing concerns regarding the supply of materials,
forcing developers to look at alternative materials [10].

Another drawback is the safety concern relating to overheating. When lithium-
ion batteries are subject to overcharging or when internal short circuits occur the
temperature increases [5], [9]. The high-energy density and flammable material cre-
ates a risk of explosion. Therefore, protection against excessive voltages, current
and temperature is required to guarantee safety [10]. The main advantages and
disadvantages of lithium-ion batteries are shown in Table 4.5.

Table 4.5: Main advantages and disadvantages of lithium-ion battery systems.

Advantages Disadvantages
+ Commercialized - High cost
+ High efficiency - Limited supply of materials
+ High capacity - Safety risks
- Limited lifetime
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Research is focused on increasing cycle life, lowering costs by introducing economy
of scale, and finding lower cost alternatives for certain materials [5], [10], [9]. De-
creasing costs and improving cycle life is vital to enable wider use of lithium-ion
battery systems in power systems.

4.2.6 Aging Mechanism of Lithium-ion Batteries

To accurately model BESS dynamic frequency regulation and attempt to achieve
ideal control over operation there is a need to understand aging mechanisms of bat-
teries. Batteries degrade over time and suffer power and energy loss, a result of
increased resistance and reduced capacity [31]. Aging is clearly correlated to the
usage and operation of the battery system and to understand critical mechanisms
it is also necessary to understand basic operation concepts [31].

When a lithium-ion battery is charged, the anode has high concentration of ions
and low potential. At the same time, the cathode has low concentration of ions and
high potential [36]. High SOC corresponds to high cell voltage, and low SOC to
low cell voltage. When the electrodes are connected externally, to preserve charge
neutrality, lithium-ions are simultaneously moved by the electrolyte from anode,
through a separator, to the cathode [36]. The spontaneous movement of electrons
from anode to cathode conducts current. This reduces the cell voltage and dis-
charges the battery [5], [31]. The reversed process is that of charging [36].

Battery energy output depends on operating voltage, storage capacity of lithium-ions
and internal resistance [31]. Lower storage capacity is a result of loss of lithium-ions
and reduced hosting capabilities of the electrodes. This is caused by side reac-
tions with lithium-ions, changes in electrode structure, and loss of active electrode
material [31]. Increased internal resistance reduces the battery’s ability to trans-
port lithium-ions and results in slower discharge and charge processes [36]. Internal
resistance is made up of impedance contributions from many different sources: con-
tact resistance, charge transfer, diffusion, ohmic losses and electrical resistance of
the electrolyte [31]. The major cause of aging in lithium-ion batteries is increased
charge transfer resistance between electrodes and the electrolyte [31].

Lithium-ion cells also experience aging when they are not in operation, which is
called calendar aging [31]. The main contribution to calendar aging is increased
contact resistance between the graphite anode and electrolyte, which is caused by
growth in a passive surface layer, called solid electrolyte interphase [31], [37]. Calen-
dar aging is heavily dependent on, and accelerated by, high surrounding temperature

and SOC.

4.3 Power Conversion Systems
A power conversion system (PCS) is the connection of the battery system to the

grid, managing conversion of both AC-DC and DC-AC. There are two common
types of PCS used in BESS applications.
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The first PCS is a simple single-stage bi-directional AC-DC converter [5], [38]. One
of many different designs and topologies of such a PCS is a 3-phase, 6-pulse bridge
inverter. Its IGBT switches are controlled by PWM signals from the battery man-
agement system to control the power flow [38]. A single-stage AC-DC converter is
usually applied to an independent power source in a distributed power generation
system since it has a simple structure with high efficiency [5]. But it suffers from
insufficient control over charging and discharging resulting in instability and inac-
curacy [5], [38].

Another PCS topology commonly used is a two-stage AC-DC and DC-DC con-
verter. It has better control over charging and discharging of the battery making
the system more reliable and accurate [5]. The DC-DC conversion allows for efficient
current limitation and the high efficiency reduces energy loss [39]. This makes it
well suited for large-scale applications where current limiting and power control is
important.

Research in PCS is focused on reducing switching losses, increasing efficiency and
adapting it to handle higher operating temperatures to improve the overall perfor-
mance [5]. However, customized solutions for BESS applications are not prioritized
since available power electronic converter technology can easily be adapted to be
used in BESS [5], [38].

4.4 Battery Management Systems

The battery management system (BMS) is needed to monitor and maintaining safe
and ideal operation of a BESS [28], [38]. To achieve desired lifetime, improve effi-
ciency, fulfill application requirements and because of restrictions in inherent char-
acteristics of the battery system, cell voltage and charge/discharge current should
be constantly managed by the BMS [40], [41]. Since battery systems are of modular
designs, composed of cells in series and parallel, maintaining status of each cell is
needed to ensure the stability and power supply of the whole battery system [5], [41].

By monitoring voltage levels the BMS protects the battery system from over-charging
and reaching complete discharge [5]. Over-charging occurs when the battery system
reaches too high SOC and complete discharge by too low SOC and too deep DOD.
As explained in subsection 4.2.6, SOC is directly correlated to cell voltage level
and both over-charging and complete discharging seriously affects battery capac-
ity and performance [31]. The BMS also provides protection by controlling charge
and discharge current, and by monitoring temperature and short circuit currents [5].

Another vital function of the BMS is to handle effective management and dispatch-
ing of power to the grid. Depending on operation setting and grid activity the BMS
must manage the BESS to respond accordingly [5]. It should also fulfill connection
requirements and achieve continuous communication and power exchange with the
grid [42].
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Gradual increase in demand for BESS and the high demand for battery systems
in mobile applications has driven development and research in optimized BMS and
its importance has been recognized and greatly promoted [5].
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Swedish Transmission Grid Model

The Swedish power system model used in this thesis is a detailed transmission grid
made in PSS/E capable of emulating static characteristics of the Swedish power sys-
tem and dynamic frequency characteristics of the Nordic synchronous power system.
It is based on a model that is the result of the master’s thesis project [43]. This
chapter describes the structure and behavior of the model.

5.1 Static Modeling

The model developed in master’s thesis project [43] is an emulation of the Swedish
transmission system, including production sources, loads, and connection points to
distribution grids and external grids. It is an aggregated model with 221 buses, 478
generators, 283 branches and 193 loads. The model is limited to the grid owned by
the Swedish TSO in voltages 220 kV and 400 kV for year 2015. It is divided into 20
Swedish counties, markets areas SE1-SE4 and includes connection points to Norway,
Finland and Denmark.

The model is developed in PSS/E, which is a power system simulation software
for engineers used for planning and analyzing transmission networks. Information
was gathered solely from open source material: databases, official reports, mas-
ter’s thesis projects, and literature. This section summarizes the work on the static
modeling presented in [43] and contributions made by the author.

5.1.1 Modeling of Generation

Installed generation capacity in the model resembles actual installed capacity in
Sweden for year 2015. Comparison of the modeled capacity to actual capacity is
shown in Table 5.1, based on official data from the Swedish Energy Agency [44].
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Table 5.1: Installed capacity in Sweden for 2015 compared to modeled capacity by
types of production sources.

Type Installed capacity [MW] Modeled capacity [MW]

Hydro 16 184 16 312
Nuclear 9714 9 076
Thermal 7 920 7 920
Wind 6 029 1 940
Solar 104 0
Total 39 951 35 248

The difference in actual installed capacity and modeled installed capacity is in detail
explained in [43]. The most significant difference is in wind power. This is the result
of only including the largest wind farms in Sweden and excluding individual wind
turbine units, as this was deemed too time consuming [43].

5.1.2 Modeling of Loads

System loads are modeled as directly connected to the buses to represent connec-
tions to distribution grids and consumption. Loads are modeled as pure active power
loads based on the statement that the Swedish TSO aims to have zero sum exchange
of reactive power exchange during normal operation, stated in [45].

When simulating static load flow, the hourly consumption for each market area,
obtained from Nord Pool database [46], is distributed among buses in the model
based on annual county consumption. This is an approximate approach requiring
adjustments to achieve correct balance in the system. To reach the desired con-
sumption in each market area loads were moved from one market area to another
by scaling loads during the validation process, later explained in section 5.2.

5.1.3 Modeling of Transmission Lines

Transmission lines and the connection points to substations in the grid are based on
the European grid map from ENTSO-E [47]. As described in [43], this information
allowed modeling of transmission lines and substations with high similarity to the
actual Swedish transmission grid. All lines are assumed to be overhead lines of
the same material and type, based on information from [48]. The resulting PSS/E
graphical layout is shown in Figure 5.1.

30



5. Swedish Transmission Grid Model

SE2

Figure 5.1: The graphical layout of the Swedish Transmission grid modeled in
PSS/E and first presented in [43]. The four market areas SE1-SE4 are separated by
solid lines. The Ringhals bus is in the south west part of SE3 and the swing bus is
located in the middle of SE2.
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5.1.4 External Connections

There are 14 connections to external grids included in the model, in the form of
transmission lines of 220 kV and 400 kV, and HVDC links. AC external connections
are modeled with generating units and HVDC lines and associated connections are
modeled as active power loads. Generating units and loads supply and consume
power to indicate import and export to and from Sweden.

5.2 Validation of Static Model

The static model was validated using recorded load flow data from Nord Pool. One
high and one low demand case was examined in [43], and an additional high load
case is introduced in this thesis. Data for each case includes: production, consump-
tion and power flow in and between market areas SE1-SE4, import and export to
and from Sweden, and production by power source type.

The case introduced in this thesis is hour 10:00-11:00 on March 05, 2015. This case
was chosen as it provides a reference frequency response, which is crucial for veri-
fying the dynamic characteristics of the model. The case has 21 566 MW recorded
production, 20 446 MW demand (including losses) and net export of 1 011 MW.
Result of load flow simulation is shown in Table 5.2.

Table 5.2: Actual and modeled production, demand, and exchange for the market
areas, and export to different countries, on March 05, 10:00-11:00, using recorded
historical data from Nord Pool [46].

Area  Historical [ MW] Modeled [MW]

SE1 3 821 3 821

SE2 6 667 6 559

Production SE3 10 313 10 313
SE4 764 764

Total 21 566 21 457

SE1 1 288 1 288

SE2 2 418 2 418

Demand SE3 12 912 12 912
SE4 3 828 3 828

Total 20 446 20 446

NO -2 563 -2 563

FI 2 587 2 587

Export DK 58 58
PL 603 603

DE 326 326

Total 1011 1011

SE2-SE1 1295 1 308

Exchange  SE3-SE2 5 727 5 646
SE4-SE3 4 296 4 316
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As seen in Table 5.2, correlation between actual recorded and modeled production,
consumption, export and exchange is high. The difference between modeled pro-
duction and historical production is caused by the imbalance from the source data,
which results in reduced production in SE2. Both demand and export are modeled
with complete correlation to the recorded historical data. Deviation in exchange
between market areas is most likely caused by imprecise division of loads and pro-
duction units not entirely correlating to the market areas.

Validation using recorded historical data from Nord Pool demonstrates that the
model used in this thesis can emulate the load flow of the Swedish transmission
grid, with only a small degree of deviation.

5.3 Dynamic Modeling

The aim of dynamic modeling is, in this thesis, to correlate the frequency response
of the model following a major disturbance to the real response of the Nordic power
system. As the dynamic simulation of frequency response was at first insufficient,
several contributions to the model were made.

As noted in [43], the process of developing a dynamic model of the Swedish power
system is demanding and acquiring necessary data is difficult. The dynamic char-
acteristics were obtained through contacts with experienced people in the industry,
from thesis [49] and model Nordic44. The raw and processed data files correspond-
ing to model Nordic44 are available as an open data set documented in [50] and it
is first presented in [51].

5.3.1 Generation Units

To simplify and facilitate dynamic modeling, production units of the same type are
assigned the same models and associated variables. The PSS/E dynamic models
used for generator, exciter and stabilizer characteristics are presented in Table 5.3.

Table 5.3: Generating units their assigned dynamic models in PSS/E.

Unit Type Generator Exciter Stabilizer
Hydro GENSAL SCRX STAB1
Nuclear GENROU  SCRX STAB1
Thermal GENROU IEEET2 STABI1

External Connection GENSAL SCRX STAB1

GENSAL is a salient pole generator model used for hydro units. GENROU is a
round rotor generator model for both nuclear and other thermal generators. The
units representing external connections to Norway, Finland and Denmark in Table
5.3 are assigned the same models as hydro units, GENSAL. This is to enable and
facilitate modeling of external frequency contribution.
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Wind power units are not included in Table 5.3. All wind turbines are assumed
to be variable speed wind turbines, and should not contribute with system iner-
tia [23]. This was implemented using the PSS/E function GNET. Activity GNET
replaces generation units with equivalent negative load [53]. With wind turbines
modeled as negative loads they will not contribute with inertia, as expected from
variable speed wind turbines. This is a relatively basic solution but for the purpose
and aim of this thesis it is deemed sufficient. An alternative solution would be to
find appropriate dynamic wind turbine models and parameters, which could be use-
ful for further studies related to dynamic characteristics and synthetic inertia from
wind turbines.

5.3.2 Load Conversion Factors

When performing dynamic simulations of the Nordic power system in PSS/E loads
are in most cases converted to either constant current, constant admittance or con-
stant power loads, or a mix of all three [49], [54]. The load conversion factor is used
model the dynamic behavior of loads. Different TSOs use different load conver-
sion factors and load conversion factors used by current the Swedish TSO Svenska
Kraftnét to perform dynamic simulations in PSS/E, are 0/40/60 for active power
and 0/90/10 for reactive power [54]. The same conversion factors are consequently
used in this thesis.

5.3.3 Inertia Constants and System Inertia

Modeling of system inertia is important for the model to possess the desired char-
acteristics of the Nordic power system. Inertia constants and system kinetic energy
assigned in [43] to the model was therefore carefully reexamined and additional ap-
proximations were made.

Given active power capacity the machine bases S, in (MVA) were calculated as-
suming generators operating at power factor 0.9. The principle values, from [55]
shown in Table 5.4, are used to assign inertia constants to generators in the model.

Table 5.4: Proposed inertia constants (H,) for different generator types from [55].

Generation type H, [s]

Nuclear 6.4
Hydro 3.4
Thermal 2.8
Wind 0.0

With the calculated generator bases S, and the inertia constants H, shown in Table
5.4, system kinetic energy capacity can be calculated. Using equation (3.4), the
kinetic energy capacity in Sweden is estimated to 154 900 MWs.

In [12] the kinetic energy capacity of Sweden is estimated to roughly 156 400 MWs.
Comparing the calculated value 154 900 MWs and the estimated kinetic energy in
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Sweden 156 400 MWs, indicates that the principle inertia constants used and as-
sumptions made are reasonable.

The kinetic energy capacity and distribution per country, from the estimations in
[12], are shown in Table 5.5.

Table 5.5: Kinetic energy capacity in Sweden, Norway, Finland and Denmark and
distribution, based on estimations from [12].

Country Kinetic energy [MWs] Distribution [%)]

Sweden 156 400 45.0
Norway 97 500 28.1
Finland 74 200 21.4
Denmark 19 300 5.6
Total 347 500 100

The kinetic energy in the Nordic power system for the case on 05 March 2015 used
in section 5.2 is estimated to roughly 260 000 MWs using [12] and [1]. With the
distribution presented in Table 5.5, inertia in each country can be estimated.

Kinetic energy in the Swedish model is calculated to roughly 119 800 MWs from
the load flow simulation conducted in section 5.2. To reach desired level of kinetic
energy in the Nordic system, remaining kinetic energy is distributed to each country
according to the distribution shown in Table 5.5. This is done by adjusting Mp,se
and inertia constant H, for generating units representing connection points to ex-
ternal grids.

The resulting approximated and modeled kinetic energy FEj distribution in the
Nordic power system is shown in Table 5.6.

Table 5.6: Estimated and modeled kinetic energy Ej in Sweden, Norway, Finland
and Denmark for March 05, 10:00-11:00, based on estimations from [12], [1].

Country Estimated E; [MWs| Modeled E; [MWs]

Sweden 117 000 119 800
Norway 73 100 71 500
Finland 55 600 54 500
Denmark 14 600 14 200
Total 260 000 260 000

To simulate a realistic load flow scenario with production of each unit over 80 % and
to achieve desired level of kinetic energy not all generators in the model are in service.
As it is an aggregated model, completely balancing estimated and modeled kinetic
energy was not possible and the difference in kinetic energy is deemed acceptable.
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5.3.4 Turbine Governors

Dynamic simulation of generating units was completed by implementing PSS/E
models of turbine governors. The focus was on turbine governors for hydro units
as these are the major source of frequency reserve in the Nordic Power system [49].
Nuclear power is not used for FCR-N or FCR-D and there is limited amount of
thermal power production active in the case chosen. Therefore, in the model only
hydro units are active in primary regulation.

The governor model IEESGO is used for nuclear and other thermal units, as sug-
gested in [49], [50]. It is a general-purpose turbine able to provide a good represen-
tation of a reheat steam turbine [56]. The frequency regulation capability of this
model was inactivated and as desired the units do not act in primary frequency
regulation and do not provide FCR.

The turbine model WEHGOV is used to model hydro units as it is a detailed turbine
model with a PI regulator. Modern governors today are electronic and it is argued
that a PI controlled governor model is to prefer when modeling modern hydro unit
frequency characteristics [49], [57]. WEHGOV is a representation of a Woodward
Electronic hydro-governor [56]. The parameters for the variables of WEHGOV used
in the model in PSS/E, were acquired from contacts in the industry, a study pre-
sented in [58], and by using typical values presented in [56].

5.4 Validation of Dynamic Model

The case 10:00-11:00 on 05 March 2015 was chosen as it provides a reference fre-
quency response of the Nordic power system. On March 5, at approximately 11.04
Ringhals 4 was disconnected. This resulted in a frequency deviation and frequency
response as shown in Figure 5.2, as presented in [49)].
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Figure 5.2: Reference response of Nordic power system on 05 March 2015, as

presented in [49]. At 10 seconds, Ringhals 4 was disconnected resulting in a large

frequency deviation from 50 Hz down to 49.62 Hz with steady state frequency at

49.87 Hz.

As seen in Figure 5.2, the outage of 1110 MW occurring at 10 seconds, results in
a large frequency deviation. Frequency drops as low as 49.618 Hz at 18.92 seconds
and is stabilized at roughly fss = 49.87 Hz. This response and provided values from
[49] are used to achieve the desired frequency regulation and to verify the dynamic
model behavior. Given the steady state frequency f,; and the power deficiency,
the system frequency response is calculated using equation (3.9), resulting in total
frequency response of approximately 8540 MW /Hz.

The total frequency response of 8540 MW /Hz was distributed to Sweden, Norway,
Finland and Denmark based on the FCR-D requirements set by the Nordic System
Operation Agreement, previously mentioned in subsection 3.2.2 and the distribution

used in [49]. The resulting contribution from each country in the model is shown in
Table 5.7.

Table 5.7: Frequency response contribution from Sweden, Norway, Finland and
Denmark in the model for the frequency event on March 05, 2015. Distributed
using the reference case in [49] and according to FCR-D requirements set by the
Nordic System Operation Agreement.

Country Frequency response [MW /Hz]

Sweden 2 860
Norway 2 980
Finland 1 800
Denmark 700
Total 8540

The frequency contribution from each country is like the distribution given in SOA
but adjusted to better represent a realistic distribution. This is achieved by increas-
ing contribution from Norway in accordance with the reference case.
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After distributing the frequency response contribution, parameters of turbine gover-
nor WEHGOV were adjusted by altering proportional and integral gain parameters
Kp and K to achieve desired frequency regulation. The resulting modeled frequency
regulation and reference frequency regulation are shown in Figure 5.3.
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Figure 5.3: Frequency regulation of model and reference case following a produc-
tion loss of 1110 MW on March 05, 2015.

Modeled frequency regulation is similar to the reference case, as seen in Figure 5.3.
Both reference and modeled frequency deviation reach the same minimum frequency
of about 49.62 Hz and steady state frequency of 49.87 Hz. The model does not re-
cover as quickly as the reference and oscillates longer. The oscillations are most likely
caused by having very strong frequency response and many generators reacting to
the frequency deviation. This could be adjusted by setting some turbine governors
as offline but would also require reassigning the frequency response contribution in
order to achieve desired steady state frequency, a time-consuming process.

With the assumptions made and considering an aggregated model is used, devi-
ations from the reference case are expected. The resulting frequency behavior of the
model, illustrated in 5.3, is regarded as adequate for this thesis.

5.5 Reduced Kinetic Energy and Model Behavior

To illustrate the importance of system inertia and kinetic energy and the effect it has
on the Nordic power system frequency, reduced inertia simulations were conducted
using the dynamic model. These simulations were also used to verify that the model
behaves as it should by comparing results to similar studies on reduced inertia in
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the Nordic power system, in [1], [2], [49].

A low load case, e.g. a summer night with high wind production and import through
HVDC links, is when reduced inertia is expected to have the largest impact on the
power system [1], [2], [23]. But as explained in section 5.2, a reference frequency
response was needed to validate the model and no such reference case for a summer
night was found in open sources. Instead the same load case of 10:00-11:00 on March
05, 2015 and production loss of 1110 MW, as in section 5.4, was chosen for these
simulations. In future work, it would be interesting to look at a low load reference
frequency response case to see how reduced inertia effects the Nordic power system.

Simulations were conducted by reducing modeled kinetic energy from initial 260
000 MWs to 130 000 MWs, and down to 80 000 MWs, to see the effects on system
frequency deviation. 260 000 MWs corresponds to roughly system inertia constant
5s. 130 000 MWs is roughly the lowest level of kinetic energy in the Nordic power
system today corresponding to an inertia constant of roughly 2.5 s. [1]. This also
corresponds to the kinetic energy from approximately twice the installed nuclear
capacity in Sweden. 80 000 MWs was chosen as it was estimated in [12] to be the
lowest level of kinetic energy in the future Nordic power system and corresponds to
a system inertia constant of 1.5 s. The resulting behavior is shown in Figure 5.4.
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Figure 5.4: Illustrating change in frequency deviation by reducing kinetic energy
in the modeled system from 260 000 MWs, to 130 000 MWs and 80 000 MWs.

As seen in Figure 5.4 reducing inertia results in steeper frequency decline, lower
frequency nadir and reduced time to frequency nadir. The lowest point of frequency
is referred to as frequency nadir in [23], [49], [59]. The results shown in Figure 5.4
corresponds to the results of studies [1] and [2].
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For the model used in [1], illustrated in Figure 5.9 in [1], reducing system kinetic
energy from 130 000 MWs to 86 000 MWs results in a 1.2 Hz reduction in frequency
nadir and roughly 2 second difference in time to nadir. In Figure 5.4, time to nadir
is reduced roughly 2 seconds when kinetic energy is reduced from 130 000 to 80
000 MWs but difference in frequency nadir is only 0.6 Hz. However, considering
the considerable amount of frequency regulation at 8540 MW /Hz and having many
generators regulating system frequency, these results are regarded as reasonable.

Theoretical values of rate of change of frequency (RoCoF) measured in Hz/s for
the different simulated cases were calculated using equation (3.7) and are shown in
Table 5.8.

Table 5.8: Theoretical values of rate of change of frequency for the simulated cases.

System inertia [MWs] RoCoF [Hz/s|

260 000 0.11
130 000 0.21
80 000 0.35

To better illustrate how reducing inertia results in steeper frequency decline and
how it affects RoCoF, the first second of after the production loss is examined. This
is shown in Figure 5.5.
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Figure 5.5: Illustrating the effects of reduced kinetic energy on rate of change of
frequency for a major fault. Reducing inertia results in increased frequency decline.
The solid lines show the frequency of the model and the dashed lines show the
theoretical frequency decline.
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Figure 5.5, shows the theoretical and modeled frequency decline following the loss
of production. The theoretical values of RoCoF for the different kinetic energy cases
are represented in Figure 5.5 by the dashed lines dfdt%o 000> dfdt130 000 and dfdtgo 000-
In this example the load frequency dependence and turbine governors have been re-
moved to show the unregulated RoCoF and to illustrate the correlation of the model
to theoretical RoCoF without damping.

Right after the fault is introduced at 10 seconds, the same frequency decline is
shown for all three kinetic energy cases until roughly time 10.02 s. Also, the fre-
quency decline is not linear. In [60], it is suggested that PSS/E calculates dynamic
frequency based on bus voltage angle using a low-pass filter, which results in distor-
tion. This might also be caused by rotor angle instability caused by the disturbance.
In [60], roughly 0.3 seconds is required before the frequency output is as expected
and in this thesis slightly longer time seems to be needed. This non-linearity is also
observed in other studies of frequency decline using PSS/E, such as [54]. Despite
the initial non-linearity, the response of the model correlates well with theory and
other reference results.
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Modeling Battery Storage Systems

This chapter describes the process of modeling components and dynamic character-
istics of BESS in PSS/E. The outcome is two different user-defined dynamic models,
which are not part of the PSS/E library of provided dynamic models.

6.1 Choosing Suitable Technology

Choosing a battery system suitable for the intended application in the Nordic power
system is accomplished by matching specified requirements with key parameters of
the different battery technologies. For frequency regulation applications, long cycle
life is critical as discharge events occur repeatedly, and long service life is crucial
for long-term pay-off. High energy conversion efficiency, discharge current and rapid
response of the BESS are required to enable delivery of full power to the grid in a
short period of time [5].

Information from [5], [9], [10] was used to summarize key parameters of the battery
technologies introduced in section 4.2. Main parameters considered are cycle life,
energy efficiency, cost, and maturity. Cycle life is the number of charge-discharge
cycles the battery handles before capacity is reduced below 80 % [31]. Efficiency
is the round-trip efficiency of the battery and cost is per kWh. These parameters
shown in Table 6.1 for each battery technology.

Table 6.1: Key parameters of different battery energy storage technologies [5], [9],

[10].
Type Cycles Efficiency Cost (SEK/kWh) Maturity
Lead-acid 200 - 2000 75-90 % 1700 - 5000 Mature
Vanadium-flow 10 000 - 18 000 70-85 % 5000 - 12 500 Developing
Sodium-sulfur 1500 - 5000 75-92 % 5000 - 25 000 Commercializing
Lithium-ion 1000 - 10 000 90-95 % 10 000 - 33 500  Commercialized

Energy and power density are not limiting for stationary applications and are not
included in Table 6.1. Environmental and sustainable aspects for the different tech-
nologies are not included in Table 6.1 but they are equally important as the key
parameters to consider when choosing a suitable technology.

By comparing key parameters shown in Table 6.1 and environmental aspects to
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the requirements for frequency regulation applications, the most suitable technol-
ogy is considered to be lithium-ion. It has superior efficiency and long cycle life,
both of which are crucial for the intended application. It does however suffer from
some fire safety issues. The other proposed technologies suffer from major disadvan-
tages. Lead-acid has high risk of serious environmental pollution and vanadium-flow
is currently underdeveloped and has lower response time than lithium-ion systems

9].

Sodium-sulfur might be viable option in the future if shortage of material is a limit-
ing factor for further development of lithium-ion batteries. It is significantly cheaper
and has relatively high efficiency, but currently suffers from practical obstacles in
terms of its high operation temperature. It is also associated with significant safety
issues and the technology is not yet commercialized.

Adding to the benefits of lithium-ion technology is that safety issues are manage-
able and power output can be accurately controlled. Another major advantage is
that the technology is already commercialized, which is crucial for its deployment
in this application. However, the major drawback is concerned with high costs
[10]. Expectations are that ongoing research and development in lithium-ion bat-
tery technology can bring down the costs by finding cheaper alternative materials
and improving production.

6.2 Designing User Defined Models

CBEST is a dynamic model developed by Electric Power Research Institute (EPRI),
and it is provided in the PSS/E model library. This dynamic battery model was at
first considered to be used to model dynamic characteristics of BESS but despite
being an approved dynamic model provided in the PSS/E model library, it has sev-
eral limitations. Considering the limitations of the model CBEST, it was decided
to develop user defined generator models of BESS.

It has been proven in studies [61], [62], [63], [64] that user defined dynamic models of
BESS can be successfully created for PSS/E. The instructions provided in chapter
23 Model Writing, in [65] and discussions with experienced people in the industry
were used as a guide to create the models.

Two different kinds of frequency controllers were designed, a droop control and
a derivative control. The droop control is made to work as primary frequency reg-
ulation and regulates active power output of the battery in relation to frequency
deviation. Derivative control functions as inertial response where it reacts to the
frequency derivative and increases active power output or input in relation to the
magnitude of RoCoF.
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6.2.1 Droop Controlled Model

Droop control is implemented to fulfill the requirements on FCR-D in the Nordic
power system. Described in subsection 3.2.2, the current principal requirements on
FCR-D is that it should restrict frequency deviations from 50 4+ 0.1 Hz to between
49.5 Hz and 50.5 Hz.

For a BESS to only provide FCR-D, a dead band is introduced. Within the dead
band of 50 £ 0.1 Hz, battery output is 0 MW. For larger frequency deviations bat-
tery output or input is increased from 0 at 50 &= 0.1 Hz, to reach 100 % power output
and input at 49.5 Hz and 50.5 Hz respectively.

To fulfill the requirements of increasing power output 100 % with a 0.4 Hz change in
frequency the droop setting is set using equation (3.8). The resulting droop setting
R is -0.8 (%) and the resulting proportional gain K is -125. The resulting change
in BESS power to frequency with dead band is shown in Figure 6.1.

max

BESS power output (MW)
o

max

49.50 49.90 50.10 50.50
System frequency (Hz)

Figure 6.1: Droop setting of BESS to fulfill FCR-D requirements. Output is 0
MW for frequencies within 50 + 0.1 Hz, shown in red. For frequencies beyond 50 +
0.1 Hz output is increased /decreased to + P4, at 50 £+ 0.5 Hz, shown in blue.

In Figure 6.1 the dead band with 0 MW power output is indicated by red. Discharg-
ing or charging of the battery is increased linearly until it reaches the power limits.
Maximum discharge is indicated by power output P,,.., and maximum charging is
at power output — P,,.,. The block diagram of the resulting droop control is shown
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in Figure 6.2.

Dead band limits Proportional gain P_max
\ 4 i
Freq. dev.—>»| . > K=1/R > 1 —>» P_out
Dead band
-P_max

Figure 6.2: Block diagram illustrating the droop control. The frequency deviation
signal Freq. dev. from the bus is passed through dead band filter with positive and
negative lower limits. Then it is passed through the droop logic with gain K = 1/R,
and then compared to maximum/minimum power output +F,,,, to determine the
resulting output signal P,,;.

Figure 6.2 illustrates how the desired droop control is implemented in the model
using the bus frequency deviation signal resulting in the power output signal P,;.

6.2.2 Derivative Controlled Model

In [63] it is demonstrated that a BESS with RoCoF-control can improve frequency
stability in power systems as it is almost consistent with providing inertial response.
As explained in subsection 3.2.1, there are currently no defined requirements on
minimum inertia in the power system and there are no regulations on how it should
be provided. However, there are in [4], [12], and [63], suggestions and examples on
how such a controller can be implemented. The resulting derivative control model
designed in this thesis is shown in Figure 6.3.
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Figure 6.3: Block diagram of the derivative control model. The derivative of the
difference between bus frequency f(t) and frequency at the start of the frequency
event f(ty), is used to calculate RoCoF. RoCoF is passed through a dead band
filter, proportional gain K;pr is added and the output signal is then compared to
maximum/minimum power limits 4 P,,,, resulting in the output signal P,,;. The
lower part of the control is used when time ¢ is larger than the time delay #4q,. The
change in frequency at each time step fq;rs is the difference between bus frequency
f(t) and the bus frequency at the previous time step f(t — ). fuss is used to
determine when point of minimum or maximum frequency is reached and if it is
reached power output signal is reduced to 0.

The control model introduced in this thesis, illustrated in Figure 6.3, is based on
observing RoCoF, which is frequency compared to the frequency at the start of the
disturbance, over time. In Figure 6.3 the BESS power output P,,; is determined as
shown in Figure 6.4.
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Figure 6.4: BESS power output in relation to RoCoF. Output is 0 MW for fre-
quency derivatives smaller than + df,,;,, shown in red. For frequency derivatives
beyond this limit, output is increased or decreased linearly to +P,,,, at £+ df,,...

A dead band is used to ensure the BESS does not react to small frequency devia-
tions. The lower dead band limits are indicated in Figure 6.4 as + df,,;,. If they
are set too low the model will react to very small deviations and if they are set too
high the model might not react at all. In [63] it is suggested to set the thresholds
of RoCoF control in relation to rated power of the battery used, which in that case
corresponded to + 0.072 Hz/s.

In this thesis, empirical analysis using the modeled grid was conducted to set these
limits. Like the procedure in [63], different thresholds were used for different to-
tal battery power capacity. The thresholds used were + 0.036 Hz/s for 40 MW, +
0.034 Hz/s for 100 MW, and + 0.027 Hz/s for 540 MW installed capacity in the grid.

Proportional gain Kjp is used to increase power output in proportion to RoCoF.
In [4] and [63] different proportional gains are suggested. In [4] battery output is
maximum at -0.5 Hz/s and in [63] at -0.3 Hz/s. It was found through tests using the
modeled grid, setting of proportional gain (K;g) to -10 resulted in desired response,
similar to what is shown in Figure 3.2. This corresponds to maximum output at
-0.10 Hz/s from the lower dead band limit, which is lower than the suggested limits
of -0.5 and -0.3 Hz/s from [4] and [63]. Beyond this limit power output is restricted
to £P 0z
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Inertial response is 0 MW when system frequency reaches its maximum instanta-
neous frequency deviation. In the model this is implemented as shown in the lower
part of the control model in Figure 6.3. But there were some difficulties because of
short-term frequency oscillations at the bus where Ringhals 4 is connected. These
short-term oscillations are shown in Figure 6.5.
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Figure 6.5: short-term frequency oscillations observed between 10 and 25 seconds
at faulted bus after the trip of Ringhals 4, which occurs at 10 seconds.

Figure 6.5, illustrates how frequency oscillates for roughly 15 seconds after the pro-
duction loss at Ringhals 4. This is caused by the power contributions from generators
reacting to the frequency deviation. This corresponds to the findings and examina-
tion of oscillations done in [12].

For the derivative controlled model, power output was reduced to 0 MW prema-
turely without a time delay because of these oscillations. As seen in Figure 6.5,
most oscillations are observed after a few seconds of the unit trip. A time delay
tdgelay Of a few seconds was therefore introduced to ensure power output is not re-
duced prematurely. In future work, another solution rather than a simple time
delay, perhaps a filter, should be developed in order for the model to work in power
systems with larger oscillations.

In this study, the initial frequency signal is not passed through a filter in either
model. Time and difficulty applying such a filter are reasons why it was not imple-
mented. Also, frequency in the model of the Nordic grid in PSS/E does not suffer
from small, quick frequency changes that often occur in a real power system, and
therefore there is no need for a filter.

6.2.3 Additional Control

Both droop control and derivative control models determine resulting power output.
Additional control in the form of limitations and characteristics of BESS are then
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included in both models. The subsequent control of both models is illustrated in
Figure 6.6.

Response time Efficiency  SOC limits ~ Capacity Bus voltage
P P_out' P_out" -
P_out —»| J L — > SOC estimation » Current Injection [—>1_inj
Time delay

Figure 6.6: Block diagram showing additional control blocks of the two BESS
models. The P, signal is delayed by the response time resulting in P, which
is the deylayed signal. Efficiency, SOC limits and capacity are used in the SOC
estimation resulting in P/ ,. The bus voltage is then used to calculate the current
injection Ijy;.

Response time of BESS is considered as the response of a PCS system is not in-
stantaneous [62]. As illustrated in Figure 6.6, response time is introduced as a time
delay, which can be varied depending on the actual response of the PCS. Per [66],
for all battery storage technologies considered in this thesis response time is less
than 1/4 cycle in a 60 Hz power system. In [62], the response time for a lithium-ion
BESS is tested. From rest to full power output, the measured response time is found
to be roughly 8.3 ms.

As explained in subsection 4.2.6, controlling SOC is crucial for overall operation of
BESS. It must be controlled so that the BESS can provide the intended frequency
support and SOC limits must be considered to maintain operational capacity, safety
and limit aging. This is done in the SOC estimation block shown in Figure 6.6.

There are a few different ways to determine the SOC of batteries and the method
used in this thesis is referred to as Coulomb Counting [62]. It is based on estimating
the remaining capacity of the battery depending on charging or discharging rates.
SOC at time ¢ is calculated as

t

SOC(t) = SOC(t — 8) — ; / Boneeh (6.1)
b7 n

where ¢ is the time step between each sample, Fj is the energy rating of the battery
in MWh and integration of % is the energy into or out of the battery in MWh.
At t=0 SOC is equal to SOC},itiai-

Round trip efficiency (n,+) of BESS is the contribution of both charging efficiency
(n.) and discharge efficiency (n4). To simplify modeling, it is assumed that charge
and discharge efficiency is the same. This same assumption is used in studies [62],
[67]-[70]. The efficiency (n) can therefore be obtained as

N="Nc="MNd ="t - (62)
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Using the lowest round trip efficiency for lithium-ion of 90 % presented in Table 6.1,
charge and discharge efficiency is obtained as roughly 95 %. The efficiency is used
to calculate the energy drawn from the battery based on the power output.

The SOC limits SOC,,,, and SOC,,;, are used to limit charging or discharging be-
yond a certain threshold. In this study, full power output/input is allowed between
10-90 %. These limits were chosen because for lithium-ion batteries to maintain
capacity, operational safety and to improve lifetime, full charge/discharge is usually
limited to DOD at 80 % which corresponds to SOC between 10 - 90 % [31], [62].
If these limits are breached, P,,; after the SOC estimation block in Figure 6.6 is
reduced to 0.

6.3 Verification of BESS Models

The two developed models were tested to see if the designed controllers worked as
intended. The test grid used is a simple three bus system with two generators, one
load and one BESS, shown in Figure 6.7

1

201 101
2 50.0
( ’—0.0R 100.0 -100.0
1O 0.0 0.0 0.0 0.0 -0.0
0.0H -0.0 0.0 1000 1
0.0
’ 50.0
1.0 ( ) 0.0R 1.0
400.0 1.0 400.0

400.0

Figure 6.7: Test grid used to verify BESS models. Bus 1 is the swing bus with
two generators producing 50 MW each, bus 101 has a load of 100 MW, and the
BESS is installed at bus 201. The transmission lines are lossless and system voltage
is 400 kV.

The generators at bus 1 in Figure 6.7 are modeled as hydro generators with the
same dynamic models used in the model of the Nordic power system: GENSAL is
used as generator model, SCRX as exciter, STAB1 as stabilizer, and WEHGOV is
assigned as the turbine governor.

For the test case, initial condition with frequency regulated at 50 Hz is run for
10 seconds. At 10 seconds generator 2 at bus 1 is disconnected. This creates 50
MW generation deficit and a large frequency deviation. Dynamic simulations are
then continued to see how the BESS at bus 201 reacts to the frequency deviation
and how frequency stability is improved.

6.3.1 Droop Controlled Model Test

The values listed in Table 6.2 are assigned to the droop controlled model.
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Table 6.2: Assigned values to the droop controlled model for test case.

Parameter Value
Dead band limits 4+ 0.1 Hz
Praz 10 MW
Proportional gain K -125
Efficiency n 95 %
Response time 0.083 ms
Initial SOC 50 %
SOC lower limit 10 %
SOC upper limit 90 %
Battery capacity 6.58 MWh

The values for dead band limits, proportional gain, efficiency and response time,
listed in Table 6.2 and assigned to the model, are correlated to providing FCR-D
with a BESS that has characteristics of lithium-ion battery technology. The SOC
limits are set and capacity is calculated for the BESS to run at P,,,, for 15 minutes
while maintaining acceptable SOC. The resulting frequency deviation and BESS
power output is shown in Figure 6.8.
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Figure 6.8: Frequency of the test grid and BESS power output with droop control.
At 10 seconds a 50 MW generator is disconnected resulting in frequency deviation.
When frequency drops below 49.9 Hz the BESS power output is increased.

As seen in Figure 6.8, the droop controlled model works as intended. When fre-
quency drops below 49.9 Hz the power output of the BESS is increased in relation
to the frequency deviation. Below 49.5 Hz BESS power output is at its maximum
and when frequency is within 50 £+ 0.1 Hz BESS power output is 0 MW.
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A loss of load case was also tested. For this case, load was decreased at 10 sec-
onds to 30 MW to demonstrate a large loss of load. The resulting frequency and
power output is shown in Figure 6.9
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Figure 6.9: Frequency of the test grid and BESS power output with droop control
for a loss of load. At 10 seconds the 100 MW load is decreased to 30 MW resulting
in a positive frequency deviation from 50 Hz. When frequency is above 50.1 Hz the
BESS power output is increased and it is at maximum at 50.5 Hz.

Figure 6.9 illustrates that the model also works for positive frequency deviations.
Power is increased when frequency deviates beyond 50.1 Hz and reaches maximum
power at 50.5 Hz.

Figure 6.10 shows the same response shown in Figure 6.8 of the droop control model

for over 20 seconds. This is to compare the droop model with the derivative con-
trolled model.
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Figure 6.10: Frequency of the test grid and BESS power output with droop control
for a loss of generation. At 10 seconds a 50 MW generator is disconnected resulting in
frequency deviation. When frequency drops below 49.9 Hz the BESS power output
is increased with maximum power output at 49.5 Hz.

6.3.2 Derivative Controlled Model Test

Values listed in Table 6.3 are assigned to the RoCoF controlled model for the same
test case used in testing the droop controlled model with 50 MW production loss at
10 seconds in the simple 3-bus system.

Table 6.3: Assigned values to RoCoF controlled model for the test case.

Parameter Value
Dead band limits + 0.19 Hz/s
Pz 10 MW
Proportional gain K;g -
Efficiency n 95 %
Response time 0.083 ms
Initial SOC 50 %
SOC lower limit 10 %
SOC upper limit 90 %
Battery capacity 6.58 MWh
Ldelay 1 sec

The frequency deviation in the test case is large and therefore low proportional gain
and high dead band limits should be assigned. This is to achieve the desired power
response of the BESS, which is high initial contribution and gradual reduction in
power output before frequency nadir is reached. The same SOC limits and battery
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capacity are used as in droop model testing. For this test case, there are no large
oscillations and premature power reduction is not possible and therefore t 44, is set
at 1 second.

The resulting power output and frequency is shown in Figure 6.11.
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Figure 6.11: Frequency of the test grid and BESS power output with RoCoF con-
trol. At 10 seconds a 50 MW generator is disconnected and almost instantaneously
BESS output is regulated to counter the resulting in frequency deviation. When
frequency reaches point of minimum frequency power output is reduced to 0 MW.

As seen in Figure 6.11 the derivative controlled model works as intended. When the
50 MW production unit is disconnected at 10 seconds, frequency rapidly decreases.
The BESS reacts to this frequency deviation and increases its power output.

The initial variations in power output seen in Figure 6.11, might seem unexpected
but it is anticipated. Based on observations made in section 5.5, frequency does
not behave as expected for about half a second after a major frequency event in
PSS/E. The sudden surge in power from the BESS also contributes to variations in
frequency.

6.3.3 State of Charge Test

To verify that the SOC estimation works as intended a SOC test was conducted.
The BESS discharge duration in seconds before the lower SOC limit is breached can
be calculated using
Eppss - (SOCinitiat — SOCpin) -
Pppss

7. 3600 (6.3)
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where Egpgs is the capacity in MWh, SOC;,;tiq is the initial SOC level, SOC,,.;»
is the lower SOC level, n the discharge efficiency, and Pgpgs power output. For
a droop controlled BESS running at power output Pggsss 10 MW, with battery
capacity Egrss of 3 MWh, efficiency n of 95 %, initial SOC at 50 % and lower SOC
limit at 49 %, the battery should be able to run for about 10.3 seconds for a large
frequency deviation.

For this test case, proportional gain is increased to -900 and at 10 seconds gen-
erator 2 is disconnected and load is set to 500 MW, to ensure the BESS power
output is at Py, for the duration of the test. The resulting BESS power output
and frequency is shown in Figure 6.12.
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Figure 6.12: BESS power output and frequency to illustrate the function of the
SOC estimation block. At 10 seconds one generator is disconnected and load is
increased resulting in a large frequency deviation. As calculated BESS output is
restricted after roughly 10.3 seconds of operation at full output.

As seen in Figure 6.12, at 10 seconds BESS power output is increased to maximum
in response to the large frequency deviation, which is the result of disconnecting
a generator and increasing load. As calculated, power output is restricted after
roughly 10.3 seconds of running time when SOC is reduced from 50 % to 49 %.
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Simulations using Modeled Grid
with Battery Storage

Battery storage systems were integrated in the Swedish transmission system model
in PSS/E and several simulations were run. These simulations are used to illustrate
the potential of BESS in providing either primary frequency regulation or inertial
response in the power system.

7.1 Simulation Studies

The simulation studies are:

1. Derivative controlled BESS with 0, 40, 100, 540 MW total power capacity.
Droop controlled BESS with 0, 40, 100, 540 MW total power capacity.
Single 540 MW derivative controlled BESS.
Single 540 MW droop controlled BESS.
540 MW total BESS power capacity with in a system with reduced inertia and
kinetic energy of 130 000 MWs.

U WD

The first two simulation studies, 1 and 2, are chosen to illustrate the improvement
in system frequency stability with three different levels of BESS capacity in the sys-
tem, using two control methods. The control methods designed in section 6.2 are
applied, where derivative control is to provide inertial response and droop control is
equivalent to provide FCR-D.

In simulation studies 1 and 2 the BESS power capacity is distributed over 11 units.
Simulation studies 3 and 4 were chosen to illustrate the difference when using one
large single unit instead of 11 units. Simulation study 5 shows the result of using
11 BESS with 540 total power capacity in a system with lower kinetic energy and
how this is equivalent to providing kinetic energy.

The frequency at the swing bus located in market area SE2 is used to represent the
system frequency as it is located relatively far away from the fault. The frequency
at the Ringhals bus where Ringhals 4 is disconnected is the local bus frequency.

When using a single unit, it is installed at the bus where Ringhals 4 is discon-

nected. When 11 units are used, they are installed at different buses in the system.
These are distributed in the model of Sweden roughly in relation to the production
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in the Swedish market areas for the reference hour. The production distribution in
market areas SE1-SE4 and distribution of BESS capacity is shown in Table 7.1.

Table 7.1: Distribution of production in market areas SE1-SE4 for the reference
case, and distribution of BESS capacity in percentage of the total power capacity.

Area  Production [MW] BESS capacity [%]

SE1 3 821 20
SE2 6 667 30
SE3 10 313 45
SE4 764 5
Sweden 21 457 100

Transmission capacity was considered when distributing the units by connecting
BESS to buses with enough capacity to handle the additional power contribution.

The reference case of production hour 10:00-11:00 on 05 March 2015 with loss of
Ringhals 4 (1110 MW), is used for all simulations. The kinetic energy for this case
is estimated to 260 000 MWs. This load case was chosen as it provides a reference
frequency response and the model was tuned and verified to this response of the
Nordic power system, as explained in detail in section 5.4. The system frequency is
observed from the swing bus located in SE2 and the local bus frequency is frequency
at the Ringhals bus located in SE3.

Four levels of total installed BESS capacity were used: 0 MW, 40 MW, 100 MW and
540 MW. 0 MW is referred to as the Base case, which is the system response without
installed BESS capacity. 40 MW was chosen as there are several battery storage
units with 40 MW power rating installed globally and therefore this is deemed to be
a feasible power rating for installation in Sweden. 100 MW was chosen as it is the
power rating of the largest installed BESS to date. 540 MW is roughly the power
rating needed in the system with 130 000 MWs kinetic energy Ej to achieve the
same rate of change of frequency as in the system with 260 000 MWs kinetic energy.
This was calculated from the swing equation using

df260
4250 .9 . By

fo

where Pgpgs is the BESS power output in MW, and % is the RoCoF for the
260 000 MWs system.

Pppss = AP — (7.1)

7.2 Simulation Results

This section is divided into subsections corresponding to each simulation study to
facilitate comprehension of the results.
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7.2.1 Simulation Study 1

The resulting system frequency for the first simulation study is shown in Figure
7.1. In study 1, derivative controlled BESS are used with 0, 40, 100 and 540 MW
installed capacity. The system frequency is monitored from the swing bus. Ringhals
4 is disconnected at 10 seconds and simulation is run for another 40 seconds.
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Figure 7.1: Simulation 1, with derivative controlled BESS of 0, 40, 100 and 540
MW capacity and monitoring system frequency from the swing bus. For 40 MW and
100 MW the change in frequency stability is very small. 540 MW installed capacity
has a larger impact by raising and delaying time to nadir.

As seen in Figure 7.1 increasing BESS capacity from 0 to 540 MW decreases Ro-
CoF and improves frequency stability. With 40 and 100 MW installed BESS the
improvement in frequency stability is minimal. With 540 MW installed BESS ca-
pacity, frequency nadir is raised from 49.62 Hz to 49.64 Hz and time to nadir is
delayed by 2 seconds. A temporary increase in frequency is seen at around 10 sec-
onds, which is the result of the 540 MW BESS power contribution.

The local bus frequency is shown in Figure 7.2 and total BESS power output for
this simulation study is shown in Figure 7.3.
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Figure 7.2: Simulation 1 with derivative controlled BESS of 40, 100 and 540 MW
capacity. Monitoring the Ringhals bus frequency.
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Figure 7.3: Simulation 1 with derivative controlled BESS of 40, 100 and 540 MW
capacity. Monitoring the total BESS power output.

Similar results as shown in Figure 7.1 are seen in Figure 7.2 at the bus where the
frequency event occurs, denoted the local bus. As seen in Figure 7.3 power output is
increased to maximum, when RoCoF is largest. Oscillations in local bus frequency
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caused by the large production loss result in power output variations. This is most
notable at around 11-12 seconds where the temporary frequency increase results in
a large decrease in BESS power output.

Consequently, from what is seen in Figure 7.1 and 7.2, very large BESS capac-
ity is needed to improve frequency stability if BESS are used to provide inertial
response. The most significant change seen when using inertial response is delaying
time to nadir. Only minor improvements in frequency deviations are seen but this is
as expected from the observations made in section 5.5, where substantial reduction
in inertia only slightly reduced frequency nadir. Large capacity could also introduce
unwanted frequency spikes when the system experiences sudden surges of power
from BESS as seen in Figure 7.1.

7.2.2 Simulation Study 2

The result of simulation study 2 is shown in Figure 7.4, where system frequency is
observed. Droop control is used for the 11 BESS units with 0, 40, 100 and 540 MW
installed power capacity and the system frequency is monitored from the swing bus.
At 10 seconds Ringhals 4 is disconnected and simulation is then run for another 40
seconds.
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Figure 7.4: Simulation 2 with droop controlled BESS of 40, 100 and 540 MW
capacity. With increased capacity frequency deviation is reduced.

As illustrated in Figure 7.4, increasing BESS capacity notably improves frequency
stability by raising nadir. It also decreases following oscillations in frequency as seen
in the figure at around 40-45 seconds. There are however no significant improve-
ments in RoCoF and time to nadir is slightly reduced.
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The local bus frequency and total BESS power output for this simulation study
is shown in Figure 7.5 and .
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Figure 7.5: Simulation 2 with droop controlled BESS of 40, 100 and 540 MW
capacity. Monitoring the Ringhals bus frequency. With increased capacity frequency
deviation is reduced.
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Figure 7.6: Simulation 2 with droop controlled BESS of 40, 100 and 540 MW
capacity. Monitoring the total BESS power output. Total power output does not
reach maximum capacity as frequency deviation does not drop to 49.5 Hz.

As seen in Figure 7.5 and 7.6, when frequency drops below 49.9 Hz at around 12
seconds power output increases. Frequency never drops below 49.5 Hz and therefore
power output does not reach full output capacity. It is closet for 40 MW installed
capacity, which reaches almost 30 MW. For both the 100 MW and 40 MW cases
power output is reduced to 0 MW at roughly 38-39 seconds as frequency is above
49.9 Hz.

Compared to derivative control, droop control is superior in reducing frequency
deviations. Even for 40 MW installed capacity there is a notable different in fre-
quency deviation. There are no sudden power surges and therefore the system does
not experience rapid changes in frequency and following oscillations before frequency
settles at steady state frequency are also reduced.

7.2.3 Simulation Study 3

The result of the third simulation study is shown in Figure 7.7 and 7.8. A sin-
gle 540 MW BESS unit is installed at the Ringhals bus and derivative control is
implemented.
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Figure 7.7: Simulation 3 with a single derivative controlled BESS of 540 MW
power capacity, showing the system frequency.
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Figure 7.8: Simulation 3 with a single derivative controlled BESS of 540 MW
power capacity, showing the Ringhals bus frequency.

As seen in Figure 7.7 and 7.8, having a single unit with 540 MW power rating re-
sults in major frequency distortion at the local bus. This is the result of the large
changes in power output, which could cause major implications for the power system.
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The Ringhals bus frequency and BESS power output between 9.9 and 10.5 seconds
are shown in Figure 7.9 and 7.10.
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Figure 7.9: Simulation 3 with a single derivative controlled BESS of 540 MW
power capacity, showing the Ringhals bus frequency between 9.9 and 10.5 seconds.
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Figure 7.10: Simulation 3 with a single derivative controlled BESS of 540 MW
power capacity, showing the BESS power output between 9.9 and 10.5 seconds.

Seen in Figure 7.9 and 7.10 is that power output is increased to maximum when

65



7. Simulations using Modeled Grid with Battery Storage

frequency deviates because of the loss of Ringhals 4. This in turn increases frequency
and thus power output is reduced. This causes the deviations seen in Figure 7.7 and

7.8.
7.2.4 Simulation Study 4

In simulation study 4, a single droop controlled BESS with 540 MW capacity is
installed. The resulting system frequency and Ringhals bus frequency deviations
are shown in Figure 7.11 and 7.12.
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Figure 7.11: Simulation 4 with a single droop controlled BESS of 540 MW power
capacity showing the system frequency.
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Figure 7.12: Simulation 4 with a single droop controlled BESS of 540 MW power
capacity showing the Ringhals bus frequency.

As seen in Figure 7.11 and 7.12, with a single droop controlled BESS of 540 MW
power capacity there is no noticeable distortion in frequency at the system or local
bus. There is also no noticeable difference when using 11 distributed droop controlled
units compared to using a single droop controlled unit when comparing the results
shown in Figure 7.4, 7.5 and Figure 7.11 and 7.12, illustrated in Figure 7.13 and
7.14.
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Figure 7.13: A single droop controlled BESS of 540 MW power capacity compared
to 11 units with 540 MW total power capacity, showing system frequency.
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Figure 7.14: A single droop controlled BESS of 540 MW power capacity compared
to 11 units with 540 MW total power capacity, showing Ringhals bus frequency.

However, because of what is seen in Figure 7.8, where frequency is seriously distorted
because of the large power contribution from the single 540 MW BESS, capacity was
distributed over 11 units for simulations 1 and 2 for both droop and derivative control
cases. This was to have the same initial conditions for all cases and to avoid power
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and frequency instabilities in the power system when using derivative control.

7.2.5 Simulation Study 5

Three cases are included in this study. First the base case, which is the system
without BESS and 260 000 MWs kinetic energy. Secondly the system with 130 000
MWs kinetic energy. Third and last, the system with 130 000 MWs kinetic energy
and 540 MW derivative controlled BESS. The system frequencies for these three
cases are shown in Figure 7.15.
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Figure 7.15: System frequency for three cases: system with 260 000 MWs kinetic
energy, system with 130 000 MWs kinetic energy, and system with 130 000 MWs
kinetic energy with 540 MW BESS capacity.

As seen in Figure 7.15, reducing kinetic energy from 260 000 MWs to 130 000 MWs
causes larger frequency deviation because of increased rate of change of frequency.
With a 540 MW derivative controlled BESS in the 130 000 MWs system, RoCoF is
reduced to a similar level of the 260 000 MWs system. Frequency nadir is increased
and time to nadir is delayed. A temporary increase in frequency is seen after 10
seconds, which is also seen in Figure 7.1 for large derivative controlled BESS capacity.

The difference in slope after frequency nadir can be explained by how the deriva-
tive controlled model was designed. Real inertial response from the power system
has both a positive and negative contribution following a production loss, which is
seen in Figure 3.2 and in the ENTSOE report [12]. Once frequency nadir has been
reached, real inertial response goes from positive to negative as rotating synchronous
machines begin to accelerate, explained in subsection 3.2.1 and in [12]. This behav-
ior is not included in the BESS derivative controlled model as this aggravates the
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frequency stability situation. Instead power output is reduced to 0 MW when fre-
quency nadir is reached. As seen in Figure 7.15, this has a positive impact on the
power system.

7.3 Economic and Lifetime Analysis

The following simple economic and lifetime estimations are used to illustrate the cost
of installing BESS in the Swedish power system, the potential income that could be
made and the possible lifetime of a lithium-ion BESS for this application. Several
estimations and assumptions are made and therefore the outcome of this section
should only be interpreted as an indication of the possible outcome. Only FCR-D is
considered since there is currently no market for providing inertial response in the
Nordic power system.

The characteristics of the lithium-ion battery system used in these estimations are
from Table 6.1. Efficiency is assumed to be 0.95 %, SOC limits are at 10 and 90 %,
and initial SOC is kept at 50 %. In most battery applications, a battery is deemed
to have reached its full lifetime when capacity is reduced to 80 % [31]. Consequently,
calculated battery capacity will be increased by 20 %, to compensate for this loss of
capacity. Based on the current requirements on FCR-D in the Nordic power system,
the required BESS capacity Fggsg for different desired MW power outputs Pggss
can be calculated using

Ppgss - ta
SOCinitial — SOClimit) -n-0.8
where t4 is the required power duration, SOC,iia — SOChimit is the depth of charge

or discharge. For the calculations t4 is 0.25 hours, SOC;,itiar — SOChimi is 0.4, 1 is
0.95, and divided by 0.8 to compensate for the capacity loss.

Eprss = ( (7.2)

Using capacity cost of 10 million SEK/MWh from Table 6.1, the resulting esti-
mated capacities needed and cost of 40, 100 and 540 MW BESS power output are
shown in Table 7.2.

Table 7.2: BESS capacity needed and cost of BESS in the Nordic power system to
supply FCR-D.

Power output Capacity Cost
40 MW 33 MWh 330 million SEK
100 MW 82 MWh 820 million SEK
540 MW 444 MWh 4440 million SEK

The potential income is calculated using the yearly price for FCR-D during 2017.
Based on historical data of average hourly price for FCR-D in SEK/MW from [71],
the yearly price is 630 000 SEK/MWyear. FCR-D is procured through pay-as-bid
and therefore the average price is assumed [72]. If this yearly price is given every
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year the BESS is active, the expected income per desired power output, is as shown
in Table 7.3.

Table 7.3: BESS capacity profit per year based on total price for FCR-D during
2017 from [71].

Power output Profit

40 MW 25 million SEK/year
100 MW 63 million SEK /year
540 MW 340 million SEK /year

If the estimation of income shown in Table 7.3 is calculated as profit, each BESS
must be operational for more than 13 years in order to cover the initial costs. But
this is assuming the BESS is operational for every hour, there are no operation
and maintenance costs, calendar aging is assumed to have no effect, and the most
implausible assumption is that FCR-D for down regulation is followed directly by
FCR-D for up regulation, to cover charging of a BESS following a discharge.

Lifetime of a BESS can be measured in both years and cycles. The current maxi-
mum expected lifetime measured in years for a general lithium-ion BESS is 15 years
and the expected cycle life is 1000-10 000 cycles, which is a wide range without
specified DOD or discharge/charge current [5], [9], [10]. The expected cycle life-
time can instead be estimated based on the results found in [31] and [73]. For the
intended operation with 40 % DOD at initial SOC at 50 %, 4C discharge current,
and assuming low operating temperature at 25° C, the expected cycle lifetime is
estimated to roughly 3000 cycles.

In [1] an estimation of the number of minutes per week frequency is outside 50
+ 0.1 Hz is presented. The trend seen over the last 15 years is increasing frequency
deviations and at the end of 2016 the average was at 250 minutes per week, which
is 13 000 minutes per year [1]. For the BESS assumed in this chapter, a discharge
and charge cycle at full power rating would take roughly 72 minutes. With the
estimation of frequency deviations for 13 000 minutes per year the BESS would be
going through roughly 180 full cycles per year. With 180 cycles per year and 3000
cycles for its full lifetime, the battery could last approximately 16 years.

The economic and lifetime analysis and estimations conducted in this section il-
lustrate the challenges involved with the application lithium-ion battery storage in
power system application. With 15-16 year lifetime, it is possible the battery could
last the required minimum 13 years to cover installation costs, but this is with the
very ambitious assumptions made. Either cost has to be reduced or another mar-
ket has to be created for BESS to increase profits and reduce the capacity needed
to fulfill the requirements. An alternative solution would be to use sodium-sulfur
battery technology, which has lower cost and similar characteristics of lithium-ion
batteries, with high efficiency and power density. However, significant development
of sodium-sulfur technology is needed before this can be deemed a serious alternative
to lithium-ion.
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Discussion

8.1 Significant Findings

Based on the findings in section 7.2, BESS have the potential to improve frequency
stability in the Nordic power system. However, the economic and lifetime estima-
tions conducted in section 7.3 indicate the possibilities to profit from investing in
BESS are currently severely limited. Even with exaggerated assumptions, the possi-
bilities of BESS are restricted with the current market and requirements on FCR-D.
The batteries must have extremely high capacity and will therefore be expensive,
and even then, they risk not fulfilling the requirements. One reason being that they
need time to charge following a discharge, which is not accounted for in the current
regulations. With no economic incentives, large-scale deployment and installation
of lithium-ion BESS for frequency control will not be realized.

The constant development of lithium-ion batteries is rapidly reducing the price and
increasing lifetime which can enable the deployment in the future. However, in-
centives and new market services, such as the Enhanced Frequency Response used
in Great Britain mentioned in subsection 3.2.5, should also be introduced to utilize
the recognized potential of BESS. Alternatively, when sodium-sulfur BESS has been
commercialized it could prove to be a cost effective alternative to lithium-ion with
similar characteristics.

Worth mentioning again, presented in section 4.1, is that most BESS projects de-
ployed in power systems around the world, have more than one operational appli-
cation. If a BESS is to only provide support during frequency disturbances, the
discharge current will be high and it will remain idle for long periods of time and
this is not ideal for the operation of lithium-ion battery systems. The effects of
calendar aging on capacity, shown in [31], would be one of many concerns. The
recommendation would therefore be to investigate BESS applications that could
complement the frequency control. An example of this being the Hornsdale power
reserve project, where part of the BESS is dedicated to frequency control and part
for load shifting [29]. With more than one application the total battery capacity can
be increased and discharge current can be reduced, which could reduce the effects
of aging resulting in a longer lifetime.

Another important finding illustrated in this thesis is the consequences of using
a single large unit compared to using 11 smaller units. If the units are controlled
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with no sudden power surges, as in the droop control when providing FCR-D il-
lustrated in Figure 7.13 and 7.14, there are no significant differences. But when
using the derivative controlled units, shown in Figures 7.7 and 7.8, there are serious
oscillations when using a single large unit. This is important to consider as it has
consequences for the potential deployment of BESS in the power system. Instal-
lation of several smaller units might be considered more realistic if provided from
different actors. Considering the stated results this would be preferred as it enables
controls of different kinds. When using a single unit the control strategy has to be
considered, but there are other advantages. It could be installed where transmis-
sion capacity in the grid is enough to support the power output, it would facilitate
potential maintenance, it could be placed strategically and easily accessible, and
having a single location might reduce cost of installation.

The potential issues of reduced inertia and increased frequency instability in the
Nordic power system have again been demonstrated in this thesis, in a similar man-
ner to what is done in [1], [2], [12], [23], and [49]. But despite this there is currently
no mention of kinetic energy or inertia in the Nordic system operation agreement.
There is a need to address these issues and one way could be to redefine or even
define values of certain limits and parameters used as boundaries of operation. The
recommendation is to define, redefine or even just consider: limits of system kinetic
energy and inertia, dimensioning fault, frequency nadir, and maximum allowed rate
of change of frequency. This is to ensure the issue of reduced inertia has been
properly addressed and assure future system stability can be maintained.

8.2 Limits of the Results

The results shown in section 7.2, indicate how BESS can help improve power system
frequency stability in the Nordic synchronous power system. These results correlate
with theory and findings of similar studies in [12], [23], [49], [59], [63]. But despite
this, the results of this thesis should be interpreted with some degree of caution.

The grid model developed in PSS/E and used in this thesis is of a larger scale
than what is used in most in comparable studies, but it is still an aggregated model.
The choice of using this model was motivated by it being based on open sources,
because of it being readily available and for simplicity reasons. Another model could
have been used or developed but this would have been time consuming and would
perhaps not resulted in eliminating the limits of the model.

The limits of the model and in PSS/E is indicated in section 5.5, where rate of
change of frequency (RoCoF) and frequency nadir when reducing inertia was not
lowered as much as anticipated. This is thought to be caused by the considerable
amount of frequency regulation provided from many generators, but there could be
other sources of errors. Most notable is the somewhat extreme simplification made
when modeling connection points to other countries where each point is represented
by a single unit. Additionally, units of the same type are all assigned the same
dynamic PSS/E models and some parameters have been assigned entirely to achieve
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the desired dynamic response. Also, several estimations and assumptions are ap-
plied, particularly when estimating kinetic energy. These choices were motivated
and especially for simplicity reasons and in order to ensure this project could be
completed in time.

The production and demand case used in this thesis is a high load case at 10.00-
11.00 on 05 March 2015. As mentioned in section 5.2, this case was chosen because
there was a reference frequency response for the Nordic synchronous system at 11.04
when Ringhals 4 was disconnected and the dynamic response of the grid model was
adjusted to this reference response. Therefore, the results are essentially only valid
for this case and the results are used as a general indication of potential benefits of
BESS.

The battery storage control models developed in chapter 6, behave as designed and
their benefits are presented when implemented in the simulations. The derivative
controlled model demonstrates to be better than real inertial response in subsec-
tion 7.2.5, but despite this there are limits to these models as well. No frequency
filter is applied in either model, which for the grid model used in this thesis was not
deemed necessary. The disadvantage of this assumption is shown in subsection 7.2.3,
where large derivative controlled units produce major frequency distortion at the lo-
cal bus. The suggestion is to add a frequency filter, which is done other BESS
studies [4], [59], [62], [63]. This might improve the response of the derivative con-
trolled model by reducing the occurrence of sudden power surges. With a filter, it
might also be possible implement a derivative control based on the instantaneous
change in frequency if true inertial response is desired.

8.3 Sustainable and Ethical Aspects

Sustainable development and ethical outlooks are also important to consider when
contemplating battery storage applications in the Swedish power system.

8.3.1 Battery Systems for Power System Applications

In many countries battery systems are increasingly used complementary to renewable
energy in order to phase out fossil fueled production. The carbon dioxide emissions
are the major sustainable disadvantage of conventional power production with high
consumption of fossil fuel. In Sweden and countries with similar production, this
is not the case and battery storage is worse in this aspect than conventional power
generation.

Large portion of the lithium-ion battery industry is conducted in China and the
carbon footprint of this industry is significant [74]. In the transport sector, electric
vehicles are a key solution to reducing tail-pipe emissions and air pollution [31].
For these cases, emissions on a global scale caused by the production of lithium-ion
batteries can be seen as an inevitable necessity to reduce emissions on a local scale
in large cities. But for BESS for power system applications this argument does not
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hold.

Large scale lithium-ion factories, such as the Northvolt battery factory, in countries
with low or no fossil fueled production are instead seen as enablers in the desired
deployment of BESS in power system applications with lower life cycle emissions.
By using batteries from these factories, the carbon emission life cycle footprint will
be significantly reduced as the energy needed to produce the batteries will come
from sustainable and more ethically produced sources. The hope is also that this
will stimulate the recycling industry of lithium-ion batteries that today is almost
nonexistent [75].

Other sustainable and ethical aspects that should not be overseen when discussing
lithium-ion batteries are the working conditions and environmental consequences of
obtaining material. Rare earth materials are needed to produce lithium-ion batteries
and with increased demand the shortage of crucial materials will not only increase
prices but also risk create social issues. Cobalt, lithium and nickel supply chains
are sources of ethical concerns and can cause social and political conflicts, human
rights abuses, health problems and environmental impacts [76], [77], [78]. With the
number of different materials needed to produce a battery it is difficult to ensure
the materials are ethically obtained and produced.

The intended use of lithium-ion BESS in power systems applications is also not
without potential risks. Because of the high-power density, explosions and fires are
a concern, as mentioned in subsection 4.2.5. Lithium-ion fires generate immense
heat, but also toxic smoke and gas, and this gas pollution might even be a greater
threat than the fire [79)].

These aspects of BESS should all be considered and compared against the potential
benefits when considering the technology for power system application. However,
the alternatives to BESS should also to be considered. One alternative is keeping
or even increasing conventional production from nuclear generation as decommis-
sion of nuclear power will result in reduced kinetic energy and system inertia. In
subsection 7.2.5, it is shown how a 540 MW BESS can be used to substitute the
reduction of kinetic energy equivalent to roughly the amount of kinetic energy from
twice the installed capacity of nuclear power in Sweden. Nuclear energy is in some
aspects regarded as an energy source that can help reduce greenhouse gas emissions
and maintain system frequency stability. But on the other hand, the sustainable
and ethical disadvantages of nuclear power are well established with highly toxic
radioactive waste, irreversible effects on public health and environment and any nu-
clear disasters have catastrophic global impact [80]. Other technological techniques
providing services similar to inertial response and frequency regulation are perhaps
a better choice.

In [23] several techniques capable of providing services that can improve the fre-

quency stability are mentioned and suggested. These are wind turbines, HVDC
links, flywheels, synchronous condensers, supercapacitors and services such as de-
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mand response and vehicle to grid applications. When these technologies are com-
pared to lithium-ion BESS, most (except perhaps vehicle to grid applications) are
considered to have lower environmental impact and are more sustainable. They
might not be better from a technically but from a sustainable perspective they are
preferable.

8.3.2 Ethical Consequences of the Work

The grid model used in this thesis and the generator control models developed for
BESS have been based on second hand sources. This was motivated by wanting
to ensure all information could be made available and avoid any issues of secrecy
or intellectual property rights. One issue related to this is concerned with properly
crediting the contribution of others. A great deal of attention has been paid to en-
sure it is clearly stated what contributions are from others, but there are still minor
risks that this has been overlooked in some cases.

Another related issue is being realistic and honest when stating claims, assump-
tions or estimated based on available data. It is recognized that over relying on
certain data can have major impact on following results. This has been considered
in this thesis by trying to verify the data and by using several sources of data have
whenever possible. This is especially relevant to the grid model contributions, ki-
netic energy estimations, and BESS control models developed in this thesis.

The limits of this thesis have been declared, potential sources of errors have been
pointed out and the results are stated as only being indications of the potential ben-
efit of BESS in frequency control. But there is a risk that certain limits or sources
of potential errors of the thesis have not been disclosed properly.

There is no intended attempt to exaggerate the potential benefits of BESS. As
mentioned in section 1.1, there are several solutions to the issues of frequency sta-
bility and reduced inertia in the power system. This thesis is limited to BESS, but
it is just one of many prospective technologies and it is important to consider other
solutions to diversify conclusions drawn from this thesis.
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Conclusion

In this work the possibilities of using battery energy storage systems (BESS) for
frequency control in the Nordic power system have been investigated. Based on a
comparison of different battery technologies lithium-ion technology was found to be
the most suited for the intended purpose to provide inertial response and FCR-D.
The main advantages were its high efficiency, power capabilities, and benefits of
already being commercialized.

From simulations using BESS in the Swedish transmission grid model it was found
that derivative controlled BESS reduced RoCoF and increased time to frequency
nadir. Droop controlled BESS were effective in raising frequency nadir and reduced
following oscillations.

It was also found that distributing 540 MW power capacity over 11 units instead
of using a single unit of 540 MW had major implications on frequency distortion
at the local bus when using derivative controlled BESS. For droop controlled BESS
it was found to be no difference in using a single large unit of 540 MW or several
smaller ones with total capacity of 540 MW. The simulation study using derivative
controlled BESS to provide the equivalent to kinetic energy of 130 000 MWs during
the frequency event showed that it was successful in providing a support compara-
ble to inertial response by reducing RoCoF. It also slightly improved stability after
frequency nadir was reached.

The findings of the economic and lifetime feasibility study were that the cost of
a lithium-ion BESS is difficult to cover with the income from the current Nordic
FCR-D market. Considering the current definitions of the market services and
requirements, and cost and lifetime of the battery system it is currently deemed
economically unfeasible to use a lithium-ion BESS in the FCR-D market.

9.1 Future Work

Considering that BESS possess desired characteristics it is recommended to investi-
gate the possibilities of creating incentives, introduce new market services, redefine
requirements or look at alternative support functions, to enable the deployment
of battery systems for power system applications in Sweden. Another alternative
would be to develop and commercialize sodium-sulfur BESS, which have similar
performance characteristics at a lower cost.
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Using lithium-ion BESS in the market of FCR-N should be investigated. In this
study, only the FCR-D market was considered as it was assumed that the high
cycling rate required for a BESS to provide FCR-N would severely limit lifetime.
However, since the price for FCR-N is higher than for FCR-D more money can be
earned from this application, which might make this application profitable despite
resulting in shorter lifetime. The droop model developed in this thesis has intro-
duced the dead band frequency limits as variables and therefore it can be adjusted
to provide FCR-N as well.

The developed BESS control models can also be used to model other battery tech-
nologies. This can be done by varying the control parameters: efficiency, SOC limits,
response time, etc. This can be used to study the effects on the Nordic power system
when using BESS based on different types of battery technologies.

The grid model used and the models of BESS developed in this thesis have sev-
eral development opportunities. The modeled system should be complemented with
correct wind capacity and equipped with appropriate dynamic wind turbine models
and parameters, which could be useful for future dynamic studies and perhaps stud-
ies of synthetic inertia from wind turbines. The modeled grid of Sweden is detailed,
and in future work it is recommended to also establish the same accuracy for the
whole Nordic synchronous system, for Norway, Finland and Denmark.

The BESS models can be improved by creating a filter to expand the applicabil-
ity of the models in other systems with more frequency variations. If or when
relevant requirements are established in the system operation agreement, e.g. limits
to RoCoF, these should be considerd in the control. More characteristics of battery
systems can also be included in the models, such as voltage control.

Additional production cases should be investigated. A low load case with high
wind production and high import through HVDC links is when frequency stability
issues related to inertia are deemed to be the greatest [1], [2], [23], mentioned in
section 5.5. This case should be prioritized to show how effective BESS are in cases
with low frequency stability. It would also be interesting to vary the load conversion
factors to investigate different load frequency dependencies. In the future Nordic
power system, the number of frequency dependent loads are expected to decrease
[1], [2], [12]. This will have negative impact on system frequency during a fault. By
varying load conversion factors, load frequency dependence can be decreased and
the effects on the power system can be investigated.

It is also recommended to investigate alternative techniques that potentially can
deliver services similar to those from BESS, such as inertial response and frequency
regulation. Examples of such techniques include wind turbines, HVDC links, fly-
wheels, synchronous condensers, supercapacitors and even services such as demand
response and vehicle to grid applications.
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