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Abstract

As part of achieving the climate goals from the Paris Agreement set by a united
world community, the transition from non-renewable energy sources and electri-
fication of transport and industrial sectors is central. The power grid faces new
challenges as emerging renewable energy sources such as solar and wind fluctuate
more than the more controllable traditional coal, gas, oil, and hydropower. In ad-
dition to more fluctuations on the supply side, an increase in emerging consumers
like electric cars and data centers strengthens the need for good tools to maintain
grid stability. Therefore, forecasting models and analysis to investigate both large
and decentralized power systems’ dynamics are necessary to maintain control and
reliability.

Expanding upon a pattern-based prediction model called the Weighted-nearest neigh-
bors (WNN) predictor, this thesis investigates the predictability of the power grid
frequency for different European islanded power grids through several approaches.
The selected islands include Ireland, the Balearic Islands, Iceland, and the Faroe
Islands, with the Nordic region as a basis for comparison. The WNN predictor is
successfully applied to all regions and performs 60 min predictions better than aver-
age daily profiles except for Iceland with its stochastic behavior. The Balearic Islands
are the most deterministic region with precise predictions, while Ireland performs
slightly worse than the Nordic region. The Faroe Islands exhibit similar performance
to Iceland, but with significantly less data available. With varying population and
geographical size, the regions cover the range of possible future grids, consisting of
larger synchronous areas to small isolated island systems and microgrids.

All regions exclusively show that predictions improve with more data available. The
predictor outperforms daily profiles with about a month of data available and with
even less for more predictable regions. When electricity generation time series are
included in an extended model approach, the performance slightly increases for parts
of the predicted hour for several features, despite low time resolution and partially
poor quality of the additional data. This suggests that there is further information
to be gleaned from other power grid time series to improve the prediction of the
power grid frequency.
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Sammendrag

Som et ledd i & na klimamalene fra Parisavtalen satt av et samlet verdenssamfunn,
star overgangen fra ikke-fornybare energikilder og elektrifisering av transport- og
industrisektorer sentralt. Kraftnettet star overfor nye utfordringer ettersom gkende
kraftproduksjon fra fornybare energikilder som sol og vind varierer mer enn reguler-
bare tradisjonelle kilder som kull, gass, olje og vannkraft. I tillegg til mer uregulerbar
kraftproduksjon, styrkes behovet for gode verktgy for a opprettholde nettstabilitet
gjennom blant annet gkende energibehov til elbiler og satsning pa datasentre. Der-
for er prognosemodeller og analyser for & undersgke bade store og desentraliserte
kraftsystemers dynamikk ngdvendig for a viderefgre kontroll og palitelighet.

Denne oppgaven tar utgangspunkt i, samt modifiserer, en eksisterende mgnster-
basert prediksjonsmodell kalt Weighted-nearest neighbors (WNN), og undersgker
hvorvidt strgmnettets frekvens for ulike europeiske gybaserte stromnett er prediker-
bar. Oppgaven tar for seg gyene Irland, Balearene, Island og Faergyene, med Norden
som sammenligningsgrunnlag. 60 min predikeringer med WNN-modellen gir bedre
resultater enn gjennomsnittlig daglige frekvensprofiler for alle undersgkte regioner,
bortsett fra Island med sine stokastiske trekk. Balearene er den mest deterministis-
ke regionen med presise prediksjoner, mens Irland presterer litt darligere enn noksa
gjennomsnittlige Norden. For Feergyene vises lignende resultater som Island, men
med betydelig mindre data tilgjengelig. Med varierende befolkning og geografisk
stgrrelse er regionene en naturlig representasjon av framtidens potensielle kraftsys-
temer som kan variere fra kontinentale synkronomrader til smé, isolerte gysystemer
og mikronett.

Alle regioner viser utelukkende at prediksjoner forbedres med mer tilgjengelig data.
Generelt predikerer WNN-modellen bedre enn gjennomsnittlig daglige frekvenspro-
filer fra og med omtrent én maned med data tilgjengelig, og med enda mindre data
for de mest predikerbare regionene. Til slutt inkluderes data for elektrisitetsproduk-
sjon fra ulike energikilder i en utvidet versjon av modellen, og forbedrer resultatet
for deler av den predikerte timen ytterligere, til tross for lav tidsopplgsning og delvis
darlig kvalitet pa produksjonsdataen. Dette tyder pa at det er ytterligere informasjon
a hente fra annen kraftnettrelatert data for a forbedre prediksjonen av strgmnetts
frekvens.
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1 Introduction

1.1 Background and Motivation

On 12 December 2015, the Paris Agreement was signed by representatives from a large
majority of the world’s countries with the aim to limit global warming to a maximum of
2°C, preferably 1.5°C, compared to the pre-industrial era. The Intergovernmental Panel
on Climate Change (IPCC) highlights in its report Climate Change 2021 that human
influence, with great certainty, is the main reason for the sea-level increase, increased car-
bon levels in the atmosphere, global retreat of glaciers and other dramatic environmental
and biological changes [1]. The legal obligations of the Paris Agreement state that all
participants should follow long-term strategies for reducing greenhouse gas emissions and
take actions to reduce this global trend. In response to these long-term strategies, coun-
tries worldwide have set targets for the future to contribute toward these common goals.
Taking Norway as an example, political and economic actions have been implemented.
This involves a cap on greenhouse gas emissions, pollution fees, and financial support
schemes to transition to electrification or emission reduction [2].

Norway has also set common goals through collaboration with the European Union (EU),
aiming to reduce greenhouse gas emissions by at least 55% by 2030 and create an economy
with net-zero greenhouse gas emissions by 2050 - a climate-neutral future [3]. In order
to achieve the goals, significant changes must be carried out within transport, agricul-
ture, industry, finance and innovation. Among the major transitions is the change from
non-renewable carbon-based energy sources such as coal, oil and fossil gas to renewable
and sustainable energy production [3]. In particular, the EU highlights wind, hydro and
solar energy as essential contributors to green energy production. The share of Europe’s
electricity generated from renewable energy sources rose to 38% in 2020, overtaking fossil
fuels as the EU’s leading source of electricity for the first time [4]. The commenced elec-
trification of transport and industry combined with renewable energy sources strengthens
the need for a robust, flexible and reliable transmission system.

The electric power system has traditionally been powered by nuclear, coal, gas and hy-
dropower; quite controllable energy sources in terms of controlling production for demand
and supply in the grid. However, solar and wind generate electricity periodically instead
of on-demand, and the increased share of these energy sources in the energy mix creates
new challenges for grid stability. This is caused by higher and more unpredictable power
peaks, fluctuation in production, and a significant variation on the consumer side through
electric heating, electric vehicles and emerging electricity consumers like data centers.
Additionally, in some places, it can be a disadvantage or challenging to transmit the gen-
erated power over long distances due to geographical spread, such as on an isolated island.
Hence, smaller decentralized grids are also part of the future power systems, and a deeper
understanding of their dynamics and characteristics is crucial to keep them operational
and reliable.

Diagnostic tools and control systems are essential to cope with the various grid stability
challenges. In addition, forecasts play an essential role, providing valuable information
through analysis and predictions. Such qualified assumptions about, e.g. energy price,



amount of power to be generated, or expected consumption will make both control and
generation of electricity easier to plan and manage, both in smaller and greater systems
[5]. With Artificial Intelligence (AI) and machine learning, both the selection and quality
of diagnostic tools and models have gained momentum, and distinct models are being used
for various features or time scales [6] [7]. This thesis will utilize one specific prediction
algorithm to analyze and investigate the predictability of various island power systems’
grid frequency based on frequency time series data.

1.2 Previous Research and Limitations

In terms of power systems, forecasting is highly relevant for everything from system con-
trol to energy prices. This includes the day-ahead market for electricity trading, load
forecasts or specific renewable generation type forecasts [8]. The topic of this thesis will
be power grid frequency, expanding on the previous research from the paper Predictability
of Power Grid Frequency published by Kruse et al [9]. Here, the authors utilized a ma-
chine learning-based frequency predictor called Weighted-nearest neighbors (WNN) [10],
further explained in Sections 2.3.3 and 3.2, to perform data analysis and predictions of
the power grid frequency in three central synchronous areas in Europe: Nordic, Contin-
ental Europe CE and Great Britain. The study was based on public and easy accessible
frequency recordings from 2015 to 2018. Unlike analyzing large European synchronous
power grids, this thesis will focus on previously unavailable frequency data collected from
European islands and smaller isolated power grids, with more recent frequency recordings
from the Nordic synchronous area as a comparison. In [9], the Nordic region was some-
what in between relative stochastic Great Britain and the more deterministic CE area
regarding predictability and frequency patterns. While using the developed prediction
algorithm and some of the analysis methods from the mentioned paper, this thesis will
also focus on the predictions’ data size-dependency. Furthermore, the prediction model
will be extended by adding features like selected electricity generation data to the analysis
in addition to frequency.

As high-resolution frequency data is not as easily accessible and available for smaller
grids, the data has been collected manually by Jumar et al. with an Electrical Data Re-
corder (EDR), a phasor-measurement-unit-like device, usually plugged into conventional
sockets in the specific regions [11]. Thus, the data may vary in quality, consistency and
duration.

1.3 Research Questions

So far, the WNN predictor has only been applied to large power systems. By application
to smaller isolated grids, the research could provide valuable information about trends or
predictability of smaller power systems. This is highly relevant as many power systems
operate without energy exchange with other regions due to isolated geographical locations.
In addition, as microgrids emerge, grids that are fully or partially decoupled from greater
power systems in periods might increase [12]. This applies to both isolated areas like
the Norwegian island Svalbard and airports or hospitals where microgrids are applicable



[13]. Hence, this thesis investigates both the frequency of smaller islands’ power grids and
the prediction performance dependency of the amount of data available, as this might be
limited for smaller regions. As power systems are highly complex and driven by many
factors, including power system data in addition to the frequency in the predictions is
relevant. Therefore, the thesis provides and tests an extension of the prediction model
and includes different electricity generation sources.

Based on the former research and developed algorithm mentioned above, the research
of the thesis can further be divided into three main questions:

1. How does the WNN predictor perform when applied to time series frequency data
from smaller island power systems?

2. How does the WNN predictor performance depend on the amount of frequency data
available and utilized for forecasting in the regions?

3. How can the additional electricity generation time series be integrated into the
frequency prediction, and how do they influence the performance of the WNN pre-
dictor?

In addition to the Nordic synchronous area, the islands that will be investigated are
Ireland, the Balearic Islands, Iceland and the Faroe Islands.



2 Theory and Background

2.1 Electric Power Systems

An electric power system is a network of electrical producers, distributors and consumers.
Together, these three main components depend on each other to deliver or receive elec-
tricity for industry, work, communication, transport, and everyday life. The electricity
generators have conventionally been huge power plants powered by fossil fuels like coal
and gas, later also powered by nuclear power. On the renewable side, hydropower has
been used for electricity production since the late 1800s, in addition to a massive increase
in wind and solar power over the last 20 years [14]. Except for photovoltaic (PV) cells
that convert energy from the sun to electricity, power plants’ main principle and work is to
exploit the thermal or mechanical energy of wind, water, and fuels to drive vast turbines.
These turbines drive generators that convert rotational energy into electric energy. This
energy must be transmitted to consumers and consumed at the time of generation, as the
power grid cannot store the energy. However, both use and research on battery technology
and other energy storage solutions have grown in recent years [15]. With this technology,
electric energy can be stored so that it can be converted back when needed. This is not
utilized on a large scale for current power grids but may play a vital role in the future [16].

The backbone of the power system is the power grid. Consisting of electrical infra-
structure like transmission lines, masts, transformers and sensors, the power grid ensures
the instant flow of electricity from generation to consumers. The power grid is a critical
infrastructure at the level of water supply, public health, and transportation in modern
society [17]. The power is transmitted across great distances, both on land and by sea,
across national borders.

Power can be transmitted as either alternating current (AC) or direct current (DC).
With AC, the current switches direction a certain number of times during the second, in
addition to a constantly changing magnitude, in contrast to the constant magnitude and
direction for DC. AC usually has the form of a sine wave, and the number of oscillations
per second is denoted as the utility frequency in a transmission system, measured in Hertz
(Hz). Frequency in the European power grids are operated at 50 Hz, while 60 Hz is the
standard in the USA. The importance of frequency will be further explained in Section 2.3.

Today, most transmission systems are based on three-phase AC, but high-voltage direct
current (HVDC) systems are also highly important. This applies, among other things, to
submarine cables. Due to increased capacitance in the conductors subsea, AC needs to be
supplied by more reactive power, which is not the case for DC [18]. In short, this means
that DC reduces power losses over greater distances, particularly under water. HVDC is
also used to connect distinct synchronous areas (Section 2.1.1). Converters and inverters
convert between AC and DC and enable power transmission between regions separated
by DC cables.



2.1.1 Grid Structure and Operation

To manage the transmission, development, control and other vital tasks of the power
grid, every country has one or more entities serving as Transmission System Operator
(TSO). A TSO is responsible for transmission on a national or regional level, meaning the
longest transmission lines operated at the highest voltages [19]. The TSO also handles the
interconnecting cables to other countries. The structure and management of the power
grid may vary among countries. However, the key role is always to be the link between
generators and consumers that ensures a stable flow of electricity. Taking Norway as an
example, the grid is divided into three main sections. The TSO, Statnett, is responsible
for the transmission grid, operated between 300 and 420 kV, as well as the interconnectors
to, e.g. Germany and Sweden. Connected to the transmission grid is the regional grid.
Usually between 132 and 33 kV, this grid is owned by both private companies or municip-
ality and county authorities. While some large industries, hospitals or airports directly
get their electricity from the regional grid, this grid is again connected to the distribution
grid. This is the lowest level grid with a voltage from 22 kV to 230V, where the customers
are primarily households and industry. Figure 2.1 roughly illustrates the structure of the
Norwegian transmission system from electricity generation to consumption.

CONSUMPTION

GENERATION

Distribution grid
<22kV

Figure 2.1: Roughly illustrates the Norwegian transmission system with electricity gen-
eration, consumption and three levels of distribution grids. The transmission grid includes
interconnectors to other countries and synchronous areas.

The utility frequency of the Norwegian transmission system is synchronized with neigh-
boring countries’ power grids, and thus constitutes a synchronous area. The advantages
of synchronous areas are many: By operating the grid at the same frequency, power can
easily be transmitted through AC across regions and borders without conversion. Load
can be levelled out, as one region might produce an overload of power and transmit this
to another region with a power deficit. Thus, less controllable renewable resources such
as renewable generation from wind and solar can also easier be distributed to a region in
need of power instead of causing an over-generation problem. In FEurope, there are five
main synchronous areas, with the synchronous area of Continental Europe (CE) as the
biggest one. The five European synchronous areas are shown in Figure 2.2. A national
TSO governs most countries’ power system, but within the synchronous area, a Regional
Security Coordinator (RSC) provides information and strategies for the current TSOs as
a platform for cooperation [20].
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Figure 2.2: The different European synchronous areas [21]. The Continental European
(CE) synchronous area also includes the non-European countries Algeria, Morocco and
Tunisia through an AC submarine cable from Gibraltar [22]. In addition, Ukraine and
Moldova are synchronized with CE on a trial basis.

2.1.2 ENTSO-E

The European Network of Transmission System Operators for Electricity (ENTSO-E)
plays a key role in ensuring stable transmission operation and cooperation across borders
and synchronous areas in Europe. The association gathers 39 TSOs from 35 European
countries to coordinate operations and management of the European grid [20]. The
ENTSO-E thus plays a decisive role in developing and shaping the future power sys-
tems to contribute to the European Green Deal’s environmental goals for 2050 (Section
1.1). In addition to renewable conversion, the ENTSO-E’s interests are optimized social
welfare across Europe, and transparency and credibility are strictly necessary for coopera-
tion on critical infrastructure for the whole of Europe. Therefore, the ENTSO-E provides
public information and data such as generation, transmission and balancing data on their
Transparency Platform [23].



2.1.3 Frequency and Stability

Frequency and stability are two closely related terms when discussing electric power sys-
tems. Power system stability is described as a system’s ability to regain equilibrium after
being exposed to sudden unexpected events and disturbances. Power system stability can
be divided into three types: power angle, frequency and voltage stability. Power angle
stability reflects a power system’s connected synchronous machines’ ability to synchron-
ize after a sudden disturbance, and depends on the machines’ ability to maintain balance
between mechanical and electromagnetic torque. Voltage stability is more load-related,
and refers to how well the power system maintains a sufficient voltage at each node of the
system after a sudden disturbance [24]. Lastly, frequency stability reflects the system’s
ability to maintain its frequency within a given range after unforeseen events. The topic
throughout this thesis is mainly relevant to the frequency part of stability. As voltage
and power angle are related to individual nodes and generators, they are measured more
on a local level, while frequency is a more global property of the whole synchronous area.
The topic of this thesis will address the frequency part of stability.

Figure 2.3 expresses how electricity generation and consumption must be balanced to
maintain stability. The frequency drops below 50 Hz when more power is consumed than
generated. Opposite, the frequency rises above 50 Hz when there is too much power in
the grid compared to how much is consumed. Whether at home or in industry, most
electrical devices are designed to operate at 50 Hz (in Europe). These devices might get
damaged if the frequency deviates more than 1% from the reference, or it might cause
widespread disruptions. Large generating units will also be disconnected from the grid at
high frequency deviations. If this occurs, the situation can escalate and lead to blackouts
[25].

DEMAND Hz SUPPLY

Figure 2.3: System frequency expresses the balance between supply and demand in the
power grid. At 50 Hz, the system is in equilibrium, but a sudden change in one of the
sides will shift the frequency and may potentially damage operating machines and industry
if not stabilized quickly.

When the frequency is held at exactly 50 Hz, the system is in equilibrium. The frequency
is said to be 50 Hz, but in reality, the frequency fluctuates at all times as demand and
supply continuously change. As an example, the measured power grid frequency from
the Spanish island Mallorca for a three hour period is shown in Figure 2.4. Here, the
frequency stays close to the nominal frequency at 50 Hz but fluctuates continuously.
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Figure 2.4: A typical pattern showing the fluctuations in the power grid frequency for
three hours measured on Mallorca, the largest island of the Balearic Islands. The frequency
constantly varies around 50 Hz.

2.1.4 Control and Reserves

The first contributor to resist the frequency change is the system kinetic energy, often
referred to as inertia. With much inertia in the system, it takes more to change the fre-
quency. This is because rotating machines and generators in the system start to absorb
or deliver electric energy to compensate for lost generation or consumption. This is done
by a change in the rotational speed of the machines, and the phenomenon, often called
inertial response, can counteract frequency change a few seconds while control elements
perceive the imbalance.

The amount of inertia in the grid has been critically reduced in several systems due
to the transition from fossil fuels to renewables. Nuclear, coal and hydro are examples
of sources with a high level of inertia due to generation by rotation of a turbine. On
the other side, HVDC import, together with renewables such as PV and wind connected
to the grid through inverters, provides electricity with no rotating masses in the system,
thus low inertia levels. However, to still get a sufficient inertial response, much research
has been done on synthetic inertia [26] [27], but a great focus is also on the later-acting
frequency reserves.
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Figure 2.5: After a sudden frequency drop, different frequency reserves are activated to
regain balance in the power system. The fast frequency reserves (FFR) and the system
inertia act the first seconds before the relative slower reserves act to take the frequency
back to 50 Hz. Inspired by [28].

To further control the frequency imbalance after the inertial response, primary, secondary,
and tertiary control exists. With less inertia in the grid, these reserves are of even higher
importance. Taking the Nordic power system as an example, the three control levels
shown on a timeline after a frequency drop in Figure 2.5 consist of different types of
frequency reserves:

« Frequency Containment Reserves (FCR) are the reserves that activate to
stabilize regular imbalances. Activated automatically, the FCR-N (Normal) con-
tinuously work to counteract the frequency fluctuations under normal conditions.
This is performed by an increase of generation power of each generator to resume
the rotational speed lost in the inertial response to regain balance. The FCR-D
(Disturbance) work to stabilize when rather large power imbalances or disturbances
occur [25]. FCR is activated after just a few seconds to around a half minute and
is thus the primary control.

« Frequency Restoration Reserves (FRR) are the reserves taking over for the
FCR to restore the frequency to 50 Hz. Thus, the FCR can restore their capacity.
These reserves are also divided into two: The aFRR (automatic) activate continu-
ously, while mFRR (manual) are activated by the TSOs. This includes asking for
start-up of generators not currently operating or requesting consumers to reduce
load. FRR have a slower response time than the FCR, ranging from a full activ-
ation time for aFRR of 2 to 5 min, and are thus the secondary reserve. mFFR
activate up to 15 min and are referred to as the tertiary reserve.

 Lastly, the Fast Frequency Reserves (FFR) constitute the rapidly activated
reserves when the other reserves fail to stabilize and regain balance after large fre-
quency drops. These reserves are often necessary when there is a small amount of
kinetic energy in the system, and the risk of imbalance is significant. FFR activate



in seconds when the frequency reaches thresholds like e.g. 49.5 Hz. The amount of
necessary FFR is dynamic, as it is related to the amount of system kinetic energy.
With short-term forecasts, the kinetic energy is predicted for each day to know how
much FFR, which are distributed across the Nordic TSOs, are needed [25].

As the frequency reserves need to be reliable and quickly activated, few renewable sources
are suitable due to their fluctuating behavior controlled by the weather. To achieve
the transition and goals of more renewable electricity generation in the future European
power systems, precise predictions and understanding of system dynamics are essential to
improve planning and management of frequency reserves, in addition to synthetic inertia
[29]. The ENTSO-E has operation guidelines to ensure reliable amount and operation of
reserves. There is even an FCR cooperation between multiple TSOs in the ENTSO-E that
represent a market for the exchange of FCR in Europe, in addition to planned markets
for other frequency reserves [28].

2.2 Selected Regions

This thesis will focus on the power grid frequency from four different European islands in
addition to the Nordic synchronous area. These islands are Iceland, Ireland, the Balearic
Islands and the Faroe Islands. The regions’ location and prevalence are shown in Figure
2.6, showing good geographical spread and a difference in size. The islands are also very
different in terms of present interconnectors and energy exchange with other countries,
partly due to the various locations. These specific regions have been chosen since frequency
measurements have been recorded here with the EDR [11]. Except for the Faroe Islands,
all the regions are operated by TSOs bundled in the ENTSO-E. In the following sections,
further details about the individual power systems follow, rounded off with some key
information and differences highlighted in Table 2.1.
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Figure 2.6: Location of the regions with frequency time series to be analyzed and predicted
throughout the thesis. Mallorca is the biggest island of the Balearic Islands, located in the
middle of the archipelago, with Menorca to the east and Ibiza and the smallest Formentera
located west.

2.2.1 The Nordic Power System

The Nordic power system denotes the power system consisting of Norway, Sweden and
Finland, as well as the eastern part of Denmark, involving Zealand and Bornholm as
the most prominent islands. The region comprises almost 24 million people. As men-
tioned, Statnett is the Norwegian TSO, while Fingrid, Svenska Kraftnit and Energinet
are the TSOs of Finland, Sweden and Denmark, respectively [30]. With a joint office in
Copenhagen called the Nordic RSC, the TSOs of the four countries are supported with
maintenance and grid operations. The power flow between the countries is secured by
numerous high-voltage alternating current (HVAC) and HVDC cables on land or subsea
between different regions of the countries. The Nordic RSC has set internal targets for
the frequency to be outside the standard range of 50 4+ 0.1 Hz for less than 10 000 min
per year [31].
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The energy mix for the Nordic electricity supply consists of a significant share of re-
newable energy, with a steady increase in recent years [32]. In Norway, more than 98%
of the electricity generation comes from hydropower, in addition to some wind and fossil
gas. Hydropower is also a significant contributor in Sweden and Finland, but here, nuc-
lear power accounts for the main share of electricity production with about 40% and 30%
respectively [33]. In Denmark, wind power is the dominant generation type, accounting
for more than 45% of the electricity generation. As solar and wind power is also steadily
boosting in the whole Nordic region, all four countries have a renewable share of electricity
generation of more than 50%. By looking at the low-carbon electricity generation, thus
including nuclear power, the Nordic region exceeds 80% [34].

The Nordic synchronous area is heavily connected to CE through links to, e.g. west-
ern Denmark, Netherlands, Germany and Poland. In addition to being linked to CE,
the region has interconnectors to several other synchronous areas. For example, Norway
has an HVDC cable to the UK, Sweden has an interconnector to the Baltic region, and
Finland is connected to Russia [19].

2.2.2 The Irish Power System

The Irish power system describes the integrated electricity sector of the Republic of Ire-
land and Northern Ireland, both of which make up the island of Ireland. Northern Ireland
is a part of the United Kingdom located northeast on the island, while the rest constitute
the Republic of Ireland. The state-owned company EirGrid is the TSO of the Republic
of Ireland, while SONT is the TSSO of Northern Ireland. The population of the region is
about 6.8 million. The region will be denoted as Ireland throughout the thesis, thus re-
ferring to the synchronous area consisting of the Republic of Ireland and Northern Ireland.

With windy weather due to the island’s rough location in the Atlantic sea, wind is the
second-biggest electricity provider after fossil gas. Ireland has an installed capacity of
almost 5.6 GW of wind power, which is more than the average system demand, in ad-
dition to some solar and hydropower [35]. Through the program “Delivering a Secure,
Sustainable Electricity System” (DS3), the two TSOs on the islands set a 40% instant-
aneous renewable electricity generation goal for 2020 to work towards the transition to
a more renewable power system. The goal was achieved, and has later been raised and
achieved at 75% in March 2022. In 2020, the renewable electricity generation reached 43%
of annual generation [36]. EirGrid and SONT have set a target of keeping the frequency
within the range 50 £ 0.1 Hz limit 94% of the time [37].

The Irish power system is connected by two 500 MW HVDC cables with a length of
64 km and 261 km to the British synchronous area. In 2026, Ireland will be connec-
ted via another cable to CE, namely the Celtic Interconnector, subject to deferral. The
planned subsea interconnector is a cooperation with the french TSO, Réseau de Transport
d’FElectricité, to further secure the electricity supply as well as strengthen the energy in-
tegration with CE. The HVDC cable would have a length of about 575 km and a capacity
of 700 MW [38].
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2.2.3 The Balearic Power System

The Balearic Islands are an archipelago belonging to Spain, located in the Mediterranean
Sea east of mainland Spain. The population of the whole archipelago is about 1.2 million,
with a noticeable amount of tourists from all over Europe during the holiday season, as
tourism is the archipelago’s main industry. The majority of the inhabitants live on the
largest island Mallorca, while the rest of the population live on the other three main is-
lands called Menorca, Ibiza and Formentera. The spanish TSO, Red Eléctrica de Espana
(REE), is also the grid operator at the Balearic Islands [39]. Renewables and nuclear
power make up more than 60% of the main energy sources used to satisfy the need for
electricity in mainland Spain, with wind as the main renewable contributor. Despite
this high national renewable share, the distribution across different Spanish regions varies
greatly, among others in the Balearic islands. Here, fossil fuels such as gas (combined
cycle gas turbines) and diesel engines dominate the electricity production with more than
70%, followed by waste and a small share of PV solar power [40]. REE does not state a
specific frequency deviation target for the Balearic Islands, but the synchronous area of
CE, including mainland Spain and thus requirements that REE follows, is supposed to
be operated within the range of 50 £ 0.05 Hz [41].

Before 2016, the Balearic islands’ main grid consisted of two subsystems: Mallorca and
Menorca were connected with AC cables, and the same was Ibiza and Formentera. This
was due to the distance between the different islands, making stability and reliability
difficult without interconnections [39]. The submarine cable now connecting the two
former systems between Mallorca and Ibiza is one of the world’s longest and deepest
AC sea cables. The Balearic Islands are also connected to mainland Spain by a 244 km
long HVDC cable, operating at 250 kV with a capacity of 400 MW. The cable is called
COMETA, an abbreviation for COnexiéon MEditerranea Transporte Alta tension. The
cable was built to improve the electrical supply to the, at that time, two isolated power
grids on the islands and made it possible to import energy corresponding to almost 20%
of the annual electrical consumption [40]. With a maximum depth of 1485 m, COMETA
is one of the deepest HVDC cables in the world [42].

2.2.4 The Icelandic Power System

Iceland is a European country and island located north in the Atlantic sea with roughly
300 000 inhabitants. The main source of electricity production is hydropower, making up
75% of the total generation. Iceland’s location on the volcanic Mid-Atlantic Ridge has
made it possible to utilize geothermal energy, and most households are heated with this
energy form. Geothermal power stations are also generating electricity, and an increase
in geothermal generation in recent years, now accounting for the last 25% of Iceland’s
electricity, makes all of Iceland’s electricity renewable. In 2014, 80% of all electricity
generated in Iceland was used by energy-intensive industries such as ferrosilicon and alu-
minium smelters [43].

The TSO of Iceland is Landsnet, a company owned by different Icelandic city- and state-

owned companies. Founded in 2003, Landsnet has operated the national grid and admin-
istered its development and system operations for almost 20 years. The grid consists of
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more than 3000 km of transmission lines, where most of the grid is operated between 30
and 220 kV [?]. The island’s isolated location has made interconnections difficult, but
the proposed subsea HVDC cable IceLink between Iceland and Great Britain has led to
European cooperation becoming relevant. The possible 800-1200 MW cable will poten-
tially become the world’s longest interconnector with a length of 1000-1200 km. However,
due to political disagreements and events like Brexit, neither an operation start date nor
a confirmation that the cable is realistic has officially been stated [44].

Landsnet monitors frequency and voltage quality in the entire transmission system year-
round, where frequency values are recorded automatically every two seconds. Landsnet
has set internal targets for the average value of frequency over a 10s period, where the
frequency must be within 50 Hz £+ 0.2 Hz 99.5% of the time [45].

2.2.5 The Faroese Power System

The Faroe Islands are an archipelago north in the Atlantic sea, located between Iceland,
Norway and Scottland, without any gas or electricity connections to neither mainland
Europe nor the British Isles. The Faroe Islands are a self-governing overseas adminis-
trative division of Denmark. SEV, a municipality-owned company, is both the leading
electricity generator and distributor. With a population of roughly 50 000 spread across
18 major islands, the power system consists of seven isolated grids. Six of these belong to
isolated islands and are powered by fossil fuel powerplants, while the last grid is the main
grid that supplies a majority of the islands, including the capital Térshavn, and more
than 90% of the archipelago’s electricity. Rough weather and wind due to the islands’
location make the Faroe Islands exposed to blackouts, and the annual blackouts ratio is
thus several times higher than in CE [46].

The main grid is operated at 60 kV, whereas 10 and 20 kV systems cover most towns
and outlying islands. Around 60% of the electricity is produced by fuel and gas oil in
4 main plants. The Faroe Islands have seen rapid growth in renewable energy sources
in the last years as SEV aims towards a 100% renewable electricity sector by 2030. The
renewable share of installed capacity is now approaching 50% and generated about 40%
of the electricity in 2021, driven mainly by wind and hydropower, in addition to some
biogas power [46]. The frequency measurements from the Faroe Islands utilized in this
thesis originate from the main grid.
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Table 2.1: The five ezamined regions vary significantly in population and leading elec-
tricity generation sources. Some of the regions are national regions; others are composed
of several countries and are operated by multiple TSOs. Data retrieved from [3])].

Main electricity
Country / generation sources
ountr
Region | Population . y TSO(s)
Territories =
0 2 40 60 80 100
Low-carbon generation %]
Norway, Statnett,
Sweden, Svenska
Kraftnit
Nordic | 24 mill _ i
Finland, Fingrid,
Denmark Energinet
(eastern parts)
Republic of EirGrid,
Ireland | 6.8 mill Ireland, Gas, wind

Northern Ireland | Soni

Balearic ) . . Red Eléctrica
1.2 mill Province of Spain _
Islands de Espana

Iceland | 300 000 Iceland Landsnet
Constituent
Faroe . .
50 000 country SEV Oil, wind, hydro
Islands

of Denmark

2.3 Forecasting

Forecasting is simply about predicting the future and can provide valuable information
about forthcoming events to respond appropriately or act on this basis. Historical time
series data of price, frequency, temperature or other parameters are analyzed and used
to predict the future development or behavior of a system. Cyclical patterns, seasonality
or trends, in addition to time horizon, resolution and quality of the data, influence how
accurate predictions can be achieved. Forecasting is widely used in many fields, such
as finding trends in financial markets, weather forecasting and predicting energy prices
or consumption [5] [8]. For example, precise forecasts of load or generation in the power
system can reduce the amount of frequency reserves needed through more accurate system
control, thus increasing reliability and reducing costs [25]. Hence, it is advantageous to
have accurate forecasting methods from a security and economic perspective.
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2.3.1 Forecasting Methods

Within the field of machine learning, a large selection of forecasting methods and al-
gorithms applied to time series data exists. When focusing on forecasting quantities in
the energy system, several current methods have been successfully applied to problems. A
kernel regression model and an Autoregressive Moving Average (ARMA) model were used
to forecast the power grid frequency with a month of data from three American power
grids [10]. The non-parametric kernel regression technique tries to find a non-linear re-
lationship between feature and target values through estimation of a random variable.
The ARMA model predicts future values based on past values and past prediction error
and smooths past time series with a lagged moving average. Other methods used for
frequency time series forecasting include Bayesian network [47], Deep neural network or
Lasso estimation [8], popular for electricity price forecasting. Additionally, modern deep
learning techniques like Multilayer Perceptron (MLP) and Recurrent Neural Networks
(RNN) are emerging within time series forecasting with the use of neural network [6].
Another popular branch within forecasting is pattern-based methods, explained in the
next section.

2.3.2 State-of-the-art Pattern-based Forecasting

Several studies and forecasting methods are based on recognising similar recurrent pat-
terns and using those to predict the future outcome, known as pattern-based forecast-
ing. A former study by Martinez-Alvarez et al. introduced an algorithm called Pattern
Sequence-based Forecasting to forecast time series of electricity prices and demand, ob-
taining competitive results [48]. Here, a clustering method was first used to group and
label the data. Then, the predictions were performed for varying time windows based
on the clustering results, where similar patterns from the data were found to compute
an average as the prediction. Another study explained the K-nearest neighbors (KNN)
algorithm approach, further explained in Section 2.3.3, to forecast the electricity demand
for the next 24 hours [49]. Here, the most similar load trajectories from the past were used
to compute a weighted average that makes up the prediction. The predictions showed
lower forecasting error than a tree-based linear prediction model it was compared to.

The already mentioned paper by Kruse et al. investigated numerous aspects of frequency
predictability with the WNN predictor [9]. The predictions were based on a weighted
average of similar historical frequency trajectories. Firstly, the power grid frequency was
predicted for the next 60 minutes. Secondly, the influence of the chosen starting time
within the hour for prediction was investigated. Thirdly, the impact of the prediction
window size was investigated, from the original 60 min window to as short as 15 min.
As this was done for three greater synchronous areas with several years of data, similar
analysis of smaller power systems with a variable amount of data is of high interest to
deepen the understanding of smaller power grids’ frequency predictability.
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2.3.3 K-Nearest Neighbors Algorithm

K-nearest neighbors, usually abbreviated KNN, is one of the more traditional machine
learning algorithms compared to popular emerging deep learning algorithms [6]. The al-
gorithm learns from labelled training data, called supervised learning, meaning that the
prediction result can be compared to the actual value and thus optimize the predictions
by tuning hyperparameters. KNN is used for regression and classification problems and
has many advantages that makes it useful for prediction. KNN is classified as a lazy
learner algorithm, meaning it stores the given data set (training data) to search through
it every time of prediction. This contrasts with other machine learning algorithms where
models train on a given data set, producing a prediction function.

The concept of the algorithm is based on feature similarity, meaning that the algorithm
looks through the training data to find similar values or series to the object to predict.
The neighbor selection is usually determined by computing the euclidean distance between
the object to predict and every object in the training set. Other distance metrics that
are widely used are Manhattan, Minkowski and Hamming distance [50]. The number of
neighbors, k, decides how many of the most similar values or patterns to include in the
prediction decision. When used for regression, the prediction will usually be based on an
average of the k nearest neighbors. Similarly, for classification problems, the algorithm
decides that the unknown data point is the same type as the majority of its neighbors. A
visualization of how two unknown data points are classified with KNN is shown in Figure
2.7.

y I Class 1 V' I Class 1
Class 2 Class 2
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Figure 2.7: An example of how KNN classification works. Two data points of unknown
class are to be predicted. k is chosen to be 5, meaning the five nearest neighbors of each
point will decide the class. The blue dot has four neighbors of class 2 (triangles) and only
one of class 1 (squares). This data point is therefore set to class 2. for the purple dot, it
is the opposite, and it becomes class 1 due to an excess of orange squares as neighbors.

For most machine learning problems, data sets contain several features. These distinct
features are not necessarily of the same size or fall within the same range for numerical
values. For example, the price of a house and the number of rooms in the house are two
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different features that will be different orders of magnitude. When euclidean distance
is calculated on such a set, the price of the house would be dominant in the distance
calculation. Therefore, feature scaling is essential. By scaling the features to a given do-
main or a specific mean, they can easier be compared and utilized as a whole. In Section
3.5, min-max scaling will be explained and applied, but other scaling methods include
absolute scaling, standardization and robust scaling [51].

Throughout this thesis, a moderation of the KNN algorithm will be used. This is the
Weighted-nearest neighbors (WNN), where the prediction is computed by a weighted
average over the k nearest neighbors. This weighting can be self-defined and, if desired,
optimized for the specific task. A detailed walk-through of the algorithm follows in Section
3.2.
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3 Methods

3.1 Data Overview

3.1.1 Pre-Processing

The frequency recordings retrieved from the specific regions have a time resolution of 1
second, except for the data from the Nordic grid, which has a resolution of 0.1 seconds.
Therefore, these data are re-sampled to 1 second by computing the mean of the frequencies
within every second. The measurement recordings took place between 2019 and 2022 and
varied in length. The start and end days of each frequency recording are shown in Table
3.1.

Table 3.1: The start and end date of the frequency measurements made in each region.

) Frequency measurement recording periods

Region
Start ‘ End

Nordic 1 January 2021 31 December 2021
Ireland 4 November 2021 22 February 2022
Balearic Islands | 29 September 2019 10 March 2021
Iceland 5 November 2021 30 January 2022
Faroe Islands 3 November 2019 10 November 2019

For all regions, isolated measurements differing more than 50 mHz from the next and
previous measurements have been filtered out, as well as series where the frequency,
according to the measurements, is utterly stable for more than 15s with an accuracy
greater than 10 pHz. Measurements above 51 Hz or below 49 Hz were also filtered out as
they are extreme outliers. In practice, no data were filtered out but instead set to Not
a Number (NaN) for the given timestamp to keep the time series complete. For short
intervals up to 6s with NaNs, the data points were filled with the last valid measurement,
while for longer intervals, the NaNs were kept and thus skipped in further analysis and
predictions. The python code for analysis and processing of the frequency time series is
available on Github [52].

3.1.2 Distribution and Increment Analysis

The frequency measurements for the distinct regions are expected to be based around the
reference at 50 Hz (from Section 2.3). Whether the frequency exhibits large deviations
or fluctuations from the reference over time is unknown and may provide further inform-
ation about the grid dynamics. To get a first overview of the frequency measurements,
distribution histograms for each time series were plotted. The histograms show how the
frequency deviates from the reference frequency of 50 Hz. With a logarithmic probability
scale, the distributions should exhibit an inverted parabola if the fluctuations are Gaus-
sian distributed [53].
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In addition, the short time change in frequency can be investigated by analyzing the
increments in the time series. The frequency increment Af, for a given time lag 7 is
given as

AfT:ft+7'_ft~ (1)

The probability density function for the frequency increments was plotted with 7 = 1s,
which is the lowest possible increment as it equals the time resolution of the time series,
as well as a greater time lag of 7 = 10s.

3.1.3 Frequency Patterns

After analyzing the different frequency time series, additional information about the fre-
quency dynamics could be found by exploring trends and repetitive patterns within certain
time intervals. As a first analysis of the regions’ frequency time series, the autocorrelation
function for each time series was investigated for two different time lags. Autocorrelation
describes how a given time series corresponds to a lagged version of itself for a given time
interval. The autocorrelation function tells how the data points are related to data points
in the time series at different delays. The resulting trajectory will be in the domain [—1, 1],
where -1 represents a perfect negative correlation, and 1 represents a perfect correlation.
At 0, the function reveals that a time series shows no correlation for the given lag. The
time lags used for the frequency time series were up to 20 days and 100 min to capture
possible daily or hourly correlation.

In [9], The daily recurrent frequency pattern, denoted the daily profile, was highlighted
as important for the three greater European synchronous areas investigated. The daily
profile is further mathematically defined and used as a null model in Section 3.2 and is
the average frequency for each specific time of the day for the whole time series. Thus,
this null model provides an idea of what specific frequency to expect the most.

The standard deviation SD for the entire day and for an hour addressed how large fre-
quency deviations from the daily profile to expect. The daily SD was found by computing
the SD for each second of the day for all days in the time series. The hourly SD was
calculated similarly, but now the focus was on the SD of each second of the hours in the
time series, ignoring what specific hour of the day it is.

3.2 The Prediction Process

The WNN method predicts a frequency pattern based on patterns from the past, similar
to the recent pattern Fy ending at the prediction start ¢,. The computational process for
the prediction in this section is the same as the one used and described in Predictability
of Power Grid Frequency [9]. The python code for predictions is available on Github [52].
This process will be used as a whole in Section 4.3, while modifications and extensions
to the model are presented in Section 3.4 and 3.5. Common to all three sections is that
the different data sets were split into three subsets. These are training, validation, and
test sets commonly used in machine learning approaches [54] [55]. The size of the subsets
varied due to the varying length and quality of the time series and the different approaches.

20



Mainly, the selected data were split such that the training set made up 60-70% and the
validation and test set about 15-20% each.

3.2.1 Patterns and Prediction

After the pre-processing, the cleaned data were split into patterns with a specific time
delay 7 and number of data points :

f(to = (n+1)y7)
flto— (n+1)y1 + 1)
F,=1|f(to—(n+1)yr+27)|. (2)

flto —nyr —1)
As this thesis only focuses on 60 min predictions and the time resolution of all the fre-
quency time series is 1s, the pattern length is thus y7 = 3600s. Hence, F,, is a vector
with 3600 data points. For most predictions, the model was constructed to only look for
similar patterns within the same hour of the day unless stated otherwise. This splits the
set F',, into non-overlapping sets, one for each wanted time slot of the day, given as

F ={F,|Fi e N:nyr =i-24h}. (3)

The set F is searched to find the most similar patterns to the initial pattern. This is done
by computing the euclidean distance between the initial pattern and all patterns in F,
producing distances

d(Fy) = [[Fp, — Fol| (4)

The patterns in F are then sorted based on these distances in increasing order, thus
resulting in a new set of patterns. This set only contains the £ most similar patterns to
Fy given as

Nkz{nl,ng,...,nk|Fnj GJT"} (5)

The actual prediction fy.,(to + At) with time steps At € {lIs, 2s, 3s, ..., 3600s} is
performed by a weighted average of the k£ nearest neighbors’ next hour trajectories:

k
fwnn(tO + At) = z:kl Z Oéjf(to — T + At) (6)

j=1 %5 j=1
The weighting o used in this WNN method decreases with greater distance between the
patterns and is calculated by:

a; = a ' . (7)

The weights cause the closest neighbors to be more decisive in the prediction than the k
nearest neighbor, as more similar patterns are expected to be of greater interest than less
similar ones. The weight «y is 0 due to d(F,, ) — d(F,,) = 0. Thus the predictions are in
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practice based on the k& — 1 nearest neighbors rather than the k nearest. A visualization
of the WNN prediction process is shown in Figure 3.1.
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Figure 3.1: The WNN predictor predicts the next hour trajectory based on similar pat-
terns from the past. The past hour is matched against previous patterns from the past
to find the most ones. Here, as an example, the three nearest neighbors are found. A
weighted average of the neighbors’ next hour trajectory are computed as the prediction and
can thus be compared to the actual trajectory from the test set.
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3.2.2 Performance Measures and Optimization

Both for optimization and performance evaluation of the WNN predictor, suitable per-
formance measures are important. The mean squared error (MSE) is used for optimization
of the model, and evaluates the time-dependent MSE of the model for every second of the
hour:

R N

MSElf) = 3 (F0h + A1) — f(bi + An))’. g

Here, N is the number of hours used from the time series, and vary depending on the

length of the training data used for the prediction. h{ counts the hours after the beginning
of the training data.

To further optimize the model, the hyperparameter k is tuned. In [9], two different
k-approaches, fired- and adaptive-k, were used. The fized-k approach is common for
both regression and classification KNN methods, where a specific k is chosen for the task
[56] [57]. In this thesis, only the adaptive-k will be used for predictions. This is due
to predictions with it from the greater European synchronous areas gave slightly better
results than fized-k, especially in the first minutes [9]. The adaptive-k is the optimal
k-value giving the lowest MSEa;( funn) of the predictor for each At. Hence is adaptive-k
a vector with 3600 values. The adaptive-k is smoothed with a sliding window of one
minute to avoid sudden jumps and noise for any time steps. Throughout the thesis, the
selection of k was in practice done by performing a grid search to find the optimal k£ from
the set K = {1, 2, 3, ..., K}. K is the number of full days in the training data, as it is the
maximum number of possible neighbors. For the longest time series, K was set to 300 as
a maximum.

3.2.3 Benchmarking

To benchmark the performance of the model, it was compared to the two null models
introduced in [9]. These null models are easily interpretable, yet highly relevant for
frequency predictions. The first null model is just a constant frequency of 50 Hz, which
would be the desired frequency at any time (Section 2.1.3):

The second null model is the daily profile (Section 3.1.3), where the average over all
patterns from the set F is computed with uniform weighting:

= |;__‘ > flto — nyT + At). (10)
neF

This is equivalent to using uniform weights for the WNN predictor and letting k be the
number of patterns in the training data. The actual benchmarking was done by computing
the root mean square error (RMSE) for the WNN predictor and the two null models:

RMSE(f) = y/MSEx(). (11)

In addition to RMSE, the uncertainty in the predictions were addressed through the SD
of the nearest neighbors from the set N;:

fap(to + At)
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oas =\ (to—nr + AL)2) — (f(to—nT + At))2. (12)

Here, (-) represents the average over all n € Si. By plotting the time dependent standard
deviation with the predicted trajectory, a prediction error can be visualized.

3.3 Predictions

The first application of the WNN predictor was to perform predictions for the full time
series for all regions. As the time series from the Faroe Islands consists of less than a
week of data, these predictions were based on all patterns from the past and not just
the specific hour of the day (from (3)). The grid search for the Faroe Islands was thus
performed on the set K = {1, 2, 3, ..., 24-K'}. Apart from this, the process was solely the
prediction process from Section 3.2.

3.4 Size Dependence

The second approach to examine was the data size dependence of the predictor. As the
results from the full time series predictions in Section 4.3 are not directly comparable
between the regions due to the different amounts of data available, a study with equal
time series lengths is valuable. It can also reveal whether it will make sense to use the
WNN predictor for predictions or analysis with limited data available. Six different time
intervals were chosen, ranging from one week to six months. As some of the regions’
frequency recordings did not last six months; these regions were naturally only predicted
for short enough periods. The exact time intervals predicted for each region are shown
in Table 3.2. Regardless of the time interval, all predictions were tested on the last week
of each full time series. Here, a month is considered to always consist of 30 days, while
a week naturally is seven days. The prediction results were compared to the two null
models from Section 3.2 for all time intervals.

Table 3.2: To investigate the size dependence of the WNN predictor, the frequency time
series from the different regions were split into different time intervals. The table lists the
different time intervals p tested for each region, ranging from one week to six months. As
the time series from the Faroe Islands is shorter than a week, it was not included in these
predictions.

Prediction time intervals

Time period, p: Weeks Months
Region: 1 2 1 2 4 6
Balearic Islands X X X X

Nordic X X X X

Ireland X X X X - -
Iceland X X X X - -

Faroe Islands - - - - - -
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To ensure a given time interval p from Table 3.2 is robust against rare trajectories or events
that might influence the results, especially for short time scales, 25 different samples S,
for each p are used for the analysis. The samples are randomly chosen from the frequency
time series, with the last week of the series left out as the test set. S,, thus starts at a
random hour, day and time of the year. The exception is for Ireland with p = 2 months.
Here, the pre-processing in Section 3.1.1 reduced the frequency time series to slightly
more than two months of valid data, excluding the test set. S, is thus chosen by starting
the period with an increment of 4 hours from the start of the time series to achieve some
variety without containing too many NaNs. For all regions, §,, is split into train and val-
idation sets for every p and make up 80% and 20% of p, respectively. When the subsets
are created, a last check is performed to secure the sets against consisting of a large share
of invalid data. When cut into non-overlapping intervals of one hour, less than 10% of
the chunks are allowed to contain NaNs. If the subsets do not pass the last check, they
are rejected, and a new random period is chosen.

The hyperparameter optimization and performance evaluation is similar to Section 3.2
and is performed equally for all time intervals p: First, a specific adaptive-k for each S,, is
found, followed by predictions. To make an average performance evaluation of all S,,, the
RMSE is first calculated for each sample individually. Furthermore, an average RMSE
can be calculated for both the WNN predictor and the null models:

25

RMSE(f) = 215 Z_j RMSE, (f). (13)

The result is now an average error trajectory for the entire hour. To easier compare the
WNN predictor and the two null models for each p, a simple average value for the whole

hour was computed:
1 3600

RMSEau(f) = 5o >~ RMSE(f). (14)

3.5 Inclusion of Additional Power System Quantities

3.5.1 Additional Data

So far, frequency trajectories were predicted only based on frequency. Now, additional fea-
ture trajectories are added to the frequency patterns. As frequency reflects the balance
between generation and consumption in often highly complex power systems, multiple
features influence the overall system balance. Firstly, as mentioned, electricity demand
and load patterns are important. Secondly, these patterns are again influenced by several
features. For example, the electricity generation from renewable energy sources like solar
or wind depends on the weather: Windy days increase wind power generation, and cloudy
days reduce the solar generation. With low temperatures, electricity demand might in-
crease if many households have electric heaters. In Figure 3.2, the electricity generation
from six central energy sources in the Balearic Islands is shown for a random week. Each
source exhibits its distinct generation pattern and might potentially correlate or share
trends with the frequency trajectories.
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Figure 3.2: The electricity generation mix of a power system consists of different energy
sources. Presented are the six largest sources for a randomly chosen one-week period in
the Balearic Islands [58]. This also includes the HVDC import of power from mainland
Spain. As the sources contribute to the balance between load and generation, the different
trajectories might provide additional information relevant for frequency predictions.

In this approach, the predictions are still based on a weighting of the nearest frequency
neighbors. The new concept is that additional features will influence the choice of nearest
neighbors: Rather than choosing the most similar frequency patterns, other patterns
might potentially be chosen instead because their additional feature trajectories were
similar. The features were not predicted themselves but were added to provide additional
information to the target values, which is the frequency. The additional features that were
tested for the extended predictor were all generation or import. However, the extension
is designed so that all types of data such as demand, temperature or precipitation time
series can be tested as well. The additional features included different types of generation,
such as renewables and coal. The Balearic Islands generation data were downloaded from
REE’s real-time electricity demand and generation tracker [58], and the Irish data were
downloaded from the ENTSO-E Transparency Platform [23], as well as from Eirgrid’s
system information chart [59]. All additional data had a significantly lower sampling rate
than the frequency measurements.

3.5.2 Extending the Algorithm

If the additional feature time series has the same time resolution as the frequency data, the
feature patterns can be added to the data set and the data set scaled as stated in Section
2.3.3. As this is not the case for the available data used in this thesis, the data must be
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included in the WNN predictor differently. The additional feature data points will instead
be added as an extension to the vectors F,,. The additional data are scaled with min-max
scaling before they are split into patterns and added to the frequency set. This is because
the frequency time series always have a mean around 50 and a relatively low standard
deviation, but the additional features might vary largely in order of magnitude, both
between and within the different time series. The min-max scaling transforms the data
to fall in the domain [0, 1], and a data point a is transformed by the following formula:

a — Amin
= (15)
Qmaz — Amin
Here, a is the original data point, a,., is the transformed data point and a,,., and @,
are the maximum and minimum values in the time series, respectively. furthermore, the

additional feature is split into non-overlapping patterns A,,, similar to F,, from (2):

anew

a(ty — (n+ 1)nA)
a(to — (n+ )nA + A)
A, = |alto— (n+1nA+2X) |, (16)

a(ty —nnA — )
where a is the additional feature data point, 7 is the number of additional data points in

each pattern, and A is the time resolution. n) is thus the prediction window size and must
be the same size as the frequency patterns to represent the same specific time window of

60 min. Hence, nA = ~v7. When the vectors A,, are concatenated with F,,, the result is

new vectors given as:
F
G, = " 17
) )

As the extended model is also limited to search through patterns from the same time of
the day, G is a new set similar to F from (3). To now choose the nearest neighbors in
terms of distance, (4) is extended to

d(Gn) = [[Fr = Fol[ + 5 - [[An — Aol (18)

where [|-|| denotes the euclidean distance, and /3 is a tunable weight to adjust the influence
of the new additional feature. With new distances, the weighting « from (7) is now
computed as

o, _ (G ~d(G)) 9
d(Gn,) = d(Gny)
Hence, the additional features also directly influence the frequency prediction. As in the
original prediction process, the patterns are sorted based on their distances. This again
results in the set NV}, now given as

N, = {n1,n9, ..., n|Fy, € G} (20)

Here, the additional feature vectors A,, are removed, and only the frequency part of the
vectors in G are kept in NV;,. As only the frequency trajectories are predicted in the model,
the additional feature has accomplished its job by influencing the selection of neighbors
and «, and is no longer of interest. Therefore, the prediction and benchmarking are now
performed in the same ways as in the original process from Section 3.2.
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3.5.3 Optimization

The new hyperparameter  must be optimized to choose how the influence of the neighbor
selection should be distributed between frequency similarity and generation similarity. As
there now are two hyperparameters, k£ and 3, grid search was used to optimize both. The
optimization was performed by a grid search on the set of weights W = {0, 0.1, 0.2, ...,
1.5}. 1.5 was set as the upper limit after multiple attempts with several features where
the MSEa;(funn) clearly increased after passing 1. For every weight in W, a grid search
on the set IC like in Section 3.2.2 was performed. This resulted in an optimal weight £,
which is fixed for all data points in A,,, and a new adaptive-k that gave the lowest overall
MSEa¢(fuwnn)- 0 is included in W to include the possibility that ignoring the additional
feature in the neighbor selection might be the optimal choice.
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4 Results and Discussion

4.1 Data Analysis

4.1.1 Pre-Processing

During cleaning of the data, the time series from the Balearic Islands and Ireland contained
a significant amount of bad data that were set to NaNs. The main problem with the data
were that the exact same frequency was logged for longer periods, resulting in periods
with invalid data. For the other three regions, the time series had negligible to no bad
recordings and could be used as a whole during the data analysis. The length of the
original time series and the new length represented as full days when NaNs are ignored
are shown in Table 4.1. During the WNN prediction process, a time series is split into
non-overlapping chunks of one hour (Section 3.2). When a chunk contains too many
NaNs, it is ignored during the process. This applies if there are NaN periods longer than
6s in the chunk of one hour, which was the maximum allowed NaN length from Section
3.1.1, meaning all 3600 values are ignored. This again results in a new share of data not
being utilized, represented as hourly chunks in Table 4.1. The percentage not utilized
data only significantly increased due to this process for the Nordic region. This is because
the few invalid measurements from the Nordic data appeared as shorter error series here
and there as opposed to the long invalid periods for the Balearic Islands and Ireland, thus
affected several hourly chunks.

Table 4.1: When pre-processed, the frequency time series for some regions are reduced
due to invalid values set to NaN. The table shows each region’s original time series length,
giwen in full days. Also included is the percentage NaNs after data cleaning, reducing it
down to a new time series length for either full time series or hourly chunks.

Information about frequency time series
Original Percentages NaNs New time series
Region time series | full series / hourly chunks* | full series / hourly chunks*
[days] %] [days]
Nordic 365 0.1/5.6 365 / 344
Ireland 110 24.6 / 24.7 83 / 83
Balearic Islands | 529 14.9 / 15.2 450 / 448
Iceland 86 0.0 /0.0 86 / 86
Faroe Islands 6 0.1/0.7 6/6

*Amount of data not used in Section 4.3 due to removed chunks containing NaNs.

The clear difference between the length of the time series is worth noting, varying from
450 to six days after pre-processing. With more data, the reliability of an analysis and
predictions increases, as the time series then easier capture trends, has a wider purview
and more data to train prediction models on. With about 15% invalid measurements, the
time series from the Balearic Islands was significantly reduced. The quality of the Irish
measurements were the worst, where one in four measurements on average were invalid.
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4.1.2 Frequency Distribution
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Figure 4.1: The probability distribution function of the frequency time series. With a log-
arithmic y-azis, the histograms should show an inverted parabola for Gaussian distributed
data. The regions tend to deviate more from Gaussian characteristics as the population
decreases.

When the now cleaned frequency recordings were examined, the probability density func-
tions of the time series exhibited huge variations. The plots in Figure 4.1 show the

30



frequency distribution for the five regions as the frequency deviation from the reference
frequency at 50 Hz. As the largest in terms of population, the Nordic region shows
an almost perfect Gaussian distribution (Inverted parabola in Figure 4.2). Ireland also
exhibits some Gaussian characteristics but has a dip around 50 Hz and a slight rise in
probability for lower frequencies below 49.8 Hz. The Balearic Islands have local peaks
when deviation approaches + 150 mHz, but is then cut off. The two smallest islands,
Iceland and the Faroe Islands, have heavier tails and a significantly greater probability
for higher frequency deviations.

The frequency deviation tends to increase more as the region’s population decreases.
In addition, the two regions that deviate most from Gaussian distribution are the two
that have no interconnections to other regions. The region that is most dependent on in-
terconnection, the Balearic Islands, shows no greater frequency deviation than 200 mHz.
The Balearic Islands are also the region with the least share of renewable energy in its
electric power system and are mainly driven by highly controllable generation types and
a stable import of power from mainland Spain.

When studying the increment analysis of the frequency time series, the regions exhibited
clear differences as for the probability distribution functions. In Figure 4.2, the frequency
increments divided by the SD of the given lag are plotted together with a Gaussian dis-
tribution. The three plots are shifted in the y-direction for visibility. Nordic is the only
region similar to a Gaussian distribution, with a higher probability for greater frequency
increments for the 1s lag than 10s. The remaining four regions show non-Gaussian charac-
teristics for both lags, with slightly heavier tails for the 1s increment than 10s. Especially
Iceland and the Faroe Islands deviate the most from the Gaussian curve, like the findings
in Figure 4.1.

Ireland, which had a similar frequency distribution as Nordic in Figure 4.1, is now ex-
hibiting heavier tails for both lags. Wind power as a steadily increasing share of the
Irish power system could describe the difference from the more controllable hydro and
nuclear-driven power system in the Nordic region. Through its wind power, Ireland is one
of the synchronous areas in Europe with the lowest level of inertia [29]. For the Faroe
Islands, the 1s lag distribution has significantly heavier tails than for 10s, which is cut
off to Gaussian characteristic for greater frequency increments. The low population in
the two smallest regions make the power systems more vulnerable to outages of large
individual power plants or industry due to the small system size [60].
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Increment analysis
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Figure 4.2: The frequency increments are divided by the standard deviation for 1s and 10s
lags. Together with the increment plots is a Gaussian distribution plotted as a comparison.
All regions exhibit more Gaussian characteristics for the 10s lag than 1s. For wvisibility,

the curves are shifted in the y-direction. Inspired by [53].

4.1.3 Comparison with TSOs’ Frequency Targets

The frequency time series also made it possible to compare the frequency distribution
to the internal frequency targets set by some of the TSOs, given in Section 2.2. Iceland
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showed heavy tails in Figures 4.1 and 4.2, but less probability for substantial frequency
deviations for a 10s lag. As Landsnet investigate the frequency by averaging over a 10s
period with a 2s time resolution to check the frequency quality; this will positively affect
staying within the wanted range. For the 86 days used in this analysis, the frequency
stays within the range 50 + 0.2 Hz 99.88% of the time and thus achieves its annually goal
of 99.50%. To compare the Faroe Islands’ frequency deviations with the Icelandic target,
the frequency stays within the same range 85.83% of the time.

A frequency quality report from Fingrid in 2021 showed that the Nordic region’s goal
of less than 10 000 min outside of the standard frequency range was reached in 2020 for
the first time in the period 2015-2020 [31]. Here, the calculation was based on the valid
data from each year, with a sample interval of 1s. When performing the same calculations
on the frequency time series from 2021, The frequency deviates from the standard range
for 10 875 min, thus not reaching the target. Nevertheless, when comparing this result
with the data from the five years from [31], it is the second-best year after 2020. These fre-
quency distribution calculations also strengthen the credibility of the measurement data
as they are fairly consistent with the TSOs’ calculations.

Ireland’s target of staying within its 50 £+ 0.1 Hz limit 94% of the time was achieved
in 2020, reaching 99.67% [37]. For this time series, which involves months in 2021 and
2022, the frequency stays within the range 97.29% of the time when the original 1s time
resolution is used. The time resolution for the basis of calculation is not stated in [37]
and could be some of the reasons for the difference in percentage between the published
number from 2020. Moreover, the high percentage of invalid measurements in the Irish
time series must again be pointed out as a possible source of error. The Balearic Islands
only fulfilled the deviation target for CE 84.51% of the time. Nevertheless, as seen in Fig-
ure 4.1, the frequency never exceeds 50 £ 0.2 Hz, which ENTSO-E states as "the target
for maximum steady-state frequency deviation after dimensioning incident" for CE [41].

4.2 Frequency Patterns

4.2.1 Autocorrelation Function

The autocorrelation function with a time lag for up to several days can highlight whether
there are recurrent daily patterns in the frequency. In Figure 4.3, the different regions
vary significantly. The Balearic Islands show clear peaks every 24 h, in addition to less
pronounced yet significant peaks every 12 h. 24 h peaks also apply to the Nordic and to
some extent Ireland. Here, the peaks are somewhat broader around the full hour. Lastly,
Iceland stands out as very stochastic, with an autocorrelation function close to 0 for all
lags. This suggests that strong daily patterns and recurrences will be challenging to find
for Iceland and, on the other hand, very likely for the Balearic Islands. Nevertheless,
minor peaks occur every 24 h for Iceland, thus affirming that there, to some extent, are
daily actions influencing the frequency here as well.

The amount of data available after pre-processing and utilized for the analysis are ad-

ditionally to Table 4.1 included in Figure 4.3-4.7 as a reminder of the different basis for
each region.
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Autocorrelation function
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Figure 4.3: The autocorrelation function with time lags up to 20 days reveals recurrent
patterns occurring every 24 h for the Balearic Islands and Nordic and some less pro-
nounced ones for Ireland. As a difference, Iceland shows no signs of correlation with a
flat function around 0 for all lags.

Figure 4.4 shows an autocorrelation function with a lag up to 100 min to examine cor-
relation for shorter lags. The Faroe Islands have a relatively strong correlation for all
lags, but with only about six days of data, it is limited whether this applies to a longer
frequency time series. Nevertheless, it is clear that there is a correlation for different lags,
and recurrent frequency patterns do occur. Again, Iceland stands out as very stochastic,
with close to no correlation for any lags. The other regions exhibit a peak around the 60
min lag, suggesting that there are hourly trends in addition to the daily recurrent pat-
terns. For the Nordic region, the peak is seen after exactly 60 min, immediately followed
by a dip. In contrast, the peak is slightly bigger and broader around the full hour for
Ireland and the Balearic Islands.
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Autocorrelation function
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Figure 4.4: With a shorter time lag, the autocorrelation function reveals hourly frequency
correlation.  With significant peaks after 60 min for Ireland, Nordic and the Balearic
Islands, Iceland does again show stochastic characteristics with no correlation.

4.2.2 Daily Profile

The daily profile, which from Section 3.1.3 denotes the average of all frequency recordings
for each specific time of the day, is given for each region in Figure 4.5. In Figure 4.5-
4.7, the Faroe Islands is plotted alone due to its short frequency time series, resulting in
greater deviations and fluctuation on the y-axis. The Nordic region thus shares the y-axis
with the Icelandic region.

35



Daily profile
Faroe Islands

~ 6 days
L.
3 50.1
c
(0]
3
5 50.0
&
(0]
50 49.9
2
< 0 4 8 12 16 20 24
Ireland Balearic Islands
~ 83 days 450 days
.
e}
c
g
3 50.001
L
(0]
@
§ 49.95
< 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Iceland Nordic
~ 86 days 365 days
L. 50.05
>
()
c
[0}
3
T -
£ 50.001
()
oo
(o]
9
< 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time [h] Time [h]

Figure 4.5: The average of all recordings for every second of the day, denoted as the
daily profile. While the Balearic Islands exhibit a clear daily pattern, the Faroe Islands
and Iceland frequency profiles are the most stochastic. Nordic and Ireland are somewhat
in between, with some clear peaks and valleys at the beginning of hours.

The daily profile of the Balearic Islands is by far the most apparent pattern. Here, the
frequency is generally higher during evening and night, with local valleys at the beginning
of each hour. The frequency is slightly lower during morning and afternoon but now has
local peaks at the beginning of the hour. The Nordic and Irish regions also exhibit some
recurrent patterns through local peaks or valleys at the beginning of each hour. The Faroe
Islands also show frequency valleys during morning and afternoon, in addition to some
peaks at the full hours. As this time series only consists of six full days of data, the daily
profile averages of only six or seven values. This results in a fluctuating profile which
may not necessarily represent how a possible profile evolves for longer periods. Iceland
stands out as very stochastic in relation to the remaining regions. At the beginning of
some hours, there are some peaks and valleys, but without any daily pattern or tendency.
Nevertheless, it is notable that the Icelandic daily profile varies in a smaller range than
for the other regions.
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4.2.3 Daily Standard Deviation

The next pattern analysis was the daily SD, reflecting the variability within the frequency
samples of the same time of the day. The plots are shown for all regions in Figure 4.6. For
the Balearic Islands and Nordic, the SD has clear peaks at every full hour, also showing
the lowest variability in the middle of each hour. The peaks support hourly trends in the
frequency behavior also pointed out through the daily profile. Similar applies to Ireland,
but with less apparent peaks as these occur in the middle of the hours as well. Iceland is
again the most stochastic pattern, with random peaks throughout the day and no specific
tendency to occur. As the Faroe Islands’ time series is significantly shorter than the
others, the SD is not surprisingly by far the greatest. Nevertheless, the Faroe Islands also
exhibit some peaks around the full hours.
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Figure 4.6: The daily standard deviation reflects the variability within the frequency
samples at each second of the day. The standard deviation has clear peaks at every full
hour for the Balearic Islands and Nordic. The same applies to Ireland, but with less
apparent peaks as these also occur in the middle of the hours. Iceland is again the most
stochastic pattern, with random peaks throughout the day.
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4.2.4 Hourly Standard Deviation

Some of the hourly trends seen in Figure 4.6 could be examined further when studying the
hourly SD. In Figure 4.7, the hourly SD for all regions are presented. The full hour peaks
are again seen for the Balearic Islands and the Nordic, where the SD peaks after a few
minutes. An early hourly peak for Iceland, which was difficult to perceive in Figure 4.6,
is also revealed. Again, the frequency from the Faroe Islands has the greatest variability.
Ireland exhibit a more evenly distributed variability, but smaller peaks at the boundaries
and after 30 min could be somewhat related to the 30 min window of the Irish intraday
electricity market [61].
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Figure 4.7: The hourly standard deviation reflects the variability within the frequency
samples at each second of the hour. the Balearic Islands and Nordic have their greatest
variability at the beginning and end of the hour, while Iceland peaks after the first minutes.
The same applies to Ireland, but with less apparent peaks as these occur in the middle of
the hour as well.

4.2.5 Contributors to Repetitive Patterns

Periodically recurrent patterns and correlation can be explained by several power sys-
tem related factors. Firstly, the electricity load usually shows a daily cycle with peaks
during mornings and afternoons and the least electricity during the night [62]. This in-
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troduce regular daily dynamics. There are higher stochastic contributions for the regions
with high SD, like the Faroe Islands and Iceland. In contrast, the other regions’ dynamics
are governed by mostly deterministic effects exhibited by clear daily profiles and lower SD.

Secondly, electricity generation is being scheduled through different market mechanisms.
The day-ahead market takes place at noon every day to determine the electricity price
and volumes within specific bidding zones for every hour of the following day [63]. Most
countries operate with one-hour windows, but 30 and 15 min are also used. These market
activities introduce regular uncertainty seen as peaks in the SD. Additionally, the intraday
market exists, among other things, to perform corrective actions on the possible deviation
between the day-ahead market clearing and actual operation. The balance from the day-
ahead market is based on forecasts, and a change in weather may cause less generation
or more consumption, or an industrial company might change its expected consumption.
The Intraday market takes place the same day and usually closes an hour before the elec-
tricity delivery hour. There is no electricity market for the Balearic islands, and REE is
responsible for scheduling an economical and technical dispatch of generation for one-hour
intervals [39].

Lastly, the balancing markets for frequency reserves from Section 2.1.4, controlled by
the TSOs. These markets ensure the final system balance and work down on the minute
scale close to the electricity delivery hour. The different markets contribute to the bal-
ance of the power system, and, e.g. the change in electricity price and generation volumes
between each hour traded on the day-ahead market will potentially increase the variability
for the first period of these hour-intervals. This causes generation to follow more periodic
patterns, while consumption continuously fluctuates based on the demand in industry
and households. These potential imbalances, particularly at the trading boundaries, can
describe the variability peaks seen for several regions in the previous figures.

4.3 Predictions

The time series were manually split into a train, validation, and test set for the full
frequency predictions. Due to the amount of NaNs in some of the time series, the different
series were split such that the train set represented roughly 70% of the time series, and
the validation and test set represented roughly 15% each. All sets start at the beginning
of an hour and end at the end of an hour. The percentage size of each set and the specific
start and end times are shown in Table 4.3 for all regions. The following subsections first
present the best and worst predictions before presenting overall performances compared
to the null models to better understand the accuracy of the WNN predictor.
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Table 4.2: The time series are split into train, validation, and test sets for the frequency
predictions. The table displays the different timestamps for the start and end of each set,
in addition to what percentage the set makes up of the full time series

Time information about prediction subsets
Region Subset ‘ Start time ‘ End time ‘ Percentage
Train 2021-01-01 00:00:00 | 2021-08-31 23:59:59 66.6%
Nordic Validation | 2021-09-01 00:00:00 | 2021-10-31 23:59:59 16.7%
Test 2021-11-01 00:00:00 | 2021-12-31 23:59:59 16.7%
Train 2021-11-04 17:00:00 | 2022-01-18 23:59:59 68.3%
Ireland Validation | 2022-01-19 00:00:00 | 2022-02-05 23:59:59 16.3%
Test 2022-02-06 00:00:00 | 2022-02-22 23:59:59 15.4%
Train 2019-09-29 00:00:00 | 2020-09-30 23:59:59 69.6%
Balearic Islands | Validation | 2020-10-01 00:00:00 | 2020-12-31 23:59:59 17.4%
Test 2021-01-01 00:00:00 | 2021-03-10 23:59:59 13.0%
Train 2021-11-05 09:00:00 | 2022-01-02 23:59:59 67.6%
Iceland Validation | 2022-01-03 00:00:00 | 2022-01-16 23:59:59 16.2%
Test 2022-01-17 00:00:00 | 2022-01-30 23:59:59 16.2%
Train 2019-11-03 22:00:00 | 2019-11-08 08:59:59 69.0%
Faroe Islands Validation | 2019-11-08 09:00:00 | 2019-11-09 08:59:59 15.5%
Test 2019-11-09 09:00:00 | 2019-11-10 08:59:59 15.5%

4.3.1 Best Predictions

In Figure 4.8, the best predicted hour from the test set is shown for all regions. The
figure presents the predicted frequency trajectory, as well as the daily profile and the test
(actual) trajectory. Additionally, the prediction error is shown given as one SD within
the maximum number of nearest neighbors. The best predictions exhibited considerable
variation in terms of accuracy between the regions.

The Nordic region’s best prediction is a smoothed version of the test series where the
hour’s average trajectory is captured, but not minutes with local peaks and valleys. To
some extent, the prediction for Ireland also acts as a smoother trajectory of the test series
and follows it better than the daily profile. The Balearic Islands have the best performing
prediction: The WNN predictor followed the test series accurately, both at the boundaries
where the frequency exhibits a small drop in the first minutes and a steady increase in
the last five minutes, and the middle of the hour. The shaded prediction uncertainty (£
one SD) is therefore, not unexpected, the smallest for the Balearic Islands with about 27
mHz on average, while one SD for Ireland and the Nordic lie between 40 and 50 mHz on
average throughout the hour.

For the two least populated regions, the predictions are not that accurate. For Ice-
land, both the WNN predictor and the daily profile are based around 50 Hz as a noisy
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50 Hz predictor. They do not capture what appear to be large stochastic fluctuations
spread across the hour but reflect well an approximate average of the trajectory of about
50 Hz. Thus, the prediction is similar to Ireland and the Nordic predictions in terms of
uncertainty. For an average of the whole hour, the WNN prediction for the Faroe Islands
is good but does not capture the main several minutes fluctuations after 15 and 30 min.
The daily profile also misses these frequency jumps. The prediction uncertainty is also
significant as it is greater than 100 mHz on average.
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Figure 4.8: To better understand how well the WNN predictor can perform, the best
performing hour for each region is presented. Its prediction is compared to the daily
profile and the test series. The prediction error is given as one SD within the maximum
number of nearest neighbors in the adaptive-k. The chosen trajectories are based on the

relative error RMSE(fynn)/RMSE(f50).

The predicted and daily profile frequency for Ireland exhibited systematic valleys in the
trajectory in Figure 4.8. These occur every minute and can also be seen less pronounced
for the test series. Whether this reflects a specific behavior in the Irish power grid,
a pre-processing or measurement error from the raw data from the EDR, or some other
circumstances is unknown and should be investigated further. This pattern is also present
in the trajectories for the worst prediction in Section 4.3.2.
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4.3.2 Worst Predictions

For the worst predicted hours, the WNN predictor misses the test series differently for
each region. Both models expected a frequency increase for Nordic, the Balearic Islands
and the Faroe Islands, where the WNN predictor assumed the highest frequency. In
reality, the frequency instead dropped a bit. For Ireland, the opposite happened. Here,
the frequency was steady above 50 Hz the whole hour, but the predictors predicted some
fluctuations, mainly below 50 Hz. Nevertheless, the WNN followed the daily profile also
here, even with a more accurate prediction in the first minutes. Again, Iceland looks
similar to its best prediction exhibited as a noisy 50 Hz signal, with stochastic peaks not
captured by any predictor throughout the hour. Furthermore, on average, the prediction
uncertainty is approximately identical to the best predictions’ uncertainty for all regions.
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Figure 4.9: In contrast to the best predicted hours from Figure 4.8, the worst predictions
are presented here. The basis for selection as well as the prediction error is the same as
for the best predictions.
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4.3.3 Overall Performance

The performance of the WNN predictor was compared to the performance of the two
null models from Section 3.2. In Figure 4.10, the root mean square error (RMSE) of all
models are presented for each region, reflecting the predicted error given in Hz. In all
regions but Iceland, the WNN predictor outperformed the daily profile and the 50 Hz
model. In general, the null models are clearly outperformed the first 15 minutes, but all
three models later converge towards each other as the error also tends to increase.
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Figure 4.10: Root Mean Square Error of the WNN prediction model and the two null
models. In all regions except Iceland, the WNN predictor outperforms the null models,
especially the first 15 minutes of the hour. the Balearic Islands have the lowest error,
while the Faroe Islands have the highest. The y-axis varies between the subplots due to the
varying error between the regions.
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All regions’ performance curves are for large parts of the hour similar to the hourly SD
from Figure 4.7. The highest variability, mainly at the beginning of the hour, is reflected in
the RMSE peaks for the performance. However, for Ireland and the Balearic Islands, the
WNN predictor predicts with low error also here as specific frequency trajectories provide
accurate information about the first minutes in the future. This suggests that different
trading and dispatch patterns are regular, and thus information is already present in his-
torical data. For the Nordic, the trading information is less known and more stochastic,
while for Iceland and the Faroe Islands, stochastic processes are dominant.

Iceland is the major exception in predictability, where the frequency’s clear stochastic
behavior, exhibited by the previous results, makes the prediction error similar for all
models. Corresponding with the increased early-hour variability, the performance of all
three models has a higher error for this period. The Faroe Islands has the greatest pre-
diction error for all models. Here, however, the WNN prediction error performs 30-40%
better than the daily profile for most of the hour, which is a significant improvement.
Considering these predictions are based on all hours of the day, the WNN prediction has
an advantage over the daily profile. It is here only based on the six historical trajectories,
i.e. an hour for each of the six days of data.

Even though the study of the Faroe Islands frequency time series is very limited due
to the short time range, it provides a valuable understanding of smaller regions. With
about 50 000 inhabitants, it is a typical population size of other isolated islands, cit-
ies or areas that potentially can be or are operated as microgrids. Furthermore, as the
WNN predictor performed significantly better than the daily profile, it is clear that the
frequency exhibit deterministic behavior with patterns and recurrent trends. Thus, the
model is also highly relevant for analysing microgrids or other smaller power systems in
the future.

4.3.4 Optimal Number of Nearest Neighbors

The optimized adaptive-k reveals how the number of historical frequency patterns needed
to achieve the best predictions changes throughout the hour. In [9], The adaptive-k for
the synchronous areas in Great Britain, CE, and the Nordic increased throughout the
hour. In Figure 4.11, the adaptive-k is plotted relative to K, which is the upper limit for
k as it represents the number of patterns in the daily profile. The number of neighbors
tends to increase throughout the hour for all regions. At the beginning of hours, the
historical frequency trajectories provide more information than later, and there is thus a
need for fewer patterns in the prediction. Throughout the hour, the frequency patterns
become more unspecific as the prediction is further into the future, and k increases. The
Faroe Islands are not included as all hours of the day are potential nearest neighbors.

Iceland exhibits the least apparent increase but still has slightly lower numbers in the
first 15 minutes. For Iceland and Ireland, the optimal k£ is many times at maximum,
meaning close to all available patterns were used during the weighted average prediction.
Hence, it is reasonable to assume that by having more frequency measurements for a
longer time frame, the adaptive-k might increase even more, especially towards the end
of the hour. Eventually, however, with an increased amount of frequency data, it will get

44



to a point where specific frequency patterns are preferred over an average of all. Thus k
moves away from K, seen for the Balearic Islands and the Nordic region.
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Figure 4.11: The optimal number of nearest neighbor relative to K is the number of
neighbors in the daily profile, and thus the upper bound for k. The adaptive-k tends to
increase throughout the hour for all regions. The Faroe Islands are left out as the adaptive-
k is based on all hours of the day as possible neighbors.

4.4 Size Dependence

4.4.1 Overall Performance

For small power systems and regions, obtaining high-quality data or longer time series of
measurements might involve high costs. Hence, it is interesting to investigate how much
data is necessary to obtain reliable predictions. The change of performance associated
with different amounts of data is valuable information for assessing how much data can
or should be used for accurate predictions, depending on the data basis. In addition, the
size dependence approach also lays a basis for comparing the prediction performance of
each region with equal lengths of frequency time series. From 25 random frequency time
series samples for each time interval p, each region’s average performance is presented in
Figure 4.12. This applies to both the two null models and the WNN prediction. The 50
Hz prediction error is the same for all p as it does not depend on historical data. The
Faroe Islands were not included in this analysis as the shortest interval to investigate of
one week is longer than the length of the frequency time series recorded in the region.
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Figure 4.12: Average root mean square error for the WNN predictor and the two null
models for different time intervals. As the data size increases, the WNN predictor is the
best model for all regions except Iceland, where the constant 50 Hz prediction performs
best. The Faroe Islands are not included in the analysis as the region’s frequency time
series is shorter than the minimum interval of one week.

The WNN predictor improved performance for all regions when the time interval in-
creased. Except for Iceland, the WNN predictor mainly outperformed the daily profile
and 50 Hz predictor when two weeks to a month of data were utilized, thus serving as
a boundary for when the daily profile is outperformed. Even though Iceland is very
stochastic, the improvement for increasing time intervals exhibits that there, to some ex-
tent, is specific information to gain from a greater amount of data even here. The average
performance with only one week of data for the Balearic Islands is significantly better
than all other regions’ performances, regardless of the time interval. The daily profile
and WNN predictor also outperform the 50 Hz for all intervals. This emphasizes the
deterministic and highly predictable frequency trajectories of the Balearic Islands. The
daily profile also performs well, implying significant recurrent patterns and trends.

With limited data available for the regions, only one week of the frequency time series was
used as the test set. One week period for testing may be too short to yield conclusive res-
ults as whether this week experienced unexpected and rare events or adequately represent
a typical week is unknown. This thesis has not examined whether predictability might
change related to seasons due to, e.g. different electricity generation mixes. Thus, the
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test week’s predictability may depend on when in the year it is chosen. One week was also
found to be too short for selecting specific information, as the daily profile outperformed
the WNN predictor for this time interval. Additionally, the performances for Ireland and
Iceland for p = 2 months are an average of 25 very overlapping S, as these cleaned time
series had a length of only between two and three months.

4.4.2 Performance Improvement
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Figure 4.13: The first minutes exhibit the best improvement from the shortest to longest
time interval throughout the full hour. The RMSE of the Balearic Islands and Ireland
is here shown for one week as the shortest interval, and two months (Ireland) and siz
months (Balearic Islands) as the longest.
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The average RMSE has proven to be reduced when the model is trained on more data,
and especially the first 5 min were significantly improved compared to the null models in
Figure 4.10. To further investigate how much the amount of historical data improves the
predictions for distinct periods of the hour, the shortest and longest prediction interval
errors were plotted for two of the regions in Figure 4.13. Here, Ireland and the Balearic
Islands are chosen as they both showed great improvement in the first 5 min of the
hour in Figure 4.10 and represent different time series lengths. From one week to two
months for Ireland, the greatest error reduction is only seen for the mentioned first 5
min with an improvement of 20% on average. The rest of the hour has a relatively
constant performance improvement of 14% on average. For the Balearic Islands, this early-
hour improvement extends to almost 15 min at 40% improvement on average, until the
performance improvement is close to constant at about 26% for the rest of the hour. Hence,
using more frequency data gives great returns in better prediction results, especially for
the first minutes.

4.5 Extended Model

4.5.1 Additional Features

For the extended WNN approach, different electricity generation sources were tested.
Firstly, wind generation in Ireland was tested. This included both the total of onshore
and offshore generation and only the onshore wind power alone. Wind power was chosen
as it forms a central part of Ireland’s electricity generation. Offshore wind constitutes
less than 1% of the total wind electricity generation in Ireland. However, with numerous
projects planned and a target of 5 GW installed in 2030, offshore wind will be a significant
contributor in the near future [64]. Secondly, six different electricity generation sources
were tested for the Balearic Islands. This includes all renewable energy sources as one
feature, as renewables generally accounted for a small share of the Balearic Islands’ elec-
tricity production, yet highly relevant to investigate as it is less controllable than other
sources. In addition, the total generation was also tested as one feature. The distinct
additional features that were tested and their time series resolution are given in Table
4.3. Presented is also the result of the optimization of the new hyperparameter .
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Table 4.3: The WNN predictor is extended to include additional features. The table
includes the specific features tested for the Balearic Islands and Ireland, as well as the
time resolution of the time series and the resulting optimized weight 3. For all features
except all wind generation in Ireland, B was optimized to be 0 when tested on the validation
set.

Additional features
data ti luti Optimal
Region Generation/Import type ata time .reso ution p ma
[min] weight [
Onshore wind 30 0
Ireland
All wind generation 15 0.4
Renewables 10 0
Diesel engines 10 0
.| Gas turbine 10 0
Balearic
Coal 10 0
Islands ) )
Combined cycle (gas + steam turbines) | 10 0
HVDC Cable (from mainland Spain) 10 0
All generation (incl. import/export) 10 0

4.5.2 Relative Performance Ireland

The quality of the generation data from the ENTSO-E transparency platform limited the
analysis for the onshore wind generation. The data contained a significant amount of
NaNs in the period the frequency measurements were recorded. As the quality of the
frequency measurements already reduced the amount of data utilized in the predictions, a
new share of data was now omitted. The now shorter time series and basis for prediction
may thus have influenced the results.

As the only feature, all wind generation in Ireland got a non-zero optimal weighting
of the additional feature during the nearest neighbors selection when tuned on the valida-
tion set for the extended WNN predictor. The wind generation data downloaded from the
region’s TSOs contained no invalid measurements and could be used as a whole for the
prevailing period. Figure 4.14 presents the RMSE of the extended model with the Irish
wind generation included when applied to the test set relative to the original prediction
result for Ireland from Figure 4.10. The result reveals no further improvement of the
predictions but rather a worse average performance error of 1-2%. Nevertheless, for a few
minutes, e.g. around 45 minutes, the extended model performs up to 2% better.
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Figure 4.14: The extended WNN model only got an optimal non-zero weight 5 for wind
generation in Ireland. When evaluating the prediction, the extended predictor performed
1-2% worse on average. Here seen as the performance relative to the original WNN
predictor, the extended model still predicts up to 2% better for selected minutes.

4.5.3 Relative Performance Balearic Islands

When the hyperparameter S was tuned during the optimization on the validation set, 0
was found to be the optimal weighting of the additional feature euclidean distance when
selecting nearest neighbors. This implies that the frequency is best predicted when only
the frequency trajectories themselves are taken into account, which is thus the perform-
ance from Figure 4.10. Therefore, the optimization was performed again, excluding the
zero weight to investigate whether a non-zero weight might positively influence the pre-
dictions anyway. The new optimal non-zero weights and the associated adaptive-k were
then used for predictions on the test set. Regarding data quality, the generation data
downloaded from REE contained negligible to no invalid measurements and were utilized
as a whole.

The result of predictions on the test set with the additional features from Table 4.3
showed that all features performed better than the original WNN predictor for at least
one non-zero weight on the test set. Renewables accounted for the best performance im-
provement of about 1.5%. Also combined cycle and coal improved the predictions by more

20



than 1%. The performance of the three best features relative to the original WNN pre-
diction error is shown in Figure 4.15. Presented is also the  used to weight the influence
of the additional features.
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Figure 4.15: With additional features included in the WNN predictor for the Balearic
Islands, the prediction performance was increased. Presented are the three best performing
features, all improving the performance by an average of 1-1.5%. Across the full hour, the
first 15 min got worse, but the last 45 min significantly improved.

Applicable to all the Balearic features was that they, on average, performed clearly worse
in the first 15 min, as seen by three of the features in Figure 4.15. For the rest of the
hour, the extended model now improves the performance by more than 2% on average.
From the previous results from [9] and from Figure 4.11, fewer frequency trajectories
are typically needed in the first minutes of the prediction. Here, the additional features
disturb the already specific information provided by a few frequency trajectories, thus
increasing the error. Further into the future, i.e. the rest of the hour, the additional
features now provide information as less information is available through the increasing
number of frequency trajectories. This could suggest that an adaptive § could lead to
further enhancement, although the increasing computational effort during optimization
of hyperparameters must then be taken into account.

The analysis of coal as additional feature is especially interesting as coal power plants
from 2019 started to be shut down and replaced by mainly combined cycle gas turbines
as the main electricity generation source in the Balearic Islands [65]. During the test set,
which is all recordings from 2021, coal was not used for electricity generation at all. Thus,
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for predictions, frequency trajectories from hours where coal was not used during the train
set had an advantage during the nearest neighbors selection as the euclidean distance for
the coal data would be 0. A study by Martinez-Barbeito et al. found that the frequency
deviates less after the transition from coal to combined cycle and less frequently reaches
the level of activation of frequency reserves, despite coal’s former high contribution to
system inertia [65].

4.5.4 Model Extension Discussion

The extended model reveals that distinct additional features related to the frequency
fluctuations do not necessarily provide clear additional information about the frequency
trajectory. For most features, the frequency trajectory is best predicted during the op-
timization when only the past frequency trajectories are taken into account, but with
a slightly increased performance for distinct weights on the test set. Nevertheless, it is
conceivable that if the additional feature data had a better time resolution, more inform-
ation could be provided. With a time resolution of 10, 15 and 30 min, there are 600,
900 and 1800 frequency measurements per additional feature measurement, respectively.
During these measurements, the frequency fluctuates a lot, and correlating fluctuations
could have been seen in the additional features with a higher time resolution. Another
approach could also have been to extend the additional features to consist of 3600 values
by, e.g. linear interpolation between the excising values. The additional feature would
then consist of mainly interpolated values but then, to some extent, realistically reflect the
electricity generation of a more controllable source like hydro or coal. However, especially
fluctuating sources like wind or solar would rarely follow linear or step-wise generation
levels, and the new information would be misleading for the frequency prediction. Addi-
tionally, with two hyperparameters tuned, adaptive-k and 3, the model might also suffer
from slightly overfitting when trained on the validation set.

Another potential reason the additional features did not significantly improve the full
hour prediction performance is the amount of frequency data. As the frequency time
series for the Balearic Islands extends from September 2019 to March 2021, there are
not enough data for the test and validation set to consist of one or more full years. The
same applies to Ireland with less than three months of data. Thus, seasonal patterns
like electricity generation from solar energy are not potentially revealed and will not be
present in one or more of the sets. This applies, among other things, to the coal feature,
where no electricity was generated from coal during the test set period, as opposed to
being a large share of generation during the validation set. Thus, the optimization pro-
cess on the validation set would not reflect the appropriate coal contribution for the other
subsets, resulting in erroneous hyperparameters. However, with multiple years of data,
the predictor could be trained and tested on all seasons and a greater chance of including
seasonal patterns that influence frequency.

One challenge that was addressed during the model extension was the varying magnitude
of each additional feature, both between the features and within each feature over time.
The frequency constantly fluctuates close to 50 Hz, but the features exhibit significant
variation and depend on import, weather, electricity price or consumption patterns. This
was attempted to be solved by introducing min-max scaling. This partly solves the
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problem with varying amounts of electricity generation from a feature. However, a new
challenge occurs when a new electricity generation source is integrated into the power
system. As an example, a future wind farm could potentially be installed and connec-
ted to the power grid of the Balearic Islands. Firstly, the historical training data in the
model would not contain any information about wind generation. To take advantage of
potential information provided by the wind generation, the model now needs new data
for a longer time period to be optimized for the specific feature and gain sufficient his-
torical data. Secondly, wind generation would, to some extent, be a substitute for other
electricity generation sources, e.g. the replacement of coal for the Balearic Islands. With
a heavy reduction of coal electricity generation, the potential information provided by the
coal trajectories would now be reduced or change compared to before, thus affecting the
predictor. The dynamic of the power grid could change as found in [65], and thus the
frequency behavior and correlation with generation sources utilized as additional features
in the extended model would also change.

This model extension only involved testing electricity generation sources as additional
features. In the highly complex modern power systems, numerous factors influence the
overall system balance and behavior [66]. The electricity price is an example of one related
feature that would be interesting to test for the extended model. The design of the exten-
ded part of the model makes this possible without changes. The feature weighting 3 can
be optimized for each specific feature. Also, as already seen in Table 4.3, the model can
handle time series of different time resolutions. The model is thus applicable to different
types of power grid relevant time series.
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5 General Discussion

In general, the power system in the Balearic Islands is by far the most deterministic sys-
tem of the five investigated regions. The WNN predictor predicted the frequency with low
error and is a highly relevant predictor for this power system due to its clear repetitive
patterns even for shorter time scales. The low prediction error and some of the frequency
patterns from Section 4.2 are similar to those obtained by the study of frequency time
series from CE [9]. Several factors could describe the correlating behaviors. The Balearic
Islands are only connected to CE, in contrast to, e.g. the Nordic region with intercon-
nectors to multiple synchronous areas or Iceland without connections. In addition, the
Balearic TSO REE also operates the power grid in mainland Spain. Mainland Spain is a
part of the Continental European synchronous area. Hence, REE acts in accordance with
the same regulations and structures as other system operators in CE through the RSC or

ENTSO-E.

Predictability seems to be strongly related to population size and interconnections. The
most populated regions’ power systems tend to be more deterministic than the less pop-
ulated and thus have a lower prediction error. In Iceland, the frequency has relative
large excursions. This is mainly caused by changes in large power-intensive loads such as
aluminium smelters or unforeseen events in large generating units, occurring at random
times. Large operators make up a significant proportion of small systems of Icelandic or
Faroese size and thus have a considerable influence on the balance of these power sys-
tems. Moreover, the ageing Icelandic transmission system often reaches its limits due
to the increasing demand from industry and electrification, causing bottlenecks in the
transmission system [60]. This makes the Icelandic power grid frequency challenging to
predict. The Balearic Islands are the exception in this smaller-systems trend with precise
predictions; Interconnection to CE increases reliability through the possibility of rapidly
increased power exchange to counteract an imbalance [67]. Also Ireland and Nordic are
connected to other synchronous areas and benefit from the balancing possibilities through
import and export; an absent opportunity for the isolated Icelandic and Faroese grids.

The distinct regions’ predictability also depends on the electricity generation sources.
The Balearic Islands have the greatest share of non-renewable energy sources in the power
system among the investigated regions. With gas and oil power plants, the electricity gen-
eration is more controllable than the more wind power based regions of Ireland and, to
some extent, the Faroe Islands. There is thus less inertia in the Irish and Faroese power
grid, which increases the chance of greater frequency fluctuations. In Iceland, the fre-
quency has relative large excursions related to low levels of inertia through geothermal
electricity generation and the mentioned stochastic dynamics introduced by the consumer
side.

For power systems with a high share of solar or wind, irregular electricity generation
contributes to frequency fluctuations. As these energy sources can not be planned, gener-
ation rely on forecasts of, e.g. wind conditions to predict the power output for a period.
This makes balancing the load and generation more complicated and might cause more
frequent fluctuations. By 2025, all countries in the EU and other European countries like
Norway will switch to 15 min windows for the day-ahead trading. A higher time resol-
ution on the bids and volumes might provide more information and interaction between
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forecasts and actual generation. Hence, accurate first-minutes predictions by specific fre-
quency trajectories seen in this thesis might occur multiple times through trading intervals
during the entire hour.

Overall, the frequency measurements utilized during the thesis were of good quality, fur-
ther confirmed by comparison with some TSOs calculations of frequency deviations. The
exception is uncertainty about the measurements from Ireland, as several of the results
showed unknown systematic frequency patterns in addition to about 25% invalid measure-
ments. Also, data from the ENTSO-E transparency platform were of partly poor quality,
and there is a potential for improvement in increasing the applicability of this data for
public use.

The WNN predictor can contribute to frequency control and analysis in multiple ways.
As a forecasting method, the WNN predictor can provide guidance for TSOs. With ac-
curate predictions, the balancing and management of the slower frequency reserves such
as mFRR can be more accurately scheduled with respect to needed capacity and bids.
Conversely, with very poor predictions, TSOs may be aware earlier that a fluctuation
unknown to former patterns is taking place. It could lead to deviations requiring further
reserves to be activated in the near future. An advantage of KNN-based forecasting is
that it does not need to be retrained when new frequency time series data are added over
time. The data are rather added to the training set, thus increasing the basis for further
predictions. Hence, the WNN predictor can be utilized with both a little and a great
amount of data, only with the need to update the optimal k& as the data size increases.

As performed in this thesis, the predictor reveals the predictability of power grids’ fre-
quency, thus also highlighting the deterministic or stochastic behaviors power grids ex-
hibit. This can be used to choose other suitable prediction or analysis methods for the
specific power grids. When the predictor performs badly it may indicate that the power
grid experience some abnormal behavior or special events unknown to former trends.
Thus, the predictor can be utilized by TSOs for event detection. With poor performance
over time, the predictor reflects or points out a change in the dynamics of the power
system. This can be caused by a recent integration of a greater share of renewable energy
generation or interconnectors to other regions being put into or out of use.
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6 Conclusion and Further Research

6.1 Conclusion

In this master’s thesis, the already established WNN predictor was successfully applied
to frequency time series from different European islands. The pattern-based prediction
model was previously used to analyze power grids and predict the power grid frequency of
three large European synchronous areas. The main goal of this thesis was to investigate
smaller islanded power grids with a limited amount of frequency measurements available.
Frequency measurements have been recorded with a sampling rate of 1 second in Ireland,
the Balearic Islands, Iceland and the Faroe Islands and were used to analyze these regions.
The research question of the thesis was mainly divided into three to examine various as-
pects.

Firstly, The WNN predictor was successfully applied for all investigated regions and per-
formed approximately equal or better than two null models when comparing the models’
root mean square error (RMSE). 60 min frequency predictions based on a weighted av-
erage of historic frequency trajectories were performed with all available data for each
region after a data cleaning process to investigate the predictability of island power grids.
The Nordic region was included as a basis for comparison, as this region in previous re-
search with the WNN predictor performed somewhat in between the more deterministic
synchronous area of Continental Europe and the more stochastic Great Britain [9].

Secondly, the size dependence of the WNN predictor was investigated. Predictions were
performed with time intervals ranging from one week to two or six months, depending on
the amount of data available for each specific region. Through an average of 25 samples,
the results explicitly show that more data give better results as all islands improved their
performance for each increasing time interval. Even Iceland, as the most stochastic re-
gion, improved its prediction results when a longer time series was utilized, but the WNN
was still outperformed by both null models. For the other regions, the WNN predictor
outperformed the two null models when the utilized time series length was between two
weeks and one month. Thus, this seems to be a turning point in time series length as
more specific frequency trajectories started to provide better information than an average
of all the historical trajectories.

The first two parts laid a basis to describe each region’s predictability. The Balearic
islands exhibited deterministic characteristics as frequency was predicted with low error.
Ireland performed reasonably similar to the Nordic region, with some uncertainty associ-
ated with its frequency measurements. Iceland exhibited very stochastic behavior with a
relatively high error and the 50 Hz prediction as the best model. With little data available,
the Faroe Islands had a poor performance due to a lack of sufficient data, but the analysis
showed some deterministic characteristics to investigate further. Interconnections with
other synchronous areas seem to play a significant part in a region’s predictability as to
have a possibility of power exchange for system balance. The power system’s size is also
influential as single actions by large operator or generation units influence the balance in
a small system more decisive. Additionally, the worst-performing power systems tend to
have less system inertia through, e.g. higher share of renewable electricity generation.
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Lastly, one extension of the prediction model was designed and tested. This included
the influence of additional features to select the nearest frequency neighbors. The fea-
tures tested included wind power generation in Ireland and renewables and fossil-fuel
generation in the Balearic Islands. The features were included in the prediction model by
extending the hourly frequency trajectories with the associated generation measurements
of different time resolution. By tuning a new hyperparameter 3, the impact a new feature
should have on frequency prediction could be optimized. During the optimization process,
only wind generation in Ireland got a non-zero weighting, but the predictor’s perform-
ance was not improved when applied to the test series. However, the features tested for
the Balearic Islands all improved the performance by around 1% for at least one f3, even
though the optimization did not result in a non-zero weighting. This suggests that there
is information to be gleaned from other power grid time series to improve the prediction
of power grid frequency further.

6.2 Further Research

Numerous things can contribute to further research or extension involving the WNN pre-
dictor for predicting island power grid frequency in the future. A primary limitation of the
thesis was the availability of the frequency data. For greater synchronous areas like the
Nordic region or CE, high-resolution frequency data is usually easily accessible through
the TSOs web pages. On the other hand, data availability for smaller regions or islands
is limited. Not all system operators publicly share this type of data, or there is a lack
of logging of good quality or high-resolution data. While most of the time series in this
thesis ranged from a week to a few months, data for multiple years would improve the
research and strengthen the basis for predictions.

During the thesis, one approach was designed and tested to extend the model, involving
the influence of an additional power generation feature’s time series in selecting the nearest
frequency trajectory neighbors. This method was strictly limited by the low time resolu-
tion of the additional data and the quality, especially from the data from the ENTSO-E.
Optimally, this data should have the exact, or at least more similar, time resolution as
the frequency data to learn about the different generation time series, which is more
common in KNN applications with several features. As a potential change, additional
features could be included in the predictor differently. This includes a different influence
of the prediction rather than the nearest neighbor selection, or several features could be
included at once. The additional feature could also be weighted differently, e.g. creating
an adaptive weight similar to the adaptive-k, taking into account a risk of overfitting and
increased computational effort. In addition, other types of power grid relevant time series
could be added instead of generation types, such as weather data, load or electricity price.

To extend the research of this thesis in the future, there are multiple ways to move
forward in terms of other prediction models. As the different frequency series ranged
from deterministic to very stochastic behaviour, there are a lot of other machine learning
algorithms and prediction methods suitable for time series forecasting in addition to the
KNN algorithm the WNN predictor is based on. This involves, among other methods,
Multilayer Perceptron (MLP) and Recurrent Neural Networks (RNN) [6]. More stochastic
approaches could be considered for the stochastic behavior exhibited in Iceland.
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