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Abstract

Conventional power generation is being offset by volatile renewables in the electric power grid,
lowering system inertia and decreasing the reliability of the system. These trends highlight the
need for balancing services to maintain system frequency. Some balancing services adopted in
the Nordic power system has specific profile requirements, including high ramping speed which
existing hydropower can not always achieve. To ensure that existing hydropower can participate
in the investigated balancing markets of the fast frequency reserve (FFR) and manual frequency
restoration reserve (mMFRR), another method has been investigated. The investigated method in
this thesis was to combine ultracapacitors with a hydropower production plant into a hybrid
plant. Ultracapacitors specifically were interesting to investigate due to their high cycle lives, low
maintenance requirements and high energy density relative to conventional capacitors. To
arrive at the results of the thesis, literature was reviewed and models were developed and
parametrized based on two existing hydropower plants. The model development was done in
MATLAB/Simulink. To draw economic conclusions, net present value (NPV) was used, along
with multiple assumptions about the utilized public data of reserve markets in Sweden during
2024. Backlash is an important non linear phenomena of empty movement in mechanical
systems. The simulation results indicated adequate performance of the developed hybrid model
when controlling a low backlash hydropower plant but inadequacy when controlling a high
backlash plant. The slow dynamics of a hydropower plant also meant that the ultracapacitor
system had to be larger to enable mFRR provision than was the case for another faster plant.
The economic results indicated that FFR provision through a hybrid system could be
economically viable, indicated by a positive NPV using lower discount rates. A significantly
higher NPV could be obtained through mFRR provision and the highest NPV was obtained with
a combination of both FFR and mFRR provision. Due to the higher requirements of a
ultracapacitor system size to allow the slower plant to provide mFRR, the highest NPV could be
obtained in the faster plant. Due to the used multitude of assumptions, especially regarding
ultracapacitor and balancing service markets, the results of this thesis should only serve as an
indication and further studies should be performed.
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(SWEDISH) POPULARVETENSKAPLIG SAMMANFATTNING

Vind- och solkraft har sett en explosionsartad tillvéxt i varldens elsystem under de senaste aren. Detta
som trolig konsekvens av miljopolitik, minskad tillgang till fossila branslen och ékad efterfragan pa
elektrisk energi. Denna typ av produktion fasar i storre utstréckning ut konventionell elproduktion,
fran exempelvis kol-, gas- och kérnkraft. Detta staller i sin tur till med problem for elnatet eftersom
den konventionella produktionen ar styrbar och bidrar med sa kallad svangmassa till elnétet. Vind-
och solkraft &r inte styrbara utan intermittenta, dessutom bidrar de inte med svangmassa i nagon storre
utstrackning.

For att elnétet ska vara i balans behdver all producerad elektrisk energi konsumeras vid samma
tidpunkt som den producerats. En obalans mellan produktion och konsumtion innebdr att
rotationshastigheten av generatorer i natet blir hogre eller lagre vilket aterspeglas i att frekvensen pa
natet avviker fran det normala. Svangmassan i generatorerna hjalper till att bromsa forandringar i
rotationshastighet vid obalans mellan produktion och konsumtion och &r darfor mycket viktig for att
sakerstalla att systemet &r stabilt och palitligt. Att en allt storre andel av produktion harstammar fran
intermittenta kéllor i form av vind- och solkraft medfor att sannolikheten for obalans 6kar samt att
obalanserna blir storre.

For att sakerstélla att elsystemet kan hantera obalans och en minskad svangmassa anvands sa kallade
frekvensreserver, ocksa kallad frekvensreglering. Nar man bidrar med dessa reserver innebéar det att
man atar sig att upp- eller nedreglera sin produktion eller konsumtion. Vattenkraften har en viktig roll
i att reglera frekvensavvikelser pa elnatet, men i vissa fall saknar den formaga att folja de stranga krav
som stélls for att fa leverera vissa frekvensreserver. For att den trots detta ska kunna bidra med dessa
har forslaget om sa kallade “hybridkraftverk” dykt upp.

| ett hybridkraftverk arbetar vattenkraftverket tillsammans med ett energilager, exempelvis ett batteri,
for att med hog noggrannhet kunna styra regleringen av kraftverket. Ultrakondensatorer, dven kallade
superkondensatorer, ar ett annat exempel pa ett energilager som skulle kunna inga i ett
hybridkraftverk.

Ultrakondensatorer har vissa fordelar jamfort med batterier. Bland annat har de en véldigt lang
livslangd, vilket gor att investeringar i dessa system sprids ut 6ver manga ar. Dessutom har de en
valdigt snabb svarstid, vilket betyder att de kan mata ut elektrisk energi till elndtet mycket fort. Dessa
egenskaper gor ultrakondensatorer intressanta att undersdka i kontexten av hybridkraftverk.

Tva frekvensreserver har undersokts i detta arbete, den sa kallade snabba frekvensreserven (Fast
Frequency Reserve = FFR) och den manuella frekvensaterstallningsreserven (manual Frequency
Restoration Reserve = mFRR). FFR aktiveras automatiskt i direkt anslutning till stérre
frekvensavvikelser pa grund av storningar och under stunder av lag svangmassa i elsystemet. Efter en
storning i elnatet behover frekvensen aterstallas till normalvardet, det vill saga att produktionen
behover dverensstamma med konsumtionen langsiktigt, och for det anvands bland annat mFRR.

For att undersoka ultrakondensatorers potential i hybridkraftverk utvecklades det i detta projekt
modeller av vattenkraftverk, ultrakondensatorer och ett hybridkraftverk. Vattenkraftverksmodellerna
utgick fran tva existerande kraftverk i Sverige och ultrakondensatorsystemet i hybridmodellen
dimensionerades baserat pa vilken frekvensreserv som skulle saljas.

I den utvecklade hybridmodellen kunde snabbheten och exaktheten i ultrakondensatorsystemet
effektivt kompensera for det langsammare vattenkraftverket och darmed tillata leverans av FFR och
mFRR. Modellen hade daremot problem forknippat med ett av de undersokta vattenkraftverken pa
grund av vissa tekniska egenskaper i verket. Detta medfdrde i sin tur att den foreslagna
hybridmodellen inte kunde appliceras pa ett sadant verk. For det andra undersokta verket fungerade
hybridmodellen tillrackligt vél. De ekonomiska resultaten indikerade att sélja enbart FFR kunde
resultera i ett positivt ekonomiskt resultat under vissa forutsattningar men forséljning av enbart mFRR
gav ett betydligt béattre resultat. Att sdlja en kombination av FFR och mFRR gav generellt det basta
resultatet.



EXECUTIVE SUMMARY

Hydropower plants are sometimes not capable of achieving the required dynamics in terms of speed
and profile of certain balancing services. This master’s thesis has investigated ultracapacitors as an
enabler of providing the fast frequency reserve (FFR) and the manual frequency restoration reserve
(mFRR) in existing hydropower plants via the formation of a hybrid plant. The subject has been
investigated through literature review, modelling, simulation and economic evaluation in the form of
net present value (NPV).

By utilizing the fast and exact dynamics of ultracapacitors, standard products of FFR and mFRR
could be achieved in the hybrid model. The suggested methods of controlling the hybrid plant did
perform adequately when integrated with a hydropower plant that has lower backlash in its
mechanical subsystems. For a plant with higher backlash, the suggested control methods failed to
maintain the voltage requirements for the ultracapacitor system.

The economic findings indicated that a hybrid ultracapacitor-hydropower system could be a profitable
investment, characterized by a positive NPV. Provision of purely FFR could achieve a positive NPV
assuming a lower discount rate. Provision of mFRR was however found to be significantly more
lucrative, which resulted in a significantly higher NPV. The highest NPV could be obtained by
providing both FFR and mFRR. With this in mind, an investment in a hybrid system should not be
done with the intent of only providing FFR, even though it could be seen as a valid investment.

Other methods of control in the case for a high backlash hydropower plant should be investigated,
since the suggested control methods can not be recommended in such a case. The economic results
indicate that it could be a profitable to invest in a hybrid hydropower ultracapacitor system for
provision of FFR and mFRR. However, further analysis should be done before an investment decision
is made. This is due to used public figures of investment CAPEX and OPEX as well as assumptions
done on public data for income from balancing service provision.



ACKNOWLEDGEMENTS

This thesis marks the end of my time at the Master’s Programme in Energy Systems Engineering at
Uppsala University. It has been a journey that | will look back on fondly, even though it has not
always been easy. | am incredibly grateful for the opportunity to complete my education with this
interesting project at Fortum. It has been inspiring and a learning experience unlike anything in my
previous studies.

Firstly, 1 want to thank my industrial supervisor, Johanna Holmaquvist Larsson as well as both thesis
coordinators Hans Bjerhag and Karar Al Obeid for giving me this opportunity. Our discussions and
meetings have been insightful and | am forever grateful for your guidance and support when | doubted
myself.

I would like to thank my subject reader at Uppsala University, Janaina Gongalves de Oliveira, for
your input on my thesis and for your valuable support through our discussions. Danilo Laban, who
has a role at both Fortum and the university, has helped me by guiding me in the lab, through previous
research and through dialogue. Danilo deserves a special thanks for how much he has helped me. |
would also like to thank Filip Levén, project manager at Fortum, for guiding me around a few
hydropower plants and for giving me the opportunity to walk around the inside of a hydro turbine.

There are many more individuals at Fortum that | would like to acknowledge for taking time out of
their days to support me throughout this project. Your assistance through conversing with me has
been incredibly helpful and insightful. By giving me an understanding of the market, hydropower and
the needs of the industry, you have all contributed to this thesis.

I also want to thank all the other thesis students at Fortum for the fun activities we have done together
and the insightful discussions we have had. As far as opportunities to do thesis work go, us thesis
students have likely had some of the best possible experiences, so lastly, | want to thank each and
every one who has worked hard to enable that.

Thank you!

June 2025, Uppsala
-Mattias



NOMENCLATURE

Automatic Frequency Restoration Reserve = aFRR
Capacity Market = CM

Direct Quadrature reference Frame = DQ-frame
Electric Double Layer Capacitor = EDLC
Electrical Series Resistance = ESR

Energy Activation Market = EAM

Euro (Currency of the European Union) = EUR
Fast Frequency Reserve = FFR

Frequency Containment Reserve = FCR

- Normal operation = FCR-N
- Disturbances, upregulation = FCR-D up
- Disturbances, downregulation = FCR-D down

Governor Control System = GCS

Hydropower Plant = HPP

Manual Frequency Restoration Reserve = mFRR
Nordic Power System = NPS

Rate of Change of Frequency = RoCoF

Renewable Energy Sources = RES

Root Mean Square = RMS

State of Charge = SoC

Swedish Krona (The Swedish national currency) = SEK
Transmission System Operator = TSO
Ultracapacitor = UC

United States Dollar (Currency of the USA) = USD
Voltage Source Converter = VSC

Vi
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1 INTRODUCTION

1.1 BACKGROUND

A key to a stable power grid is maintaining grid frequency, which is done by matching production to
consumption at all times, meaning that all produced power is consumed at the same time. Failure to
match production to consumption results in a surplus or deficit of power on the electric grid. This
surplus or excess is affecting grid connected generators by either an increase or decrease of electric
torque. If mechanical torque on the generators remains while the electrical torque decreases or
increases, the generators start speeding up or slowing down respectively, which in turn alters the grid
frequency (Glover, et al., 2023)

Power production has traditionally been accomplished mainly through burning or splitting fuel or
through the utilization of hydropower. These sources then produce electric power by converting
steam, exhaust or water into electric power through turbines connected to large synchronous
machines. As the massive rotors of these machines spin, they carry an inherent inertia meaning that
they require work to slow down or speed up. Through direct grid connection, these machines can
connect their inherent inertia to the electric grid which makes the grid itself able to momentarily resist
deviations in frequency (Ratnam, et al., 2020).

Over the years, rapid penetration of intermittent renewable energy sources in the electric power
systems has been the case. Trends also indicate that intermittent renewables will play an even more
significant role in future energy systems as the world transits away from fossil fuels. Consequently,
this penetration offsets traditional production and lowers system inertia. Renewable sources such as
wind and solar power are non-dispatchable and through the widespread use of maximum power point
tracking, their power output cannot be controlled. The volatile nature of the sources in terms of power
output also carries over to the grid itself, making balancing more difficult (Ratnam, et al., 2020).

Balancing services are products intended to support the power grid in moments of mismatches in
power production by either regulating up or down production or consumption of electric power.
Selling balancing services on respective markets provide compensation for the service provided to the
electric grid. However, participation on these markets requires that offered resources have passed the
prequalification tests that prove that the sources meet the highly specific requirements of speed and
profile of regulation. Providing these balancing services are likely to become more important as a
larger portion of produced power comes from non-dispatchable renewable sources (Svenska Kraftnat,
2025).

Hydropower is dispatchable, can be regulated, is renewable and sustainable and plays a key role in
providing balancing services for the grid. However, hydropower is sometimes incapable of meeting
the exact profile requirements and high ramping speed of the services. Because of this, other methods
should be investigated if hydropower is to be able to provide these services at a larger scale. This is
important both for ensuring a sustainable electric grid in the future and for providing further value to
existing plants.

To control the dynamics of a plant and meet prequalification requirements, a suggested method is to
combine hydropower with some sort of fast energy storage. This concept is referred to as a hybrid
plant. The ultracapacitor, also referred to as a supercapacitor, is an energy storage device with a high
charge and discharge rate. Further upsides of the ultracapacitor include high energy density relative to
a dielectric capacitor, minimal maintenance requirements and long cycle lives. These upsides make
ultracapacitors interesting to investigate as a possible energy storage in a hybrid plant.



1.2 CONTEXTUALIZATION

Hybrid of hydropower and energy storage is not a new concept and have been researched extensively
previously, both in the industry and in academia. Previous literature has mostly investigated general
energy storages with some exceptions, such as the research by Dohlen & Bertilsson (2022). In their
work, the authors investigated a hybrid hydropower ultracapacitor system capable of delivering fast
frequency reserves (FFR) and frequency containment reserves (FCR) using a Kaplan turbine. The
authors primarily investigated the technology and costs related to the proposed ultracapacitor system
and did not focus on the economic aspects of actually selling the investigated services.

Previous studies in collaboration with Fortum, such as the thesis projects by Lindgren (2023) and
Laban (2019) have also conducted research in and developed models of hybrid solutions with
primarily batteries and FCR regulation. The findings of Lindgren (2023) indicated that power was the
main limiting component of an energy storage system for the investigated balancing services, not so
much energy. These thesis projects proved to be instrumental towards the model development of this
thesis.

1.3 PROBLEM FORMULATION & METHODOLOGY

The main purpose of this thesis was to investigate the technology, economics and potential role of
ultracapacitors in a hybrid hydropower-ultracapacitor systems. The following research questions were
addressed throughout this thesis:

- How can ultracapacitors be integrated with hydropower in a hybrid model, capable of
supporting the grid with the Fast Frequency Reserve (FFR) and the manual Frequency
Restoration Reserve (MFRR)?

- How could ultracapacitors support an existing hydropower plant?

- What is the economic outlook for integrating ultracapacitors with existing hydropower plants
to provide balancing services?

Ultracapacitor and hydropower technology were investigated through literature review to assess the
potential role of ultracapacitors in hybrid systems. To arrive at economic conclusions, costs of
ultracapacitor systems and compensation for balancing services were also investigated through a
literature review. Economic value was investigated using net present value (NPV) calculations for
different ultracapacitor system sizes and different delivery of balancing services. To estimate required
ultracapacitor system sizes, a hybrid hydropower-ultracapacitor model was developed and simulated
for different balancing services. The model development was primarily based on existing literature.
The developed ultracapacitor model was validated based on lab tests. The hydropower model was
parametrised using data from two investigated hydropower plants with differing turbine
configurations.

1.4 FoOcCuUS, ASSUMPTIONS & DELIMITATIONS

Economic data of balancing services and ultracapacitor systems used for drawing conclusions had to
be public and general as to not disclose confidential trading strategies of Fortum and system costs of
specific manufacturers. To draw conclusions, several assumptions had to be made related to the cost,
data of balancing services, which are explained in detail in chapter 5. Furthermore, the scope of the
thesis was limited to focus on the Swedish market and only to electricity areas of Sweden where
Fortum operated hydropower plants at the time of writing (SE2 and SE3).

The developed hydropower and hybrid model was limited to modelling a single plant or turbine at a
time and disregarded cascading plants and water reservoirs. The electric power grid was considered a
strong grid and hence, the hydropower and hybrid model could not alter the electric grid and grid
connection was not included in the model scope. Furthermore, simulations of the hybrid model for
generation of results were exclusively executed based on two modelled plants providing FFR and
mFRR. The modelled plants are only explained briefly, due to business confidential reasons.
Parametrization of the hydropower model was done empirically by qualitative validation against
measured frequency responses of FCR-N regulation of the modelled plants.



The proposed ultracapacitor model was developed from a basic circuit model and validated against
experimental data. Due to an inadequate experimental setup, some assumptions had to be made which
are discussed under section 3.2.2. These assumptions made the model validation difficult.
Parametrization of the ultracapacitor model for the results was based on an existing ultracapacitor
module. Furthermore, the ultracapacitor model was tuned modestly to achieve the required ramping
speed of FFR even though the system likely could be tuned to achieve faster speeds.

1.5 REPORT STRUCTURE

Chapter 2 includes most of the literature review of the thesis as well as theory and is intended to serve
as technical and economic background. The importance of balancing services is established under
section 2.1. The balancing services themselves and their markets are investigated under section 2.2.
Hydropower, regulation and turbine wear is investigated under section 2.3. Lastly, Ultracapacitors, in
terms of classification, performance, life, degradation and market are investigated under section 2.4.

In chapter 3, the method of model development is described, with the goal of developing a final
hybrid hydropower-ultracapacitor model. The model itself was a goal of the thesis, but was also
required to determine ultracapacitor system sizing. Some prerequisites are described in section 3.1.
Section 3.2 describes the ultracapacitor model, which is validated in sub-section 3.2.2 against
experimental data. Section 3.3 describes the hydropower model. Lastly, section 3.4 includes the
development of the hybrid model by combination of the previously constructed model.

The developed ultracapacitor, hydropower plant and hybrid models are parametrized for the upcoming
simulations in chapter 4. The hydropower plant model parameters are determined in section 4.1, with
model performance using the determined parameters evaluated in sub-section 4.1.1. Sections 4.2 and
4.3 describe the choice of parameters related to the ultracapacitor and hybrid models respectively.

In chapter 5, the method for investigating economic value in a hybrid system is established. This
section also highlights the assumptions made related to compensation for selling balancing services.

In chapter 6, results are generated from simulations and calculations. Sections 6.1 and 6.2 describe the
simulations of the two investigated plants. In these sections, ultracapacitor system size is also
determined.

Chapter 7 contains the discussion, where suggestions for future studies are also described. The
discussion is based primarily on assumptions and issues with the developed models.

Finally, in chapter 8, the conclusions of the thesis are presented. Most conclusions were drawn
directly from the simulation results in chapter 6. Some conclusions were drawn from the literature
review and the model development and parameters of chapters 2, 3 and 4 respectively.
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2 LITERATURE REVIEW & THEORY

The second part of the thesis, the literature review, is intended to collect the required technical and
economic background and understanding. Inertia, volatility and the need for balancing services are
investigated first in section 2.1. The investigated balancing services are themselves investigated in
section 2.2. Hydropower in terms of mechanical regulation and wear and tear is investigated in
section 2.3. Lastly, in section 2.4 ultracapacitors are investigated in terms of classification,
performance, life, degradation and market.

2.1 INTERMITTENT RENEWABLES & INERTIA

According to Ratnam, et al. (2020), in conventional electrical power systems, large scale conversion
of hydro, chemical and nuclear energy are the main contributors to the electricity mix. In conventional
production, power conversion between mechanical and electrical power is managed through large
synchronous generators that consist of a massive spinning rotor and a stator. The spinning rotor has
inertia due to its mass, meaning that work is required to change its speed. These synchronous
generators form the electric grid frequency by being directly connected to the grid.

Power needs to remain in balance in the electric grid at all times, meaning that all produced electric
power must be consumed. If there is a mismatch in power production this will affect the directly grid
connected synchronous generators by causing an increase or decrease in electrical torque from the
grid. If mechanical torque on the prime mover of a generator is left unchanged, the generator will
experience a torque imbalance and start to speed up or slow down. The inertia of the generator resists
this change in speed by either contributing or absorbing kinetic energy. The inertia of the generators
operating on the grid hence makes the grid frequency more resilient towards power imbalances
(Ratnam, et al., 2020).

Wind, hydro and solar power are the three leading renewable energy sources (RES) providing electric
energy to the European interconnected power grid according to Eurostat (2023). Of these three, only
hydropower is dispatchable, meaning that it can be regulated up or down when needed. Wind and
solar power are non-dispatchable, meaning that they lack this ability. Furthermore, wind and solar
power production are variable, or volatile, meaning that power output is unpredictable.

Wind turbines built in modern times are generally equipped with variable speed devices and utilize
full or partial power conversion via power electronics, that are controlled via maximum power point
tracking. Even though the machines of modern wind turbines actually have inherent inertia, it is
decoupled from the electric grid through the use of power converters. Solar power is also generally
controlled via maximum power point tracking and cannot therefore provide inertial response to the
electric grid (Fernandez-Guillamon, et al., 2019).

Low grid inertia affects the grid frequency stability negatively. According to Ratnam, et al (2020) the
effect works in two main ways. Firstly, it increases the Rate of Change of Frequency (RoCoF),
implying faster frequency dynamics. Secondly, it changes the frequency nadir, meaning that the
extreme point of frequency after a disturbance is moved.

The penetration of RES in an electric power grid also increases the volatility of production, meaning
that times of power imbalance becomes more common and more severe. A small portion of power
originating from volatile sources generally does not have too much negative impact on system
stability. However, if a larger portion of power originates from volatile sources, system stability does
get negatively affected (Georgilakis, 2008).

RES has seen a massive growth all over the world and especially in Europe over the last decade.
According to Ratnam, et al. (2020) contributing factors toward the growth could likely be traced to
legislation to combat climate change, decreased availability of fossil fuels and an increased electric
power demand.

The increase of RES and as a consequence decreased inertia and increased volatility in the power
system, highlights the importance of maintaining system frequency stability. Conclusively, it is
important to investigate methods to strengthen frequency stability for future system sustainability.
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2.2 BALANCING SERVICES

In the Nordic Power System (NPS), there are six different balancing services used to balance electric
power and maintain frequency. The Fast Frequency Reserve (FFR) is the fastest. Next to FFR comes
the different Frequency Containment Reserves (FCR) for normal operation (N) and disturbances (D).
The FCR products are activated linearly within different frequency deviation bands. FCR-N is sold as
a single service for both up and down regulation within a small frequency deviation of 49.9 - 50.1 Hz
and is intended to balance frequency during normal operation. FCR-D is activated in situations of
larger frequency deviations and operated within two different frequency band intervals and sold as
two different services. The first being FCR-D up in the band 49.9 - 49.5 Hz, for injecting power
(increasing production) after for example the loss of production. The second product is FCR-D down
for downregulating production after loss of a large load in the band 50.1 - 50.5 Hz. The slowest
services are the Frequency Restoration Reserves (FRR) that come in two types, automatic (aFRR) and
manual (MFRR). The FRR products are intended to restore frequency to the nominal value after a
disturbance through up or down regulation of production or consumption (Svenska Kraftnat, 2025).

For this thesis, only two balancing services were investigated in more detail. The manual Frequency
Restoration Reserve (mMFRR) and the Fast Frequency Reserve (FFR). FFR, as a remedial action, is
intended to act as a form of virtual inertia, activating automatically and injecting power quickly on a
short time scale. The activation happens in conjunction with a large frequency deviation associated
with a disturbance or fault during periods of low inertia in the electric power grid. After the event of a
disturbance, the frequency is restored to the nominal 50 Hz by compensating for imbalances using for
example mFRR (Svenska Kraftnat, 2024) (Svenska Kraftnat, 2025).

Prior to 2025, the manual Frequency Restoration Reserve (mMFRR) was sold on a capacity market in
Sweden, where the Transmission System Operator (TSO), Svenska Kraftnat, purchased capacity for
up- or downregulation of production. The bids of regulation were then activated manually by the
TSO. The mFRR, is as of 2025 no longer activated manually but replaced by a new Nordic market
using automatic activations. This new market is the automatic mFRR Energy Activation Market
(often abbreviated mFRR EAM). The automatic mFRR EAM is important for several reasons. One
reason is to handle the transition to the 15 minute settlement and trading period for electricity,
implemented in Sweden during March 2025. The automatic mMFRR EAM gives the Nordic TSOs
better tools to balance the NPS. Another important aspect is the goal to connect to the new European
trading platforms MARI and PICASSO, which will require area based power balancing. The
automatic mFRR EAM can help in providing this (Svenska Kraftnat, 2025).

2.2.1 Fast frequency reserve (FFR)

The fast frequency reserve (FFR) comes in six variants depending on activation frequency and
support duration. There are three activation thresholds of grid frequency and each has a required
activation time, see table 1. The limits imposed by the TSOs of Europe on FFR capacity, is a
maximum of 50 MW behind a single point of failure and a minimum bid size of 0.5 MW. Resources
below 0.5 MW are allowed to be aggregated up to 0.5 MW. The maximum volume requirement for
Swedish suppliers of FFR is around 100 MW (Svenska Kraftnat, 2024).

Table (1) — Activation times for FFR due to different frequency deviations.

Activation Time to 100 %
frequency [Hz] activation [s]
49.5 0.7
49.6 1.0
49.7 13

There are two support durations, 5.0 seconds (short support duration) and 30.0 seconds (long support
duration). To fulfil the prequalification requirements, both types need to be fully regenerated and
ready for reactivation within 15 minutes of the activation instant (when grid frequency deviation
threshold is reached). The long support duration has no requirements of deactivation, meaning that it
can be deactivated immediately or ramped down. The short support duration however needs to be
ramped down with a maximum rate of R .qctivation = 0-200 - Crrg [MWI/S]. The deactivation can in
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this case be a continuous ramp or a series of steps, but a single step can still not exceed 20.0 % of
Crrr- Crpg 1S in this case the prequalified FFR capacity, determined by what the source can sustain
for the full support duration. The European TSOs accept a 20.0 % over delivery of power of the
prequalified FFR capacity under normal circumstances (ENTSO-E, 2021).

Some energy sources need to recover, meaning that they need to purchase electric power from the grid
after one or multiple activations of the balancing service. For the short duration FFR, recovery must
not begin until 15.0 seconds after the end of the support duration (t,¢covery ). The long support
duration variant can begin its recovery immediately after deactivation. The maximum limit set on
recovery power purchased from the grid is Cyecopery = 0.250 - Crpg [MW]. The figures 1 and 2
below illustrate the response of short and long support duration FFR respectively, including relevant
measures of time and power (ENTSO-E, 2021).
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Figure (1) — Hlustrative figure of short support duration FFR. Includes the time required until the source is
allowed to start recovering. Axes are not to scale. Recreated from FFR technical documentation by (ENTSO-E,
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Figure (2) — Illustrative figure of long support duration FFR. Axes are not to scale. Recreated from FFR
technical documentation by (ENTSO-E, 2021).
During 2024, a total capacity of 29.6 GW of FFR capacity was sold during approximately 1290 hours
of that year. The average volume per hour when capacity was sold was approximately 22.9 MW with a

minimum volume of 0.15 MW, a maximum of 76.3 MW and a median of 19.9 MW. During 68 hours,
the sold capacity was less than 2 MW. The marginal average price was 246 SEK/MW using a mean on
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all sold capacity with a maximum and minimum of 1 670 and 80 SEK/MW respectively. Furthermore,
activation of FFR does not provide compensation, only allocation of capacity (Svenska Kraftnat, 2024).

2.2.2 Manual frequency restoration reserve (MFRR)

The new mFRR EAM products come in two forms of activations: scheduled and direct activation.
The scheduled activation receives its activation signal 7 %2 minutes prior to the start of the quarter
where it is requested. The production should then ramp symmetrically around the start of the quarter,
reaching 50 % capacity at the start of quarter. The standard product is defined with a 2 ¥ minute
preparation period after the signal is given and before the ramp. The ramp production should then
reach 100 % power output 5 minutes after the start of the quarter implying a 10 minute ramping
period according to prequalification requirements. If the bid is not reactivated, the production should
be maintained for 5 minutes before it is ramped down again to reach 0 % power 5 minutes after the
end of quarter. The standard product activation is recommended according to Nordic Balancing
Model (2024) but if the activation cannot follow the exact ramp requirements, the ramp should at least
be symmetrical around the start of the quarter.

The direct activation has the same activation and deactivation profiles as the scheduled activation. The
differences are firstly that the activation signal can be received at any point in time, still allowing for 2
¥ minutes of preparation until the start of the ramp. The second difference is that the 100 % delivery
should be sustained for a maximum of 20 minutes instead of 5 minutes (Nordic Balancing Model,
2024).

The profile for the standard products of scheduled and direct activation of mFRR EAM are shown in
figure 3 and 4 respectively.
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Figure (3) — The standard product of mFRR EAM scheduled activation. Recreated from mFRR technical
documentation by (Nordic Balancing Model, 2024).
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Figure (4) — The standard product of mFRR EAM direct activation. Recreated from mFRR technical
documentation by (Nordic Balancing Model, 2024).

Historical data of sold capacity and average price on the mFRR capacity market (CM) of Sweden
during 2024 was retrieved from Mimer (2025). The data were averaged for all hours that capacity was
sold of mMFRR up and down respectively for two of the four electricity areas in Sweden (SE2, SE3)
and is collected in table 2. Fortum did at the time of writing not operate hydropower plants in SE1 and
SE4 and therefore these areas were excluded. Since compensation is also given for activation of
MFRR, historical data from 2024 on the old mFRR EAM of Sweden were retrieved from Mimer
(2025). These data were processed in the same way and are collected in table 3.

Table (2) — Average prices, volumes and hours with volumes of mFRR capacity on the mFRR capacity market
(CM) in Sweden during 2024. Calculated from data retrieved from (Mimer, 2025).

Electricity | Total Average Hours of | Total Average Hours of
area volume of | price of mFRR up | volume of | price of mFRR
MFRR up | mFRR up [h] mMFRR mMFRR down | down [h]
[GW] [EUR/MW] down [EUR/MW]
[GW]
SE2 691 17.3 6 140 1780 215 6 490
SE3 1520 17.8 6 950 1120 20.6 6 660

Table (3) — Average prices, volume and hours with volumes of activated mFRR on the mFRR energy activation
market (EAM) in Sweden during 2024. Calculated from data retrieved from (Mimer, 2025).

Electricity | Total Average Hours of | Total Average Hours of
area volume of | price of mMFRR up | volume of | price of mFRR
MFRR up | mFRR up [h] mFRR mFRR down | down [h]
[GWh] [EUR/MWHh] down [EUR/MWHh]
[GWh]
SE2 225 28.8 2280 423 19.3 3600
SE3 71.6 42.0 1710 93.5 29.4 2300

One important note about the data of tables 2 and 3 is that they are based on the old mFRR CM and
EAM with hourly resolution, but should still serve as an indication of the value of mFRR. Some
assumptions were made with this data to draw economical conclusions, which is discussed under section
5.
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2.3 HYDROPOWER

Hydropower is an important regulating and base electric energy producer in the Swedish electric
power system. During 2023, 66.2 TWh of the total 166 TWh of domestic electricity production
originated from hydropower. The remaining electricity production came primarily from nuclear and
wind power (Eurostat, 2023).

In a hydropower plant, water flows through the intake to the penstock and hydro turbine and exits
through the draft tube. The water can either come from a reservoir or as run of the river. An electric
hydropower plant converts kinetic and pressure energy of water into mechanical rotational energy,
using a hydro turbine, specifically in the rotating component called the runner. The runner transfers its
energy through a mechanical shaft to an electrical generator. The generator then converts the
mechanical energy into electrical energy. The difference between water level before the plant and trail
water level after the plant is referred to as water head h and is one of the main contributing factors of
available hydro power. The other main contributing factor hydro power is water flow Q (Basel, 2025).

There are several existing hydro turbine types, but the three major types are Francis, Kaplan and
Pelton according to Basel (2025). The Pelton turbine is not investigated further in this report since it
is not a dominating turbine type in Sweden, but will be briefly mentioned in this section. Both the
Kaplan and Francis turbines are reaction turbines, while the Pelton turbine is an impulse turbine.
According to the U.S Department of Energy (n.d.), a reaction turbine moves its runner using both
pressure and movement of running water and the runner is placed directly in the water stream. An
impulse turbine moves its runner via velocity of water and discharges at atmospheric pressure. A
reaction turbine is generally more suited for higher flow and lower head applications and the opposite
is true for an impulse turbine.

The Francis turbine can be positioned either vertically or horizontally. The runner itself is surrounded
by a spiral casing with stay vanes and guide vanes, the latter regulating the water flow to the turbine
itself. Water discharge is passed through a draft tube after the runner to reduce exiting water flow
velocity, to minimize losses of kinetic energy and hence increase efficiency. The Francis turbine is
used for medium water head ranges of 50 — 500 meters (Basel, 2025).

In the Kaplan turbine, water enters through the inlet to the guide vanes of the turbine. The water is
passed axially through the runner. After the runner, water exits through a draft tube for the same
reasons as in the Francis turbine. The runner blades’ pitch can be changed to achieve optimal torque
and the most efficient power output of the turbine at any flow through it has a best combination of
guide vane and runner blade actuation. A Kaplan turbine is hence doubly regulated. This turbine type
is used for low water head operation in the range of 8 — 50 m. A propeller turbine is similar to a
Kaplan turbine, but lacks the runner blade pitching (Basel, 2025).

The Pelton turbine runner consists of a motive wheel with buckets (or shovels). Water passes through
the inlet into a jet nozzle (injector) that blasts water into the shovels to move the runner. The turbines
often incorporate multiple injectors. Water exits through a tailrace since the runner operates under
atmospheric pressure and no slowing of exiting water flow is required to increase efficiency. The
Pelton turbine is useful for high water head operation in the range of 400 - 2000 meters and low flow
operation (Basel, 2025), (U.S Department of Energy, n.d.).

2.3.1 Turbine regulation

A fundamental limit on turbine regulation speed is the water starting constant T,, [s], where a larger
constant implies a slower turbine. According to Zhang et al. (2019) the constant is defined according
to equation 1.

T LU, )
Y gho
Where L is the length of the water way, U, is the flow velocity, g is the acceleration due to gravity
and h, is the water head at the guide vanes. A longer penstock, higher velocity of flow and lower
head implies a slower turbine according to equation 1. Consequentially, reaction turbines do generally
experience slower dynamics compared to impulse turbines (specifically the Pelton turbine) due to
their lower head and slower water flow speed. Of the reaction turbines, the larger head of the Francis
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turbine means that it is generally faster than for example a Kaplan turbine. This should only serve as
an indication and should not be taken as a general fact, since these values will vary between plants
and should be calculated for specific plants to draw any actual conclusions.

The dynamics of the total turbine system is governed by mechanical subsystems of servos, a governor
control system, filters and water dynamics. These are described later in this thesis under section 3.3
where the hydropower model is presented. The dynamics of a hydropower turbine are complicated
and experience some non-linearities. The dynamics makes the response of the turbine difficult to
control exactly, which complicates the delivery of the mFRR standard product. Due to time delays in
the system, a hydropower turbine on its own is generally too slow for the regulation speeds required
to deliver the FFR product.

2.3.2 Turbine wear

A hydro turbine faces multiple mechanisms of wear but only a few main mechanisms will be
mentioned. Cavitation is the bursting of water vapour bubbles, creating local extreme pressure which
damages mechanical components. The bursting of vapour bubbles comes as a result of changes in
water pressure, often near the fast-moving runner blades in a reaction turbine. For impulse turbines,
cavitation can occur within the buckets (shovels) due to the rough surface caused by erosion due to
abrasive materials in the water jet. Cavitation is mainly caused by the design profile of the turbine and
its operating point in terms of power, where increasing power beyond rated power leads to increased
cavitation. (Dorji & Ghomashchi, 2014).

Fatigue, which is caused by the repeated cycling of stress below yield strength, entails mechanical
components to fail through cracking. For example, stress cycling can occur due to vibrations from an
interconnected component, leading to interconnected components being deformed according to Dorji
& Ghomashchi (2014). In this thesis, the most relevant degradation of concern is fatigue due to 1)
regulation of the turbine and 2) starting and stopping the unit. Changing turbine operating conditions
means moving guide vanes and possibly runner blades depending on turbine type. Generally, the
results presented by Liu, et al. (2016) indicate that up regulating a turbine introduced more strain on
the turbine runner, especially during start of the turbine. Furthermore, shutting down a turbine also
introduced several stress cycles but was not as problematic. As is explained by Yang, et al. (2016), the
amount and the distance of turbine guide vane movement is identified as two leading indicators of
turbine wear from frequency control. The movement of mechanical subsystems should hence be
minimized both in magnitude and count to ensure the longevity of the turbine.

Another important mechanism of degradation is erosion of mechanical components in the turbine.
This is caused by abrasive sediment introduced in water. Erosion affects both vanes and blades in a
reaction turbine. It also affects multiple parts of an impulse turbine, where its wear on the buckets
exacerbates cavitation issues as mentioned earlier according to Dorji & Ghomashchi (2014).
However, this kind of degradation is not relevant for this thesis. This is mainly due to the scope of the
thesis focusing on regulation and the fact that sediment in Swedish waterways generally is a non-issue
(Bjerhag, 2025).

2.4 ULTRACAPACITORS

The mFRR standard product requires a highly specific ramp and FFR requires high ramping speed.
Therefore it is relevant to investigate hybrid solutions that could achieve finely tuned output dynamics
at high speed while still utilizing the strengths of hydropower. This thesis is investigating
ultracapacitors as a potential energy storage in a hybrid solution. The following sections discuss
ultracapacitors in terms of classification, performance, degradation and market.

2.4.1 Ultracapacitor classification

Conventional capacitors can be divided into two common categories according to Jiale, et al. (2022).
These categories are dielectric versus electrochemical capacitors. Both types use electrodes around a
media. In the case of a dielectric capacitor, the media is a dielectric that stores electrical energy by
polarizing the dipole at the interface between electrode and media. In an electrochemical capacitor,
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the electrolyte contains ions that accumulate at the interfaces between electrolyte and electrodes, this
working principle is the same for an ultracapacitor (UC).

According to Goikolea & Mysyk (2017), ultracapacitors (UCs) are rated somewhere in between
batteries and dielectric capacitors on the energy-power spectrum. Their power density, related
maximum current draw and voltage per mass unit, is higher than that of batteries. Lithium-ion
batteries do however have about 10 - 20 times higher energy density than UCs. The energy density of
UCs is however higher than that of dielectric capacitors. higher than that of dielectric capacitors.
higher than that of dielectric capacitors.

As is explained by Zhang, et al. (2018), a UC cell consists of two electrodes separated by a membrane
and an electrolyte. The separator membrane prevents short circuits between the electrodes while
allowing ionic transfer. The charge, that is the electric energy, is mainly stored in an electric double
layer capacitor structure. This double layer, also referred to as a Helmholtz layer, forms at the
interface between electrolyte and electrodes due to adsorbed ions from the electrolyte at the surface of
the electrodes when they are charged. The two electrodes are connected to respective collectors that
can carry current to or from an external load or source.

According to Bhupender, et al. (2019) there exists three main classifications of UCs. These are the
electric double layer capacitors (EDLC), pseudo capacitors and hybrid capacitors. The EDLC
utilizes the mentioned mechanism above as its only method of charge storage. In a pseudo capacitor,
fast and reversible reduction-oxidation (redox) reactions at the surface of the electrodes also
contribute to energy storage in addition to the electric double layer. In the third classification, the
hybrid capacitor, one electrode only utilizes the electric double layer for energy storage and the other
utilizes the redox pseudo capacitance as well.

The EDLCs, due to its charge storage mechanism, have a lower energy density than the pseudo
capacitor according to Pameté, et al. (2023). Both classifications aim to have similar power densities,
EDLCs do however tend to perform better in this regard. The hybrid capacitor is intended to have a
similar energy density to batteries, while having similar power density to the EDLC. This technology
does struggle with other aspects and face further degradation mechanisms than the pseudo capacitors
and even more so, the EDLCs. The redox reactions of the pseudo and hybrid capacitors are not as
reversible as the pure ionic movement and formation of electric double layers in the EDLCs which
implies a significant difference in cycle life between the technologies.

The main reason for the higher capacitance of UCs compared to conventional capacitors, especially
the conventional electrolytic type, is their high specific electrode surface area. This feature comes
from the choice of electrode material and its physical properties, such as porosity and conductivity.
Carbon materials have been favoured in commercial application UC electrodes due to various reasons,
such as low cost, good conductivity and a wide operating temperature window (Zhang, et al., 2018).

The choice of electrolyte is key to the performance of the cell. It affects power and energy densities,
cycling life and safety. There are aqueous, organic, ionic liquid and solid state electrolytes that all
have potential up- and downsides, with no obvious optimal solution. As an example, aqueous
electrolytes provide high ionic conductivity and capacitance at low cell voltage. Organic and ionic
liquid electrolytes can generally achieve higher cell voltages but face lower ionic conductivity. Solid
electrolytes could decrease issues of leakage in liquid electrolyte types but at the expense of lower
ionic conductivity. The higher voltage of organic electrolytes has made them the dominating solution
for commercial technologies (Bhupender, et al., 2019).

2.4.2 Ultracapacitor performance, life & degradation

EDLCs can have a lifetime of over 1 000 000 cycles, as opposed to the pseudo capacitor, which
generally has a lifetime of less than 10 000 cycles if they are utilized favourably and manufactured
properly. There have been experimental cases of pseudo capacitors reaching 100 000 — 150 000
cycles. A lifetime of a cell in the study by Pameté, et al. (2023) is measured using two parameters.
The first being capacitance C decrease, which relates to decrease in energy density. The second is
increase in electrical series resistance (ESR), which relates to a decrease in power density due to
increased heating to ohmic losses when cycling high current. For the cell to be considered degraded,
either the capacitance needs to be decreased by 20 % or the ESR be increased by 100 % relative to
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their values at delivery. This measure of degradation seems to be industry standard and will be
utilized in this thesis unless stated otherwise.

In a lab setting, Kang, et al. (2014) conducted tests on EDLCs aiming to evaluate temperature impact
on UC performance. The tests were ran on EDLCs with both aqueous (H2SO4) and organic
(EtsNBF4/PC) electrolytes under different operating temperatures, ranging from -30 °C to +60 °C.
Performance of the aqueous electrolyte was not affected as severely by temperature deviations
compared to the organic electrolyte. The energy density was the most affected parameter when
cooling the UCs. At -30 °C the energy density decreased to 31.6 % and 64.7 % for the organic and
aqueous electrolytes respectively compared to their respective values at room temperature. Increasing
temperature led to minor increases in both energy and power density for the organic electrolyte but
only increased energy density for the aqueous electrolyte.

UCs encounter significant ageing according to Chen, et al. (2023), despite the often suggested
complete absence of ageing. They argue that the ageing process of these devices is complex, featuring
multiple mechanisms that will apply differently depending on various technologies and conditions.
Generally, however, increased temperature and excessive voltage accelerate degradation in all
devices. According to Pametg, et al. (2023), increasing the temperature implies faster kinetics and
improved molecular transport which improves energy storage metrics of the device. The increased
temperature could however lead to overcoming activation energy barriers that initiate chemical
decomposition reactions in the cell that would not occur at lower temperatures. Similarly, increased
cell voltage leads to occupation of higher energy levels of the materials in the cell. Electrochemical
decomposition can then be initiated in different materials of the cell if the energy levels are high
enough. Increased temperature and cell voltage provide energy to similar decomposition mechanisms,
which means that the combination of the two add up to certain destructive mechanisms. An increased
voltage also increases the electric field strength across the device which increases ionic attraction to
the electrodes and further accelerates the ageing process. Additionally, low temperature is not a
desirable condition, since electrolytes might freeze which could damage the cell further.

Current also affects the degradation of the cell, especially in the cases where redox reactions are
utilized. High current rate can stress and degrade active materials. In redox based energy storage, high
currents could introduce less favourable reaction pathways that might not be as reversible as the
intended pathways which causes significant ageing. Another important factor is the purity of
materials. Impurities in the form of less stable compounds could decompose under lesser conditions
than the cell materials. These parasitic reactions consume charges and generated products could
further react with the cell materials. Especially in the EDLC, the purity of carbon has a significant
impact on stability and longevity since pure carbon is less reactive than organic compounds with
functional groups (Pameté, et al., 2023).

As the cell degrades, UCs can develop gaseous decomposition products, which increases the internal

pressure. To avoid uncontrolled rupture of cells, overpressure breakpoints are designed into the cells

to open during set pressure levels. After such an opening, the cell is for most cases rendered unusable
(Pameté, et al., 2023).

2.4.3 Ultracapacitor market

According to Goikolea & Mysyk (2017), UC capital cost could be estimated at 20 000 USD/kWh,
while the cost of lithium ion batteries would be approximately 1 000 USD/kWh. These numbers
would seem to indicate poor price to performance for UCs. However, when taking cycle count into
account the costs sum up to approximately 0.02 USD/kWh per cycle and 1 USD/kKWh per cycle for
UCs and lithium ion batteries respectively. This fact makes UCs very attractive in applications where
high cycle count is desirable.

More recently, Laban, et al. (2025) have provided cost estimates of complete energy storage systems
for frequency regulation. Their estimates covered power conversion, construction and required power
infrastructure, such as cables, protection and transformers. The authors estimated a capital cost of
approximately 29 300 EUR/kWh using three significant digits for a complete UC system.
Furthermore, they estimated a maintenance cost of 1 Euro per system rated kilowatt hour and year
(EUR/KWh-year) and an investment lifetime of 16 years for a UC system. In this report, these
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estimates were used for calculations on the investment in section 5. For a battery energy storage
system, the authors estimated a capital cost of 257 EUR/kKWh. These figures highlight how much less
expensive batteries have become in less than 10 years. They also provided an estimate of maintenance
costs of 7 EUR/KW-year and an investment lifetime of 15 years for a battery system.

Three industrial competitors of UCs were identified by Beltran, et al. (2020). The first competitor,
Maxwell Technologies, did not produce UCs anymore at the time of writing, but one of their
discontinued UC packs was used for validating the UC model developed in section 3.2. The second
competitor, Skeleton Technologies, produces all of their products within Europe and sells complete
systems for multiple applications, including grid applications according to Skeleton Technologies
(n.d.). The third competitor identified by Beltran, et al. (2020) was LS Mtron Ltd that sells UCs under
LS Materials today. They also sell complete systems. Both competitors produce similar products, both
in terms of cells and of modules. Similar modules by the competitors had projected cycle lives of

1 000 000 cycles at room temperature. Furthermore, the modules had similar projected storage lives of
10 years at room temperature and 1 500 hours of operation at their maximum temperatures (Skeleton
Technologies, 2024), (LS Materials, 2023).
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3 MODEL DEVELOPMENT

Under this chapter the models developed and used for this thesis are explained in order. First
however, in section 3.1, a per unit system is defined. This system will simplify visualization of data
and allow for some anonymization of the hydropower plants investigated.

A UC model was constructed from a simple circuit model. It was inserted into Simulink with a simple
converter model and P1 controller. The developed Simulink model was capable of charging and
discharging power from the derived UC model based on a reference power. Furthermore. the
developed model could also determine the internal voltage of the UC, relating to its state of charge
(SoC). The UC model development is explained in section 3.2. The derived UC model was then
validated against experimental data of a real UC pack, which can be seen in sub-section 3.2.2.

Section 3.3 describes the construction of the hydropower plant (HPP) model in Simulink. This
development was heavily reliant on three previous works by Saarinen, et al. (2015), Laban (2019) and
Lindgren (2023). The article by Saarinen, et al. (2015) would have served as the only used reference if
this thesis exclusively investigated Francis turbines with a single mechanical subsystem. But interest
in investigating Kaplan turbines that uses two mechanical subsystems proved that further sources
were needed. For this reason, the previous master’s thesis reports by Laban (2019) and Lindgren
(2023) proved instrumental towards model development and need to be acknowledged.

Finally, section 3.4 describes the combination of the HPP and UC models to construct a hybrid model
in Simulink. This section describes the suggested power plant controller (PPC) used to control HPP
and UC to deliver FFR and mFRR from the hybrid model.

3.1 PERUNIT SYSTEM

A per unit system is a method of scaling different quantities, commonly within electrical power
engineering. It simplifies viewing quantities x, for example different voltage levels in a power grid, as
the quantities can be scaled with a base or reference value xp,,.. Furthermore, it is a good way to
anonymize data and simplify calculations, both of which are relevant for this project. There are further
upsides to a per unit (pu) system, but these are not relevant here. The scaling is done according to
equation 2.

Xactual
Xpu = — (2)
Xbase

The bases need to be consistent to ensure coherent behaviour. Since this study is based on the NPS
and Sweden, it was logical to select the frequency base f; .5 according to the nominal frequency in
the NPS.

frase = 50.0 Hz
The models that are discussed in later sections of the report are going to rely on per unit inputs. The

power plant model for example receives a frequency error, deviating from the nominal frequency of
50.0 Hz. A frequency of 49.7 Hz would result in a deviation:

Af =50.0 —49.7 [Hz] = 0.03 Hz = w =6.00-10"*pu
50.0 [Hz]
The guide vane position Y = 1.00 pu and runner blade actuation A = 1.00 pu when the machine
(turbine and generator) output nameplate power equal to Pypp = 1.00 pu. This ensures that Y = Pypp
expressed in per unit in steady state for the modelled plant. The bases related to the HPP in this

project will therefore be:
Ypase = 1.00 pu Apase = 1.00 pu fbase =50.0Hz Ppase = PHPP,rated MW

To easily visualize UC voltage when modelling, a voltage base V. is also introduced. V4. Will be
based on the nominal voltage of the modelled UC system when it is fully charged.

21



3.2 ULTRACAPACITOR MODEL

In their article, Cabrane & Lee (2022) have compiled and compared three different models for UCs.
They referred to them as the RC-model, Two-branch model and multi-branch model. What they found
was that the two-branch model performed relatively well in terms of error compared to real UC. The
worst performer of the models, the RC-model, was fast to simulate but had relatively high error
compared to the others. The best performing model, the multi-branch, had the downside of being slow
to simulate. The Simulink models built by the authors neglected the self-discharge of the UCs, which
was reintroduced into a recreated RC-model, seen as a transfer function in equation 4.

Even though the deviation between the RC-model and real UC was the highest found by the authors,
the differences were relatively small. The reason for using the RC-model in this thesis was the speed
of simulation, which was a relevant factor considering the larger time scales the investigated
balancing services operate on. The RC-model of a UC can be modelled as a circuit of basic
components according to figure 5.

Iyc

(a) (b)
Figure 5 — RC UC electrical model. (a) — RC-circuit of UC including capacitance C, series resistance (ESR) Ry
and parallel resistance R. (b) — Equivalent impedance of RC circuit.

According to Zhang, et al. (2018) a state space on observable canonical form of the circuit in figure 5
can be expressed as equation 3.

duyc(t) 1 1
it CR uyc(t) + C lyc(t) 3)
Vue(@®) = 1 - uyc(t) + Ryciyc(t)

Equation 3 shows a UC state space on an observable canonical form. The state space takes current iy
as input and outputs UC voltage V. Furthermore, the state uy represents the internal voltage over
the model capacitor. Being able to set the initial state u;(0) was useful since the UC could be
charged at the start of a simulation which was used both when testing and simulating the model for
power purposes. By using theory from Glad & Ljung (2021), a transfer function, equation 4, was
derived from the state space of equation 3.

Ryc+R
RUCS+—( U}C?fC f)

Gyc(s) = Zeq(S) = 1 4)
s+ Rf_C
The state space and transfer function of equations 3 and 4 were tested in Simulink against results from
Cabrane & Lee (2022) using their test signal and model parameters. A slight expected deviation was
observed between the authors results and equations 3 and 4 due to the added path for leakage current,
represented by the resistance Ry. By increasing Ry to high a value, functionally identical dynamics

could be ensured which indicated the validity of the models. In equations 3 and 4, a positive current
implies charging and a negative current implies discharge.

It was important to be able to connect multiple of a specific pack or cell in series and parallel to get
higher voltages and increased energy and power density when modelling an existing product. This can
be done by first assuming that each UC cell/pack has the same impedance Z,,. The equivalent
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impedance of multiple series and parallels of cells/packs then have the expressions 5 and 6
respectively.

Zns = Nsleg (5)
Zeq
Zn,p = n_p (6)

Equation 7 could be derived using equations 5, 6 and 4 to represent n,, parallels of ng series
connected UC packs or cells.

(Ryc + Ry)
ng RUCS + —RfC
Gyc(s) = o 1 ()
p S+5—F~

R:C
f
By using theory from Glad & Ljung (2021), a state space on observable canonical form could be
derived from equation 7. This state space is shown in equation 8.

duy, 1 ngl .
Tl _Rf_CuUC(t) + @ELUC(t) .
1 ' )
Vyc(®) =1 uyc(®) + n—Rucluc(t)
P

Equation 8 is the same as equation 3 when setting the amount of parallel series of cells or packs n,, =
ng = 1, which is expected. It also uses the same input, output and state as equation 3. If a series of
cells/packs are used, the initial state uy;(0) should be set as a multiple ng of the initial voltage of a
single cell/pack.

3.2.1 Ultracapacitor power model

For the proposed modelled system capable of delivering power to the electric grid, the state space
given in equation 8 is the starting off point which needs a charge/discharge current I as its input and
outputs the modelled UC voltage Vy.

The power output from the UC system, Py = Vyclyc, is controlled via negative feedback according
to the control law ep y¢ = Pref — Pyc. The power error ep ¢ is forwarded to a Pl-controller with
proportional and integral gains Kp yccs and K; yccs- After the controller, the signal P* is divided by
the output voltage of the UC model V- to give the current reference I* according to I* = P*/Vy.
The current reference I* is limited to the maximum allowed by the manufacturer +1,,,,, and then
passed through a servo transfer function G.(s), equation 9. The transfer function uses a first order lag
time constant T,,,,,, to represent the converter lag when controlling the current and a time delay
Tge1,conv t0 account for digital processing time and switching of the entire power control system.

G (S) =G (S)e_STdel,conv = ;Q_STdel,conv (9)

Cc conv Tcom;S + 1

The output current I is then passed on as input to the UC model, the state space of equation 8,
which outputs the UC voltage V.. Output power Py = VyelycNeony 1S Ted back to the controller.
The converter efficiency ..y, is defined as a single constant, valid in a certain operation regime. The
power controller controls based on a per unit system while the UC uses real units. Relevant gains to
convert between per unit and real power are therefore introduced when necessary.

When drawing current to or from the UC model, it experiences a voltage drop due to the ESR Ry¢. To
determine its State of Charge (SoC) in real time, related to the internal voltage (state) uy over the
modelled capacitance C, the Kirchoff voltage- and Ohm’s laws are applied to figure 5. This
relationship can also be derived directly from the output equation of state space of equation 8. The
internal voltage uy(t) can be calculated using equation 10. This calculation will be used in the
hybrid model in order to maintain voltage (charge) of the UC.

uyc(t) = Vyc(t) — Z_SRUCiUC(t) (10)
P
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The full UC system model block diagram with power control and internal voltage calculation is
shown in figure 6.

KP,UCCS

X
. ] 7~C _—'%—’ Geonu () Tyc Vuc

tlnax Taetconv UC state space

€ruc

=

Figure (6) — Complete UC system model block diagram including limit and time delay of current. The block
diagram includes power control for output power Py and internal voltage u calculations.

One important note for the complete UC model shown in figure 6 is the inherent instability linked to
output voltage Vy of UC state space 8. If V- approaches zero, the current will tend towards infinity
to meet power demands. Current is limited, but the voltage will crash towards zero and the model will
not work. The internal voltage should never go below 50 % of the rated voltage to ensure UC
longevity. Because of this, it is important to ensure that the UC system has enough energy storage
potential for the use case, otherwise the voltage will drop too low.

3.2.2  Ultracapacitor model validation
Lab tests were run on a Maxwell Technologies BMOD0063 P125 UC pack to validate the UC model
8. Relevant parameters specified by the manufacturer in the accompanying data sheet from Maxwell
technologies (n.d) are collected in table 4.

Table (4) — Relevant technical specifications of the Maxwell Technologies BMODO0063 P125 UC pack retrieved
from Maxwell technologies (n.d) along with an estimated leakage resistance Ry (*).

Technical parameter Value Unit
Rated Capacitance C 63.0 | F
Maximum initial ESR Rggg 18.0 | mQ
Rated voltage V,4teq 125 |V
Maximum voltage V.. 136 | V
Maximum current Iy, 1900 | A
Maximum leakage current at 25 °C [},4% 10.0 | mA
*Estimated leakage resistance Ry = % 13.6 | kQ

To provide current to the pack, a high switching frequency, three-phase voltage source converter
(VSC) was used, except for the first charge from low voltage, where a constant DC current was fed
directly to the pack from another source. The VSC had its AC-side output filtered in an inductive
capacitive filter (LC filter) and voltage stepped up to the final grid voltage due to the inability of the
VSC to boost the voltage up sufficiently.

All tests were carried out with significantly lower currents than what the pack theoretically could
handle. First, the pack was charged with a constant current of I, = 5 A (DC), Vy ~ 30— 110V.
This process elapsed for approximately 16 minutes. A Simulink model was constructed by using the
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relevant parameters of table 4 and state space 8 with initial state chosen to align with the charge of the
pack. The generated current-voltage characteristics (IV characteristics) of the model and pack and
absolute voltage error between them are displayed in figure 7.
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Figure (7) — Results from the first charge of the UC pack with constant DC-current. (a) — IV characteristics of
model and real pack. (b) — Absolute error between model and real voltage graphed against the model voltage.

A sharp voltage spike was observed in the real pack when the current was first applied. This is
explained by a transient in the measurements and not an actual voltage increase. The model generally
followed the behaviour of the real pack. One issue, however, was that the rate of change in voltage
was not decreasing as fast as in the pack while also starting at a slower rate. Since the modelled UC
pack should never operate within this region, this voltage spike and the bad dynamics were
disregarded since they were not observed in later tests closer to operating voltage.

For the second test, the UC pack was left with the VSC disconnected to simulate no-load discharge.
The results from these tests and the model behaviour are shown in figure 8.
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Figure (8) — Results from the self discharge of the UC pack with zero DC-current. (a) — IV characteristics of
model and real pack. (b) — Absolute error between model and real voltage graphed against the model voltage.

The second test, figure 8, was only performed during approximately 400 seconds. There were
significant inaccuracies in the voltage data, a trend could still be observed by how the density of
voltage measurements was moving. This trend was followed by the model, but not at the correct rate,
which could be determined from the increasing trend of voltage error, see figure 8b. The model was
not self-discharging fast enough, which could be explained by a too high value of leakage resistance
Rf.

For the remaining tests, the UC pack was grid connected through the VSC which introduced further
discharge behaviours by the inverter trying to maintain DC-link voltage according to Laban (2025).
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The available measurements using the experimental setup only allowed for measuring phase currents
14 p,c, Phase voltages V, ;, . and the DC-link voltage V¢ while providing no information on VSC
efficiency. The current on the DC-link was unknown and had to be estimated, which was not ideal.
From a voltage reading on a capacitive device, the energy stored in the device can be determined
using equation 11.
1
E= ECVDZC (11)

By then using difference in energy AE over a period of time At, the charge/discharge power Pp
required to obtain the required change in energy AE over that period becomes equation 12.

Ppc = AE (12)
DC — At
DC-link current I, can then be estimated using equation 13.
PDC
IDC = - (13)

VDC
This method was not preferred, since it disregarded the series and parallel resistances of the model 8.
In reality, the voltage V. was over the entire DC-link, while the internal model capacitor experienced
a lower voltage due to the voltage drop over the ESR Ry. A preferred method of calculating DC-link
current would be to fit an efficiency curve to the available data. Due to the relatively high rated power
of the VSC (300 kVVA) and the small power range of the tests (< 10 kVA) a curve fit using methods
suggested by Driesse, et al. (2008) proved difficult. The operating point being far away from rated
power introduced problems fitting the required curve under low power conditions while maintaining
correct behaviour closer to the 10 kVA range. Therefore, the above approach was chosen.

To validate that the approach for estimating DC-link current was valid, the need to calculate
instantaneous converter efficiency became clear. By calculating the efficiency, the converter
efficiency could be ensured to never exceed 100 % and remain reasonable at all operating points. The
starting point for these calculations was the three phase apparent power out of the VSC, |S|. This
could be calculated using measured line current I (Root Mean Square, RMS) and line to neutral
voltage V. (RMS), see equation 14.

Assuming a unity power factor, since the VSC was controlled to not deliver or consume reactive

power, apparent three phase power |S| could set equal to three phase active power leaving the VSC
P,c. The instantaneous VVSC efficiency n..n, Can then be determined using equation 15.

Neonv = il (15)
|Pac — Ppcl + Pac

The generated voltage data from the tests was very noisy, which made it unusable on its own when
trying to use equations 11, 12 and 13. Because of this, a weighted moving average was used to
smooth out the voltage measurements while preserving the trends. With the moving average Vp,
smoothed over a 0.3 second time interval and estimating DC-link power and current every 3 seconds,
satisfactory results were achieved, with reasonable efficiencies at all operating points.

During the third test, the whole system was grid connected and the VSC controlled to deliver no
power by setting the reference currents in the Direct-Quadrature reference frame (DQ-frame) to zero.
The purpose of this test was to demonstrate the significant energy drain in the pack when the VSC is
trying to maintain DC-link voltage. The energy drain appears as current leaving the VSC. IV
characteristics of test results and the model are shown in figure 9.
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