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TIIVISTELMA:

Tassa diplomityossa tarkasteltiin vesivoimalaitoksen hybridisdatajan simulointimallin kehit-
tamistd ja validointia Kaplan-turbiinilla varustetussa vesivoimalaitoksessa. Tyo tehtiin ABB Qy,
Energy Industries divisioonalle. Tyon tavoitteena oli kehittda DIgSILENT PowerFactory -ohjelmis-
tolla simulointimalli, joka kuvaa vesivoimalaitoksen toimintaa riittavan tarkasti nykyisten poh-
joismaisten taajuusohjatun kayttoreservin (FCR) vaatimusten mukaisissa kayttotilanteissa. Tyon
taustalla on pohjoismaisen sahkoéjarjestelman muuttuneet kayttoolosuhteet, kuten uusiutuvan
sadriippuvaisen tuotannon lisddntyminen ja sahkdjarjestelman inertian pieneneminen. Nama
ovat kiristdneet reservimarkkinoiden teknisia suorituskyky- ja vakausvaatimuksia. Tyon tavoit-
teena oli rakentaa ja validoida ABB:n TG800-turbiinisaatajasta ja Kaplan-turbiinista koostuva
simulointimalli todellista mittausdataa vasten seka tutkia, miten simulointimalliin integroitu en-
ergiavarasto voi parantaa laitoksen suorituskykya reservituotannossa. Tyohon sisaltyy myos sim-
ulointeja, joilla tutkittiin, voidaanko integroidun energiavaraston avulla vahentaa johtopyoran
ja juoksupyoran liikkeita FCR-tuotannossa. Toteutetussa simulointimallissa TG800-saataja
mallinnettiin ABB:n dokumenttien perusteella, ja Kaplan-turbiinimallin toteutuksessa
hyodynnettiin olemassa olevaa kirjallisuutta ja tutkimusartikkeleita. Integroidussa hy-
bridimallissa hyodynnettiin DIgSILENTin valmista BESS-pohjaa.

Validointi toteutettiin vaiheittain. Ensimmaisessa vaiheessa validoitiin turbiinimalli vertaamalla
simuloitua generaattorin patotehoa mitattuun dataan FCR-N- ja FCR-D-kadytté6nottomittausten
avulla. Toisessa vaiheessa validoitiin turbiinisdataja, jossa simuloituja johtopy6ran ja juok-
supyOran asentoja verrattiin mittausdataan. Lopuksi koko malli validoitiin yhtena kokonaisuu-
tena siten, ettd malliin syotettiin mittausdatasta FCR-N- ja FCR-D-kaytt6onottomittausten
taajuussignaalia. Validoinnin tulokset osoittivat, ettd Kaplan-turbiinimalli sekd TG800-saataja
kuvasivat vesivoimalaitoksen kadyttaytymista riittavan tarkasti dynaamisia simulointeja varten,
vaikka yksittdisissa kayttotilanteissa havaittiin joitakin poikkeamia. Lisdksi tyossa tutkittiin simu-
lointimalliin integroidun akkuenergiavaraston vaikutusta laitoksen suorituskykyyn ja sen
saatomekanismien liikkeisiin. Tulosten perusteella hybridisadtoé paransi vesivoimalaitoksen suo-
rituskykya nykyisten FCR-vaatimusten ndkokulmasta. Samalla energiavarasto vahensi mer-
kittavasti vesivoimalaitoksen sadatomekanismien liikkeitd. Kahden tunnin FCR-N-simuloinnissa
johtopyoran liikkeet vahenivat 88,28 % ja juoksupyoran liikkeet 89,77 %. Johtopaatdksena
todettiin, etta hybridisdato voi auttaa hitaan dynamiikan vesivoimalaitoksia tayttamaan nykyiset
FCR-vaatimukset ja samalla vahentdmaan mekaanista kulumista niiden saatomekanismeissa.
AVAINSANAT: Hybridisaato, simulointimalli, vesivoima, reservimarkkinat, validointi
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ABSTRACT:

This master’s thesis examined the development and validation of the simulation model of a hy-
brid controller in a hydropower plant equipped with a Kaplan turbine. The work was carried out
for ABB Oy, Energy Industries division. Its objective was to develop, with DIgSILENT PowerFac-
tory software, a simulation model that describes the operation of the hydropower plant in op-
erating situations compliant with the current Nordic requirements for Frequency Containment
Reserve (FCR). In the background of the work were the changed operating conditions of the
Nordic power system, such as the increase in weather-dependent renewable production and
the decrease in the inertia of the power system. These have tightened the technical perfor-
mance and stability requirements of the reserve market. The objective of the work was to build
and validate a simulation model consisting of ABB’s TG800 turbine governor and a Kaplan tur-
bine against real measurement data, and to investigate how an energy storage system inte-
grated into the simulation model can improve the plant’s performance in reserve production.
The study also includes simulations that examined whether the integrated energy storage sys-
tem can reduce guide vane and runner blade movements in FCR production. In the simulation
model, the TG800 governor was modeled based on ABB’s documents, and in the implementa-
tion of the Kaplan turbine model, existing literature and research articles were utilized. In the
integrated hybrid model, DIgSILENT’s pre-built BESS template was utilized.

The validation was carried out in stages. In the first stage, the turbine model was validated by
comparing the simulated generator active power with measured data by means of FCR-N and
FCR-D site measurements. In the second stage, the turbine governor was validated, in which the
simulated guide vane and runner blade positions were compared with measurement data. Fi-
nally, the complete simulation model was validated so that the frequency signal of the FCR-N
and FCR-D site measurements from the measurement data was fed into the model. The results
of the validation showed that the Kaplan turbine model and the TG800 governor described the
behaviour of the hydropower plant with sufficient accuracy for dynamic simulations, although
some deviations were observed in individual operating situations. Also, the work investigated
the influence of the battery energy storage system integrated into the simulation model on the
plant’s performance and on the movements of its control mechanisms. Based on the results,
hybrid control improved the performance of the hydropower plant from the perspective of the
current FCR requirements. At the same time, the energy storage system significantly reduced
the movements of the hydropower plant’s control mechanisms. In the two-hour FCR-N simula-
tion, the guide vane movements decreased by 88.28% and the runner blade movements by
89.77%. As a conclusion, it was stated that hybrid control can help hydropower plants with slow
dynamics fulfil the current FCR requirements and at the same time reduce mechanical wear and
tear in their control mechanisms.
KEYWORDS: Hybrid controller, simulation model, hydropower, reserve markets, validation
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1 Introduction

The operating environment of the Nordic power system has changed in recent years.
Changes in electricity generation such as the increasing share of weather-dependent re-
newable production and the reduction of system inertia, has increased the requirements
for power-system frequency control (Khajeh & Laaksonen, 2022a; Nordic Analysis Group,
NAG, 2025). Because of these changes, the technical requirements of the reserve mar-
kets have been updated, resulting in stricter demands for faster, more accurate, and

more stable responses from entities providing Frequency Containment Reserve (FCR).

Hydropower production plays an important role in the reserve markets because their
power output can be regulated flexibly (Schaffer et al., 2023). However, the dynamic
behaviour of hydropower plants involves water-related characteristics that complicate
compliance with the current FCR requirements. In production units equipped with
Kaplan turbines, waterway dynamics, mechanical delays, and control-system settings in-
fluence how fast and stable a plant can respond to grid frequency deviations. For this
reason, modeling and analysing hydropower plants is important when assessing their

ability to meet the current requirements for FCR provision.

One potential solution for improving the dynamic performance of a hydropower plant is
the integration of an energy storage system. A such system can participate to the plant’s
power output during FCR provision, thereby improving its performance while also reduc-
ing the mechanical wear and tear of turbine components caused by continuous regula-
tion (Feng et al., 2024). This master’s thesis combines the FCR requirements developed
in cooperation between the Nordic Transmission System Operator (TSOs): Energinet, Fin-
grid, Stattnet and Svenska kraftnat with the dynamic modeling of hydropower plant and
the application of hybrid control. In this thesis, a simulation model is developed using
the PowerFactory software and later validated. Based on the validated simulation model,

it becomes possible to examine how accurately it represents the dynamics of the actual
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hydropower plant and what benefits an integrated energy storage system can provide in

continuous frequency control.

1.1 Problem Formulation

As the needs of the Nordic synchronous area’s power system evolve, the new require-
ments imposed on participants in the electricity reserve markets are becoming stricter
and, therefore, more challenging to meet than the old standards. Some of the existing
providers of FCR may be unable to comply with the updated requirements, or their avail-

able production capacity in FCR market may decrease as a result of these changes.

In the Nordic countries, FCR is produced through various means, with hydropower rep-
resenting a key sector. However, hydropower plants may face difficulties in meeting the
new requirements due to their slow dynamics. The hydraulic characteristics of hydro-
power can lead to challenges in achieving the required response times and maintaining
stability in grid disturbance scenarios (Explanatory Document, n.d.). This is particularly
relevant for Finnish hydropower plants, as they are often run-of-river plants with low

heads and high flow rates.

1.2 Research Questions

These research questions were derived from the problem formulation, which highlighted
the challenges faced by hydropower plants because of the updated requirements in the
FCR markets. The purpose of these questions was to identify the root causes of the prob-

lem.

Question 1:
How accurately does the developed PowerFactory simulation model represent the dy-

namic behavior of a hydropower plant when validated against site measurement data?
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Question 2:
How does a BESS integrated into the simulation model’s turbine governor affect the

power response and stability of a hydropower plant with a slow dynamic response?

Question 3:
How much can guide vane and runner blade movements be reduced by integrating a

BESS into the turbine governor during FCR-N provision?

1.3 Scope of the Work

The primary focus of this thesis is to develop a simulation model of a hydropower plant
hybrid governor for ABB Oy, Energy Industries division. The model is implemented using
the DIGSILENT PowerFactory software, and the work focuses on modeling the Kaplan
turbine and turbine governor as part of the hybrid controller. In addition, the turbine
governor and turbine model developed as part of the simulation model are tested and
validated using measurement data provided by a Finnish hydropower company. The pur-
pose of the work is to create an accurate simulation model suitable for dynamic simula-

tions and to be compliant to simulate according to current FCR requirements.

The objective of the simulations is to validate the developed turbine governor and tur-
bine model primarily through Root Mean Square (RMS) simulations using real opera-
tional data from a hydropower plant. The simulation results are then compared with the
actual behavior of the plant obtained from site measurement tests. A further objective
is to assess how the integration of an energy storage system could improve the turbine’s

power output and response time during FCR provision.
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1.4 Expected Results

Based on the simulations to be conducted in this study;, it is hypothesized that the hybrid
controller, with an integrated energy storage system, could participate in power genera-
tion during grid disturbances and FCR provision, thereby reducing the hydropower
plant’s power output response time in the event of a frequency deviation in the grid. It
is also assumed that the inclusion of an energy storage system would enhance the sta-
bility of the hydropower plant’s power output. Finally, it is hypothesized that the inte-
grated energy storage system would assist in the fine-tuning of the turbine’s operation,

thereby reducing mechanical wear and tear on its components.

Given the expected technical outcomes, expectations for economic profitability are no-
table. With faster and higher-quality power output, the plant could increase its partici-
pation share in the FCR markets, while the reduced mechanical control demand could
extend the intervals between maintenance operations or at least lower the costs associ-

ated with necessary repairs. However, economic profitability is excluded from this study.
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2 Operation of the Finnish Transmission System

This chapter provides a general overview of the operation of the Finnish power trans-
mission system, with a particular focus on frequency control and the factors influencing
it. A system-level understanding of frequency regulation, overall system operation, and
reserve provision is essential when considering hydropower production as part of a
power transmission system. First, the role and responsibilities of the Finnish TSO are dis-
cussed. This is followed by a discussion of the current and future challenges facing the
power system, with particular focus on issues related to frequency deviation. Finally,

technical requirements related to reserve market participation are reviewed.

2.1 Principles of Finnish Transmission System Operation

The Finnish transmission grid is managed by the TSO Fingrid Oyj, which is owned by Finn-
ish pension insurance companies and the State of Finland. Fingrid’s mission is to ensure
the reliable operation of Finland’s electricity transmission network and to promote a
clean, market-driven electricity system. The transmission grid system maintained by Fin-
grid consists of high-voltage transmission lines forming a meshed backbone network that
connects major power plants, industrial facilities, and distribution networks. In 2023,
Finland’s transmission grid consisted of approximately 14,500 kilometers of power lines
and more than 120 substations. Fingrid is also part of the Nordic power system, referred
to as the Nordic synchronous area. A synchronous area is an area in which all intercon-
nected electricity networks function in synchronism through alternating current (AC)
connections. Alongside Finland, the Nordic synchronous area includes Sweden, Norway,

and eastern Denmark (Electricity System of Finland, n.d).

To ensure secure power system operation, all production facilities connected to the grid
managed by Fingrid are required to comply with its own Grid Code Specifications for

Power Generating Facilities. These specifications are based on the European Network
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Code (EU Commission Regulation 2016/631), to which Fingrid has added national addi-
tions and clarifications. The purpose of the Grid Code Specifications (VJV2024) is to en-
sure that generating units remain stable during voltage and frequency deviations, sup-
port the power system during faults, avoid harmful effects on other connected equip-
ment, and provide the information needed for network planning, operation, and system

security (Grid Code Specifications for Power-Generating Facilities VJV2024, n.d.).

One of the main factors in secure power system operation is frequency. Frequency con-
trol is influenced by several factors, the most significant is the balance between electric-
ity production and consumption. Frequency is measured in Hertz (Hz), which represents
the number of alternating current periods per second. The Nordic power system is de-
signed to operate at a nominal frequency of 50 Hz, however, the actual frequency devi-
ates around the power system’s nominal frequency where deviation of 0.1 Hz is consid-
ered as a small deviation during normal operation. These deviations are mostly caused
by imbalances between production and consumption. In addition, frequency deviation
is affected by system inertia, which acts as a buffer that slows down frequency changes
and corresponds to the kinetic energy stored in the synchronous generators connected

to the power system (entsoe, 2022).

For frequency support, the TSO obtains technical services through the technical ancillary
service markets. These consist primarily of Frequency Containment Reserves (FCR), Fast
Frequency Reserve (FFR), and Frequency Restoration Reserves (aFRR and mFRR), which
operate on different time scales during frequency deviations. The technical ancillary ser-
vice markets enable the technical stability and operational reliability of the power sys-
tem under both normal and disturbed operating conditions (Khajeh & Laaksonen,

2022b).
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2.2 Current and Future Challenges of the Finnish Power System

Current challenges in power system frequency control include an increasing need for
regulation, limited flexibility capacity, and a growing demand for flexibility across differ-
ent voltage levels. In Finland, the increasing need for regulation is driven by several fac-
tors, including the reduced profitability of combined heat and power (CHP) plants due
to declining electricity prices and rising prices in the EU Emissions Trading System (EU
ETS). This has led CHP plants to increasingly utilize large-scale heat pumps and electric
boilers for heat production. In addition, the growing appearance of extreme weather
conditions and the high number of unplanned outages experienced by nuclear power

plants further contribute to the rising regulation demand (Koivunen & Syri, 2024).

The balance of the power system is also influenced by several other factors, such as the
expansion of the grid infrastructure, the intensification of extreme weather events,
large-scale power transfers from the edges of the grid toward its center, and market dy-
namics. Another aspect to consider is the impact of the increasing use of power elec-

tronics on load behavior.

In the future, the power system relies more on weather-dependent renewable energy
production, causing a growing need for effective frequency control. At the Distribution
System Operator (DSO) level, these effects will strengthen alongside the increasing de-
mand for electric vehicle (EV) charging. This development may result in voltage limit vi-
olations and congestion within distribution networks. These issues are also relevant at
the TSO level, where system-wide imbalances between production and consumption

must be managed (Khajeh & Laaksonen, 2022b).

In addition to local voltage and congestion challenges at the DSO level, one of the most
critical system-level challenges influencing frequency stability is the reduction of overall
system inertia. Power system inertia originates from the kinetic energy stored in the ro-
tating masses of synchronous machines. It represents the system’s ability to resist fre-

guency changes in the event of a sudden disturbance, such as a fault in a large
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production unit. These frequency changes, known as RoCoF, can be mathematically ex-

pressed by

APimbalacefo (1)
PLOADZHsys ’

RoCOF =g+ =
where RoCoF 0 represents the time derivative of the power system frequency at the
exact moment when the disturbance occurs, APimbalance is active power imbalance, Pioap
is the total load of the system, fo is the nominal frequency and Hsys is the inertia constant
(Inertia and Rate of Change of Frequency, n.d.). Equation (1) shows the RoCoF during a
system disturbance and shows that the system inertia is inversely proportional to the
RoCoF value. Therefore, when the power system inertia decreases, the RoCoF increases

even if the magnitude of the disturbance remains the same.

The higher the RoCoF value, the faster the system frequency drops towards the critical
threshold of 49.0 Hz during a disturbance. This requires that frequency reserves respond
faster and more effectively to prevent load shedding at 48.8 Hz or the automatic discon-
nection of generators caused by under-frequency conditions (Nordic Analysis Group,

NAG, 2025).

2.3 Reserve Markets and Related Products

In an electrical power system, production and consumption must remain continuously
balanced, as significant frequency deviations can damage equipment or components
connected to the grid. In the worst-case scenario, a major frequency deviation may lead
to a widespread power outage. The primary balancing of the power system is achieved
through electricity markets, where producers and consumers engage in advance trading
where producers sell the electricity they plan to produce, while consumers purchase the

electricity they intend to use.
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However, production and consumption may deviate from forecasts. Inaccuracies in con-
sumption estimates, weather-dependent production not matching expectations, or
faults in power plants and transmission connections can all cause imbalances. Fingrid is
responsible for maintaining the balance of Finland’s power system and manages poten-
tial imbalances in real time using system reserves, which are obtained on a market basis
through reserve markets operated by Fingrid. Fingrid purchases reserves from compa-
nies capable of adjusting their electricity production or consumption according to the
needs of the power system. Participation in the reserve markets does not exclude a
power plant’s involvement in the wholesale electricity market. Reserve resources in-
clude power plants, consumers, energy storage systems, and aggregated entities consist-

ing of smaller units.

There are several types of reserve products that together form the reserve market
framework. These products range from fast-responding reserves, which react within less
than a second to fine-tune the power system, to slower reserves that balance the system
over longer periods (Fingrid, 2025). Reserves are needed for every hour of the year. The
various reserve products available on Fingrid’s reserve markets are illustrated in Figure

1.
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Figure 1. Reserve market products in the Nordic countries (Fingrid, 2023).

As mentioned earlier, there are several types of reserve products, each serving a specific
purpose. The power grid requires continuous regulation to ensure reliable operation, as
well as reserves to address major disturbances in both production and consumption. The
following section discusses reserve market products relevant to hydropower, their oper-
ating principles, and the requirements for achieving the desired response. Figure 2 illus-
trates the operating principles of reserve products in a situation where, at time 0 seconds,

disturbance situation occurs.

MW

FCR-D
aFRR
mFRR

0 sac 10 sec 30 =sec 5 min 20 min

Figure 2. Operating principles of reserve products (entsoe, 2022).
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Each reserve product is subject to specific technical requirements regarding activation
time, minimum bid size, and stability requirement. However, the product requirements
have undergone changes, especially regarding transient and small signal frequency sta-
bility. As a result, reserve providers must update their systems to comply with the new

requirements established by the nordic TSOs.

The Nordic TSOs have implemented a five-year transitional period starting in 2023 con-
cerning the new requirements. This means that all reserve providers who validated their
facilities in accordance with the TSOs’ requirements before 2023 are allowed to partici-
pate in the reserve markets until 2028, by which time their systems must be updated. If
a reserve provider wishes to modify its product during this period, it must undergo vali-
dation in accordance with the new requirements. The new requirements established by
the TSOs are currently in effect as the current requirements (Nordic Analysis Group, NAG,
2025). The following sections examine in greater detail why updates to the reserve prod-
uct requirements are necessary and how these changes practically affect the modeling

and design of reserve products, especially from the perspective of hydropower plants.

2.4 Technical Requirements for FCR Products

This section summarizes the technical requirements for the FCR-N, FCR-D Up, and FCR-
D Down products. Rather than reproducing all requirements specified in document
(Gierling, 2025), the focus is limited to those requirements that are used for validating
the turbine-governor and turbine model developed in this thesis. For hydropower plants
equipped with Kaplan turbines, the requirements that are typically the most demanding
from a dynamic performance perspective are therefore examined in greater detail in the
following Subsections. The selected requirements are consistent with (Gierling, 2025)

and are later used as reference values for the analysis presented in this thesis work.
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2.4.1 Overview of FCR Products and Required Tests

FCR refers to frequency-controlled reserves that are automatically activated in response

to frequency deviations. Within the scope of this thesis, the analysis is limited to the

three relevant products: FCR-N, FCR-D Up and FCR-D Down. Table 1 presents the activa-

tion characteristics of these FCR products. Where negative activation refers to a reduc-

tion in production or an increase in load, while positive activation refers to an increase

in production or a reduction in load.

Table 1. Steady-state activation of the FCR products (Gierling, 2025).

Product 100 % negative activa- | 0 % activation 100 % positive activa-
tion tion

FCR-D upward N.A. f=49.9Hz f<49.5Hz

FCR-N f>50.1Hz f=50Hz f<49.9 Hz

FCR-D downward | f = 50.5 Hz f<50.1Hz N.A.

A reserve provider must comply with all technical requirements associated with the spe-

cific reserve product offered. Table 2 presents these requirements for each product. In

the table, the “x” mark indicates the reserve product to which the respective test applies.

Table 2. Summary of required tests: Modified from source (Gierling, 2025).

Test FCR-N FCR-D Up FCR-D Down
Steady-state response X (fast ramp) | x (fast ramp)
Power after 7,5 s X X
Energy 0-7,5s X X
Deactivation X X
Frequency domain stability X X
Frequency domain performance X X
Dynamic linearity X X
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Endurance X X X

Mode shifting X X

2.4.2 Steady-state Response

The FCR-N steady-state response test is performed by applying a stepwise test signal.
The initial step is used to establish the starting condition, ensuring that any effects of
mechanical backlash influence the response in the same manner as in the following two
steps. Next, the power output must settle at a frequency of 50.0 Hz for five minutes,
after which the next step can be applied. Table 3 presents the individual steps of the step

test, and Figure 3 illustrates the test using an example simulation.

Table 3. FCR-N step sequence test: Modified from source: (Gierling, 2025).

Step number | Start time (min) Duration Frequency | Comment
(min) (Hz)

0 0.5 50.0 Starting point

Pre-step 0.5 0.5 49.95 Small step to handle
backlash

0 1 5 50.0 Step for fo, Po
1 6 5 499 Step for f1, Pz
2 11 5 50.1 Step for f, P
3 16 5 50.0 Step for f3, P3

21 End of test
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Figure 3. FCR-N step sequence test where input frequency (orange) and example re-
sponse (blue) are shown (Gierling, 2025).

The upward active power shown in Figure 3 can be calculated using the equation

1 (2)
APss,l = Pss,l - E (PSS,O + Pss,3)r

and downward active power with equation

1 (3)
APss,z = Pss,Z - E (PSS,O + Pss,3)r

where the steady-state power Pss is before the first step at a frequency of 50 Hz, and
the steady-state power Pss 3 is after the third step at a frequency of 50 Hz. The steady-
state power Ps 1 is during the first step at frequency of 49,9 Hz and the steady-state

power Pss is during the second step at frequency of 50,1 Hz.
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Maximum under delivery is 5 % and maximum over delivery is 20 %, upward regulation

requirement is defined

APss,l - APss,theoretl’cal' <02 (4)

—0.05 <

APss,theoretical

and downward regulation with equation

< APSS,Z + AI')ss,theoreticall (5)

-0.2 < 0.05,

APss,theoretical

where APg theoretical Presents steady-state response to 0.1 Hz frequency deviation. It is
also required that the response is maintained throughout the entire frequency deviation

period.

2.4.3 Fast Ramp Sequence

For FCR-D, the steady-state response, time domain dynamic performance, and endur-
ance are tested using a ramp sequence. The same test parameters are applied for both
upward and downward regulation, with the only difference being the direction of the
input frequency signal. Table 4 describes the test duration and the frequency of ramps

applied, while Figures 4 and 5 provides a visual representation of the test.

Table 4. FCR-D fast ramp tests without endurance and FCR-N/FCR-D combination: Mod-
ified from source (Gierling, 2025).

Ramp | Start End time | End time Ramp | Test dura- | Frequency Frequency for
time (s) | ramp (s) | test (s) speed | tion (s) for FCR-D up | FCR-D down
(Hz/s) (Hz) (Hz)
0 0 30 0 30 49.9 50.1

30 33.1 34.9 0.14 4.9 49.45 50.55
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Figure 4. FCR-D up regulation (Gierling, 2025).

Power [MW]

20
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2 34.9 39.9 90 0.09 55.1 49.9 50.1

3 90 91.7 390 0.24 300 49.5 50.5

4 390 391.7 690 0.24 300 49.9 50.1

5 690 693.8 750 0.24 60 49 51

6 750 754.2 1050 0.24 300 50 50
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Figure 5 FCR-D down regulation (Gierling, 2025).

Figure 6 illustrates a typical power response of a Kaplan turbine during ramp 5. Due to
the dynamics of the turbine and the waterway, a temporary negative power input re-

sponse occurs during both upward and downward regulation.

51,4 56
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Figure 6. Ramp 5 dynamic performance where green area presents positive energy con-
tribution and red area presents negative energy contribution (Gierling, 2025).

The steady-state response of FCR-D is calculated as the difference between the steady-
state values of ramps 3 and 4 shown in Figure 5. The maximum allowed under delivery
is 5%, and the maximum allowed over delivery is 20%. The upward steady-state response

requirement is
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APss,3 - Pss,4 - APss,theoretical (6)

—0.05 < <0.2.

APss,theoretical

Similarly to the upward steady-state response, the downward steady-state response re-

quirement is

APss,3 - Pss,4 + APss,theoreticall (7)

-02< < 0.05,

APss,theoretical

where |APss,theoretical| in megawatts is upward steady-state response between 49.9 Hz
and 49.5 Hz, and downward steady-state response between 50.1 Hz and 50.5 Hz calcu-
lated using method specified for the provider. The provider must also ensure that the

response remains active throughout the entire frequency deviation.

During ramps 5-6 shown in Figures 4 and 5, the provider must also fulfil the power and

energy requirements. Requirement for power in megawatts is

|AP7.55| = 0.86 |APss,the0retical|' (8)

and the calculated power at 7.5 seconds must not decrease below this value at any point
before ramp 6 starts. The small oscillations caused by the 50 Hz test signal applied during
ramp 6 are accepted, if they are well damped and originate from the physical character-

istics of the provider, such as waterway dynamics.

The energy requirement at 7.5 seconds at ramp 5 is

|AE7.55| = 3.2s - APss,theoretical ’ (9)

where the activated energy, expressed in megawatt seconds, represents the amount of

energy contributed from the start of the ramp until 7.5 seconds. The contributed energy
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is obtained by integrating the change in power from the start of the ramp up to 7.5 sec-

onds.

t+7.5s (10)
E;ss = f AP(t)dt,
t

where AP is change in contributed power and t is the start time of the ramp.

2.4.4 Frequency Domain Stability Requirements

Frequency domain stability tests are performed for the FCR-N, FCR-D up, and FCR-D
down products. The test consists of sinusoidal tests in which a sinusoidal test signal is
superimposed on the nominal frequency, which results in a sinusoidal power output.
Test signals with different periods are applied, with a total of ten periods ranging from
10 seconds to 300 seconds depending on the product to be tested. Following Table 5
presents input signals and periods for sine tests to be performed, where period is the

time required to complete test signal cycle.

Table 5. Sine tests input signals and number of periods: Modified from source (Gierling,

2025).
Period T (s) N:o stationary periods (recommended total
N:o periods)
10 5(20)
15 5(15)
25 5(10)
40 5(7)
50 5(7)
60 5(7)
70 5(7)
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90 5(7)
150 5(4)
300 5 (3)

Stability is also examined using the Nyquist curve. This curve enables the visualization of
closed loop system stability with the open loop transfer function. For example, the poles

of a system function

P(s) (11)

HE) =06y

that is, the roots of the denominator polynomial Q(s), represent the natural frequencies
of the system. If these natural frequencies are located in the left half of the complex s-
plane, the system is stable, meaning that its response remains limited. Further discussion
on stability can be found in references (Astrom & Murray, 2021; Valtonen & Lehtovuori,

2017).

Figure 7 presents an example that passes Nyquist stability criterion. According to the FCR
requirements (Gierling, 2025), the system is stable if the Nyquist curve passes the point
(-1, 0j), where j is imaginary unit, on the right side and does not cross over the circle

defined around this point.
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Figure 7. Nyquist stability requirement (Gierling, 2025).
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3 Hydropower and Modeling Principles

A typical hydropower plant consists of several fundamental components and systems,
including the high-voltage grid connection, main transformer, cables, protection relays,
plant auxiliary systems, hydro turbine, synchronous generator, Automatic Voltage Regu-
lator (AVR), turbine governor and control systems. The following sections focus primarily
on the turbine governor system and turbine modeling, as the role of the AVR, generator

and other systems are of limited relevance within the scope of this thesis.

3.1 Kaplan Turbine Modeling

The Kaplan turbine reminds of a typical propeller in its structural design, and it belongs
to the class of reaction turbines. It is typically utilized in electricity production under
conditions of low head height and high water flow. To achieve high efficiency, Kaplan
turbine applications utilize adjustable Guide Vanes (GV) and Runner Blades (RB), which
can be adjusted according to the water flow, head height and the required power output.
The flow geometry in a Kaplan turbine is usually axial, meaning that the water moves
through the turbine mostly in the direction of the rotor shaft. Figure 8 illustrates a model
of the Kaplan turbine. At first, water flows through the penstock into the spiral casing,
then through the GV, and later into the RB, causing the turbine shaft to rotate. After

passing the RB, the water exits through the conduit.
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Figure 8. Kaplan turbine technical drawing (Grigsby, 2012).

In accurate modeling of Kaplan turbine operation, it is necessary to consider the charac-
teristics of the turbine’s penstock and the associated fluid properties. Including water
compressibility and the elasticity of the penstock material, which appear in form of trav-
elling waves. The speed of these travelling waves in the penstock are approximately 1200
meters per second, which mean that their effects remain very small unless the penstock
is very long. Turbine dynamics and the derivation of the water inertia model are based
on Kundur’s equations (Kundur, 1994), especially equations (9.1)—(9.36). Equations con-
sider the hydraulic system with inelastic water column and no surge tank. These equa-

tions form the basis of the block diagram shown in Figure 9.

Water velocity in the penstock

U= K,GVH. (12)
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Turbine power
P = K,HU. (13)

Expresses that hydraulic power is proportional to head height and water flow. Time de-
rivative of the water velocity in the penstock is

auv (14)

%9 g—H
dt_ L( 0)'

Water flow rate
Q =AU, (15)
where variables are:

U = water velocity

K. = constant of proportionality

G = ideal gate opening

H = hydraulic head at gate

Ho = initial steady-state value of H
P = turbine power

Q = water-flow rate

A = pipe area

L = length of conduit

ag = acceleration due gravity

T = time in seconds
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Expression 14 describes how water velocity changes due to deviations in hydraulic head.
By expressing variables in per-unit form and dividing by their steady-state values, the

normalized equation is

du 1 g_ & (16)
dt - TW( 0)'
And in Laplace form
ug -1 (17)
H - Ho N TWS’

where Ty is the water starting time. Expression is at rated load according to turbine’s

penstock unit expressed as r

LU, (18)

Hydraulic head can be expressed in per-unit values by dividing equation 12 by its rated

values and expressing all variables as in per-unit. This returns to normalized relation

_ 2 (19)

Turbine power can be expressed as per-unit values in the same manner as hydraulic head

Qi

by utilizing equation

Pn = (U~ Uy)H. (20)

From the above equation, the turbine’s mechanical power is expressed in per-unit form,

which is equal to the turbine’s megawatt rating. In stability analysis, the mechanical
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torque of the turbine must be expressed in per-unit values, which requires normalization
either to the generator’s MVA rating or to a separately defined common MVA base. It

can be expressed as follows
_ Wo\ — B 1 - o __ 21
Tm = (_) m (—r) = —(U— Uy)HE, (21)
where variables are:

@ = per unit speed
MV Apqse = the reference MVA used as the base value for expressing the turbine
torque in per-unit value

P. = per unit turbine rating which can be obtained by dividing turbine MVA rating
with base MVA value

Turbine gain A: is defined as the inverse of the difference between full load and no-load

gate opening which returns linear relation between ideal real gate positions

1 22
Ay = ———m. (22)
9rL — 9nL

Ideal gate opening can be expressed with multiplying real gate opening with turbine gain

value
G = A.g. (23)

Using equations (12)—(23), the turbine and water column characteristics can be repre-
sented completely. This allows the system to be expressed as a block diagram in which
turbine control is implemented using the real gate opening together with the turbine
gain formulas given in equations (22) and (23). This corresponds to the classical turbine

model, which utilizes a single control system. Block diagram is shown in Figure 9.
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Nonlinear Turbine Model:
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Figure 9. Ideal nonlinear turbine block diagram with inelastic water column (Kundur,
1994).

3.2 Turbine Control Methods

The fundamental principle of turbine control is to regulate the rotational speed of the
turbine and/or the load. Mainly, the control action is based on feedback of the speed
error, which is used to adjust the water flow for the turbine (Kundur, 1994). To achieve
the highest possible efficiency, a control strategy is required that adjusts the GV and RB
positions with respect to the desired turbine power output, thereby forming the control
input signal G. This section reviews the fundamental principles of turbine control and
the controller types most relevant to the scope of this thesis. Overview of the turbine

and the governor block diagram are shown in Figure 10.
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Figure 10. Turbine and Controller block diagram overview: Modified from source (Kundur,
1994).

A commonly used feedback-based controller is the PID controller (Astrom & Murray,
2021). The control signal u(t) is formed as the sum of the proportional P, integral /, and

derivative D components as follows:

t de (24)
u(t) = Kye(t) + Kije(t)dt+ KdE.
0

A PID controller is used to achieve a fast dynamic response through transient gain re-
duction and transient gain increase. In the PID controller, the derivative term is beneficial
in isolated operation and in turbines with high waterway inertia, that is, when the water
starting time Ty 2 3 seconds. However, a disadvantage of the derivative term is that it

may cause oscillations and instability when the turbine is connected to a strong
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interconnected power system. For this reason, the derivative part is typically set to zero.

Without the derivative part, the control strategy reduces to a Pl controller as follows:

; (25)
u(t) = Kye(t) + Kife(t)dt,
0

where the proportional and integral gains can be selected to obtain the desired droop
characteristic and recovery time (Kundur, 1994). Since the use of a derivative term is not

mandatory for grid-connected hydropower plants, the focus is placed on the Pl controller.

Fingrid’s guideline document (Nordic Analysis Group, 2023) provides instructions for PI
controller tuning with respect to stability margins and performance requirements. The
Pl controller with droop shown in Figure 11 can be defined using the 63% step response
criterion, where the feedback time constant is taken as the moment when the step re-

sponse has reached 63 % of its final value when gain K} is ignored.
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Independent Pl-controller with droop:
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Figure 11. Pl controller with droop (Nordic Analysis Group, 2023).

Treedback Can be derived from equation

1 (26)
Tfeedback = KE.

where Kiis integral gain and E, is droop. The Pl controller parameters can be scaled line-
arly with the droop so that the dynamic response scales with the static gain 1/e,. For the

Pl controller shown in Figure 11, this is achieved using the following equations

K = Kyep, (27)

and
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(28)
€p

where the parameters T and K are independent of the droop, and the droop parameter
ep represents the regulating strength E, in per-unit value.
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4 Simulation Model Development

The first task was to build a solid understanding of the technical documentation provided
by ABB, especially the confidential internal materials related to hydropower plant control
systems and simulation principles. Also, this included developing a solid understanding
of the operation of a hydropower plant from the perspective of mathematical modeling.
The documentation included block diagrams, test data, simulation results obtained from
a test project, and parameter lists. It also described the key components relevant to this

work, such as the Turbine Governor 800 (TG800).

The next step involved examining the technical requirements related to FCR provision by
studying the standards established by the Nordic TSOs. ABB had also provided documen-
tation describing the operation of the control system in a high-level block-diagram form,

which supported the modeling work.

The second task consisted of building the simulation model in DIgSILENT PowerFactory
software. The modeling process relied on ABB’s internal documentation and on the tech-
nical requirements prepared by the Nordic TSOs. The purpose of this was to develop a
simulation model which can represent the behavior of the hydropower plant and to ex-
amine how the Battery Energy Storage System (BESS) integrated into the simulation

model affect the plant’s power response during FCR provision.

The third task involved obtaining measurement data from a Finnish hydropower plant,
which enabled the testing and validation of the simulation model by injecting field meas-
urement data into the simulation model. In these tests, the results produced by the sim-
ulation model were compared with the actual behavior of the plant during frequency
deviations in the grid. The tests focused primarily on power output, the response time
of the modeled hydropower plant, and the quality of the produced power during a grid

disturbance. Also, the influence of the energy storage system on the power output of
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the hydropower plant and on the reduction of mechanical control movements was ex-

amined.

4.1 Different Models and their Validation Process

The simulation model developed in this thesis consisted of the turbine governor model,
turbine model and an energy storage system model. Based on ABB’s transfer function
documentation (ABB, 2016), the focus of the modeling work was placed on the turbine
governor module, which consists of the Speed Governor, Power Control, GV Reference
and the GV and RB position loop and servomotor submodules. Also, the turbine model

was developed using existing literature and prior studies on Kaplan turbine modeling.

To facilitate the modeling process, the simulation model was constructed module by
module. Also, the excitation system and the energy storage system were implemented
using DIgSILENT’s pre-built template models in order to simplify the overall simulation

structure and the validation process.

The validation process was initiated with the turbine model, after which the GV and RB
Position Loop and Servomotor submodules were validated. Due to limitations in the
available measurement data, the GV Reference and Speed Governor modules, as well as
the Power Control module, had to be validated simultaneously. The energy storage sys-
tem integrated into the simulation model could not be validated in this study, because

no existing measurement data were available.

The measurement data included the GV and RB positions, the input frequency, the gen-
erator active power and hydraulic head of each measurement dataset. The sampling in-
terval of the measurement data was 50 ms, and all modules were validated using the
same measurement datasets for FCR-N, FCR-D up, and FCR-D down. Tests were con-

ducted at different operating power levels.
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4.1.1 Turbine

Based on the research articles examined in this study, a Kaplan turbine can be modeled
in several different ways, many of which rely heavily on the availability of plant-specific
input data. For example, the Kaplan turbine models presented in documents (Henrique
Augusto Menarin et al., n.d.; Ruokolainen, 2016) are strongly based on measurement
data from the turbine being modeled and include a wide range of static model parame-

ters derived from index tests.

In building the turbine model, the nonlinear Kaplan model developed by Dmitri Kosterev
(Kosterev, 2004) was utilized. Kosterev’s model was selected because of its simplicity and
because sufficient input data were not available for the other models. Another reason
was that, when comparing Kundur’s and Kosterev’s nonlinear turbine models, Kosterev’s
model was found to be very similar to Kundur’s model. The only difference between the
two models is that Kundur’s model is based on a single input signal, which is suitable, for
example, for a Francis turbine. In Kosterev’s model, the turbine input consists

of two separate signals, which in turn was suitable for a Kaplan turbine. Kosterev’s model
is presented in Figure 12. Due to confidentiality obligations, the parameter values in Ta-

ble 6 are not discussed in further detail.
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Nonlinear Kaplan turbine model:
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Figure 12. Nonlinear Kaplan turbine model based on Kosterev’s model.

Table 6. Turbine parameters.

Parameter | Description Unit
Tw Water time constant s
ho Steady-state head m
qo No-load turbine flow pu/pu
Bfiow Gain representing blade angle impact on the turbine water flow | pu/pu

The turbine validation was carried out using site measurement data, which had been
performed at different power levels during site measurement tests with a sampling in-
terval of 50 ms. Validation was performed using FCR-N sine-wave tests, FCR-N step-se-
guence tests, and FCR-D Down and Up fast-ramp tests. The GV and RB position values

obtained from the measurement data were directly applied as inputs to the turbine
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model. Later, RMS simulations were performed, in which the power output produced by

the simulation model was compared with the real measured power data.

To account for the dependence of turbine power on the combined positions of the GV
and RB, a nonlinear relationship between the GVpos and the partial turbine power con-
tribution Pgv was modeled using the lookup table array GV shown in Figure 12. The pur-
pose of this lookup table is to represent off-cam operating conditions by describing how
turbine power grows when the GV position increases without a corresponding increase
in RB position. In practice, a Kaplan turbine can temporarily operate in an off-cam con-
dition during dynamic operation, when the GV position changes before the RB position

has adjusted accordingly.

In Figure 12, when RB PosMeas is zero, the turbine power contribution is proportional
to Pgv only, resulting in strong power saturation even with increasing GV position, as
water flow cannot increase optimally with the RB closed. When the RB position increases
together with the GV position, a gain greater than one is applied to Pgv. This allows the
turbine power to continue increasing. Therefore, the array GV represents the nonlinear
behavior between GV and RB when their positions are not on the optimal combination

curve. These off-cam situations are mainly caused by mechanical delays.

According to (Zhao et al., 2015), the turbine control signal G shown in Figure 12, can be

defined with formula

G=f) fOr) (29)

where f(y) is GV position and f(y,) is RB position. The function f(y) can be expressed as

fifth-order polynomial equation

f() =bsy>+ byy*+ b3y*+by* + by + by, (30)



50

where bs, bs, bs, by, b1 and bp are the constant polynomial coefficients. RB position f(y:)

is defined linearly with equation

f(yr) =Yr- Bflow +1, (31)

where Brow demonstrates the coefficient which determines how blade angle influences

the turbine’s water flow.

In order to determine the coefficients associated with the GV and RB positions, it was
also necessary to account for the plant-specific hydraulic head and steady-state head.
This was accomplished by collecting measurement data from the hydropower plant, con-
sidered in this study at as many different operating power levels as possible. From the

dataset, the power output, GV position, RB position, and hydraulic head were recorded.

Based on the collected data, the coefficients bs, bs, bs, b, b1, bp and Bfow of the lookup
table array GV were optimized using Python’s SciPy minimize function by minimizing the
sum of squared errors between the measured turbine power and the calculated turbine
power. The turbine power was computed for each data point using the corresponding
steady-state hydraulic head. The use of the linearization table array GV made it possible
to neglect the no-load turbine flow parameter qo. Figure 13 present fifth order fitting

curve in lookup table array GV.
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Figure 13. Fifth order fitting curve in array GV.

The following plots illustrate simulated responses obtained from the turbine RMS simu-
lations. Other simulation cases are not presented in this thesis due to confidentiality

obligations.
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Figure 14. FCR-N step sequence test: generator real power (MW), measured data (red)
and simulated response (blue).
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Figure 15. FCR-D Down fast ramp test: generator real power (MW), measured data (red)
and simulated response (blue).
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Figure 16. FCR-N sine test 10 seconds: generator real power (MW), measured data (red)
and simulated response (blue).
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Figure 17. FCR-N sine test 50 seconds: generator real power (MW), measured data (red)
and simulated response (blue).
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Figure 18. FCR-N sine test 300 seconds: generator real power (MW), measured data (red)
and simulated response (blue).

4.1.2 Turbine Governor TG800

The turbine governor TG800 was modeled in accordance with ABB Document (ABB,
2016b). The validation of the governor was carried out in stages where the measured GV
and RB positions were compared with the simulated positions by applying the measured
test frequency to the GV Reference and Speed Governor module. The validation process
was significantly complicated by the interdependencies between the Power Control, GV
Reference and Speed Governor, and GV Position Loop and Servomotor submodules. En-

ergy storage and Frequency Control modeling will be carried out in next section.

In the TG800 governor, the RB position is calculated directly from the GV position. There-
fore, from a validation perspective, it was most appropriate to begin with the validation
from the GV position. The validation process was initiated by parameterizing the model
with the data of the hydropower plant under study, including the FCR control parameters
and control logic, mechanical time constants, nominal power, scaling factors of the
lookup tables, and any applicable control functions. Figure 19 presents the model over-
view of the TG800 governor, illustrating the internal signal interconnections between the

modules.
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Figure 19. TG800 model overview.

The calculation of the GV position was performed within the GV Reference and Speed
Governor, Power Control and the GV Positioning Loop and Servomotor modules. During
the validation of the GV position, the RB position was taken directly from the measure-
ment data, ensuring that the simulated turbine power remained sufficiently close to the
measured power for validation purposes. Frequency test signal was fed as described in
document (ABB, 2016b), the GV Reference and Speed Governor module receives the
frequency reference value, the generator frequency, and the GV position setpoint calcu-
lated in the Power Control module. Based on these inputs, the GV position signal is com-
puted and passed to the GV Positioning Loop and Servomotor module. The FCR control
blocks presented in document (ABB, 2016b) were implemented within the GV Reference
and Speed Governor module to enable the simulation of different FCR products. The FCR
Speed Droop blocks were modeled in accordance with ENTSO-E document (Gierling,
2025), and implemented for FCR-N, FCR-D up, FCR-D down, FSM, LFSM-O, and LFSM-U

control modes.
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In the Power Control module, the generator active power, power reference, and the FCR
control signal received from the GV Reference and Speed Governor are used to produce
the GV position setpoint that is sent back to the GV Reference and Speed Governor mod-
ule. In contrast to document (ABB, 2016b), the modeling was implemented only using a
feedforward table, consistent with the implementation applied in the hydropower plant
used for validation. The GV position setpoint calculated in the Power Control module
also considers the ratio between the steady-state head and the nominal head, which

must correspond to the values used in the turbine model.

The GV Position Loop and Servomotor submodule represents the mechanical inertia,
backlash, and hydraulic characteristics of the GV mechanism. The parameters describing
these effects were determined by comparing the simulated GV position going to the tur-
bine with the measured GV position. The following Figures present a subset of the GV
position responses. The remaining responses have been left out from this thesis due to
confidentiality obligations. The simulated GV position is shown in blue and the measured

position in red.
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Figure 20. FCR-N step sequence test: guide vane position (%), measured data (red) and
simulated response (blue).
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Figure 21. FCR-D Down fast ramp test: guide vane position (%), measured data (red) and

simulated response (blue).
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Figure 22. FCR-N sine test 10 seconds: guide vane position (%), measured data (red) and
simulated response (blue).
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Figure 23. FCR-N sine test 50 seconds: guide vane position (%), measured data (red) and

simulated response (blue).
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Figure 24. FCR-N sine test 300 seconds: guide vane position (%), measured data (red)
and simulated response (blue).

As previously mentioned, the RB position is calculated from the GV position supplied to
the turbine model. In contrast to document (ABB, 2016b), the computational determi-
nation of the upstream and downstream water levels used for defining the RB position
setpoint value has been replaced with a steady-state head parameter value in RB Refer-
ence module. This modification was implemented due to the developed turbine model
and for the sake of simplicity. The combination curve used to determine the RB position
setpoint, together with the GV and RB linearization tables, includes the same steady-
state head parameter as the turbine model, ensuring that the calculation is performed
correctly for each operating condition. Modifications were also made to the RB reference
module by removing the RB Governor Pl controller presented in ABB’s documentation
(ABB, 2016b). As a result of this change, the RB position setpoint signal is generated in

the simulation model using a feedforward gain and a feedforward lookup table.

The mechanical inertia and hydraulic characteristics of the RB position were modeled by
feeding the obtained RB position setpoint to the RB Position Loop and Servomotor sub-

module, which was implemented within the same module as the Kaplan turbine model.

The RB position validation was conducted by using the measured GV position as an input,
so that the initial data for the RB position validation were as accurate as possible. The

following Figures illustrate simulated RB responses obtained from the RMS simulations.
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Other simulation cases are not presented in this thesis due to confidentiality obligations.
The simulated RB position signal supplied to the turbine is shown in blue and the meas-

ured RB position in red.
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Figure 25. FCR-N step sequence test: runner blade position (%), measured data (red) and
simulated response (blue).
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Figure 26. FCR-D Down fast ramp test: runner blade position (%), measured data (red)
and simulated response (blue).
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Figure 27. FCR-N sine test 10 seconds: runner blade position (%), measured data (red)

and simulated response (blue).
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Figure 28. FCR-N sine test 50 seconds: runner blade position (%), measured data (red)

and simulated response (blue).
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Figure 29. FCR-N sine test 300 seconds: runner blade position (%), measured data (red)

and simulated response (blue).
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4.1.3 Complete Model Validation Process

After the GV position and RB position had been validated, the turbine governor and tur-
bine model were validated as a complete system. During the validation, the external sig-
nals for the GV and RB positions were disconnected, and the measured frequency signal
was applied to the GV Reference and Speed Governor module. For the validation, the
turbine governor was configured with the same parameter settings that had been used
in the corresponding measurement data test, and these settings were obtained from the
TG800 governor information and documentation used in the site measurement tests.
The parameters placed to the turbine model during the turbine validation remained un-
changed for all tests. The following Figures illustrate simulated responses obtained from
the complete model RMS simulations. Other simulation cases are not presented in this
thesis due to confidentiality obligations. The simulated signals are shown in blue, the

measured signals are shown in red, and the input frequency signal is shown in orange.
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Figure 30. FCR-N step sequence test: measured data (red) and simulated response (blue).
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Figure 31. FCR-D Down fast ramp test: measured data (red) and simulated response
(blue).
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Figure 32. FCR-N sine test 10 seconds: measured data (red) and simulated response
(blue).
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Figure 33. FCR-N sine test 50 seconds: measured data (red) and simulated response
(blue).
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Figure 34. FCR-N sine test 300 seconds: measured data (red) and simulated response
(blue).

4.2 Integration of Energy Storage and Frequency Control

In terms of the energy storage system and its frequency control, it was decided to use
DIgSILENT’s pre-built template, “DIgSILENT BESS FrequencyCtrl 10 kV 30 MVA,”. The rea-
son for this was that the primary objective of this study was to investigate the power
output of the energy storage system and its influence on hydropower plant performance
in frequency support, and how it could be used to reduce fine adjustments of the GV
and RB positions during continuous frequency control. This decision was further sup-
ported by Gonzalez-Longatt (Gonzalez-Longatt & Rueda Torres, 2021), which also pro-
vided insight into the modeling of converter-dominated power systems, including the
operation and behavior of energy storage systems in dynamic simulations. The template
is a generic model that includes a battery and a grid-side converter, and it is implemented

in DISILENT Simulation Language (DSL). The Battery Energy Storage System (BESS) has
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an apparent power rating of 30 MVA and a connection voltage of 10 kV. The model is

suitable for dynamic RMS simulations (DIgSILENT GmbH, 2025).

The battery model was integrated with the TG800 turbine governor in accordance with
document (ABB, 2016a) by taking the control signal for the hybrid controller directly
from the turbine governor’s Power Control module, also the Frequency Control of the
pre-built BESS model was replaced by the frequency control implemented within the
turbine governor. Figure 35 presents an overview of the modified BESS model integrated
with the turbine governor, where the dpref signal represents the signal received from

the hybrid controller.
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Figure 35. Modified BESS control frame.

The battery model’s State of Charge (SOC) control was modified to make it compatible
with the turbine governor connections. The SOC signal was taken as a separate output

from the Battery Model, as shown in the lower right corner of Figure 35. SOC was
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excluded from the analysis, as well as a techno-economic analysis regarding the sizing of
the BESS system. The battery size and power rating of the battery model were adjusted
to make them more suitable for FCR control in a hydropower plant by modifying the

Simple Battery module parameters of the battery model.

In the following sections, the influence of the energy storage system on the hydropower
plant’s power output, GV and RB movements, and overall performance was tested by
simulating FCR tests and by using historical frequency data obtained from Fingrid’s web-
site (Frequency - Historical Data, n.d.). Historical data were used to analyze GV and RB
movements, whereas the FCR tests were used to investigate power output and perfor-

mance with FCP-IT simulation tool provided by Fingrid.

4.2.1 FCR Requirement Tests

The influence of the energy storage power output on the hydropower plant’s power re-
sponse was investigated by running simulations using the FCR-N sine and step-sequence
tests with hybrid governor system. The tests examined how the extra power produced
by the energy storage system affects the plant’s stability and overall power output com-
pared to site measurements. The results obtained from the simulation model were fed
into Fingrid’s simulation FCP-IT tool, which was used to assess compliance with the FCR

requirements in FCR-N provision.

Figure 36 presents the BESS output during a 0.1 Hz frequency change. In the tests, the
active power produced by the BESS system was set to 0.26 MW/0.1 Hz, which means
that 0.26 MW of power is delivered when the frequency changes by 0.1 Hz. At the same
time, the hydropower plant’s total FCR-N capacity was 0.6 MW/0.1 Hz.

Figure 36 shows that the BESS output decreases before the applied step response begins

to return to the steady-state value. The purpose of the BESS is to support power
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production during the periods when the turbine itself, due to its inherent inertia, is un-

able to reach the power reference quickly enough.
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Figure 36. BESS power output.

The simulated model equipped with the hybrid controller and the site measurement
data obtained from the hydropower plant were fed into the FCP-IT tool to evaluate the
stability requirements. Stability was assessed using the Nyquist stability criterion. Figure
37 presents the Nyquist curves, where the hybrid model is shown on left and the meas-

urement data without the hybrid model is shown on the right.
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Figure 37. Stability Nyquist criterion curves for hybrid (left) and non-hybrid (right) mod-
els.

As mentioned in Section 2.4.4, for the system to be stable, the Nyquist curve must pass
to the right of the point (-1, 0j) and it cannot cross over the circle in that area. Further
information on system stability is provided in sources (Astrém & Murray, 2021; Valtonen

& Lehtovuori, 2017).

Stability was also assessed using the FCP-IT tool’s FCR circles where, according to ABB’s
previous studies, the 10 second and 15 second tests had proven challenging with respect
to the requirements. Figure 38 presents the 10 second and 15 second FCR circles, with
the data for the system equipped with the hybrid controller shown on the left and the

measurement data without the hybrid controller shown on the right.
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Figure 38. FCR circles for hybrid (left) and non-hybrid (right) models.

In the FCR circles shown in Figure 38, the performance and stability circles present pre-
defined limit values. The stability requirement is fulfilled if the vector in the Figure 38

points to the left and does not enter into the stability circle (Kuivaniemi et al., n.d.).

The FCR-N performance criteria were evaluated in the FCP-IT tool using simulated Bode
plots. The data from the simulation model equipped with the hybrid controller and the
measurement data were fed into the FCP-IT tool in the same manner as in the stability
evaluation. Figure 39 presents the Bode plots for the system equipped with the hybrid
controller and for the measurement data without the hybrid control system. The hybrid

controller plot is shown on the left, and the measurement data plot is shown on the right.
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Figure 39. Performance criterion curves with all angular frequencies for hybrid (left) and
non-hybrid (right) models.

The performance criterion is fulfilled if the measured performance curve stays below the
performance requirement curve. Further information on the performance criterion is
provided in source (Kuivaniemi et al., n.d.). Figure 39 presents the simulated perfor-
mance criterion from all tests. In the model equipped with hybrid control on the left, the
performance criterion remains significantly lower than in the model on the right, where
no hybrid controller was used. However, the results may still vary, particularly in tests
with higher angular frequencies and faster frequency periods, in which case the perfor-

mance criterion of the hydropower unit may produce poorer results.

4.2.2 GV and RB Movements

The purpose of the integrated energy storage system is to improve the performance of
hydropower plants with slow dynamics, while also reducing the wear and tear on the GV
and RB caused by regulation. This section presents how the integrated BESS reduces GV

and RB movements in a plant providing the FCR-N reserve.

The movements were investigated by simulating historical frequency data obtained from
Fingrid’s website and applying it to the simulation model’s Alternating Current (AC) volt-

age source shown in single line diagram in Figure 40. In this case AC voltage source
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represents external grid. The simulation results were compared by computing the sum
of absolute differences between consecutive samples, corresponding to the discrete to-
tal variation of the signal (Tibshirani, 2022), which was implemented with Python. This
enabled the reduction in movements to be calculated. The movements were also simu-
lated in PowerFactory, which allowed plots of the frequency and the GV and RB move-

ments to be generated.
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Figure 40. Single line diagram.

To reduce GV and RB movements, the power produced by the BESS had to be considered
in the turbine control, such that the turbine and the BESS operated within predefined
limit values. With a BESS active-power setting of 0.26 MW/0.1 Hz, the turbine control
was disabled for frequency deviations of +0.75 Hz around the 50 Hz nominal value,
meaning that frequency deviations within these limits are handled directly by the BESS,
which performs the power regulation. Figure 41 presents an FCR-N regulation simulation

based on historical frequency data. The frequency data were from December 2025, had
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a duration of two hours, and remained within the FCR-N frequency range throughout

the entire observation period.
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Figure 41. Historical frequency data simulation: frequency (orange), model with BESS
(blue) and model without BESS (red).

Figure 41 shows how the GV and RB movements behaved with and without the BESS
model during the simulation. In the simulation, at approximately 4300 s and 6400 s, the
frequency dropped below the allowed limit value, which caused the GV and RB to par-

ticipate in the regulation.

The GV and RB movements were also compared using Python by applying signal varia-
tion calculation. The calculation was performed by exporting simulated historic fre-
guency data results, which stored the GV and RB movements for both the model utilizing
the BESS and the model without the BESS over the two-hour simulation period. The cal-

culation was computed by summing the absolute differences between consecutive data
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points over the entire observation period with a data sampling interval of 50 ms. The
equation used in Python to calculate the GV and RB movements of the plant equipped

with the hybrid controller was

= (32)
Dhybria = ZIDi —D;_4l,

i=2
and

& (33)
Dn—hybrid = ZlNi — Ni_4],
i=2

where Dnyprigis the total movement with hybrid control and Dp.pybria is the total movement
without hybrid control. With these equations reduced movement for GV and RB were
calculated with equation

Dy _nybria — Dnybria ) (34)

M = 100,

Dn—hybrid

where M is the reduced movement in %. This was performed for both the BESS model
and the model without the BESS, after which the results were compared. Based on the
Python calculation, in the two-hour FCR-N simulation, the model utilizing the BESS re-

duced GV movements by 88.28% and RB movements by 89.77%.
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5 Simulation Results

5.1 Turbine Validation

During the turbine validation, the measured GV and RB position signals were applied to
the turbine model, which enabled the turbine model to be validated by comparing the
simulation response with the measurement data. This ensured that the turbine model

was validated using correct position inputs rather than simulated governor outputs.

When validating the turbine model, the most important parameters were the hydraulic
head hp obtained from the measurement data during the test period, the water time
constant Ty provided by the turbine supplier, and the parameter Bsow Which represented
the gain describing the impact of blade angle on the turbine water flow. The parameter
Bsiow Was optimized together with the fifth-order fitting function, as it was part of the

same calculation formula used in the optimization.

During the validation, it was observed that parameters ho and Byow Were directly related
to the magnitude of the turbine’s active power output, whereas the water time constant

Tw primarily affected the phase shift of the active power produced by the turbine model.

As shown in Figure 42, the simulated power matched the measurement data reasonably
well in terms of both dynamics and magnitude. Simulations also showed a fast transient
at the beginning of the simulation, which settled relatively quickly. This was mainly

caused by imperfect initialization of the simulation model.
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Figure 42. FCR-N sine test 40 seconds: generator real power (MW), measured data (red)
and simulated response (blue).

The turbine dynamics were strongly influenced by the array GV used in the turbine
model, which represented the nonlinearity between the GV and the turbine power out-
put. From the fifth order fitted curve shown in Figure 13, it can be seen how the GV and
RB position nonlinearity affected the signal applied to the turbine model. Overall, it was
concluded that the nonlinear Kaplan model used in this study was well suited for dy-
namic simulations and produced sufficiently accurate results with respect to the tur-
bine’s active power output and dynamic response. The validated turbine model also pro-

vided a solid basis for proceeding to the validation of the turbine governor.

5.2 Turbine Governor Validation

The validation of the TG800 turbine governor was challenging due to incomplete site
measurement data. In addition to the GV and RB position signals, the validation process
would have been more straightforward if the GV and RB position setpoints had also been
available. Overall, the simulated turbine governor response showed good match with
the site measurement data. However, one mismatch was discovered in the turbine gov-
ernor implemented in the simulation model. As shown in Figure 43, the GV and RB posi-
tions increased to considerably higher values during the 100—400 second periods, after

all the generator active power still matched the measurement data well.
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Figure 43. FCR-D Up fast ramp test: simulation results (blue) and measurement data (red).

This was likely caused by a discontinuity in the measurement data used to optimize the
fifth-order fitted curve in Figure 13. A sudden change in hydraulic head during the re-
cording of the measurement data could have explained the error observed in the simu-
lation model GV and RB positions. Similar behavior was not observed consistently in the
other validation cases, which suggested that the issue was related to a specific operating
condition. Despite this mismatch, the model simulated the GV and RB position with suf-

ficient accuracy for the purposes of this thesis.

5.3 Integrated BESS System

The DIgSILENT BESS template model used in this study was integrated into the TG800
turbine governor in accordance with the ABB document (ABB, 2016a). The impact of the

BESS model on the hydropower plant’s performance was investigated by simulating FCR-
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N tests, in which the frequency signal obtained from the site measurement data was
applied to the simulation model. The results obtained from the simulation model were
fed into Fingrid’s FCP-IT tool, which enabled the assessment of performance and stability.
Battery parameters were configured for the BESS model to examine the battery’s active-
power output and its effect on GV and RB movements during FCR-N provision. This was
analyzed by running an approximately two-hour test using Fingrid’s historical frequency

data.

From the Nyquist curves simulated in the FCP-IT tool, it was observed that the integrated
BESS model improved the plant’s stability. In particular, stability improvements were ob-
tained in the FCR-N 10 second and 15 second sine tests, which were presented in Section
4.2.1. The performance requirement tests simulated in the FCP-IT tool also demon-

strated how the integrated BESS system improved the plant’s performance.

In the historical frequency data simulations, the aim was to determine how much the GV
and RB position changes could be reduced by using the integrated BESS model while the
hydropower plant provided the FCR-N reserve. The approximately two-hour simulation
remained within the FCR-N range throughout the entire period, during which the control
signal from the Speed Droop exceeded the threshold twice during upward regulation.
Based on the simulation results, the extent of the reduction in GV and RB movements
achieved through the use of the BESS was calculated. The calculation was implemented
using the signal variation equation developed in Python, and the results indicated that
the integrated BESS system reduced GV movements by 88.28% and RB movements by
89.77%.
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6 Discussion and Conclusion

Question 1:
How accurately does the developed PowerFactory simulation model represent the dy-

namic behavior of a hydropower plant when validated against site measurement data?

The validation presented in Sections 5.1 and 5.2 showed that the developed PowerFac-
tory simulation model was able to represent the dynamic behavior of the actual hydro-
power plant with sufficient accuracy based on the site measurement data. The Kaplan
turbine model and the TG800 turbine governor model corresponded to the main dy-
namic characteristics observed in the measured data, especially in terms of the genera-
tor active power output. While some deviations occurred between the simulated and
measured responses, the overall behavior of the complete model corresponded well
with the measured plant dynamics. Therefore, the developed simulation model can be
considered sufficiently accurate for dynamic RMS simulations of hydropower plant op-

eration under FCR-related grid frequency support conditions.

Question 2:
How does a BESS integrated into the simulation model’s turbine governor affect the

power response and stability of a hydropower plant with a slow dynamic response?

For the GV and RB positions, deviations occurred at certain individual data points due to
imprecise measurement data. Despite these deviations, the model simulated the gener-
ator active power output with sufficient accuracy. The results presented in Section 5.3
showed that the BESS integrated into the simulation model’s turbine governor improved
the power response and stability of a hydropower plant when the simulations were com-
pared with the site measurement data. The BESS supported the generator active power
output by compensating for the slower mechanical response of the turbine, which al-
lowed the plant to respond more quickly to frequency deviations. Also, the BESS im-

proved the stability and performance of the hydro power plant especially in faster
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frequency periods. Therefore, the results indicated that integrating a BESS into the tur-
bine governor could support hydropower plants with slow dynamic responses in meeting

the current FCR requirements.

Question 3:
How much can guide vane and runner blade movements be reduced by integrating a

BESS into the turbine governor during FCR-N provision?

The results showed that integrating a BESS into the turbine governor significantly re-
duced GV and RB movements during FCR-N provision. In the two-hour FCR-N simulation
based on historical frequency data, the total movement was calculated by summing the
absolute differences between consecutive positions. Compared with the model without
BESS, the BESS reduced GV movements by 88.28% and RB movements by 89.77%. This
indicated that hybrid control could significantly reduce mechanical control movements
during continuous FCR-N regulation and thereby reduce wear and tear in the GV and RB

mechanisms.

The aim of the study was to model ABB’s TG800 turbine governor with hybrid control
together with a Kaplan turbine model. The model was implemented using DIgSILENT
PowerFactory software, and the TG800 governor and the Kaplan turbine model were
validated in the study. The pre-built DIgSILENT BESS template model used to simulate

the hybrid operation was excluded from the validation.

The simulation model was developed to meet the current FCR requirements, and its pur-
pose was to enable simulations of the operation of a hydropower plant during FCR pro-
vision. The study examined the operation of the Finnish power system, its frequency
control, and the current FCR requirements. To develop the simulation model, the work
also discussed the technical aspects of the Kaplan turbine, ABB’s TG800 turbine governor,
the calculation of FCR capacities, and the characteristics of hybrid control, including the

operation and control of the energy storage system.
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In future studies, the battery energy storage system in the simulation model could po-
tentially be replaced with a supercapacitor or a flywheel, and SOC management of the
energy storage system should be further developed. These developments would allow
the suitability of different energy storage technologies for fast frequency support to be
compared more thoroughly, while also improving the long-term applicability of the hy-

brid control strategy.

A second topic for future studies could involve analyzing the economic profitability of an
integrated energy storage system in the FCR markets. This could include, for example,
the sizing of the energy storage capacity, its type, the investment costs, and the payback
period of the investment. In addition, potential savings in maintenance costs resulting

from the reduction in GV and RB movements could also be examined.

A third topic for future studies could focus on validating the hybrid control using meas-
urement data from a hydropower plant equipped with an actual energy storage system.
This would provide a more accurate assessment of how well the simulated hybrid control

corresponds to real plant operation.
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