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Evaluation of Ancillary Services from Wind Turbines:
A study on frequency control and FCR-D Down response

Kristo�er Olsson, Nowroz Bin Nasim
Department of Electrical Engineering
Chalmers University of Technology

Abstract

There is currently limited guidance on evaluating the performance of wind turbines
in delivering ancillary services based on measured operational data. This thesis
presents an evaluation method that uses grid frequency variations to estimate droop
and ramp rate without relying on the prede�ned step signals used in Svenska kraft-
nät's prequali�cation process. The method is applied to a simulation of the Chalmers
wind turbine and to measured data from a commercial wind farm, with a focus on
FCR-D Down. Two days with di�erent operating conditions were analyzed using
the same evaluation procedure. The study examines power response, droop, ramp
rate, and how well the response matched the accepted regulation bids. The results
show that the commercial wind farm responded faster and with a stronger droop
than the simulated turbine, which served as a reference model for Svk's minimum
performance requirements. The proposed method can support further evaluation
of frequency control from wind farms and assist wind farm operators in selecting
turbines suitable for frequency regulation.

Keywords: wind turbine, frequency control, FCR-D Down, ancillary services, droop,
ramp rate, spilled power.
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Nomenclature

Below is the nomenclature of parameters that have been used throughout this thesis.

Parameters

� Air density [kg/m 3]

A Swept rotor area [m2]

Cp Power coe�cient [�]

vwind Wind speed [m/s]

Rrotor Rotor radius [m]

! mech Mechanical rotational speed [rad/s]

J Moment of inertia [kg�m2]

b Damping (or friction) factor [N�m�s]

� E�ciency [�]

� Tip-speed ratio [�]

vtip Blade tip speed [m/s]

� Blade pitch angle [°]

Pmech Extracted mechanical power [W]

� mech Mechanical torque [N�m]

� elec Electrical torque [N�m]

! elec Rotational speed of the generator [rad/s]

Pelec Electrical power output [W]

N Gearbox ratio [�]

Rdroop Droop constant [kW/Hz or %]

f nominal Nominal frequency [Hz]

Pnominal Nominal power output [W]

f Actual grid frequency [Hz]

� f Frequency deviation [Hz]

P Active power output [W]

T Air temperature [°C]

Psat Saturation vapor pressure [Pa]

Pv Vapor pressure [Pa]

Pd Dry air pressure [Pa]

Rd Speci�c gas constant for dry air [J/kg�K]

Rv Speci�c gas constant for water vapor [J/kg�K]

RH Relative humidity [%]
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Pspill Spilled power [W]

Pmax,sim Maximum simulated spilled power [W]

Pbid Accepted regulation bid [W]

Pbaseline Baseline spilled power [W]

Pspill,norm Normalized spilled power [�]

PSvk,norm Normalized expected power response based on Svk requirements [�]
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1 Introduction

The Swedish power grid operates at a standard frequency of 50 Hz, which must be
maintained to ensure reliability and prevent blackouts. Since frequency depends on
the balance between electricity supply and demand, any imbalance increases the risk
of instability in the system [1]. Svenska kraftnät (Svk), the Swedish transmission
system operator, is responsible for keeping this balance and acquires ancillary ser-
vices to stabilize frequency during normal operations and disturbances. Historically,
Sweden has relied on hydropower and large synchronous machines for frequency reg-
ulation [2], with hydropower being especially e�ective because it can rapidly adjust
its output. However, the growing share of wind power, which is weather-dependent
and variable, creates new opportunities and challenges for maintaining frequency
stability.

By the end of 2024, wind turbines in Sweden were generating 40 TWh annually [3].
In the same year, wind power accounted for 35% of Sweden's electricity in December,
surpassing hydro and nuclear for the �rst time [4]. This milestone highlights wind
power's increasing role in the Swedish electricity system and its ability to replace
traditional energy sources. Projections for 2027 indicate a rise to 19.3 GW of capac-
ity and 55.1 TWh of annual generation [5]. As wind power makes up a larger share
of electricity production, its variability means wind turbines need to play a more
active role in frequency regulation. Allowing wind turbines to support frequency
control is important for maintaining a stable and reliable power system as Sweden
continues its transition to renewable energy.

This thesis builds on earlier work at Chalmers University of Technology, where con-
trol strategies such as synthetic inertia and de-loading were implemented and tested
both in simulation and on Chalmers wind turbine [6,7]. These studies demonstrated
that the turbine is capable of providing frequency support and also con�rmed that
the simulation model accurately re�ects turbine behavior under rated operating con-
ditions. Building on that work, this project focuses on evaluating frequency control
performance using simulations of Chalmers wind turbine and measured data from a
commercial wind farm to better understand their contribution to ancillary services
in practice.

1.1 Aim

The aim of this thesis is to evaluate the performance of wind turbines in providing
frequency control by comparing simulated and measured responses using measured
operational data. The study focuses on Frequency Containment Reserve for Distur-
bances Down (FCR-D Down), using a simulation of Chalmers wind turbine with a
de�ned controller and measured data from a commercial wind farm with unknown
control strategies.

1.2 Problem statement

Even though wind turbines can technically support frequency control, it is not clear
how well they perform under real operating conditions. Di�erences in control strate-
gies and turbine designs make it di�cult to compare their ability to deliver frequency
control services. A structured evaluation method is needed to better understand
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their performance and to support wind farm owners in selecting turbines that are
suitable for frequency control.

1.3 Scope and limitations

This thesis focuses on evaluating frequency control from wind turbines using both
simulation and measurement data. Chalmers wind turbine is evaluated through
simulation for all three services within Frequency Containment Reserve: Normal
(FCR-N), Disturbance Up (FCR-D Up), and Disturbance Down (FCR-D Down),
including a combined control mode. The commercial wind farm, on the other hand,
is only prequali�ed to provide FCR-D Down, which limits the comparison to that
service.

The evaluation of Chalmers wind turbine is based on simulations at rated power
only. This is due to an issue that a�ects the model's performance at medium wind
speeds. Although the exact cause is unclear, it introduces uncertainty in the simu-
lation results. To ensure reliable evaluation, only the rated operating range is used.
Previous studies have shown that the model closely matches measured responses
under these conditions, which supports its use for this analysis.

The commercial data is limited to one wind farm, representing a single turbine
manufacturer. This allows for a comparison between Chalmers wind turbine and one
commercial turbine type, but it does not provide a basis for comparing performance
across di�erent commercial manufacturers.

Economic aspects such as market participation, bidding strategies, and penalties
for non-delivery are mentioned but not analyzed in detail. The focus of the thesis
remains on the technical performance and frequency response characteristics.

1.4 Social and ethical aspects

Wind energy brings many bene�ts but also raises social and ethical questions. These
include its e�ects on society, the environment, and how to balance its advantages
with potential challenges. Addressing these issues is important for a fair and sus-
tainable energy future.

1.4.1 Impact on Society

The expansion of wind energy has led to societal debate, with concerns raised about
issues such as noise pollution, visual impact, land use, and potential e�ects on
tourism [8]. Despite these challenges, replacing fossil-fuel generators with wind tur-
bines delivers signi�cant environmental advantages, including zero carbon emissions
and promoting a sustainable energy transition. Integrating wind turbines into an-
cillary services further reduces dependence on non-renewable energy sources, which
enhances the reliability of renewable energy systems, advances energy justice, and
ensures fair energy access. This bene�ts society as a whole, including remote and
disadvantaged areas [9].

1.4.2 Ecological impact

Wind turbines can a�ect birds, bats, and �sh due to their placement. Birds, espe-
cially fowls and birds of prey, are at risk of collisions with rotor blades or towers
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when turbines are near areas they use, like nesting or feeding spots [10]. To reduce
these risks, creating bu�ers around nests can help protect bird populations. Bats
are also a�ected because they are attracted to insects, which in turn are drawn to
the heat generated by the turbines [10]. Collisions are more likely during certain
seasons, and turning o� turbines during high-risk periods can reduce the impact.

Fish are mainly a�ected during turbine construction, which can disrupt their habi-
tats. These e�ects can be reduced by carefully planning construction times and by
utilizing turbine foundations to create arti�cial reefs or protected areas that support
marine life [11].

1.5 Thesis outline

Section 1 � Introduction: Outlines the purpose of the thesis, the motivation
behind it, and the problem being addressed.

Section 2 � Theory: Explains the theoretical foundation of frequency control and
wind turbine operation, along with an overview of the simulation model used in the
study.

Section 3 � Data collection and processing: Describes the measurement data
used for evaluation and the processing steps applied to both simulation and mea-
surement data.

Section 4 � Methodology: Presents the structure of the evaluation method, how
frequency events were selected, and how droop and ramp rate were estimated.

Section 5 � Results: Shows the evaluation outcomes for the Chalmers wind tur-
bine model and the commercial wind farm, including plots of spilled power, droop,
and ramp rate.

Section 6 � Discussion: Interprets the results in relation to control strategies,
operating conditions, and limitations of the evaluation method. Suggestions for fu-
ture work are also included.

Section 7 � Conclusion: Summarizes the main �ndings and re�ects on the po-
tential use of the method for evaluating wind turbines providing frequency control.
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2 Theory

To support the evaluation of wind turbine performance in frequency control, this
section presents the theoretical background for frequency regulation and the role
of wind turbines in providing ancillary services. It begins with the structure of
frequency regulation in the Nordic grid, followed by fundamental wind power theory
and control strategies such as de-loading, synthetic inertia, and droop control. The
estimation of available power is also discussed, as it is essential for accurate control
and market participation. The section concludes with an overview of Chalmers wind
turbine and its simulation model, which forms the basis for the evaluation.

2.1 Frequency control in power systems

Maintaining a stable frequency is one of the key challenges in the power system.
In the Nordic region, the system frequency is standardized at 50 Hz. Deviations
from this value can disturb the balance between power generation and consump-
tion, leading to instability and potential equipment damage [1]. If these deviations
become signi�cant, they may cause equipment malfunctions, power outages, or other
disturbances that impact the operation of the power grid [12].

In Sweden, Svenska kraftnät, the transmission system operator, is responsible for
maintaining the frequency at the standardized value with the support of ancillary
services provided by Balancing Service Providers (BSPs) [13,14]. To provide these
services, BSPs submit bids to the market, o�ering capacity for frequency regulation.
These bids specify the amount of power they are willing to o�er and at what price.
Svenska kraftnät then selects bids based on price and volume, securing the required
reserves through contracts. This ensures that a speci�c amount of power is avail-
able for ancillary services when needed. In return, BSPs are compensated for their
contributions.

By continuously balancing active power generation and consumption in real-time,
Svenska kraftnät works to prevent signi�cant frequency deviations. To achieve this,
power systems rely on di�erent levels of frequency control, each designed to regulate
frequency by adjusting generation and consumption in response to changing load
conditions [15]. These control mechanisms help limit frequency deviations that
could lead to cascading failures or blackouts [16].

2.1.1 Fundamentals of frequency stability

Frequency stability in the power system is managed through a hierarchy of control
mechanisms. Figure 2.1 shows the structure of the frequency control hierarchy used
in the power system.
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Figure 2.1: Hierarchy of frequency controllers in the power system.

As shown in Figure 2.1, the frequency controllers are divided into three levels: pri-
mary, secondary, and tertiary. Each controller has a speci�c function in regulating
frequency [17]:

ˆ Primary controller: The primary controller reacts quickly to counteract
initial frequency deviations. It adjusts the active power output of genera-
tors within seconds to limit the deviation and keep the frequency within an
acceptable range.

ˆ Secondary controller: The secondary controller restores the frequency to
its nominal value by correcting any remaining imbalance in the system. It
operates over a longer timeframe than the primary controller and ensures that
power generation matches consumption more accurately.

ˆ Tertiary controller: The tertiary controller manages larger disturbances by
reallocating power generation and adjusting reserves. It provides additional
�exibility to maintain balance under changing system conditions.

2.1.2 Ancillary services for frequency regulation

Ancillary services used by Svk are employed to manage frequency deviations and
maintain system balance. They provide the reserves required by the primary, sec-
ondary, and tertiary controllers to handle disturbances. Figure 2.2 shows the clas-
si�cation of these services.
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Figure 2.2: Overview of ancillary services in the Nordic power system.

As shown in Figure 2.2, ancillary services are divided into Frequency Containment
Reserves (FCR), Frequency Restoration Reserves (FRR), and other reserves such
as Fast Frequency Reserve (FFR) and power reserve [18]. These services support
frequency regulation under di�erent operating conditions. The activation times and
speci�c roles of these services are de�ned by Svenska kraftnät and ENTSO-E and
are explained in the following speci�cations [18,19]:

Frequency Containment Reserve Normal (FCR-N) operates continuously to
keep the frequency within the normal range of 49.90�50.10 Hz. It is linearly activated
within this range, and it must activate 63% of its capacity within 60 seconds and
95% within 180 seconds. The minimum bid size is 0.1 MW.

Frequency Containment Reserve Disturbance Up (FCR-D Up) is activated
when the frequency drops below 49.90 Hz. It is linearly activated within the range
of 49.50�49.90 Hz, and it must reach 86% activation within 7.5 seconds and full
activation within 30 seconds. The minimum bid size is 0.1 MW.

Frequency Containment Reserve Disturbance Down (FCR-D Down) is
activated when the frequency exceeds 50.10 Hz. It is linearly activated within the
range of 50.10�50.50 Hz, following the same activation pro�le as FCR-D Up, requir-
ing 86% activation within 7.5 seconds and full activation within 30 seconds. The
minimum bid size is 0.1 MW.

Automatic Frequency Restoration Reserve (aFRR) is automatically acti-
vated to restore system balance after FCR activation and to bring the frequency
back toward 50.00 Hz. It must be fully activated within 5 minutes, with a minimum
bid size of 1 MW.

Manual Frequency Restoration Reserve (mFRR) is manually activated to re-
store balance after larger disturbances. It must be fully activated within 15 minutes
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and maintained for 1 hour, with a minimum bid size of 1 MW.

Fast Frequency Reserve (FFR) is a fast-acting reserve designed to address sud-
den frequency drops, particularly in low-inertia situations. It is triggered at 49.7 Hz
or below and must reach full activation within:

ˆ 0.7 seconds at 49.5 Hz

ˆ 1.0 second at 49.6 Hz

ˆ 1.3 seconds at 49.7 Hz

The duration of activation varies between 5 and 30 seconds. The minimum bid size
is 0.1 MW.

Power Reserve is utilized to manage signi�cant imbalances that cannot be cor-
rected by other reserves. It is primarily activated during severe system disturbances
or when other reserves have been depleted. Speci�c parameters such as activation
times and minimum bid sizes are determined by Svenska kraftnät based on system
needs.

Table 2.1 summarizes the ancillary services used for frequency regulation. Power
Reserve is excluded, as it is only activated in exceptional cases when other reserves
are insu�cient.

Table 2.1: Activation characteristics of Nordic ancillary services.

Service Activation Time Endurance Frequency Range Min. Bid
FCR-N 63% in 60s 1 hour 49.90 � 50.10 Hz 0.1 MW

95% in 180s
FCR-D Up 86% in 7.5s 20 min 49.50 - 49.90 Hz 0.1 MW

100% in 30s
FCR-D Down 86% in 7.5s 20 min 50.10 - 50.50 Hz 0.1 MW

100% in 30s
aFRR 100% in 5 min 1 hour N/A 1 MW
mFRR 100% in 15 min 1 hour N/A 1 MW
FFR 100% in: 5 or 30 sec N/A 1 MW

0.7s at 49.5 Hz
1.0s at 49.6 Hz
1.3s at 49.7 Hz

2.2 Fundamentals of wind turbine energy conversion

Wind turbines convert the energy in moving air into mechanical rotation, which
drives a generator to produce electricity. As the wind �ows through the rotor,
the blades extract energy by slowing down the air and creating a rotational force
on the hub [20]. The amount of mechanical power that can be extracted depends
on several factors, including wind speed, rotor size, and aerodynamic e�ciency.
The fundamental power equation, shown in equation 2.1, expresses the extracted
mechanical power as

Pmech =
1
2

�AC pv3
wind (2.1)
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where � is the air density, A is the swept rotor area,vwind is the wind speed, and
Cp is the power coe�cient. The value ofCp depends on the blade pitch angle� and
the tip-speed ratio � , which is de�ned in equation 2.2 as

� =
vtip

vwind
=

Rrotor � ! mech

vwind
(2.2)

wherevtip is the blade tip speed,Rrotor is the rotor radius, and! mech is the mechanical
rotational speed of the turbine [20].

According to Betz's law, the theoretical upper limit for Cp is about 0.59, mean-
ing that no wind turbine can extract more than 59% of the available wind energy,
even under ideal conditions [20, 21]. In practice, various limitations such as aero-
dynamic losses, mechanical constraints, and system ine�ciencies prevent turbines
from reaching this limit, with typical values of Cp ranging between 0.35 and 0.45.

As the extracted mechanical power drives the rotation of the turbine, it is useful to
express it in terms of torque. The mechanical torque transmitted through the rotor
shaft depends on the extracted power and is given by

� mech =
Pmech

! mech
(2.3)

SincePmech is proportional to the power coe�cient Cp, the torque is also in�uenced
by Cp. To illustrate how Cp varies with � and � , Figure 2.3 shows the power
coe�cient distribution for Chalmers wind turbine, highlighting the operating regions
that maximize energy capture from the wind.

Figure 2.3: Contour plot of Cp for Chalmers wind turbine as a function of� and
� .

It can be seen that the highest values ofCp occur when� is between approximately 8
and 10, with the pitch angle� at 0� . As � increases,Cp drops signi�cantly, meaning
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that to maximize power extraction, the pitch angle should remain low for higher� .
This indicates there is an optimal� whereCp reaches its peak, leading to the most
e�cient turbine operation.

Equation 2.2 shows that the tip-speed ratio� is determined by both the wind speed
and the turbine's rotational speed! mech. To maintain the optimal � , the rotational
speed must continuously adjust. This is achieved by regulating the electrical torque,
which counteracts the mechanical torque and controls the turbine's speed [22].

The generator converts mechanical power into electrical power with an e�ciency� ,
giving the electrical power output as

Pelec = � � Pmech (2.4)

Using the relation P = � � ! , the electrical torque is expressed as

� elec =
� � Pmech

! elec
(2.5)

where! elec is the rotational speed of the generator.

Since the generator's torque opposes the motion of the turbine rotor, its accelera-
tion is determined by the balance between mechanical and electrical torques. This
relationship is governed by the equation of motion:

J
d!
dt

= � mech � � elec � b ! (2.6)

where J is the moment of inertia of the rotating system, andb is a damping (or
friction) factor [22].

If a gearbox is used, the relation between the mechanical and electrical rotational
speeds is

! elec = N � ! mech (2.7)

whereN is the gearbox ratio, relating the turbine and generator speeds.

2.3 Frequency support strategies in wind turbines

As the share of renewable energy in power systems increases, maintaining grid fre-
quency stability becomes progressively more challenging [23]. Unlike conventional
power plants, which naturally provide inertia through rotating masses, wind tur-
bines rely on power electronic converters, meaning their inertia does not directly
in�uence system frequency. As a result, alternative control strategies are required
to help preserve grid stability. Given that wind power is expected to become a ma-
jor contributor to Sweden's electricity grid, improving its ability to participate in
frequency regulation is an important step [5].

To support grid frequency, wind turbines can employ di�erent control strategies.
These include de-loading/de-rating (also referred to as spilling power), where tur-
bines operate below their rated power to maintain a reserve; synthetic inertia, which
mimics the inertial response of conventional generators; and droop control, which
regulates power output proportionally to frequency deviations. Droop control is
often used together with de-loading to enhance frequency regulation [24, 25]. Each
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of these methods supports frequency stability di�erently, with their e�ectiveness
depending on factors such as wind availability, system conditions, and control im-
plementation.

The following sections describe these frequency support strategies, focusing on their
principles and role in grid frequency regulation.

2.3.1 De-loading power method

Wind turbines are typically designed to operate at maximum e�ciency, capturing
as much wind energy as possible. However, in power systems with a high share of
renewables, the ability to adjust power output is necessary for grid stability [24].
While wind turbines cannot store energy in the same way that conventional power
plants can, they can still participate in frequency regulation by operating below their
maximum capacity. This technique, known as de-loading, creates a power reserve
that can be utilized when needed [24].

One way to achieve de-loading is by adjusting the pitch angle of the turbine blades,
which controls how much wind energy is converted into power output [26]. Under
normal conditions, the blades are positioned to maximize energy capture. When
wind speed exceeds the rated level, the pitch angle is increased to keep the tur-
bine output constant and prevent it from exceeding its rated power. In de-loading
mode, the pitch angle is instead increased already below rated wind speed, reducing
aerodynamic e�ciency and limiting power output to keep reserve capacity available
for potential disturbances [26]. When the grid frequency drops, the control system
responds by decreasing the pitch angle, allowing the turbine to generate additional
power up to the maximum available and help stabilize the grid. Conversely, if the
frequency rises above nominal, the pitch angle is further increased to reduce power
output and avoid excessive generation.

A de-loaded turbine can provide FCR-N, FCR-D Up, and FCR-D Down, but a power
reserve is primarily needed for up-regulation, as wind turbines cannot increase power
beyond their available power. De-loading ensures they have additional capacity to
respond quickly when frequency drops [26]. In contrast, down-regulation in FCR-D
Down only requires reducing power, which can be done directly without the need
for a reserve.

Figure 2.4 illustrates this method. The solid line represents normal operation, where
the turbine maximizes wind power extraction, while the dotted line shows the de-
loading curve. The di�erence between the curves,� P, represents the power reserve
that can be utilized to increase generation when the frequency drops.
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Figure 2.4: De-loading operation of a wind turbine, where� P indicates the re-
served power capacity.

2.3.2 Synthetic inertia method

Conventional power plants provide inertia through the rotating mass of their gener-
ators, which helps resist sudden frequency �uctuations [27]. Wind turbines, on the
other hand, are connected to the grid through power electronic converters, meaning
their mechanical inertia does not directly in�uence the grid. To compensate for this,
wind turbines can use synthetic inertia, which dynamically adjusts rotor speed in
response to frequency variations [24,27].

When the frequency drops, the control system reduces the generator torque, allowing
the rotor to release stored kinetic energy as extra power [28]. Since the rotor has a
large mass, it does not slow down immediately, so the excess energy is transferred
to the grid during this time. When the frequency rises, the control system increases
the generator torque, which slows the rotor down more quickly. This temporarily
reduces power output and helps counteract the frequency rise.

By slowing down the rate of change of frequency (RoCoF), synthetic inertia con-
tributes to grid stability. Unlike FCR, which adjusts power based on frequency
deviations, synthetic inertia responds to the rate at which the frequency changes. It
is not an ancillary service that can be bought or sold but rather a control strategy
that can be implemented in wind turbines through power electronics. While syn-
thetic inertia is not widely used today, it is being considered for future grid support
as more converter-based generation is integrated [29].

Figure 2.5 illustrates its e�ect on frequency deviation, showing how di�erent inertia
levels impact the depth of frequency dips and recovery time. The frequency drop is
modeled as an exponentially damped deviation from nominal frequency, triggered
by a disturbance at t = 1 second. Lower inertia results in a higher RoCoF and
a deeper frequency nadir, while higher inertia slows down frequency changes and
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reduces the severity of the dip.

Figure 2.5: E�ect of synthetic inertia on frequency stability and RoCoF. The nadir
points, indicating the lowest frequency reached during a disturbance, are marked as
black dots.

2.3.3 Droop control method

Droop control is a fundamental method used in power systems to regulate power
output in response to frequency deviations. It adjusts the turbine's power output
proportionally to changes in grid frequency, with the proportionality factor deter-
mined by the droop constant [25]. A lower droop constant gives a steeper slope,
leading to more responsive power adjustments. Conversely, a higher droop constant
results in a �atter slope, causing power output changes to be more gradual and
providing weaker frequency regulation.

The relationship between power output and frequency deviation is given by:

P = Pnominal �
1

Rdroop
(f � f nominal ) (2.8)

where P is the active power output,Pnominal is the nominal power output, Rdroop

is the droop constant, f is the actual grid frequency, andf nominal is the nominal
frequency.

This approach is widely used in conventional power plants and is useful when mul-
tiple generators operate in parallel, such as in a wind farm [30]. By adjusting power
output based on frequency changes, droop control distributes the regulation e�ort
among all units, preventing any single turbine from handling too much of the ad-
justment. Since wind turbines do not provide natural inertia, droop control is often
combined with other methods, such as de-loading, to support frequency regulation.
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De-loading ensures that turbines maintain a power reserve, which droop control can
utilize to adjust power output in response to frequency deviations when needed.

Figure 2.6 illustrates the droop control characteristics for FCR. The �rst subplot
shows FCR-N, which is linearly activated between 49.9 Hz and 50.1 Hz and saturates
outside this range, following a 10% droop characteristic. The second subplot shows
FCR-D, which remains at zero between 49.9 Hz and 50.1 Hz but is linearly activated
outside this interval, following a 5% droop characteristic. This separation is achieved
by using a deadband and saturation in the frequency measurement. A deadband
of � 0.1 Hz ensures that only FCR-D is active outside this range, while saturation
at 49.9 Hz and 50.1 Hz ensures that only FCR-N is delivered within it. The �nal
subplot shows the combined response, where both techniques are used together to
provide a frequency-dependent power adjustment across the entire range.

Figure 2.6: Droop control characteristics for FCR-N, FCR-D and their combined
response.

2.4 Estimation of available power

Estimating available power is important for wind turbines providing frequency con-
trol. Since wind conditions vary, turbines need a way to determine how much power
they can deliver at any time. Accurate estimation helps prevent situations where
the turbine either fails to provide the expected response or does not fully utilize its
potential.

2.4.1 Impact on frequency regulation

Available power a�ects how a wind turbine responds to frequency deviations. When
frequency is low, the turbine increases power output, but this depends on how much
wind energy is available. If power is overestimated, the turbine may not be able to
deliver the required response, causing imbalances in the system [31]. When frequency
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is high, the turbine reduces power output by curtailing generation. Inaccurate esti-
mation can lead to unnecessary curtailment or failure to meet expected regulation
performance.

Power estimation is especially important for de-loading operation, where the tur-
bine runs below its maximum capacity to maintain a reserve for frequency support.
Underestimating available power may cause the turbine to hold back capacity that
could have been used for grid support, while overestimating can lead to a reserve that
is larger than necessary, resulting in lower overall e�ciency [32]. Accurate power es-
timation ensures that the turbine sets an appropriate reserve without limiting power
output more than required.

2.4.2 Impact on market bidding

Wind farms participating in frequency control markets submit bids specifying the
power they can provide in each time block, typically on an hourly basis. These bids
represent an availability commitment rather than a continuous power output. When
the transmission system operator activates the service, the wind farm must be able
to deliver the o�ered capacity.

Figure 2.7 shows a day-ahead bidding schedule for Kronoberget wind farm on Jan-
uary 15, 2024. The bid curve follows a stepwise pattern, where each step represents
the power capacity o�ered for a one-hour period. The bids shown here correspond to
participation in FCR-D Down, where the wind farm commits to reducing its power
output when the system frequency is between 50.1 and 50.5 Hz.

Figure 2.7: Day-ahead bidding schedule for Kronoberget wind farm on January
15, 2024, showing hourly capacity o�ers in MW for FCR-D Down participation.

If a wind farm fails to meet its commitment when activated, penalties or balancing
costs may apply [33]. Overestimating available power can lead to under-delivery and
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�nancial penalties, while underestimating reduces the reserve capacity o�ered, lim-
iting potential revenue from ancillary services. To minimize these risks, wind farms
use forecasting models to estimate power availability before bidding, as inaccurate
forecasts can lead to either overcommitting or undercommitting reserves, both of
which increase operational costs or result in lost revenue [32].

2.4.3 Estimation methods

The available power of a wind turbine can be estimated using di�erent methods,
ranging from simple lookup tables to more advanced �ltering and forecasting tech-
niques. These methods rely on turbine parameters, estimated wind conditions, or
predictive models to determine how much power the turbine can generate at a given
moment.

A challenge in power estimation is that nacelle wind speed measurements are often
unreliable [34]. Anemometers are typically mounted on top of the nacelle behind the
rotor, where the wind is disturbed by the rotating blades. This placement means
they capture wind at a single, disturbed point behind the rotor and do not re�ect
how it varies across the full rotor area. These limitations introduce errors, especially
in turbulent conditions or when wake e�ects are present. As a result, estimation
methods need to account for how wind speed changes across the entire rotor to
improve accuracy.

Several methods are commonly used to estimate available power:

Lookup tables based on the optimal tip-speed ratio: The relationship be-
tween the power coe�cient, tip-speed ratio, and pitch angle is precomputed and
stored in lookup tables. These tables are used to estimate the available power based
on the wind speed and rotor speed. This method allows fast estimation with rela-
tively low computational e�ort and has been used in several control strategies for
wind turbines [35, 36]. Chalmers wind turbine uses a version of this method with
a �xed pitch angle, where the optimal tip-speed ratio, predicted wind speed, and
rotor radius are used to calculate an optimal rotor speed, which is then used to com-
pute the tip-speed ratio and retrieve the power coe�cient from a one-dimensional
lookup table. The retrievedCp is used together with the predicted wind speed in
equation (2.1) to estimate the available mechanical power.

Mapping wind speed to the power curve: This approach calculates available
power by applying historical wind speed data to the turbine's power curve, which
de�nes expected output at di�erent wind speeds. Because wind power is propor-
tional to the cube of wind speed, even small errors can lead to signi�cant deviations
in the estimated power output [37].

Forecasting models: Historical wind data, weather conditions, and turbine per-
formance are used to estimate available power over a given period. These models
rely on statistical methods or machine learning techniques, such as neural networks,
to analyze variations in power generation. Forecasting helps improve operational
planning and is also used when estimating power availability for applications such
as market bidding [38].

Kalman �lters: A Kalman �lter improves power estimation by combining model-
based forecasts with real-time measurements. Estimated values are continuously
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updated using a model-based prediction and corrected based on incoming observa-
tions. This approach accounts for short-term wind speed �uctuations by continu-
ously re�ning the estimated power output [34,39].

2.5 Chalmers wind turbine

This section provides an overview of Chalmers wind turbine and its simulation
model, starting with the turbine's structure and control system, followed by a
description of the model and its key components used to represent the turbine's
behavior.

2.5.1 Structure of Chalmers wind turbine

A new research-oriented version of Chalmers wind turbine became operational at
Chalmers University of Technology in 2021 [40]. Unlike commercial wind turbines,
this updated version was speci�cally designed for experimentation and advanced
analysis. It features a 45 kW variable-speed system with a direct-driven generator
and a frequency controller, along with multiple sensors to support in-depth research
on wind energy systems. Although the turbine is rated for 45 kW, it is currently
operated at a maximum power level of 25 kW due to limitations in the control system.

In addition to its research purpose, the turbine was built with a focus on sustainable
materials. A unique aspect of this wind turbine is its 30 meter wooden tower,
which was implemented to examine the feasibility of using wood as a structural
material. This approach aims to reduce the turbine's overall carbon footprint while
maintaining reliability.

To support its experimental purpose, the turbine uses a digital control system devel-
oped at Chalmers. The measurement and control systems are based on CompactRIO
hardware from National Instruments, with control algorithms implemented in Lab-
VIEW [40].

2.5.2 Overview of the Simulink model

A simulation model of Chalmers wind turbine was developed in earlier work [6] to
support ongoing research. The model represents the turbine's behavior and allows
for performance analysis under di�erent wind conditions, operating parameters, and
frequency regulation strategies.

Figure 2.8 shows the overall updated model structure, divided into two main blocks:
the available power estimation block and the wind turbine and control system block.
Each block contains several internal components that represent turbine operations,
such as power estimation and control functions.

The following sections describe these two blocks and their internal components.
Additional details on the simulation model can be found in [6].
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Figure 2.8: Overview of the Simulink model that represents the Chalmers wind
turbine.

2.5.3 Available power estimation

The available power estimation block calculates the power the wind turbine can
extract from the wind based on measured operational parameters. As shown in Fig-
ure 2.9, this process involves two main steps: estimating wind speed and predicting
available power. These steps use three key inputs: mechanical power, tip speed, and
pitch angle to determine the turbine's potential power output.

Figure 2.9: Available power estimation block in Simulink.

To better understand this process, the following explanations provide more detail
on each step.

Predict wind speed: The wind speed is estimated using the measured mechanical
power, tip speed, and pitch angle. This estimation is derived by rearranging equation
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2.1, ensuring that the calculated wind speed re�ects the actual power extracted by
the turbine rather than relying on direct nacelle measurements.

Predict available power: Once the wind speed is estimated, it is used to predict
the available power the turbine can extract under optimal operating conditions. The
available mechanical powerPmech is calculated using equation 2.1, considering the
turbine's optimal tip-speed ratio and power coe�cient. A lookup table is used to
determine Cp based on the optimal tip-speed ratio. The predicted power is then
adjusted for system losses and e�ciency before being used in the control system.

2.5.4 Wind turbine and control system

The wind turbine control system regulates the turbine's operation based on three
inputs: grid frequency, wind speed, and available power. These inputs are processed
through multiple control functions that manage power output, adjust the pitch
angle, and determine generator torque. Figure 2.10 shows the structure of the
control system and its main components.

Figure 2.10: Wind turbine and control system block in Simulink.

The main components of the control system are described in more detail below.

Wind de-loading control: Adjusts the turbine's power output to support fre-
quency stability by determining how much power should be spilled when a frequency
deviation occurs. Based on this, the controller calculates a spill factor, which de-
�nes how much of the available power should be withheld to create a reserve used
for ancillary services. This block also determines the minimum pitch angle required
to achieve the power output de�ned by the spill factor.

NREL regulator: The main control block that manages the wind turbine's power
extraction. It operates as a Maximum Power Point Tracking (MPPT) controller,
using a lookup table to determine the electrical torque and pitch angle needed to
maximize energy capture. The MPPT follows a torque-speed curve to adjust the
turbine's response based on wind conditions, ensuring optimal operation. This con-
troller is adapted from the wind turbine regulator developed by NREL for their
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open-source reference turbine model [41].

Mechanical torque: Computes the mechanical torque acting on the turbine based
on the estimated wind speed, turbine speed, and pitch angle. The calculation follows
the power extraction principles in equation 2.1 and determines the mechanical torque
using equation 2.3.

DC-generator: The generator converts mechanical power into electrical power by
regulating its torque. It receives a reference torque from the NREL regulator, and a
PI controller adjusts for deviations to keep the generator torque at this value. The
rotational speed is calculated using equation 2.6, where the torque balance depends
on the turbine torque � mech from the dynamic block. Since the model includes a
gearbox, the generator speed is adjusted accordingly using equation 2.7. Finally,
the electrical power output is determined based on equation 2.4.

2.5.5 Wind de-loading controller for frequency regulation

The wind de-loading control block in Simulink determines how much the wind tur-
bine can contribute to ancillary services and is a focus of this paper, as it plays
an important role in the evaluation process. The frequency controller currently
implemented in the Simulink model is shown in Figure 2.11.

Figure 2.11: Frequency controller currently implemented in the Simulink model.

This controller operates by spilling a certain amount of power based on the frequency
deviation. It measures how much the frequency deviates from the nominal 50 Hz,
which generates an error. This error is then processed through a PD controller with
two low-pass �lters that smooth the corrections and shape the response to frequency
deviations, in�uencing how quickly or slowly the controller reacts. The corrections
are then summed and scaled by a factor to produce a value comparable to the base
spill of 5 kW. The base spill power is a prede�ned reserve that ensures the turbine
can respond to disturbances through both up and down regulation. The output is
then limited to a maximum spill of 10 kW, which corresponds to 40% of the rated
power of Chalmers wind turbine. This value is a design choice to limit how much
power can be reduced during a frequency disturbance and make sure that it doesn't
spill more than what is available.
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2.6 Previous studies on frequency regulation performance

Wind turbines have been widely studied in terms of energy production and control
strategies, but fewer studies have focused speci�cally on their performance in provid-
ing ancillary services in response to grid frequency variations. Much of the existing
work relies on simulations with prede�ned input signals, such as step responses,
rather than measured grid frequency data. Studies that compare simulation results
with measured responses from wind turbines are also limited.

Among the available research, some studies have investigated how wind turbines
respond under frequency control conditions. One study involving a 10 MW wind
farm under real-time Automatic Generation Control (AGC) signals showed that
good frequency regulation performance can be achieved when suitable reserve con-
trol strategies are implemented, especially for wind farms operating above rated
power [42]. Another study examined how turbine control characteristics such as
pitch angle behavior a�ect the delivery of ancillary services [43].

A third study compared wind farm control requirements and evaluation methods
in several regions, such as Great Britain, Ireland and Denmark, and found notable
di�erences in national grid codes [44]. It described the use of simulation-based
testing, such as set-point tracking, delay analysis and transient response evaluation,
as a way to evaluate turbine performance under grid code requirements. These
methods are typically applied under de�ned input conditions and focus on control
response rather than measured frequency variations [42�44].

Due to the limited number of studies that compare measured wind turbine responses
with continuous variations in grid frequency, this thesis develops a method for eval-
uating frequency regulation performance using operational data. The aim is to
capture how turbines respond to actual frequency deviations, rather than relying on
prede�ned test signals.
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3 Data collection and processing

Data were collected from three sources: Chalmers wind turbine, Kronoberget wind
farm, and Finland's transmission system operator (Fingrid). These datasets include
operational parameters such as wind conditions, turbine operation, and power out-
put, recorded at one-second intervals, as well as grid frequency, sampled at 10 Hz.
Chalmers wind turbine data were stored in multiple text �les, each covering a 12-
hour period, while Kronoberget and Fingrid data were stored as daily CSV �les.

In addition to operational data, information on both the power bids placed by
Kronoberget wind farm and the bids accepted by Svk for participation in ancillary
services was collected, providing insight into the farm's daily market participation.

The following sections describe the collected data in more detail, including how the
measurements were obtained.

3.1 Chalmers wind turbine data

Measurement data were collected from Chalmers wind turbine using its control and
monitoring system, which operates through LabVIEW. The turbine is equipped with
a detailed measurement system designed for experimental research, allowing for the
collection of a wide range of operational parameters. The following parameters were
used in this evaluation:

Table 3.1: Selected parameters from Chalmers wind turbine.

Parameter General description
Wind speed Measured wind speed
Pitch angle Blade position control
Available power Power the turbine can generate
Output power Electrical power delivered
Spilled power Unused available power
Frequency Grid frequency

Meteorological data, including air temperature, pressure, and humidity, was col-
lected from the mast next to Chalmers wind turbine.

3.2 Commercial wind turbine data

The commercial wind turbine data were collected from Kronoberget wind farm,
which consists of 16 wind turbines with a rated power of 3.8 MW each, resulting in
a total installed capacity of 60.8 MW [45]. The wind farm has an estimated annual
energy production of approximately 200 GWh and is prequali�ed for FCR-D Down,
meaning the turbines meet the requirements for providing downward frequency con-
tainment reserves during overfrequency events.

The speci�cations of the wind farm are summarized in Table 3.2.
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Table 3.2: Kronoberget wind farm speci�cations.

Speci�cation Details
Number of turbines 16
Rated power per turbine 3.8 MW
Total installed capacity 60.8 MW
Annual energy production Approx. 200 GWh
Ancillary service capability Prequali�ed for FCR-D Down

The spatial layout of the wind turbines is shown in Figure 3.1 [46]. The turbines
are spread out across a wide area, and their position relative to the wind direction
can a�ect how much wind they are exposed to and whether they are in�uenced by
wake e�ects. The layout helps provide context for how wind conditions vary across
the site.

Figure 3.1: Layout of the 16 wind turbines at Kronoberget wind farm.

Similar to Chalmers wind turbine, Kronoberget wind farm records various opera-
tional parameters. However, for this study, the same parameters listed in Table 3.1
were used.

3.3 Grid frequency data

Grid frequency data were originally available from both Chalmers wind turbine and
Kronoberget wind farm. However, since frequency is only measured when Chalmers
wind turbine is in operation, data were only available during those periods. At the
same time, archived frequency data from Kronoberget were missing for most of the
analyzed periods. To ensure a consistent and complete dataset, frequency measure-
ments were instead retrieved from Fingrid Open Data [47]. These measurements
represent the Nordic synchronous system and are recorded at a 10 Hz rate.

3.4 Bid data

Bid data for ancillary services were collected from Kronoberget wind farm. For
each day, one dataset shows the hourly power bids submitted for FCR-D Down,
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while another indicates how much of this was accepted by Svk. These daily datasets
provide insight into the wind farm's participation in the ancillary services market
and make it possible to evaluate how the actual response compares to the accepted
reserve. The data are given in megawatts with hourly resolution.

3.5 Data processing

Before the collected data could be analyzed, it was structured and processed. This
involved preparing the datasets, handling inconsistencies and computing additional
parameters. The overall work�ow is shown in Figure 3.2.

Figure 3.2: Overview of the data processing work�ow.

The following sections describe each step of the data processing work�ow.

Step 1 - Read Data: Measurement data from Chalmers wind turbine, Fingrid, and
Kronoberget wind farm were imported into Python. Chalmers wind turbine data
were stored in multiple text �les, each covering a 12-hour period, which were merged
into full-day datasets. Kronoberget wind farm and Fingrid data were provided as
daily CSV �les. Meteorological data from the mast next to Chalmers wind turbine
were also stored in daily text �les and imported in the same way. Data on daily
bids from Kronoberget wind farm, including both placed and accepted bids, were
also included. All datasets were structured into DataFrames for further processing.

Step 2 - Preprocess Data: The raw data were preprocessed to ensure consistency
across datasets. This included assigning appropriate column names, handling miss-
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ing values, and converting timestamps. Rows with missing values were removed to
ensure consistency. The timestamps for Chalmers wind turbine were originally in
epoch time and were converted to Unix timestamps in seconds, then adjusted for
Swedish standard time. Frequency data from Fingrid were originally in UTC+2 and
were shifted back one hour to align with the correct day in Swedish local time. Bid
data were also formatted to align with the operational data.

Step 3 - Compute Additional Parameters: Additional parameters were com-
puted. This included calculating the total available power and total output power for
Kronoberget wind farm by summing the values from all 16 turbines. Spilled power
was determined by subtracting output power from available power. The computed
values were added as new columns in the datasets.

Step 4 - Export Processed Data: After preprocessing and computation, the
processed datasets were exported as CSV �les. The data was structured with time
columns and cleaned measurements.

Step 5 - Import & Evaluation in MATLAB: The processed data was imported
into MATLAB, where it was visualized through plots and used for further evaluation.
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4 Methodology

This section describes how the study was carried out, including the steps taken to
develop the model, implement control strategies, and evaluate the performance of
wind turbines providing frequency control. The work is based on literature studies,
further development of an existing Simulink model [6,7], and analysis of operational
data. The methodology enables both simulation-based testing of Chalmers wind
turbine and comparison with measured data from a commercial wind farm.

4.1 Literature review

The literature review focused on gathering the theoretical knowledge needed to
develop and evaluate frequency control strategies for wind turbines. Studies on
ancillary services, frequency stability and control methods such as droop control,
synthetic inertia and de-loading were reviewed to support the design of the model.
Guidelines from Svenska kraftnät and ENTSO-E were also studied to ensure that
the implementation met technical requirements for FCR-N and FCR-D. In addition,
earlier versions of the Chalmers wind turbine model and related work were used as
a starting point for further development. Studies on wind turbine performance in
frequency control were also reviewed, although the available literature in this area
is limited.

4.2 Further development of the model

The existing frequency controller for the Chalmers wind turbine model was a general
implementation and did not follow the speci�c requirements set by Svk and ENTSO-
E. To address this, modi�cations were made to integrate FCR-N and FCR-D, en-
abling the Chalmers wind turbine model to deliver frequency regulation according
to the minimum requirements. This allows it to serve as a reference for evaluating
performance. To support this, a new control structure was developed, incorporat-
ing an activation block to determine which service should be applied. Figure 4.1
provides an overview of this updated controller.

Figure 4.1: Overview of the new frequency controller.

The activation block, shown in Figure 4.2, determines which service should be used
based on the selected mode. To do this, it �rst compares the measured frequency to
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the nominal 50 Hz to calculate the frequency deviation. A selection signal, which
can take values between 1 and 3, is then used to choose the active service.

ˆ 1 activates FCR-N

ˆ 2 activates FCR-D

ˆ 3 enables both services (FCR-N + FCR-D)

The selection signal is compared to these values using logical conditions. If the
selection matches a speci�c mode, the corresponding logical output is set to 1;
otherwise, it remains 0. This output is then multiplied by the frequency deviation,
ensuring that only the selected service receives the deviation as input. The resulting
signal is then sent to the corresponding controller for processing.

The controller is described in more detail in the following sections, which cover
FCR-N, FCR-D and the full combined version.

Figure 4.2: Activation block for selecting FCR-N, FCR-D or both.

4.2.1 Frequency controller for FCR-N

Figure 4.3 shows how the FCR-N frequency controller is implemented in the model.
Like the previous frequency controller (Figure 2.11), it measures the frequency de-
viation from the nominal 50 Hz and processes the error. This version, however, is
based on a droop control method with a �xed droop constant of 6%. The low-pass
�lters are also tuned to meet the minimum response requirements of ENTSO-E and
Svk while also reducing high-frequency noise.

26



Figure 4.3: Frequency controller for FCR-N regulation.

FCR-N operates within the frequency range of 49.9 Hz to 50.1 Hz. To ensure this,
an activation zone is used to determine when the controller should be active. As
shown in Figure 4.4, this block checks whether the frequency deviation stays within
the activation limits. A small tolerance is also included to avoid issues caused by
�oating point precision.

Figure 4.4: Activation zone of FCR-N.

Once the activation condition is met, the frequency deviation �rst passes through
a low-pass �lter, which helps set the overall response time. To prevent rapid �uc-
tuations, another low-pass �lter with a small time constant is placed before the
derivative term. The corrections from both the droop and RoCoF terms are then
combined and scaled according to the power reserve of 5000 W, which is the base
spill power shown in Figure 4.1, providing up and down regulation capacity. A sat-
uration block is then used to limit the spilled power between -5000 W and 5000 W,
which forms the output of the FCR-N controller.

4.2.2 Frequency controller for FCR-D

Figure 4.5 shows how the FCR-D frequency controller is implemented in the model.
While it follows the same general structure as FCR-N, it operates outside the 49.9
Hz to 50.1 Hz range and has some key di�erences. The droop control method is still
used, but with a �xed droop constant of 5% instead of 6%, resulting in a stronger
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response. A deadband prevents activation within 49.9 Hz to 50.1 Hz, ensuring
regulation only occurs when the deviation exceeds 0.1 Hz.

Figure 4.5: Frequency controller for FCR-D regulation.

FCR-D Up is activated when the frequency drops below 49.9 Hz and remains ac-
tive down to 49.5 Hz. Similarly, FCR-D Down is activated when the frequency
exceeds 50.1 Hz and stays active up to 50.5 Hz. Like FCR-N, the frequency devia-
tion �rst passes through a low-pass �lter, which helps set the controller's response
time. Another low-pass �lter is placed before the RoCoF term to smooth out rapid
�uctuations.

The processed signal is then sent to the droop-based controller, where the RoCoF
term adjusts for the rate of frequency change. As in the FCR-N controller, the
adjustments from both terms are combined and scaled according to the available
power reserve of 5000 W. A saturation block then limits the �nal power adjustment
within -5000 W and 5000 W, which forms the output of the FCR-D controller.

4.2.3 Combined frequency controller for FCR-N and FCR-D

The �nal version of the controller is shown in Figure 4.6, where the FCR-N and FCR-
D controllers are combined into a single frequency controller. The contributions
from both controllers are summed with the power reserve of� 5000W and then
passed through a saturation block, which limits the power between 0 and� 10000W
before applying a sign change. This limit still corresponds to 40% of the rated
power of Chalmers wind turbine, ensuring that the spilled power remains within the
prede�ned operating range. The resulting signal then serves as the output of the
frequency controller to the rest of the system, representing the desired spilled power
based on the frequency deviation.
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Figure 4.6: Combined frequency controller integrating FCR-N and FCR-D.

4.2.4 Implementation of dynamic air density and �ltering

A dynamic air density block was implemented to replace the previous assumption of
constant air density. This accounts for variations in air pressure, temperature and
humidity which in�uence the prediction of wind speed, available power estimation
and turbine torque calculations. Additionally, a low-pass �lter was applied to the
predicted wind speed to reduce short-term variations before it is used in the turbine
model. A saturation block is applied after the �ltering stage to keep the wind speed
above zero and avoid division by zero. An overview of these components is shown
in Figure 4.7.

Figure 4.7: Overview of the air density integration in wind speed prediction and
power estimation.

The air density is computed based on measured air temperature, humidity and
pressure. This replaces the constant density assumption with a real-time calculation,
as implemented in the dynamic air density block shown in Figure 4.8. The density
is determined using the gas law:
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� =
Pd

RdT
+

Pv

RvT
(4.1)

where Pd = P � Pv is the dry air pressure andPv is the vapor pressure [48]. A
constant air density value is also included, allowing the option to switch between
dynamic and constant density calculations. A saturation block is applied to ensure
that the air density remains within a valid range, preventing division by zero.

Figure 4.8: Dynamic air density block.

The vapor pressure is calculated using the Tetens equation, which is implemented
in the block shown in Figure 4.9. The saturation vapor pressure is given by

Psat = 610:6 � exp
� 17:269T

T + 237:3

�

(4.2)

Pv = RH � Psat (4.3)

whereRH is the relative humidity expressed as a decimal andT is the air temper-
ature in degrees Celsius [49]. In this form,Psat is given in pascals.

Figure 4.9: Tetens equation block.

The air density varies depending on environmental conditions. As shown in Fig-
ure 4.10, it can di�er signi�cantly from the constant reference value of 1.225 kg/m3.
In cold and dry conditions at � 20� C, 1050 hPa, and 0% relative humidity, the air
density is approximately 18% higher. In hot and humid conditions at40� C, 950 hPa,
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and 100% relative humidity, the density is around 16% lower. These represent ex-
treme conditions, but they illustrate how air density changes depending on pressure,
temperature, and humidity, which in turn a�ects wind speed prediction, available
power estimation, and turbine torque calculations in the model.

Figure 4.10: Dynamic air density variation under di�erent conditions.

4.3 Evaluation method

This section describes how the wind turbines are analyzed for their response to
frequency variations when providing ancillary services. The evaluation begins by
testing the frequency controller of the Chalmers wind turbine model using both pre-
de�ned step signals and a measured grid frequency signal. After that, the turbine
response is simulated using two selected days with grid frequency and weather data.
The same days are then used to evaluate the turbines at Kronoberget wind farm
based on recorded operational data. Finally, the responses of both turbines are com-
pared to examine di�erences in power regulation, reserve utilization, and activation
times.

The evaluation method can be applied to FCR-N, FCR-D, or a combination of
both. However, since the commercial wind turbines at Kronoberget are prequali�ed
for FCR-D Down, the analysis focuses on that service.

The overall process used in this study is illustrated in the �owchart in Figure 4.11.
Each step is explained in more detail in the following sections.
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Figure 4.11: Evaluation process for ancillary service performance.

4.3.1 Evaluation parameters

The parameters in Table 4.1 are used to analyze how each turbine responds to
frequency variations. These parameters were selected to evaluate power regulation,
reserve availability, and how the turbines adjust their operation in response to grid
conditions. The evaluation focuses on response time, delivered power, and how well
the turbines meet the accepted FCR-D Down bids from Svenska kraftnät.

Table 4.1: Parameters used in the evaluation.

Parameter Description
Power output Electrical power delivered by the turbine.
Available power Maximum power the turbine can generate

under current wind conditions.
Spilled power Di�erence between available and delivered

power, indicating reserve power used for fre-
quency support.

Pitch angle Blade angle used to control aerodynamic
power capture.

Wind speed Measured wind speed at the turbine hub
height.

Frequency Grid frequency or simulated test signal used
to trigger frequency response.

Bid (Kronoberget) FCR-D Down regulating capacity o�ered by
the wind farm to Svenska kraftnät.

Accepted bid (Svk) FCR-D Down capacity approved by Svenska
kraftnät for the speci�c time interval.
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4.3.2 Selection of evaluation days

To perform the analysis, data from Chalmers wind turbine and Kronoberget wind
farm were reviewed across 2024 to identify suitable evaluation periods. The aim
was to select two days with di�erent wind conditions: one with high wind speeds,
where turbines operated near rated power, and one with more moderate wind speeds.
This allows for evaluating turbine behavior both during full production and at lower
power output.

The selection process was based on the following criteria:

ˆ Chalmers wind turbine was in operation and actively connected to the grid

ˆ Grid frequency deviations occurred that triggered FCR-D Down activation

ˆ Wind conditions were suitable for evaluating turbine response at di�erent
power levels

ˆ At Kronoberget wind farm, bid data showed that the wind farm was partici-
pating in ancillary services during the selected periods

The selected days are used both as input to the simulation of Chalmers wind turbine
and for analyzing recorded data from Kronoberget wind farm, allowing for a direct
comparison.

4.3.3 Droop and ramp rate estimation

To quantify how the wind turbines respond to frequency deviations, the evaluation
includes estimation of droop and ramp rate from both simulated and measured
data. The droop describes the proportional relationship between power output and
frequency deviation, showing how much of the available reserve is activated per hertz.
The ramp rate describes how quickly the power output changes over time and is used
to evaluate the dynamic response relative to the FCR-D Down requirements.

Spilled power is analyzed in both absolute and normalized form. In the normalized
case, spilled power is expressed as a fraction of the total available reserve. For the
Chalmers wind turbine model, normalization is based on the di�erence between the
maximum simulated spill capacity and the baseline spill:

Pspill,norm =
Pspill

Pmax,sim � Pbaseline
(4.4)

wherePspill is the spilled power at a given time,Pmax,sim is the maximum simulated
spilled power, andPbaseline is the output at the beginning of the frequency event.

For the commercial wind turbines at Kronoberget, normalization follows the same
de�nition of baseline and is based on the accepted FCR-D Down bid from Svenska
kraftnät:

Pspill,norm =
Pspill

Pbid � Pbaseline
(4.5)

wherePbid is the accepted bid. This de�nes the available regulation range that could
be activated during overfrequency events.
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The Chalmers wind turbine model can be operated to meet the minimum FCR-
D Down requirements de�ned by Svenska kraftnät and ENTSO-E and is therefore
used as a reference to compare the response of the commercial wind farm. Since
Svenska kraftnät uses prede�ned step signals to verify compliance during the pre-
quali�cation process, only such tests can con�rm that a turbine meets the formal
requirements [50]. However, the control system of the turbines at Kronoberget is
not known in detail, other than that the wind farm is prequali�ed for FCR-D Down.
By comparing its measured response to the veri�ed performance of the Chalmers
wind turbine model under the same frequency conditions, it is possible to evaluate
how the commercial turbines follow the expected activation behavior. This provides
a reasonable indication of their actual performance, despite not being tested with
step signals.

The maximum simulated spilling of the Chalmers wind turbine model was initially
set to 10,000 W, but dynamically adjusted in each evaluated interval so that the nor-
malized available regulation range remained equal to or below that of Kronoberget.
Since the model serves as a reference for the minimum FCR-D Down performance
de�ned by Svenska kraftnät, this constraint reduces the risk of overestimating the
expected response. A larger regulation range would require more time to reach
full activation and could make the commercial turbine appear slower in compari-
son. Limiting the Chalmers model in this way provides a more consistent basis for
comparing the measured response from Kronoberget to the expected performance.

An ideal Svk droop line is also included as a visual benchmark, representing the
expected proportional response based on the requirements from Svenska kraftnät.
It assumes a linear relationship between frequency deviation and power response
across the available regulation range. The line is scaled to the same normalized
range as the measured data using:

PSvk,norm =
Pbid � � f=0:4
Pbid � Pbaseline

(4.6)

where� f is the deviation from 50.1 Hz, andPbaseline is the spilled power at the start
or end of the frequency event, depending on direction. This scaling ensures that
the Svk line re�ects the expected response relative to the up-regulation capacity
available in the selected interval. Since the grid frequency changes gradually and
not as a step, the Svk line is not used to decide whether the turbines meet the
requirements. Instead, it gives an indication of how closely the turbines follow the
expected activation pattern during grid frequency disturbances, with the simulation
model of the Chalmers wind turbine providing a reference for the expected minimum
performance.

4.3.4 Comparison of evaluation outcomes

The comparison examines how each turbine regulates power and utilizes reserves in
response to frequency variations. It considers how quickly the turbines respond, as
well as how control signals such as pitch angle are used to manage power output.

The evaluation is structured around the following aspects:

ˆ The full-day response from Kronoberget wind farm is analyzed to assess overall
power variations and reserve activation. The analysis focuses on how the base
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level of spilled power changes during the day, how quickly these adjustments
occur, and how the actual power reserve compares to the bid for FCR-D Down.

ˆ A one-hour period from both the Chalmers wind turbine model and Kro-
noberget wind farm is selected for direct comparison during the same fre-
quency event. The interval is chosen based on when the grid frequency exceeds
50.1 Hz, ensuring that the turbines are evaluated during active FCR-D Down
operation.

ˆ A further zoomed-in analysis is used to evaluate short-term changes in power
regulation and response time. This includes estimating droop and ramp rate
based on selected data points and identifying possible delays between frequency
changes and the turbine's power response.

ˆ Pitch angle is also evaluated to understand how each turbine adjusts its op-
eration in response to frequency variations, providing insight into the control
behavior during FCR-D Down events. The analysis focuses on pitch ramp
rates, as well as typical minimum and maximum angles during operation or
shutdown, and the number of turbines providing reserve power during fre-
quency events.

By applying the same frequency variations to the Chalmers wind turbine model and
selecting matching periods from Kronoberget wind farm, the comparison enables
consistent evaluation of response behavior and reserve contribution under FCR-D
Down conditions.
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5 Results

This chapter evaluates the performance of the Chalmers wind turbine model and
Kronoberget wind farm in providing frequency control. It begins with tests of the
newly developed frequency controller implemented in the Chalmers wind turbine
model, including separate evaluations for FCR-N, FCR-D, and the combined con-
troller mode. The evaluation then focuses on FCR-D Down using measured fre-
quency events on two selected days. These days were chosen based on frequency
conditions observed from Fingrid, with one day representing operation near rated
power and the other re�ecting more variable wind conditions. Since FCR-D Down
is the only service for which the commercial wind farm is prequali�ed, the results
are compared using this service, with the Chalmers wind turbine model serving as
a reference for meeting Svenska kraftnät's minimum performance requirements.

5.1 Evaluation of the Chalmers wind turbine model

The �rst part of the evaluation focuses on the Chalmers wind turbine model, using
step signals and measured grid frequency to evaluate the controller performance.
The step signals are based on the activation ranges de�ned by Svenska kraftnät for
prequali�cation testing and are used to verify that the turbine meets the required
response times and reserve activation for frequency control. The turbine is assumed
to operate at rated power, ensuring that frequency is the only varying input. A
constant base spill power of 5000 W is used to evaluate the activation of FCR-N,
FCR-D, and the combined controller. The second part evaluates FCR-D Down using
measured frequency events from the two selected days.

5.1.1 FCR-N controller

The response of the FCR-N controller to the step signal is shown in Figure 5.1. The
step signal includes a frequency increase from 50.0 to 50.1 Hz and a decrease from
50.0 to 49.9 Hz, representing the activation range for FCR-N as de�ned by Svenska
kraftnät. These steps are used to evaluate both upward and downward regulation.

When the frequency exceeds 50 Hz, the turbine spills more power, and when it
drops below 50 Hz, it spills less, which re�ects the expected symmetrical behavior.
At 110 seconds, corresponding to 60 seconds after the step, the turbine spills 8512 W,
which is approximately 70% of the available reserve and meets Svk's requirement
of delivering 63% within 60 seconds. At 230 seconds, or 180 seconds after the step,
the spilled power reaches 9865 W, or around 97%, ful�lling the requirement of 95%
within 180 seconds. Since FCR-N is symmetrical, the same activation pro�le applies
to both upward and downward regulation, and the controller meets Svk's timing
criteria in both directions.
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