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The increasing share of asynchronous generation, such as converter-connected wind
power generation, in the Nordic power system results in decreasing system inertia. Con-
sequently, the frequency deviations in severe faults increase which increases the risk of
the frequency to fall below the first step of under-frequency load shedding. One option to
retain the present system security and the frequency stability is the so-called inertia emu-
lation capability of converter-connected wind power plants that could be used to support
the power system during large under-frequency events. Also the concepts of emulated
inertia, synthetic inertia, synthetic inertial response, virtual inertia, and virtual inertial
response are used in the literature to describe this functionality that provides a temporary
active power boost during an under-frequency event according to a frequency signal
measured by the converter.

In order to study the performance of the inertia emulation in the Nordic power system and
to sketch suggestions for the requirement setting dynamic simulations were executed. The
simulations were run in PSS®E in a power system model representing the Nordic power
system scenario in 2025. The wind power capacity equipped with inertia emulation was
modelled utilizing a manufacturer-specific wind power plant model. Additionally, three
types of power flow cases were used to study the effect of the inertia emulation function
on the overall stability of the Nordic power system.

It was observed that the impact of inertia emulation on the power system substantially
depends on the control method and its implementation as well as on the parametrization.
The inertia emulation function can support the power system during under-frequency
events when implemented and parametrized in an appropriate way. This denotes smooth
recovery characteristics and an appropriate power boost percentage with relation to the
power boost duration in order to avoid a secondary frequency nadir, for example. Accord-
ing to the study, for system security, the inertia emulation requirement should be formu-
lated in detail if such functionality were required in the Nordic power system. In this
connection, six new criteria for a possible inertia emulation requirement were found in
addition to the eight criteria previously recognized by the two Canadian system operators
currently stipulating inertia emulation from the converter-connected wind power plants
in their systems. Moreover, any contradictions between the stability criteria studied (fre-
quency stability, voltage stability, and the damping of inter-area power oscillations) were
not discovered if properly parametrized.
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Epédsynkronisen tuotannon, kuten suuntaajakytketyn tuulivoimatuotannon, osuuden
kasvu pohjoismaisessa voimajérjestelmisséd johtaa jarjestelmén inertian pienenemiseen.
Tésta johtuen taajuuspoikkeamat mitoittavissa vioissa kasvavat, mikd vuorostaan kasvat-
taa riskid, ettd taajuushdiriossa taajuus laskee alle automaattisen kuormanirtikytkennén
ensimmadisen rajan. Yksi vaihtoehto timénhetkisen kdyttovarmuuden ylldpitdmiseksi ja
taajuusstabiiliuden siilyttdmiseksi on hyodyntdd suuntaajakytkettyjen tuulivoimalaitos-
ten niin kutsuttua inertiaemulointitoimintoa tukemaan voimajarjestelmad merkittavén ali-
taajuushdirion aikana. My0s seuraavia englanninkielisid késitteitd emulated inertia, synt-
hetic inertia, synthetic inertial response, virtual inertia, ja virtual inertial response kay-
tetddn kirjallisuudessa kisitteen inertia emulation liséksi kuvaamaan titi toimintoa, jolla
voidaan suuntaajan mittaaman taajuussignaalin perusteella aikaansaada hetkellinen pato-
tehotuki alitaajuushiiriossa.

Dynamiikkalaskentasimuloinnein tutkittiin inertiaemuloinnin suorituskykyé pohjoismai-
sessa voimajdrjestelmissd sekd luonnosteltiin suosituksia inertiaemulointivaatimuksen
asettelua varten. Simuloinnit toteutettiin PSS®E-ohjelmalla pohjoismaista voimajérjes-
telmai vuonna 2025 kuvaavalla jirjestelmamallilla. Inertiaemulointitoiminnolla varus-
tettu tuulivoimatuotanto mallinnettiin valmistajakohtaisella tuulivoimalaitosmallilla. Li-
sdksi kolmea erityyppistd tehonjakotapausta kéytettiin tutkiessa inertiaemulointitoimin-
non vaikutusta pohjoismaisen voimajirjestelmén kokonaisstabiiliuteen.

Havaittiin, ettd inertiaemuloinnin vaikutus voimajirjestelméén riippuu olennaisesti oh-
jaustavasta ja sen toteutuksesta sekd toiminnon parametrisoinnista. Inertiaemulointitoi-
mintoa voidaan kdyttdd voimajdrjestelmin tukemiseen alitaajuushiirion yhteydessa, kun-
han toiminto on toteutettu ja parametrisoitu tarkoituksenmukaisesti. Tdma tarkoittaa esi-
merkiksi sulavaa palautumisvaiheen aikaista kdyttdytymistd sekd sopivaa lisdtehopro-
senttia suhteessa lisdtehovaiheen kestoon, jotta toissijainen taajuushdiridnaikainen taa-
juuskuoppa voidaan vilttdd. Jos inertiaemulointitoimintoa vaadittaisiin pohjoismaisessa
voimajarjestelmassd, tulisi kyseistd toimintoa koskeva vaatimus olla yksityiskohtaisesti
muotoiltu. Talld hetkelld kaksi kanadalaista siirtoverkonhaltijaa vaativat inertiaemuloin-
titoimintoa suuntaajakytketyiltd tuulivoimalaitoksilta operoimissaan jérjestelmissi. Téssa
tyossd 10oydettiin kuusi uutta kriteerid mahdollisen inertiaemulointivaatimuksen varalle
kahdeksan aiemmin Kanadassa tarpeelliseksi tunnistetun kriteerin liséksi. Oleellista on
myos, ettd ty0ssa ei havaittu ristiriitoja tutkittujen stabiiliuskriteerien eli taajuusstabiiliu-
den, jénnitestabiiliuden ja alueiden vélisten tehoheilahtelujen vaimennuksen vélilld, kun
inertiaemulointitoiminto on parametrisoitu asianmukaisesti.
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1. INTRODUCTION

This chapter introduces the background of the topic and the objectives of the thesis. The
motivation and the structure of the thesis are described as well.

1.1 Background

In the Nordic power system, a considerable portion of conventional power generation
based on synchronous generators has been replaced by asynchronous wind power gener-
ation in the past several years and the trend will continue. Therefore, the percentage of
wind power generation of the total generation has increased and will increase even more.
As the inherent inertia of a converter-connected wind power plant connected to the grid
is zero, this change in power generation leads to a reduction of power system inertia which
weakens the frequency stability of the system. As the total inertia of the system decreases,
frequency deviations in severe faults, such as in sudden losses of power generating units,
increase.

In addition, nuclear and hydro power both have a significant role in power generation in
the Nordic power system. Nuclear power is characterized by large unit sizes. Therefore,
a tripping of a nuclear unit results in a remarkable loss of active power causing a signifi-
cant frequency disturbance event. Moreover, the inertia of hydro generators is lower than
the inertia of steam generators used, for example, in gas and coal power plants. The sig-
nificant share of hydro generation therefore denotes that the inertia of the Nordic power
system is originally relatively low especially if the number of hydro generators connected
to the grid is low.

Actions have to be taken in order to guarantee the frequency stability of the Nordic power
system also in the future. One option to solve the future challenges of the minimum fre-
quency reached during the frequency disturbance and the steepness of the fall in fre-
quency both caused by low inertia is setting an inertia emulation requirement for con-
verter-connected wind power plants. The converter-connected variable-speed wind tur-
bine generators are namely capable of providing active power support during a short-
duration under-frequency event by temporarily releasing additional active power drawn
from the energy stored in the rotating masses of the wind turbine generator. The capability
able to provide the active power support is known as inertia emulation.



1.2 Scope and objectives of the thesis

This thesis research is carried out for the Finnish national transmission system operator
Fingrid Oyj (hereinafter Fingrid). The focus will be on studying the inertia emulation
capability to support the Nordic power system during under-frequency events without the
curtailment of wind power production. Moreover, since inertia market is not under the
scope of this study, it is only mentioned briefly as an option for managing under-fre-
quency events in power systems with low inertia. This thesis focuses on under-frequency
events though the decreasing system inertia impacts also on the frequency deviations in
over-frequency events.

The primary objective of this thesis is to study the performance of inertia emulation func-
tionality of converter-connected wind power plants in the Nordic power system in order
to investigate whether the inertia emulation is beneficial and accountable enough for the
Nordic power system. Thus, the capacity of inertia emulating converter-connected wind
power generation needed to maintain the frequency stability of the Nordic power system
is studied. The most effective control method to improve the frequency nadir, which de-
notes the minimum instantaneous frequency, and to reduce the rate of change of fre-
quency is analyzed, too. This thesis also aims to conclude suggestions how the inertia
emulation requirement should be specified in case of deciding to require such perfor-
mance.

To evaluate the performance of inertia emulation functionality and to define the possible
suggestions for the inertia emulation requirement, this thesis also aims to cover the fol-
lowing questions grouped by the subject.

A) Availability and limitations of inertia emulation:

— What is the operating range in which the inertia emulation capability is available?
In other words, what is the minimum percentage of rated active power so that the
inertia emulation function can still be required?

— Is it possible to set the same requirement for both the Type 3 and 4 wind turbine
generator technologies (see Section 3.2.1 for descriptions)?

B) Parametrization of inertia emulation:

— What is the impact of parameterization on the performance of inertia emulation?

— What is the impact of the additional active power on the performance of inertia
emulation? How does the amount of additional active power effect on the recovery
phase?

— What is the impact of the recovery phase duration on the performance of inertia
emulation? How does it effect on the performance of inertia emulation if the re-
covery phase is prolonged?



C) Performance of inertia emulation in a power system with power oscillations:

— How do the power oscillations impact on the performance of the inertia emulation
functionality with different control methods?

D) Consistency of inertia emulation with the selected stability criteria (frequency stabil-
ity, voltage stability, and the damping of inter-area power oscillations):

— How do the different control methods impact on the selected stability criteria?
— Does inertia emulation cause contradictions between the selected stability crite-
ria?

E) Consistency of inertia emulation with fault ride through function:

— Does the recovery time of the fault ride through function impact on the perfor-
mance of inertia emulation? Are there contradictions between these functions?

1.3 Motivation

The inertia emulation capability of converter-connected wind power plants to support a
power system during large under-frequency events has been studied for several years. As
a result, the inertia emulation functionality is commercially available and it has been re-
quired for some years both in Hydro-Québec's and IESO's systems in Canada. Neverthe-
less, there have been some problems with the performance of the function though the
function meets the present requirements. Especially the parts in the inertia emulation re-
quirements concerning the recovery phase have proved crucial for the system stability as
discussed in [2][4][13], for example. Namely, if the recovery characteristics are not
smooth enough, there is a risk for a secondary frequency nadir caused by the active power
reduction during the recovery phase. It is also known that the control method has a great
impact on the inertia emulation. Though some of the results of the previous studies pre-
sented in the literature can be generalized, the function must be studied in the Nordic
power system model separately in order to analyze the potential as well as the challenges
of the function in the Nordic power system as also emphasized in the conclusions in [47].

This knowledge emphasizes TSO's responsibility to set the inertia emulation require-
ments properly to fit the specific power system needs. Also the implementations of the
inertia emulation function must be further developed by manufacturers to be able to meet
the future requirements that are expected to be tightened.

Previous research on the topic has focused either on studying inertia emulation from a
theoretical perspective in a simplified power system model, or studying inertia emulation
performance according to measurements from real power systems with an inertia emula-
tion requirement in Canada, or studying how to design the inertia emulation controller. In
[3]and [51], for example, the performance of inertia emulation was studied in a simplified
Nordic power system model but the emphasis was on the inertia emulation control side.



In this thesis, the inertia emulation capability of wind power plants is studied in a detailed
Nordic power system model with a manufacturer-specific wind power plant model for the
first time. The detailed power system model utilized enables, for example, analyzing the
effect of power oscillations on the performance of inertia emulation, and vice versa. Ad-
ditionally, the utilization of a manufacturer-specific wind power plant model enables
studying the challenges of the commercial functions available as well as the issues de-
manding consideration when setting an inertia emulation requirement. In this study, the
influence of inertia emulation on frequency, voltage and rotor angle stability are analyzed,
too. Moreover, the inertia emulation function is studied together with the fault ride
through function in order to reveal possible contradictions between the functionalities.

1.4 Structure of the thesis

This thesis report consists of eight chapters and has the following structure.

Chapter 2 summarizes the theoretical background to understand the need for studying the
inertia emulation capability in the Nordic power system. The chapter begins with a brief
overview on the Nordic power system, and then, focuses on describing the frequency
dynamics in the Nordic power system.

Chapter 3 concerns the frequency response and inertia emulation of wind power plants.
In the chapter, the frequency response requirements of wind power plants in Finland are
summarized whereas the inertia emulation capability is thoroughly described. Addition-
ally, the performance of inertia emulation control method known as synthetic inertia in
the Nordic power system is discussed according to the literature.

Chapter 4 presents examples on managing under-frequency events in power systems with
low inertia. Some practices used in Canada, Ireland and Northern Ireland are studied and
compared. Additionally, the performance of inertia emulation in a real power system is
assessed according to the literature.

Chapter 5 describes the research methodology used in this study. More precisely this de-
notes describing the models as well as the simulation setup.

Chapter 6 presents and analyzes the simulations results. The inertia emulation control
methods relative different stability criteria and their performance with different parameter
settings are compared.

Chapter 7 summarizes the results of this thesis. The chapter also lists suggestions for
inertia emulation requirement setting if such performance was required in the Nordic
power system.

Chapter 8 draws the conclusions according to the results of this study. Finally, recom-
mendations for future work are proposed.



2. FREQUENCY DYNAMICS IN THE NORDIC
POWER SYSTEM

In this chapter the theoretical background of frequency dynamics focusing on the Nordic
power system is reviewed. The chapter describes the Nordic power system and its fre-
quency control as well as the definitions of stability and inertia among others.

2.1 Overview of the Nordic power system

The synchronous Nordic power system consists of the subsystems of Finland, Sweden,
Norway and Eastern Denmark (Zealand) [28]. There are several interconnections between
these synchronously operating transmission systems [28]. The Finnish transmission sys-
tem, for example, is interconnected to the Swedish transmission system through two 400
kV alternating current (AC) connections [28]. There is also a 220 kV AC connection
between Finland and Norway [28].

The Nordic power system is asynchronously connected via high voltage direct current
(HVDC) interconnections with the Continental European transmission system and with
the IPS/UPS transmission system (Russia, Belarus, and the Baltic countries) [28]. There
are two HVDC links from Finland to Estonia and a connection from Finland to Vyborg
in Russia. There are also HVDC connections from Sweden, Norway and Eastern Den-
mark to Western Denmark (Funen and Jutland) [28]. Moreover, there are HVDC connec-
tions from Sweden to Germany, Poland and Lithuania, and from Norway to the Nether-
lands [28]. Most of these connections are bidirectional which means that the power can
be transferred through the connections in both directions. The Nordic power system as a
part of the interconnected network of Northern Europe is shown in Figure 1.

The four national transmission system operators (TSOs) Energinet.dk, Fingrid, Statnett,
and Svenska kraftnit are responsible for the cooperation of their transmissions systems
in the Nordic power system. In order to maintain the system security in the Nordic power
system, the same system security criterion, so called N—1 criterion, is used throughout the
system [26]. According to the N—1 criterion, "the elements remaining in operation within
a TSO'’s control area after occurrence of a contingency are capable of accommodating
the new operational situation without violating operational security limits" [19][20]. This
means that the power system must withstand a contingency causing, for example, a loss
of an individual principal component that can be, for example, a power generating unit, a
power line, a transformer, a bus bar, or even consumption [15]. The faults that cause a
loss of an individual principal component are called dimensioning faults as they have
considerable effects on the power system [15] and they must not cause secondary failures
or an interruption either in power production or consumption [26].
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Figure 1. The Nordic power system as a part of the interconnected network of
Northern Europe [17].

Power generation has mostly been based on hydro power in Norway [53] as well as on
hydro and nuclear power in Sweden [54] and Finland [35]. However, the Nordic power
system will change significantly in the near future mainly as a response to the changes in
climate policy [12]. The usage of renewable energy sources (RES) increases, and the
share of wind power is expected to triple in 2010-2025, as for example [12] suggests.
The Nordic TSOs have listed the main changes in the Nordic power system by 2025 which
are



Table 1.

— the closure of thermal power plants,
— the increasing penetration of wind power,
— the decommissioning of Swedish nuclear power plants,

— the increase in the interconnector capacities between the Nordic power system and
other systems [12].

The main challenges, arisen as a consequence of the issues in the list, contain the ensuring
a good frequency quality and the adequate level of inertia among others [12].

As described more in detail in Section 5.1.1, the power system model used in the simula-
tions in this thesis is based on the future scenario of the Nordic power system and repre-
sents the year 2025. Table 1 lists the annual key figures of the Nordic power system sce-
nario for 2025. Also the historical data of 2013 is provided for the sake of comparison.

Annual key figures of the Nordic power system scenario for 2025 in comparison

to historical data of 2013 [34].

Key figure [TWh/year] 2013 2025
Nordic demand 383 411
Nordic wind production 23 59
Nordic solar production 0 2
Nuclear production in Sweden & Finland 86 85
Annual balance Nordic countries +0 +13
Annual balance Sweden +10 +18
Annual balance Finland * —16 (—11) —17 (—14)
Nordic system price [E/MWh] ® 38 46
Share of RES generation 65% 73%
Share of CO2-free generation 88% 93%

& Balance including net flow between Russia and Finland given in parenthesis
b Average price for Sweden and Norway (normal hydro year) used to represent the sys-

tem price for the scenarios, excluding inflation

2.2 Power system stability

Power system stability can be broadly defined as power system ability to remain opera-
tional equilibrium under normal operating conditions as well as to recover after a disturb-
ance [46] (p. 19). Power system stability is a multidimensional issue as it is affected by
numerous factors [46] (p. 34). The classification of power system stability presented in
Figure 2 demonstrates the complexity of a power system stability problem. Since the
power system stability is a combination of all the stability categories, it should be ensured

that the improvement on one stability category is not performed at the expense of another
[46] (p. 35).
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Figure 2. Classification of power system stability. Adapted from [45].

As Figure 2 shows, power system stability can be divided into three main classes: rotor
angle stability (also known as angular stability), frequency stability, and voltage stability.
Rotor angle stability refers to the ability of synchronous generators to remain in synchro-
nism [44]. Frequency stability is the power system ability to maintain the system fre-
quency steady and close to nominal, whereas voltage stability is the power system ability
to maintain steady bus voltages throughout the synchronous system [44].

The frequency stability of the Nordic power system is an important issue in this thesis
since the inertia emulation capability studied in this thesis aims to improve the frequency
stability of the Nordic power system. The impact of the inertia emulation on the overall
power system stability is however evaluated by taking account of the following stability
criteria: frequency stability, voltage stability, and damping of inter-area power oscilla-
tions, which is equal to small-disturbance angle stability after N—1 contingency.

2.3 Frequency dynamics

This section describes the basics of frequency control in the Nordic power system as well
as the concept of inertia and its role in frequency disturbance events.



2.3.1 Power balance and frequency

Power system frequency is a measure reflecting the power balance that is the instantane-
ous balance between the active power production and consumption. The frequency re-
mains constant when the active power production and consumption are equal. Power sys-
tems as well as electrical machines and other electrical appliances are designed to operate
at a specific frequency and, for the sake of power system stability and security, it is de-
sirable that frequency remains at or close to its nominal value. Therefore, the aim of the
frequency control is to retain frequency reasonably close to its nominal value by balanc-
ing the active power production and consumption.

In practice, the frequency differs from the nominal value as the active power production
and consumption are not equal. Whenever the frequency is decreasing, the consumption
is higher than the production, and the other way around.

The frequency of a power system varies continuously. Traditionally, this is mainly due to
the changes in the power consumption. In practice, the power generation varies, too. This
originates from the wind and solar generation that are dependent on the weather and other
constantly changing climatic issues as well as from the fluctuating processes on thermal
power plants and the hour changes due to the trading period of one hour in the Nord Pool
day-ahead market. However, slight frequency changes are acceptable and, for the system
security, both the rate of the change and the absolute value of the change determine the
severity of the variations in frequency. Over-frequency events can also be challenging for
the power system but this thesis focuses on the measures that can be used in supporting
the system during under-frequency events.

The nominal frequency of the Nordic power system is 50.0 Hz. The Nordic TSOs have
agreed that the frequency in normal state should remain within a specific target area,
namely within the range of 49.9-50.1 Hz [27]. The normal state denotes an operational
state of the power system in which the power system is prepared to manage a dimension-
ing fault, the production meets the consumption, the frequency, voltage and transmission
are within the limits, and the reserve requirements are met [ 14]. The Nordic TSOs utilize
regulating bids at the power balancing markets and different types of reserves in order to
keep the frequency close to nominal [27]. The reserve products utilized in Finland are
described in Section 2.3.2.

2.3.2 Frequency containment reserves

The importance of frequency control was described above in Section 2.3.1. Fingrid and
the other Nordic TSOs are responsible for ensuring the power balance and steady system
frequency in the Nordic power system [27]. The TSOs acquire reserve products at differ-
ent time scales in order to react to imbalances between consumption and production [27].
The reserve processes utilized to control the frequency can be classified as follows
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1. Frequency Containment Reserves (FCR),
2. Frequency Restoration Reserves (FRR),
3. Replacement Reserves (RR) [23].

Frequency containment reserves are used to control the frequency and power balance
constantly [23]. In other words, they are used to compensate momentary frequency devi-
ations. The reserve process of frequency containment reserves is generally known as pri-
mary frequency control. Frequency restoration reserves aim to restore the frequency to
the acceptable range after a disturbance [23]. Frequency restoration reserves also release
the activated frequency containment reserves back into use [23]. In turn, replacement re-
serves would release the activated frequency restoration reserves so that they would be
available if a new disturbance occurred [23]. However, replacement reserves are not uti-
lized in the Nordic power system [23].

The four reserve products used in Finland are

Frequency Containment Reserves for Normal operation (FCR-N),
Frequency Containment Reserves for Disturbances (FCR-D),
Automatic Frequency Restoration Reserves (aFRR),

Manual Frequency Restoration Reserves (mFRR) [23].

AW N —

Figure 3 presents the four reserve products as well as the time frames of their operation.
Both FCR-N and FCR-D activate automatically by following the changes in the fre-
quency [23]. FCR-N aims to maintain the frequency in the acceptable range of 49.9—
50.1 Hz during the normal operation of the system, whereas FCR-D is utilized to com-
pensate the active power deficit in frequency disturbance events caused by an unplanned
disconnection of a generating unit, for example [22][30].

In the context of this thesis, the frequency containment reserves for disturbances are at
the highest interest since the inertia emulation provided by the power control of converter-
connected wind power plants (WPPs) would occur in the same time frame and they would
both be activated due to a frequency disturbance. However, one should bear in mind that
the frequency containment reserves for disturbances aim to balance the active power gen-
eration and consumption whereas the inertia emulation function would be used to manage
the frequency disturbance which in practice denotes managing the steepness of the fall in
the frequency and the minimum instantaneous frequency (see Section 2.3.4 for descrip-
tions). This means that the objectives of the inertia emulation function and the frequency
containment reserves for disturbances would be different. Additionally, the inertia emu-
lation function in the Nordic power system would most likely be required to activate 2—
4 s after the beginning of the disturbance event which means the activation time of the
inertia emulation function would be shorter than the activation time of the frequency con-
tainment reserves for disturbances (see Table 2 for descriptions).
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Figure 3. Reserve products used in Finland. Replacement reserves are not applica-
ble (NA) in the Nordic power system. Adapted from [23].

Table 2 shows the most essential requirements for frequency containment reserves. See
[21] and [31] for more precise descriptions. The frequency containment reserves for dis-
turbances can be provided by production and load, for example [31].

Table 2.  Technical requirements for frequency containment reserve products [21][31].

Product

Capacity of a bid

Requirements

FCR-N

0.1-5.0 MW

Reserve shall regulate almost linearly within a fre-
quency range of 49.90-50.10 Hz with the maximum
dead band in frequency regulation of 50 + 0.05 Hz.
100% of the reserve capacity shall activate within 3
minutes after a frequency change of +0.10 Hz.

FCR-D

1.0-10.0 MW

Reserve shall regulate almost linearly so that activa-
tion begins when frequency falls below 49.90 Hz and
100% of the reserve capacity shall be activated at a
frequency of 49.50 Hz.

50% of the reserve capacity shall be activated in 5
seconds and 100% of the reserve capacity in 30 sec-
onds with the frequency of 49.50 Hz.

2.3.3 System inertia

The frequency deviation caused by an imbalance between power production and con-

sumption is related to the inertia of the power system [16]. The higher is the total inertia

of the power system, the slighter is the frequency deviation in the system after being
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subjected to a disturbance. Inertia originates from kinetic energy and the total power sys-
tem inertia derives from the kinetic energy stored in the electric rotating machines of
synchronous turbine-generators and synchronous motors connected in the power system.

The kinetic energy of a synchronous machine in Ws at rated speed is given by
_ 1, 2
Wkin - E]wm,r (1)

where J is the moment of inertia in kgm” and wp,  is the rated rotational speed in me-
chanical rad/s [46]. Further, the inertia constant of a synchronous machine is defined as

H — Wxin — l]a’rzn,r (2)
Sr 2 St

where Wiin is the stored kinetic energy at the rated speed in MWs and S; is the rated
apparent power of the machine in VA [46]. The inertia constant of a generator represents
the time in seconds that the generator could supply power at its rated power if the power
was merely supplied from the kinetic energy stored in the rotating masses of the generator
at rated speed and if it was possible to the machine to supply its rated power from the
kinetic energy of its shaft. Therefore, a power system of synchronous machines with
higher inertia constants signifies a more robust system. The inertia constant varies typi-
cally between 1.0-10.0 s [46]. In contrast, the inertia constant of a converter-connected
wind power plant is 0 s [12]. Table 3 presents the average inertia constants in the Nordic
power system. The contribution of synchronous motors in the total system inertia of the
Nordic power system is minor compared to the contribution of synchronous generators.
Therefore, it is relevant that the table focuses on the generation.

Table 3.  Average inertia constants in the Nordic power system [16].

Production type Inertia constant H [s]
Nuclear 6.3

Other thermal 4.0

Hydro conventional 3.0

Hydro small-scale 1.0

Wind 0

In this context, it is practical to introduce the swing equation (or the equation of motion),
too. The swing equation representing the dynamic behavior of synchronous machines is
defined as

]7=Ta=Tm_Te (3)

where J is the moment of inertia in kgm?, wy, is rotational speed of the rotor in mechanical
rad/s, t is time in s, 7, is accelerating torque in Nm, 7 is mechanical torque in Nm and
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T. is electromagnetic torque in Nm [46]. The values of 7w and 7. are positive for genera-
tors and negative for motors [46]. An imbalance between the mechanical and electromag-
netic torques causes the electric rotating machine either to accelerate or decelerate [46].
A generator accelerates as the electrical torque is lower than the mechanical torque, and
vice versa. When the both sides of the swing equation are multiplied by the mechanical
rotational speed wy,, it results in

dwm
dt

Jom =Py — Fe 4)

where Pn and P are the mechanical power input and electrical power output [44].

When a large power generating unit or an importing HVDC interconnector from another
synchronous system trips from the power system, it results in a significant active power
deficit and the system frequency starts to decrease. Consequently, the synchronous gen-
erators connected to the system react to the frequency decrease. More precisely, the me-
chanical rotational speeds of turbine-generator rotors wy, decelerate [12]. The decelera-
tion releases kinetic energy stored in the rotors into the power system reducing the active
power deficit [12]. However, as the rotational speeds of the synchronous generators de-
crease, the system frequency begins to decrease [12]. This immediate power response
from kinetic energy of synchronous generators is known as inertial response or synchro-
nous inertial response. In contrast to ordinary uncontrolled synchronous electric ma-
chines, the active power output of the reserves is controlled by the frequency, instead of
the accelerating torque 7. caused by the frequency deviation, since their function is to
help to maintaining the frequency close to the nominal value [12].

Through the inertial response of the synchronous electric machines, the system inertia has
a significant role in the frequency response. The system inertia measured in MWs is given
by

SI-H = Sr1H1 + SI‘Z HZ + -+ SFN HN (5)

where Sy; is the rated apparent power and H; is the inertia constant of synchronous gener-
ator i connected to the system [3].

At present, the total inertia capacity of the Nordic power system is in the order of
390 GWs [16]. In 2025, the system inertia is expected to be reduced to 315 GWs [12].
However, the situations with the lowest inertia levels are critical for frequency stability.
It is estimated that the system inertia of 120—145 GWs is required in order to avoid the
risks related to a disconnection of a large generation unit [12]. According to the estima-
tions, the total inertia of the Nordic power system will be below this level 1-19% of the
time in 2025 [12].
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2.3.4 Frequency disturbance events

Under-frequency events are typically caused by a loss of a power generating unit or an
importing HVDC interconnector from another synchronous system. For example, accord-
ing to a frequency quality study regarding the Nordic power system in 2015, significant
under-frequency events, in which the frequency is more than 0.3 Hz below the nominal,
were often been caused by a disconnection of a nuclear unit [25]. In turn, according to a
corresponding study for 2016, the frequency deviations exceeding the limit were most
often caused by failures in HVDC interconnectors [24].

There are two essential concepts that are used to describe frequency deviations: the rate
of change of frequency (RoCoF) and the frequency nadir. RoCoF is defined as

d AP
RoCoF =¥ =
dt  2Hgys

(6)

in which f'is the system frequency, ¢ is time, AP is the active power imbalance, and Hiys
is the aggregated inertia constant of the individual machines in the power system [18]. As
can be seen from the equation above, RoCoF is related to the total power system inertia
as well as to the size of the imbalance. In case of under-frequency event, the value of
RoCoF denotes to the steepness of the fall in the frequency. In turn, frequency nadir refers
to the minimum instantaneous frequency reached during the under-frequency event [18].
According to the knowledge acquired through experience, the frequency nadir in the Nor-
dic power system is typically reached 5-8 s after the disturbance.

As explained above, it is crucial for the reliable operation of a power system that the
system frequency remains close to nominal. A protection scheme known as under-fre-
quency load shedding (UFLS) can be utilized in order to terminate a fast decline of fre-
quency so that the system would remain operational [12][46]. Thus, the UFLS is meant
to activate exclusively in the most severe disturbances. Load shedding in general denotes
either automatic or manual disconnection of consumption [14]. In the Nordic power sys-
tem, the UFLS is divided in steps and the frequency limit of the highest load-shedding
step is 48.8 Hz [12]. If the power system inertia is too low, the RoCoF is high and, con-
sequently, the frequency decreases too fast which means that the first frequency limit of
UFLS is reached before the frequency containment reserves have reacted suffi-
ciently [12]. Therefore, either the power system inertia must kept high enough or the
highest dimensioning fault must be limited or the activation time of the frequency con-
tainment reserves must be shortened.

Figure 4 shows an example on the Nordic power system frequency response after the
disconnection of a power generating unit. The RoCoF and the frequency nadir (minimum
instantaneous frequency) are also pointed in the figure. A frequency response can be de-
scribed in three time frames. The first stage (approximately 25-30 s in Figure 4) begins
as the generating unit trips from the system [2]. The stage lasts a few seconds [2]. During
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this stage, the frequency response is determined by the inertial response from the syn-
chronous generators [2]. During the second stage (approximately 30—110 s in Figure 4),
the response from the reserves first start to decelerate the frequency decrease, and then
contribute in frequency recovery [2]. The third stage begins (approximately at 110 s in
Figure 4) as the frequency reaches its steady state value [2].
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Figure 4. Example of the frequency response of the Nordic power system after a
disconnection of a generating unit [18].

There are several factors affecting on the severity of an under-frequency event caused by
a disconnection of a large generating unit or an importing HVDC interconnector from
another synchronous system, for example. The four most influential factors are

— the amount of disconnected power,

— the system inertia,

— the load self-regulation,

— the amount and behavior of the frequency containment reserves [12].

The impact of these factors in under-frequency events is described next. The amount of
disconnected power denotes the size of the disturbance. The higher the amount of the
disconnected power is, the higher the active power deficit is, and the more significant
frequency deviation is expected, if the other factors do not change. As explained above,
the system inertia and the RoCoF are interrelated. The decrease in the system inertia in-
creases the RoCoF which means that the frequency declines faster and the frequency con-
tainment reserves have lesser time to react before the frequency falls below a critical limit.
The load self-regulation, also known as load frequency dependence or frequency depend-
ence of consumption, denotes the feature of some motor loads which causes the load nat-
urally to decrease as the frequency decreases. In 2025, the contribution of the load self-
regulation in the Nordic power system is estimated to be in the order of 0.75 %/Hz [12].
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Thus, the load self-regulation supports the system when the frequency decreases. The
behavior of the frequency containment reserves, such as the activation time of the re-
serves, effects on the frequency response during an under-frequency event. Naturally, the
faster the frequency containment reserves react, the better the frequency decline is man-
aged. However, the initial RoCoF is always determined by the system inertia [12] and the
size of the imbalance.

Figure 5 shows a) the impact of the system inertia on the frequency response after a dis-
connection of a generating unit and b) the power responses from inertia, frequency con-
tainment reserves, and load self-regulation. The figure demonstrates the connection be-
tween the system inertia and the behavior of frequency through the RoCoF and frequency
nadir (minimum frequency).
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Inertial response Dashed line: Low inertia
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Figure 5. Impact of inertia on frequency and power responses after a disconnection
of a generator. a) Frequency responses with high and low inertia, and the corre-
sponding RoCoF values. b) Power responses from inertia (synchronous inertial

response), FCR and load reduction. Adapted from [12].

In the case of low inertia, the response of the frequency containment reserves is faster
than in the case of high inertia. This is owing to the faster frequency decline in the case
of low inertia because then the governors detect the frequency deviation earlier, and con-
sequently, the reserves react faster. The activation speed is not only a result of the fre-
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quency error seen by the governor but the mechanical equipment involved in the regula-
tion restricts the activation speed that is possible to achieve. However, limits set by me-
chanical equipment are typically not reached during actual frequency disturbances.

2.4 Justification for reacting on low system inertia

Power system inertia is connected with the frequency stability of a power system by its
relation to RoCoF. This is the main reason why the declining system inertia is considered
as one of the main future challenges in the Nordic power system [12]. Therefore, provid-
ing supplementary inertia or other measures may be necessary to manage the change.

The Nordic power system is designed and operated according to the N—1 criterion, as
discussed above in Section 2.1. It means that the power system must manage a single
dimensioning fault. Therefore, TSOs need to set requirements for the operational perfor-
mance that the power plants connected to the TSO's grid must fulfill. These requirements
often belongs to grid codes. The unofficial translation of Fingrid's operative grid code for
generators is called Specifications for the Operational Performance of Power Generating
Facilities VJV2013 [32], as the official version of the grid code is collected in Finnish in
Voimalaitosten jdrjestelmdtekniset vaatimukset VJV2013 [33]. Fingrid's grid code for
generators applicable to wind power plants from the perspective of frequency response is
summarized in Section 3.1.

With respect to power system security, the generating units should support the power
system stability during a fault. Moreover, according to Requirements for Generators
(RfG) published by European Network of Transmission System Operators for Electricity
(ENTSO-E), the European TSOs are allowed to require inertia emulation functionality
from converter-connected wind power plants [19]. Therefore, it would be possible for
Fingrid to set an inertia emulation requirement for converter-connected wind power
plants.

However, requiring inertia emulation functionality from wind power plants is only one of
the several solutions for managing under-frequency events in low inertia situations. The
Nordic TSOs have listed solutions in a report [12]. The possible solutions can be divided
in two groups: solutions to be implemented by the TSOs and solutions requiring broader
collaboration between the power market participants [12].

Possible solutions to be implemented by the TSOs contain 1) setting requirements for
minimum system inertia and 2) limiting the power output of the largest units, referring to
both generators and import through HVDC links, in situations in which system inertia is
low [12]. The idea of these possible solutions is to ensure that the power system with-
stands the dimensioning fault as the N—1 criterion requires.
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Possible solutions that require cooperation between the power market participants are di-
vided into short term and long term options [12]. In the short term, the inertia per gener-
ated power could be increased by running generation units with inertia with lower average
power output [12]. Namely, the inertia of a synchronous generator is not effected by its
power output but by the product of the rated power and the inertia constant, and the system
inertia is the sum of the corresponding products that represent all the synchronous gener-
ators connected in the system (see Equation 5 in Section 2.3.3). There are more options
applicable in the long term. They include enhancing the frequency containment reserves
by either increasing the amount of the reserves or increasing the reaction speed of the
reserves in order to achieve a faster response during a disturbance [12]. Low inertia could
also be managed in the long term by installing system protection schemes (SPS), using
HVDC links connected to other synchronous areas, adding rotating masses, such as syn-
chronous condensers, to the system, or adding synthetic inertia (including inertia emula-
tion of wind power plants) to the system [12]. The maximum effective disconnected
power can be limited by a system protection scheme that disconnects predetermined
amount of predetermined load when the pre-defined triggering disconnection event oc-
curs [12].

The solutions listed above can also be divided by their effect on the electricity market.
The day-ahead market of the Nordic power system and its principles are changed if the
power output of the largest units is limited or if the TSOs dictate which units shall be
connected to the system, for example. These type of changes in the electricity market can
be avoided by using synchronous condensers, HVDC links or inertia emulation of wind
power plants.
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3. FREQUENCY RESPONSE AND INERTIA EMU-
LATION

This chapter describes the frequency response of wind power plants. First, Fingrid's cur-
rent frequency response requirements for wind power plants and the technologies of con-
verter-connected wind power plant are explained briefly. Thereafter, the focus is on the
inertia emulation capability.

3.1 Frequency response requirements in Fingrid's grid code

Fingrid's grid code for generators concern power generating units with rated active power
capacity of 0.5 MW or higher [32][33]. In Fingrid's grid code for generators in force,
power generating facilities are classified into four power classes by the rated active power
P: of the facility [32][33]. The power classes are presented in Table 4. The inertia emu-
lating wind power plants studied in this thesis represent Power Classes 3 and 4 as the
rated active power of the wind power plants vary from 40 MW to 200 MW. Therefore,
the following summary involves wind power plants of Power Classes 3 and 4. Merely the
most essential parts of the requirements related to frequency response are described.

Table 4.  Power classes of power generating units in Finland [32][33].

Power class Rated active power capacity
1 0.5 MW <P <10 MW
2 10 MW < P, <25 MW
3 25 MW < P, <100 MW
4 P:>100 MW (or P:> 10 MW)?
2 Facilities connected to the network located beyond the Isoniemi and Kokkosniva
feeder bays of the Valajaskoski and Pirttikoski 220 kV substations

The operational requirements applicable to wind power plants in Fingrid's grid code for
generators are classified into three groups as follows

1. frequency control and active power control,
2. reactive power capacity,
3. voltage control and reactive power control [32][33].

In this connection, it is reasonable to focus on the operational requirements of frequency
and active power control next since the inertia emulation would change the current fre-
quency response required from wind power plants in Fingrid's grid code for generators.
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First of all, the wind power plants representing Power Classes 3 and 4 must be able to
adjust their active power according to the frequency measurement [32][33]. The droop of
frequency control must be linear and adjustable [32][33]. Additionally, it is required that
the rate of change of active power can be restricted and the active power can be curtailed
[32][33]. It must also be possible to control the active power to decrease from full power
to 20% of rated active power under 5 s [32][33]. The accuracy of 1 MW for the reference
of active power control and the sensitivity of 10 mHz with maximum reaction time of 2 s
for frequency control are required [32][33].

At present, the wind power plants are not required to continuously adjust their active
power [32][33]. Fingrid can, however, stipulate the wind power plants to operate as the
frequency and active power control requirements presume if the restoration of the power
system to normal state after a disturbance requires such performance [32][33]. If Fingrid
set an inertia emulation requirement, the wind power plants would not be required to
constantly control their active power either. In that case, the wind power plants would be
required to provide a temporary frequency response whenever the frequency falls below
a pre-defined limit during an under-frequency event.

3.2 Inertia emulation capability of wind power plants

The inertia emulation capability of converter-connected wind power plants is described
in this section.

3.2.1 Converter-connected wind power plants

All recent and new wind power installation connected to the Nordic power system repre-
sent Type 3 and Type 4 wind turbine generator technologies. Type 3 and 4 wind turbine
generators (WTGs) represent the modern variable-speed wind turbine generators in which
either a partial-scale or a full-scale converter decouples the wind turbine generator from
the grid. Type 3 wind turbine generators represent the configuration with a partial-scale
converter as shown in Figure 6, whereas Type 4 wind turbine generators are equipped
with a full-scale converter as shown in Figure 7. These converter-connected wind power
plants are capable of providing temporary active power boost, called inertia emulation in
this thesis, during under-frequency events by adjusting their converter controls if the
needed control systems are initially installed. The implementation of a new control sys-
tem with an inertia emulation function would, in practice, mean updating the converter
software.

The rough configuration of Type 3 wind turbine generator includes a gearbox, a wound-
rotor induction generator (WRIG), and a partial-scale converter in addition to the actual
wind turbine consisting of the tower, rotor and nacelle [1]. This technology is generally
known as a doubly-fed induction generator (DFIG) [1]. Though Type 3 wind turbines are
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considered variable-speed turbines, the speed range is typically limited from —40% to

+30% of the synchronous speed [1].
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Figure 6. Configuration of Type 3 WTG. WRIG = wound-rotor induction generator.
Adapted from [1].

In Type 4 wind turbine generators a full-scale converter decouples the generator and the
grid [1]. The wind turbine generators representing the Type 4 technology are often called
full converter (FC) wind turbine generators. A gearbox is not necessarily needed in the
configuration that is emphasized by the dashed line around the gearbox [1].

Full-scale
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Figure 7. Configuration of Type 4 WT'G. PMSG = permanent magnet synchronous
generator, WRSG = wound-rotor synchronous generator, WRIG = wound-rotor
induction generator. The dashed line around the gearbox denotes that the gear-

box is not necessarily needed. Adapted from [1].

A wind turbine generator model typically consists of the following or similar elements:

— aerodynamic model representing the wind turbine rotor,
— mechanical model,

— generator drive model,

— pitch control system (also known as pitch servo),

— wind turbine control system,

— wind turbine protection system [1].

Figure 8 demonstrates a block diagram of a generic wind turbine generator model. The
main controls of the wind turbine generator, such as active power control, is modeled by
the wind turbine control system [1].
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Figure 8. Block diagram of a generic wind turbine generator model. f = grid fre-
quency, Is = stator current, Ir = rotor current, P = active power, Pref = active
power reference, Q = reactive power, Qrer = reactive power reference, Us = sta-
tor voltage, Ur = rotor voltage, U,.r = stator voltage reference, T. = electro-
magnetic torque, Tn = mechanical torque, b = rotational speed of turbine,
Ween = rotational speed of generator rotor, Ggen = generator rotor angle,
P = pitch angle, [rer = blade reference angle. Adapted from [1].

As mentioned above, the inertia emulation function would be controlled by the converter
controls. The converter controls are included in the wind turbine control system (see Fig-
ure 8). The inertia emulation control methods are described in Section 3.2.3.

3.2.2 Inertia emulation

The wind power plants are typically divided in four groups by their technologies. Type 3
and 4 technologies represent the converter-connected wind turbine generators, as ex-
plained in Section 3.2.1. The power electronic converters of Type 3 and Type 4 wind
turbine generators decouple the wind turbine generator and the grid. This means that the
kinetic energy stored in the rotating masses of the wind turbine is also decoupled so that
the wind power plant cannot provide a direct inertial response [1]. Thus, the inertia con-
stant of a converter-connected wind power plant is 0 s [ 12], as mentioned in Section 2.3.3.

However, the converter controls of the wind power plants can be adjusted to emulate to
some extent the inertial response of synchronous machines as it is described in the litera-
ture, in [1][2][3] for example, as well as required and utilized in real networks in Québec
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[40] and Ontario [13][41] in Canada. The concept of inertia emulation (IE) denotes a
functionality of a converter-connected wind power plant that provides a temporary active
power boost during an under-frequency event according to a frequency signal. Also the
concepts of emulated inertia, synthetic inertia, synthetic inertial response, virtual inertia
and virtual inertial response are used in the literature. However, this thesis follows the
definition of synthetic inertia described in [ 18] whereby the contribution of synthetic in-
ertia is proportional to the RoCoF similarly to the synchronous inertial response. The
power boost of inertia emulation namely is not necessarily proportional to the RoCoF, as
it is explained in Section 3.2.3.

The additional active power of the power boost providing the inertial response is drawn
from the kinetic energy stored in the rotating masses of the wind turbines, as explained in
[2][36], for instance. Above the nominal wind speed of the wind turbine generator, the
additional active power can directly be drawn from the wind without decelerating the
rotor speed [2][10][36]. This is possible by reducing the pitch angle of the wind turbine
blades [2][10][36]. Therefore, there is no need to restore the rotational speed and the
power output after the deactivation of the power boost [2][10][36]. However, below and
at the nominal wind speed, the inertia emulation functionality can be divided into two
phases: power boost phase and recovery phase, also known as recovery period. The pro-
vision of power boost decelerates the rotational speed of the wind turbine rotor and, there-
fore, the active power output during the so-called recovery phase is lower than before the
activation of the inertia emulation functionality [2][36]. During the recovery phase, the
rotational speed is accelerated back to optimal that is determined by the prevailing wind
speed [2][36]. Figure 9 presents an example of an ideal inertia emulation performance.
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Figure 9. Example of an ideal inertia emulation performance in a power system
with nominal frequency of 60 Hz. IE = inertia emulation. Adapted from [36].
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The recovery phase follows the deactivation of the active power provision. As described
above, the active power output of the wind power plant decreases during the recovery
phase as the rotor rotational speed is accelerated back to optimal. Therefore, especially
the parameters determining the recovery characteristics are critical for inertia emulation
functionality. However, there are also several variables that determine the precise reduc-
tion in the active power in addition to the parametrization [2]. From this point of view,
the initial power level before the activation of active power boost, the amount of active
power boost, and prevailing wind conditions during the recovery phase are the most in-
fluential ones [2].

In general, inertia emulation can be used to improve the RoCoF or the frequency nadir or
both. However, the usefulness of inertia emulation depends on many things. Due to the
recovery phase, the utilization of inertia emulation, can delay the frequency recovery [57],
for example. Additionally, the active power drop during the recovery phase can cause a
secondary frequency nadir as explained in [2] and [4], for example.

The inertia emulation function is controlled by the converter controls, as discussed in
Section 3.2.1. The converters of the wind turbine generators are typically slightly over-
sized, and thus, it is from the electrical side possible for the wind turbine generators to
deliver a power boost of 10% of rated power for 10 s in all operating points [3][38][50].
As it is later discussed in Section 3.2.5, the restrictions of the power contribution during
the power boost phase originate from the aerodynamic side of the wind turbine genera-
tor [38][50].

At present, several wind turbine generator manufacturers, such as Enercon [2][8], General
Electric [2][37], Nordex [49], Senvion [2], Siemens [2], and Vestas [2] have a commercial
product of inertia emulation available. Thus, the lack of commercial products of inertia
emulation is not a hindrance for the inertia emulation requirement setting. Additional
studies as well as operational experience on inertia emulation are however needed for
acquiring a better understanding on the function. By December 2017, there will be wind
turbine generators from five different manufacturers providing under-frequency support
in Hydro-Québec's system in Canada [2]. From scientific perspective, this enables a
broader analysis on the operational differences of manufacturer-specific inertia emulation
functions in the future, for example.

3.2.3 Control methods

Three main control methods are presented in the literature for the inertia emulation of
converter-connected wind power plants:



25

1. fixed power boost,
2. power boost proportional to absolute frequency (change),
3. synthetic inertia.

The differences between these methods are in the inputs of the power boost as well as in
the provision of the power boost. As the following text describes more precisely, the ac-
tive power contribution can be either fixed, proportional to frequency (change) or propor-
tional to the derivative of the frequency (RoCoF). Moreover, it is also possible to use the
combinations of the methods.

Fixed power boost refers to a control method which the power contribution is a fixed
percentage either of the pre-disturbance active power output, the active power output be-
fore inertia emulation activation or of the rated active power. The power contribution
duration is typically fixed, too. Thus, the power boost is independent of the frequency or
its derivative meaning that the power boost does not adapt to a disturbance event. The
power boost phase begins as the grid frequency falls below the pre-defined activation
frequency (also known as frequency threshold) or dead band. Figure 10 shows an example
of the control block diagram of fixed power boost.
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Figure 10. Control block diagram of fixed power boost. f; = measured grid
[frequency, forer = nominal grid frequency, Trpr = time constant of (low-pass) fre-
quency filter, Ppoost = power boost. Adapted from [52].

The active power contribution of inertia emulation can also be proportional to the absolute
frequency change Af. Then, the additional active power is linear to the grid frequency.
The power boost phase begins as the grid frequency falls below the pre-defined activation
frequency or dead band. An example of the control block diagram of proportional power
boost is demonstrated in Figure 11.
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Figure 11. Control block diagram of power boost proportional to frequency

change. f; = measured grid frequency, fgrer = nominal grid frequency, Trpr =
time constant of (low-pass) frequency filter, Kr = gain. Adapted from [52].
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Synthetic inertia denotes an inertia emulation control method that emulates the inertial
behavior of the conventional synchronous generators as the additional active power is
proportional to the frequency derivative df/dt, also known as the RoCoF, and the power
contribution is instant. Figure 12 presents an example of the control block diagram of
synthetic inertia. The control method of power boost proportional to frequency derivative
can be considered as a variant of synthetic inertia. Namely, if a frequency threshold or a
dead band is used to adjust the activation of the power boost phase of the function, it may
more reasonable to use the concept of power boost proportional to frequency derivative
to describe the control method since then the response does not imitate the synchronous
inertial response as explained above in Section 3.2.2.
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Figure 12. Control block diagram of synthetic inertia. f, = measured grid fre-

quency, ferer = nominal grid frequency, Trpr = time constant of (low-pass) fre-
quency filter, Kr = gain, Tupr = time constant of (high-pass) frequency filter.
Adapted from [52].

The control block diagrams shown above represent the examples of the additional con-
trols and signals that should be added to the initial converter controls if the wind turbine
generator were about to be equipped with the inertia emulation function. In the control
block diagrams shown in Figure 10, Figure 11 and Figure 12, the frequency signal is
filtered in order to smooth the temporary frequency swings. In the case of synthetic inertia
as well as power boost proportional to frequency derivative, the frequency signal is fil-
tered by a first-order filter to remove the noise originating from the measurement and
amplified by the derivation [52], as demonstrated in Figure 12.

The performance of fixed power boost in the Nordic power system is studied by the sim-
ulations presented in Chapter 6. In turn, the control method of synthetic inertia is analyzed
according to the literature in Section 3.3. As mentioned above, the combinations of the
control methods might also be beneficial. Thus, the combination of power boost propor-
tional to frequency change and power boost proportional to frequency derivative is also
studied in this thesis. To refer to this combination, the concept of proportional power
boost is used in this thesis.

3.2.4 Present requirement criteria

In order to set suggestions for an inertia emulation requirement, the suitable controller
parametrization must be validated according to reasonable simulations. The typical inertia
emulation requirement criteria include
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— activation frequency [Hz] or alternatively frequency dead band [Hz],

— power boost rise time [s] or alternatively the frequency for maximum power
boost [Hz],

— power boost percentage [percentage of pre-disturbance power or percentage of
rated power],

— power boost (phase) duration [s],

— power drop during the recovery phase [percentage of pre-disturbance power or
percentage of rated power],

— recovery (phase) duration [s],

— minimum output power for availability [percentage of rated power],

— time between consecutive activations.

The list above is based on the inertia emulation requirements in force regarding Hydro-
Québec's requirement presented in [2][39][40] and regarding IESO's requirement pre-
sented in [13][41][42][43]. This study however shows that some additional issues are
recommended to be covered in the requirement if such requirement were introduced in
the Nordic power system. These issues are discussed in Section 7.2.

Firstly, the activation frequency determines the system frequency at which the power
boost of the inertia emulation functionality is activated. Instead of setting a frequency
threshold, it is also possible to set a frequency dead band that denotes a frequency range
in which the power boost of the inertia emulation functionality is not activated. The acti-
vation of power boost is typically limited either by an activation frequency or a frequency
dead band since, according to the in force inertia emulation requirements, the inertia emu-
lation 1s not designed to constantly control the frequency but support the system frequency
during significant under-frequency events.

The power boost rise time is the time in seconds that it takes until the power boost has
reached its maximum value after the activation frequency or frequency dead band is ex-
ceeded. Alternatively, the gradient of the power boost can also be controlled by setting
the activation frequency and the frequency for maximum power boost as desired. The
frequency for maximum power boost denotes the frequency at which the power boost
reaches its maximum.

The power boost refers to the amount of the additional active power either as a percentage
of the actual power output of each wind turbine generator in service before the incident
or as a percentage of the rated power of each wind turbine generator in service. In turn,
the power boost duration is the time in seconds that is takes from the beginning of the
rise of the active power (activation of power boost) until the beginning of its descent
(deactivation of power boost).
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The recovery phase characteristics, namely the power drop during the recovery phase and
recovery duration, are noticed to be critical for the suitability of inertia emulation func-
tionality for a power system. To enable a smooth recovery and active power drop low
enough, the recovery duration should be long enough. It may also be beneficial to set the
recovery phases in different wind power plants to start gradually at different moments of
time.

In addition to the parameters presented in the list above, it may be useful to set an activa-
tion delay for the inertia emulation functionality that is the time in seconds that can be
utilized in order to avoid the undesired activation of inertia emulation due to a short-
duration self-exiting frequency swing by delaying the power boost activation. This type
of frequency swing could be caused by inter-area power oscillations that are typical in
certain power flow situations in the Nordic power system. However, setting an activation
delay should be considered and implemented with caution. A suitable filtering of the fre-
quency signal is another solution to avoid undesired activation of inertia emulation due
to a short-duration self-exiting frequency swing. Filtering low-frequency oscillations,
such as the inter-area power oscillations in the Nordic power system, would however
require some delay.

For the requirement design, minimum output power for the availability of the inertia emu-
lation capability shall be considered as well. This issue is covered in Section 3.2.5.

3.2.5 Limitations

It is likely that there is a limit for the operating range in which the inertia emulation ca-
pability is available. Namely, at low wind speeds the rotational speed of the wind turbine
rotor is already slow and slowing down the rotor even more may not be possible without
unintentionally stopping its rotation. The data sheets of the turbine generators available
for the author do not mention any this type of availability limits for inertia emulation.
However, according to the doctoral thesis of Johan Bjornstedt from Lund University,
wind turbines from several manufacturers would be able to provide inertia emulation with
power boost of 10% of the wind turbine generator rated power for 10 seconds for all wind
speeds [3], in other words, at all the operating points of the power curve.

According to the manufacturers contacted by the author, this is true from the electrical
side only [38][50]. Namely, there are some restrictions originating from the aerodynamic
side. According to a manufacturer, the inertia emulation is not available below 25% of
rated active power [50]. Additionally, such high and long power boost provided around
rated wind speed could cause high active power reduction during the recovery phase [38].
Therefore, the inertia emulation functionality cannot be required at the lowest power out-
puts. For example, two Canadian TSOs (Hydro-Québec and IESO) require the inertia
emulation availability from 25% of rated active power [2][13][39]. Thus, it is reasonable
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assumption that inertia emulation could be required at least above 25% of rated active
power.

The converters of wind turbine generators can occasionally be overloaded for a short pe-
riod of time which enables that the inertia emulation is available also at rated power (at
and above the nominal wind speed) as the inertia emulation requirements typically stipu-
late. However, at high active power levels a wind power plant operates close to its appar-
ent power maximum the converter cannot exceed. Either the provision of active or reac-
tive power may therefore have to be limited as the wind turbine generator is operating
above the rated power. Hence, the reactive power provision may have to be limited if the
inertia emulation functionality is activated providing active power above 1.0pu.

Figure 13 presents a suggestive capability curve of a modern wind turbine generator. The
lighter area in the figure emphasizes the possible restriction of the reactive power capa-
bility related to the exceeding of the rated power. Therefore, it should be determined
whether it is the frequency support by the active power provision or the voltage support
by the reactive power provision that should be prioritized as the wind turbine generator
is operating above the rated power.
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Figure 13. Indicative capability curve of a modern wind turbine generator.
The lighter area demonstrates the possible restriction of the reactive power ca-
pability related to the exceeding of the rated power. Adapted from [1] (p. 228).

3.3 Performance of synthetic inertia

The concept of synthetic inertia denotes the inertia emulation functionality controlled in
such a way that the power boost is proportional to the RoCoF (df/dt). Simulations with
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synthetic inertia are not performed in this thesis but the variant referred to as proportional
power boost is analyzed by simulations instead (see Section 3.2.3 for description). How-
ever, in the doctoral thesis of Johan Bjornstedt from Lund University, the performance of
synthetic inertia on the frequency dynamics in the Nordic power system is studied [3].
Some of the most essential parts of the simulations presented in the doctoral thesis are

summarized next.

Inter-area power oscillations appear in the Nordic power system. Therefore, the frequency
signal utilized for the df/dt control of synthetic inertia contains low frequency oscillations
in addition to the noise originating from the measurement [3]. Figure 14 highlights the
challenges related to control of synthetic inertia in real systems with power oscillations.
The frequency shown in the figure represents the event with the highest amplitude of
frequency oscillation occurred in the Nordic power system in 20072010 [3]. The corre-
sponding df/dt (without filtering) is also shown in the figure. As can be seen, remarkable
oscillations and noise appear in the calculated df/dt. If the original frequency measure-
ment would not be filtered, the oscillations and noise would be reflected in the power
boost of inertia emulation, too. This would result in the bad performance of inertia emu-

lation.

df/dt [Hz/s]

Figure 14. Measured frequency and calculated df/dt in Southern Sweden
(blue) and in Southern Finland (red) [3].

Figure 15 shows the performance of synthetic inertia in low and high wind power pene-
tration cases. The simulations are executed in PowerFactory and the system model uti-
lized is a simplified two-area four-machine representation of the Nordic power sys-
tem [3]. The frequency used calculating the df/dt is filtered with a 1 Hz low-pass filter in
order to eliminate the noise and to enhance the performance of inertia emulation [3]. In
the case of low wind power penetration, there appear undesired oscillations in the wind
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turbine generator output power and, thus, the performance of inertia emulation is inade-
quate [3]. In turn, in the case of high wind power penetration, the damping of oscillations
is improved [3]. However, the performance of inertia emulation to improve the frequency
nadir does not seem excellent either in this case. In conclusion, achieving a satisfactory
performance of synthetic inertia or power boost proportional to frequency derivative re-
quires that the frequency signal is reasonably filtered.
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Figure 15. Performance of synthetic inertia in low wind power penetration

case (left) and high wind power penetration case (right). Frequency f at genera-
tors G2 (blue) and G3 (red) and wind turbine output power Pwr connected at
buses I (blue) and 4 (red). Frequency used calculating the df/dt is filtered with
a 1 Hz low-pass filter. Adapted from [3].

In addition, Vattenfall Research and Development studied the possibilities of synthetic
inertia in the Nordic power system with a simplified system model in PSS®E [57]. Ac-
cording to the study, the inertia emulation provided by the control method of synthetic
inertia does not seem very useful in improving the frequency nadir [57].

By analyzing Figure 15, it can be observed that the major active power contribution is
provided almost instantly after the beginning of the disturbance event. This observation
most likely explains why the usage of synthetic inertia may result in the improvements in
the RoCoF instead of the frequency nadir. Therefore, when aiming to primarily improve
the frequency nadir, implementing the activation frequency or dead band may be useful
when using the inertia emulation control method which power boost is proportional to the
frequency derivative.



32

4. EXAMPLES ON MANAGING UNDER-FRE-
QUENCY EVENTS IN POWER SYSTEMS WITH
LOW INERTIA

In this chapter, inertia emulation of wind power plants and an ancillary service called fast
frequency response are covered as examples on practices managing the RoCoF and fre-
quency nadir during under-frequency events used in real systems with low inertia are
described and compared. Additionally, the performance of inertia emulation in Hydro-
Québec's system is briefly analyzed.

4.1 Practices utilized in Canada, Ireland and Northern Ireland

This section focuses on the practices to acquire additional active power support utilized
in Canada, Ireland and Northern Ireland in order to manage the early stages of under-
frequency events.

4.1.1 Acquiring additional active power support

As the wind power penetration has increased significantly, TSOs around the world have
encountered the problem of decreasing power system inertia. To cope with this change,
TSOs have studied the issue and tried to find suitable solutions, for example, to manage
RoCoF and frequency nadir during the early stages of under-frequency events in their
power systems.

Some TSOs, such as the Canadian TSOs Hydro-Québec and Independent Electricity Sys-
tem Operator (IESO), have set an inertia emulation requirement for converter-connected
wind power plants connected in their networks. These inertia emulation requirements are
studied in Section 4.1.2 and Section 4.1.3. The inertia emulation requirements are formu-
lated using the requirement parameters described in Section 3.2.4.

Another option to acquire additional active power support could be complementing the
ancillary services, also known as system support services or system services, with a so-
called inertia market. The TSOs EirGrid in Ireland and System Operator Northern Ireland
(SONI) in Northern Ireland, for example, will introduce an ancillary service market for
generation and consumption able to provide active power contribution fast enough. This
option is described in Section 4.1.4.
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4.1.2 Hydro-Québec's inertia emulation requirement

For several years Hydro-Québec has required inertial response during large, short-dura-
tion frequency deviations from wind power plants with a rated power output exceeding
10 MW [40]. The initial version of the inertia emulation requirement was specified in
2009 [40] and entirely revised in 2012 [2][39]. The revised inertia emulation requirement
is summarized in Table 5. As the table reveals, the power boost requirements are based
on the rating of the plant rather than on the pre-disturbance power [2][39]. Additionally,
it must be possible to adjust the dead band between —0.1 Hz and —1.0 Hz of the nominal
frequency of the network [2][39]. An adjustable dead band enables individual adjustments
of inertia emulation activation for separate wind power plants.

Table 5.  Hydro-Québec's inertia emulation requirement for WPPs [2][39].

Inertia emulation requirement

Objective Used only during large, short-duration under-fre-
quency events

Control method Either fixed power boost or power boost proportional
to frequency change

Frequency dead band Adjustable dead band between the deviation of —0.1 Hz
and —1.0 Hz from the nominal grid frequency of 60 Hz

Power boost rise time <15s

Power boost percentage > 6% of rated active power of each WTG in service

Power boost duration >9s

Power drop during the recovery phase <20% of rated active power of each WTG in service

Availability of the functionality > 25% of rated active power of each WTG in service

Time between consecutive activations > 2 min after the end of the recovery phase

According to the latest grid code document, each installed wind power plant must pass
the validation tests in order to prove the required operation [39]. In this connection it
should be noted that the operation of the wind power plant prevails rather than the oper-
ation of the individual wind turbine generators [39].

4.1.3 IESO's inertia emulation requirement

An inertia emulation requirement of converter-connected wind power plants is also intro-
duced by IESO, another Canadian system operator. According to the Market Rules Ap-
pendix 4.2 [42] and the specifying background document for Large Renewable Procure-
ment I [41], IESO's requirement concerns converter-connected wind power plants with
rated power exceeding 50 MW. Also the wind power plants in IESO's network must prove
that the performance of the wind power plant meets the requirements [43]. The main fea-
tures of IESO's inertial response requirement are collected into Table 6.
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Table 6.  IESO's inertia emulation requirement for WPPs [13][41].

Inertia emulation requirement

Objective To respond to under-frequency events by temporarily
increasing the active power output

Control method Not specified

Activation frequency Deviation of —0.3 Hz from the nominal grid frequency
of 60 Hz

Power boost rise time <05s

Power boost percentage > 10% of pre-disturbance active power

Power boost duration >10s

Power drop during the recovery phase < 5% of pre-disturbance active power

Availability of the functionality >25% of rated active power

Time between consecutive activations Not specified

4.1.4 EirGrid and SONI's market for fast frequency response

In order to manage the decreasing system inertia due to the increasing share of non-syn-
chronous generation, the Irish TSO EirGrid and the Northern Irish TSO SONI have pro-
posed an alternative solution to manage low inertia in their power systems. Instead of
stipulating inertia emulation capability from wind power plants, EirGrid and SONI will
introduce an ancillary service market for fast frequency response (FFR) [5][6]. In addition
to fast frequency response, EirGrid and SONI will introduce other new ancillary service
products including synchronous inertial response (SIR) that is related to fast frequency
response by the objective of managing frequency nadir [5].

In EirGrid and SONI's documentation, fast frequency response denotes the additional in-
crease in active power output from a generator or reduction in active power demand dur-
ing a frequency disturbance [5]. The fast frequency response is utilized to manage under-
frequency events by increasing the time to reach frequency nadir and mitigating the
RoCoF [5][7]. The idea of the fast frequency response is that both synchronous and asyn-
chronous machines can emulate any inherent inertial response by reasonable controls [5].

The fast frequency response should be available within 2 seconds after the beginning of
the frequency disturbance event and for at least 8 seconds after its activation [5]. This
means that the fast frequency response should be available 3 seconds faster than the pri-
mary operating reserve [6]. By their objective, the primary operating reserve in EirGrid
and SONI's systems is corresponding to the reserve product of frequency containment
reserves in the Nordic power system. In the requirement of this new fast frequency re-
sponse product, there is no specific limit for the active power drop during the recovery
phase. However, the energy needed in the first 10 seconds of the recovery phase should
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not exceed the additional energy provided during the power contribution [5]. This is em-
phasized by the hatched areas in Figure 16 that shows an example of the operation of the
fast frequency response product.

50.2 ‘ 180
—F
50 AI:CI 150 —
49.8 T o §
T 496 - 0 o
-~ =]
Q494 — 60 o
] 18 MW =
3 49.2 | 30 €
g % + | S
2 | =
49 o
T :
<
48.8 -30
48.6 -60
-10 5 0 5 10 15 20 25
Time [s]
Figure 16. Example of the operation of the fast frequency response product.

Upper curve: frequency. Lower curve: additional power. The energy provided
during the power contribution (hatched area on the left) must be greater than
the energy needed in the 10 first seconds of the recovery phase (the hatched area
on the right). Adapted from [5].

In April 2016, EirGrid and SONI published the proposed tariff payment rates used during
the 20162017 tariff years representing the interim period of the implementation project
of the new ancillary services [6]. In the consultation paper, the interim tariff rate of 1.96
€/MWh was proposed for the fast frequency response [6]. Moreover, the tariff payment
rates proposed for the interim period will be questioned and updated for the enduring
arrangements [6].

4.1.5 Comparison of the practices

Since every power system is unique and, therefore, has specific needs for the frequency
response, the inertial response requirements vary between the TSOs, as emphasized
in [13]. For example, the requirement set by Hydro-Québec and IESO aim to improve
especially the frequency nadir [13], whereas EirGrid and SONI are mainly trying to im-
prove the RoCoF values [6][7].

Table 7 presents the inertia emulation requirements of Hydro-Quebec and IESO as well
as the common fast frequency response requirement approved in the networks of EirGrid
and SONI. According to the table, the upper limit for rise time varies between 0.5-2.0 s
and the minimum acceptable power boost duration varies normally between 8—10 s. Hy-
dro-Québec requires an adjustable frequency dead band for power boost activation. In
turn, IESO has determined a specific threshold for the frequency at which the power boost
is required to become active. Additionally, IESQO's active power boost requirements are
based on the actual pre-disturbance power output of the wind turbine generator, whereas
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Hydro-Québec's corresponding requirements are based on the rated power. Though the
recovery phase characteristics are critical for the power system operation, none of the
TSOs studied requires a specific recovery duration, for example. Neither Hydro-Quebec
nor IESO however allow active power to decrease arbitrarily as the recovery phase char-
acteristics are determined by the active power drop limit.

EirGrid and SONI do not have any specific requirements on active power contribution or
reduction during the recovery phase but it is stated in the documentation that the energy
provided during the active power contribution has to be higher than the energy needed
during the first 10 seconds of the recovery phase [5]. This is emphasized by the star sym-
bol in Table 7.

Table 7.  Comparison of the additional active power support options.
Criterion Hydro-Québec IESO [13][41] EirGrid & SONI [5]
[2](39]
Function Inertia emulation from | Inertia emulation from Fast frequency re-
converter-connected converter-connected sponse
WPPs WPPs
Activation frequency/ | [—0.1,—1.0] Hz, ad- -0.3 Hz Not specified
Frequency dead band justable
Power boost rise time <15s <05s <2s
Power boost percent- > 6% of rated active | > 10% of pre-disturb- Not specified”
age power ance active power
Power boost duration >9s >10s >8s
Power drop during the | <20% ofrated active | < 5% of pre-disturb- Not specified”
recovery phase power ance active power
Availability of the > 25% of rated power | >25% of rated power Not specified
functionality
Time between consec- | > 2 min after the end Not specified Not specified
utive activations of the recovery phase
“the energy provided during the power contribution should always higher than the energy needed
during the first 10 s of the recovery phase

4.2 Inertia emulation performance in Hydro-Québec's system

In Hydro-Québec's system, the inertia emulation requirement has already been in force
for several years. Next the performance of inertia emulation during an under-frequency
event in Hydro-Québec's system is studied according to the analysis presented in [2].

On 28 December 2015, a sudden loss of a 753/315 kV transformer between a generation
center and the main grid caused a disconnection of 1700 MW net generation [2]. The
nominal frequency of Hydro-Québec's system is 60 Hz and the threshold for under-fre-
quency load shedding is 58.50 Hz [2]. The event caused a frequency nadir of 59.08 Hz [2].
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When the event occurred, 1209 MW of wind power generation were equipped with inertia
emulation function, whereas the remaining 851 MW of wind power generation was
not [2]. At that time, the wind power plants equipped with an inertia emulation function
in Hydro-Québec's system were manufactured by Senvion (Type 3 WTGs) and Enercon
(Type 4 WTGs) [2]. The Senvion wind power plants provided inertia emulation by control
method of fixed power boost with activation frequency of 59.5 Hz [2]. In turn, the Ener-
con wind power plants utilized power boost proportional to the frequency change with
activation frequency of 59.7 Hz [2].

Figure 17 shows the system frequency response and the power variation as a percentage
of rated power from different types of wind power plants during the under-frequency
event. During the power boost phase, the inertia emulation functionality behaved well
since the wind power plants provided additional active power as designed, and conse-
quently, the frequency nadir was improved [2]. However, there occurred a secondary fre-
quency nadir in the system frequency during the recovery phase of the inertia emulating
wind power plants [2]. The reason for the secondary frequency nadir is justified by the
analysis based on the measurement data and the calculated RoCoF presented in Figure
18. As Figure 18 proves, the power of the inertia emulating wind power plants reaches its
minimum value exactly at the same time with the second RoCoF minimum peak [2].
Therefore, it can be stated that the secondary frequency nadir was caused by the aggres-
sive active power drop during the first 5 seconds of the recovery phase [2] also shown in
Figure 17.

As can be seen from Figure 17, the recovery characteristics between the Senvion wind
power plants and the Enercon wind power plants differ significantly from each other [2].
The recovery phase of the Senvion wind power plants is lengthened to 40—60s, whereas
the recovery phase of the Enercon wind power plants lasts only 20-30s and the rotational
speed of the wind turbine generator is restored rapidly to the optimum value. The greatest
instantaneous power drop of Enercon wind power plants during the recovery phase was
12% (—144 MW), whereas the corresponding value for Senvion wind power plants was
3% (-32 MW) [2].

Both the Senvion and the Enercon wind power plants fulfill the Hydro-Québec's inertia
emulation requirement [2]. However, a smoother recovery characteristics stretched over
a longer period of time with a slighter power drop is more desirable than a steeper power
drop caused by a fast restoration of the rotational speed [2]. This preference is due to the
risk of delaying the frequency recovery and causing a secondary frequency nadir [2].
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Figure 17. System frequency response and power variation (% of rated power)

from different types of WPPs during the under-frequency event. Lower graph:
total WPPs (red), Senvion WPPs (blue), Enercon WPPs (green), and WPPs
without inertia emulation (black). IR = inertial response. [2]
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Figure 18. Inertial response contribution. IR = inertial response. [2]

The simulations in Figure 19 demonstrate a problem that may arise if the secondary nadir
caused by the power drop during the recovery phase occurs undesirably. To be precise,
the inertia emulation can help to retain a margin from the under-frequency load shedding
threshold of 58.5 Hz but the recovery characteristics may jeopardize the 59 Hz / 15 s
UFLS criterion according to which the under-frequency load shedding is activated if the
frequency remains below 59 Hz for 15 seconds, as highlighted in the figure.
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Figure 19. Simulated impact of inertia emulation on system frequency in a sce-

nario with maximum wind power and low inertia. IR = inertial response. [2]

These observations emphasize that especially the recovery characteristics of inertia emu-
lation need to be properly required by the TSO if such function is required. If inertia
emulation was decided to be required in the Nordic power system, the function should
operate appropriately if it met the requirement. Therefore, the possible inertia emulation
requirement in the Nordic power system should be detailed enough. Thus, the inertia
emulation requirement would not accept a significant power reduction during the recov-
ery phase, for example. The suggestions for inertia emulation requirement setting are
listed in Section 7.2.
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5. MODELS AND SIMULATION SETUP

This chapter presents the implementation of the frequency disturbance simulations. The
wind turbine generator models used in the simulations are briefly described as well.

5.1 Implementation of the simulations

The impact of inertia emulation capability of converter-connected wind power plants in
the Nordic power system is analyzed by simulating the operation of the system in different
power flow situations during different frequency disturbance events. Thus, this section
covers the descriptions of the power system model as well as the selected power flow
cases and disturbance events.

5.1.1 Power system model and calculation software

The simulations are carried out in the Nordic power system model in PSS®E Version 33.
The calculation software is used widely all over the world for simulating the power sys-
tem power flows and dynamics. Hence, the software is proven in use. The power system
model utilized in this thesis is built for planning projects that concern a system-wide phe-
nomenon, such as frequency stability. The model is built in cooperation with the Nordic
TSOs and the earlier versions of it have been in use for years. The reliability of the system
model is therefore verified to perform well for this type of examinations.

The Nordic power system model represents the synchronously operating Nordic system
consisting of the power grids of Finland, Sweden, Norway and Denmark as well as the
interconnections to the power grids in Russia, the Baltic countries, Poland and Germany.
The major parts of the components, such as all the generators with rated power of 10 MW
or higher, in the Nordic power system and their dynamics are modeled in the system
model. Therefore, the system model can be considered detailed and the impact of the
inter-area power oscillations on the performance of inertia emulation can be studied, for
example. Additionally, the utilization of a detailed manufacturer-specific model of a wind
power plant (described in Section 5.2) in a detailed power system model may reveal some
possible restrictions that would not be revealed with simplified models. Though only one
manufacturer-specific wind power plant model is used, merely the observations that can
be generalized are used when drawing conclusions suggestions for requirement setting.
The principle of the analysis is to use the manufacturer-specific model to demonstrate the
issues that must be covered in the requirement or otherwise the system stability can be
compromised.
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The power system model is based on the future scenario formed to represent the Nordic
power system in 2025 since the low inertia related problems during frequency disturb-
ances will be more actual then. As described in Section 2.1, the Nordic power system will
encounter some substantial changes in its power generation during the following years
until 2025. In order to prepare for the future needs, the transmission capacity between
Sweden and Finland will be increased due to the commissioning of the third AC inter-
connector between Sweden and Finland. In addition, the internal transmission capacity
between Northern and Southern Finland will also be significantly increased.

5.1.2 Power flow cases

In this thesis, the inertia emulation functionality is studied in five power flow cases. The
power flow cases differ from each other by the level and direction of AC transmission
from Sweden to Finland, the level of system inertia, and the level of consumption as well
as the wind power capacity. The AC transmission from Sweden to Finland, system inertia,
and consumption determine which stability criterion is emphasized. By this kind of divi-
sion, it is possible to study the effect of inertia emulation on each stability criteria, namely
frequency stability, voltage stability, and damping of inter-area power oscillations sepa-
rately, as well as on the overall stability of the system. Therefore, the power flow cases
can be divided in three groups by the phenomenon emphasized relative to the three sta-
bility criteria. The power flow cases are listed in Table 8.

Table 8.  Power flow cases and their key characteristics.
Wind power ca- | AC transmis-
. inped ion f
Power flow pac1.tt3lfltfqu1[t).pe ;lond rmtn Inertia Load [MW] Generation | Phenomenon
with inertia weden to 0a
case . . [GWs] [MW] emphasized
emulation Finland
[MW] [MW]
S
niu}rll:T:sre 1000 23 640 Frequenc
et ca (operating at 1050 125 = 24270 quency
with low im- (minimum) stability
rated power)
port IE1000
S
niu}?tn?aesre 2000 23 640 Frequenc
) & : (operating at 1050 122 . 24310 4 . 4
with low im- ated power) (minimum) stability
r wer
port IE2000 p
S
niu}?tn?aesre 4000 23 640 Frequenc
) & ; (operating at 1050 121 . 24 460 4 . 4
with low im- (minimum) stability
rated power)
port IE4000
Winter case 4000 57 100 Volt ¢
oltage sta-
with maxi- (operating at 2100 258 . 59 060 g
. (maximum) bility
mum import rated power)
Summer .
i 4000 Damping of
night case . 23 640 .
. ) (operating at -2100 129 . 24 590 power oscilla-
with maxi- (minimum) .
rated power) tions
mum export
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In order to study the performance of inertia emulation and to determine the capacity of
inertia emulating converter-connected wind power generation needed to improve the fre-
quency stability of the Nordic power system, several additional wind power plants must
be inserted in the power system model. The converter-connected wind power plants
equipped with inertia emulation function are inserted in the power system model at eight
substations A—H that locates in Finland. As the inertia emulating wind power capacity
would entirely locate in Finland. The substations, at which the additional wind power
plants are connected in the simulation model, locate geographically in East Bothnia and
Sea Lapland where the wind power generation in Finland is mainly expected to locate in
2025 as shown in Figure 20. The substations are Keminmaa (A), Simojoki (B), Isokangas
(C), Pikkarala (D), Siikajoki (E), Jylkka (F), Ventusneva (G), and Pirttikyld (H).
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Figure 20. Substations at which the wind power plants equipped with inertia
emulation are connected in the simulation model and their approximate geo-
graphical locations (boxes with a letter identification). Adapted from [29].
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The investigation mainly focuses on the summer night cases with low import and espe-
cially on the case with 4000 MW wind power capacity equipped with inertia emulation
operating at full power. With this case it is possible to study the performance of inertia
emulation on frequency stability that is the primary objective of this thesis. The effect of
inertia emulation on voltage stability can be analyzed by the winter case with maximum
import in which both the consumption and the AC transmission from Sweden to Finland
are at maximum. In turn, the summer night case with maximum export enables the anal-
ysis of the effect of inertia emulation on the damping of power oscillations. The wind
power capacity mentioned in the table does not give the total wind power capacity, as one
might suppose at first, rather it gives the capacity of inertia emulating converter-con-
nected wind power exclusively.

The capacity of wind power capacity equipped with inertia emulation is varied in the
simulation cases to estimate the amount of inertia emulating generation needed so that
the inertia emulation would impact on the frequency stability in comparison to the bench-
mark when the inertia emulation function is off.

5.1.3 Disturbance events

As explained above, the inertial response from converter-connected wind power plants is
examined by simulating the power system while being subjected to a frequency disturb-
ance causing an under-frequency event. When studying the performance and effects of
the inertia emulation function, the most important time frame takes place 0—40 s after the
beginning of the frequency disturbance event. During this time frame, the inertia emula-
tion activates only a few seconds after the disturbance, which is before the frequency
containment reserves have activated, and eventually, the recovery phase has ended or at
least the most critical part of the recovery phase is over approximately at 40 s after the
beginning of the frequency disturbance event. Namely, the most significant power reduc-
tion during the recovery phase occurs during the first 5-20 s after the end of the power
boost phase. Therefore, the total simulation time of 60 s is considered reasonable and
selected in this study. Additionally, the disturbance occurs at 5 s. The frequency contain-
ment reserves are replaced with the automatic frequency restoration reserves minutes af-
ter the beginning of the frequency disturbance event. This effect is however considered
unnecessary in this study. The analysis on the impact of inertia emulation on the reserves
is however recommended for the future work.

The wind speed can be assumed constant during the power boost phase of inertia emula-
tion since the duration of the power boost phase is in the order of 10 s. The assumption
of constant wind speed is more inaccurate during the recovery phase. However, the power
system is studied as a whole so the possible error is considered low.

In order to analyze the effects of inertia emulation, the inertia emulation simulations are
compared with the benchmarks in which the inertia emulation functionality is off at each
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wind power plant equipped with the functionality. Examples of the benchmark simula-
tions are shown in Figure 21, Figure 22, Figure 23, and Figure 24. The disturbance events
studied are collected in Table 9.

Table 9. Disturbance events.

. Contin-
Disturbance event Power flow case

gency

. . . . Summer night cases with low
Disconnection of Olkiluoto 3 nuclear unit £

(at 1300 MW) as a result of a three-phase short circuit N-1
at the high voltage side of the main transformer

import, winter case with maxi-
mum import, summer night case
with maximum export

Summer night case with low

Disconnection of Olkiluoto 3 nuclear unit import IE4000, winter case with
(at 1300 MW) without a fault maximum import, summer night

case with maximum export

Disconnection of Oskarshamn 3 nuclear unit (at full
power of 1400 MW) as a result of a three-phase short N-1
circuit at the high voltage side of the main transformer

Summer night case with low
import IE4000

Disconnections of Forsmark 3 nuclear unit (at full
power of 1200 MW) and Fenno-Skan 2 HVDC link
(800 MW) as a result of three-phase short circuit at a mum export

Summer night case with maxi-

nearby bus bar

The disconnection of Olkiluoto 3 nuclear unit located in Southern Finland represents the
disconnection of the biggest generating unit in Finland in 2025 with the capacity of 1650
MW. The disconnection of Olkiluoto 3 at full power would therefore lead to a generation
loss of 1650 MW. Thus, in a real system, a system protection scheme will be utilized to
disconnect 350 MW load in Finland if Olkiluoto 3 at full power trips from the network.
The idea is to limit the active power deficit to 1300 MW so that the dimensioning fault of
the Nordic power system would not be increased. In order to study the event without the
need for modeling the disconnection of the loads participating in the system protection
scheme, the power output of Olkiluoto 3 in the simulations is therefore set at 1300 MW.
The effect of the delays of the disconnecting loads participating the system protection
scheme is not taken into account since the effect can be considered unimportant relative
to this study in which the principal aim of the inertia emulation is to improve the fre-
quency nadir occurring some seconds after the beginning after the fault. The disturbance
event in which the disconnection is a result of a three-phase short circuit represents the
worst case of the fault types, and thus, the frequency nadir is at the lowest.

The frequency responses without the effect of inertia emulation in different power flow
cases when the Olkiluoto 3 disconnects as a result of a three-phase short circuit and when
Olkiluoto 3 disconnects without a fault are shown in Figure 21. In turn, the disconnection
of Oskarshamn 3, the biggest generating unit in Sweden, causes a generation loss of
1400 MW. As expected, the frequency responses of the disconnections of Olkiluoto 3 and
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Oskarhamn 3 as a result of the three-phase short circuit are quite similar when the events
are produced in the same power flow case. The frequency responses of the disconnection
of Oskarshamn 3 are presented in Figure 23.
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Figure 21.

Figure 22.

connection of Olkiluoto 3 as a result of a three-phase short circuit.
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Figure 23. Frequency responses (at Alapitkd substation in Finland) of discon-

nection of Oskarshamn 3 as a result of a three-phase short circuit.

A combination of the disconnections of Forsmark 3 nuclear unit and Fenno-Skan 2 HVDC
link as a result of a three-phase short circuit at a nearby bus bar in summer night case with
maximum export causes a significant under-frequency event combined with large inter-
area power oscillations as shown in Figure 24. This disturbance event represents N—2
contingency which means the disturbance does not include in the N—1 criteria described
in Section 2.1. Additionally, this disturbance is not considered likely but it is interesting
because of its severity and the inter-area oscillations.
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Figure 24. Frequency responses (at Alapitkd substation in Finland) of discon-

nections of Forsmark 3 and Fenno-Skan 2 as a result of a three-phase short cir-
cuit.
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5.2 Wind power plant model

As manufacturer-specific dynamic wind power plant model for PSS®E is used in the
simulations. This section summarizes the main features of the model.

5.2.1 Wind power plant model of Enercon

The wind power plant model of Enercon is utilized in the simulations presented in this
thesis. The model represents Type 4 wind turbine generator technology. The dynamic
model of Enercon wind power plant is divided in two parts: a model representing the
aggregated wind turbine generators in the wind power plant and a model representing the
control unit of the wind power plant. The dynamic data are provided correspondingly in
two compiled object files (obj-files). This means that each wind power plant in the system
is modeled by scaling a single wind turbine generator model and the scaled group of
identical wind turbine generators is controlled by the wind farm control unit. In practice,
this does not have impact on the results relative to the phenomenon studied since the
errors of using an aggregated wind power plant model in system studies are minor [56].

The inertia emulation function of the Enercon wind turbine generator model has three
modes: 1) off, 2) Constant power increase, and 3) Variable power increase [11]. The func-
tion can be adjusted by varying the following parameters (see Section 3.2.4 for the de-
scriptions of requirement criteria):

— activation frequency [Hz],

— frequency for maximum power boost [Hz],

— deactivation frequency [Hz],

— power boost percentage [% of rated power],

— power boost for fixed duration of 0.3 s [% of rated power],
— power boost (phase) duration [s],

— recovery (phase) duration [s] [11].

According to the simulations executed by the author, the parameter of power boost for
fixed duration of 0.3 s is not relevant if the parameters of power boost and boost duration
are specified. Moreover, the power boost of duration of 0.3 s could probably be used to
enhance the RoCoF but at least not the frequency nadir in the Nordic power system.
Therefore, its effect is not analyzed in Section 6.1. The idea of the deactivation frequency
is that the power boost deactivates and the function proceeds to the recovery phase if the
system frequency exceeds the deactivation frequency before the power boost duration is
over.

The inertia emulation control system of Enercon wind turbine generator model is pre-
sented Figure 25 for the inertia emulation mode of Constant power increase. The inertia
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emulation function activates when the frequency measurement crosses the activation fre-
quency. When the mode of Constant power increase is used, the amount of power boost
Proost during power boost phase is determined as follows

Pboost(t) = 7 ]faCti_vati(}n_f(t) Pboost_percentage Prated (7)
activation max_boost

where factivation 1S the activation frequency, f{(7) is the frequency measurement, fmax boost 1S
the frequency for maximum power boost, Ppoost percentage 18 the power boost percentage,
and Prated 18 the rated power of the wind turbine generator [10][36]. This means that, if the
mode of Constant power increase is used, the power boost is linearly proportional to the
absolute frequency change until the frequency for maximum power boost is reached.
Since then, the power boost is fixed during the power boost phase which duration is de-
fined by to the parameter of power boost duration. When the frequency for maximum
power boost is reached, the function delivers the power boost as it is determined by the
power boost percentage and the rated power of the wind turbine generator. Thus, the
power output during the power boost phase after reaching the frequency for maximum
power boost is the sum of the power boost and the power output at the moment when the
inertia emulation function is activated. If the frequency for maximum power boost is not
reached, the power boost is proportional to the absolute frequency change for the entire
power boost phase.

1

—

P P

- 1 boost output
f(t) > o . —f boost Phnmujercemage Prated :O >
+ activation max_boos| +
f activation _/
0
P(t = 0)
Figure 25. Inertia emulation control system of Enercon WTG during the power

boost phase of Constant power increase. f(t) = frequency measurement, factivation
= activation frequency, fmax poos: = frequency for maximum power boost,
Phroost_percentage = power boost percentage, Praea = rated power, Ppoos: = power
boost, Poupus = WTG power output, Py -9 = WTG power output at the moment
when the inertia emulation function is activated. Adapted from [13].

The behavior of the Constant power increase means that the inertia emulation mode is the
combination of the control methods of fixed power boost and power boost proportional
to frequency change (see Section 3.2.3 for the descriptions of control methods). In this
thesis, value for the frequency for maximum power boost is set so that the grid frequency
falls below it whenever any of the disturbance events studied is provided. By this selec-
tion, the performance of fixed power boost in the Nordic power system can be evaluated
though the mode does not purely correspond the control method of fixed power boost.
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The performance of power boost proportional to frequency change is thus not covered in
this thesis.

If the mode of Variable power increase is used, the power boost is provided by the com-
bination of the control methods of power boost proportional to frequency change and
power boost proportional to frequency derivative. As described in Section 3.2.3, the con-
cept of proportional power boost is used in this thesis to refer to this type of a combina-
tion. Thus, the duration of the power boost provision (power boost phase) cannot be con-
trolled by a pre-defined the parameter of power boost duration since the power boost ends
as the frequency starts to recover.

Thus, with this wind power plant model it would be possible to analyze the inertia emu-
lation performance by control methods of fixed power boost, power boost proportional to
frequency change and the combination of power boost proportional to frequency change
and power boost proportional to frequency derivative (called proportional power boost in
this thesis). However, only the control methods of fixed power boost and proportional
power boost are studied in this thesis. Studying the control method of power boost pro-
portional to frequency change is however recommended for the future work.

The wind power plant model of Enercon naturally has some limitations as models always
have. For example, with the wind power plant model of Enercon, the power boost per-
centage can only be set with rated active power as a reference. However, this does not
restrict the investigation in this thesis since the wind power plants equipped with inertia
emulation operate at rated power. This makes it useless to study the inertia emulation
function with actual active power as a base for the power boost percentage since the actual
power used as a base would be equal to the rated power.

5.2.2 Validation of the wind power plant model

The dynamic model of the commercial wind power plants in the system model is para-
metrized to follow Fingrid's grid code for generators up to a certain point. Fingrid's grid
code for generators applicable to the frequency response of wind power plants is summa-
rized in Section 3.1. The dynamic models of commercial wind power plant used is vali-
dated by comparing the simulations with the simulations with a generic wind power plant
model provided by the Western Electricity Coordinating Council (WECC) that is the
basic model in PSS®E for wind power plant modeling and typically used in the Nordic
power system model. The wind power plant manufacturer has validated the performance
of their dynamic wind power plant model with field test measurements as shown in the
technical reports of the models [9][11]. Unfortunately, the technical reports are only avail-
able for users under a non-disclosure agreement.

With the wind power plant model of the Enercon some differences were observed mainly
in the reactive power and voltage support behavior. However, this is not considered a
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problem as the frequency response and active power behavior are prioritized in this thesis.
It was also noticed that the active power of the wind power plant increases slightly after
the disturbance and before settling at a new value after a couple of low amplitude oscil-
lations when the frequency exceeds the value of 49.73 Hz approximately 30 s after the
beginning of the disturbance event. This behavior occurs also when the inertia emulation
function is on. The behavior is not documented in the technical report of the model and it
cannot be analyzed by the user since the model is a so-called black-box model with some
hidden parts. However, the unknown increase in the active power is slight and therefore
considered insignificant relative to this study.
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6. RESULTS OF THE SIMULATIONS

This chapter presents the main results of the frequency disturbance simulations. First, the
performance of the inertia emulation function is investigated relative to frequency stabil-
ity. Then, the effects of the function are assessed on the voltage stability as well as on the
damping of power oscillations. Finally, the possible contradictions of the inertia emula-
tion function and fault ride through function are studied.

6.1 Impact of inertia emulation on frequency stability

In this section, the impact of the control method and the parametrization on inertia emu-
lation performance is studied from the frequency stability perspective. The simulations
are executed using the summer night case with low import and the inertia emulating wind
power capacity is 4000 MW unless otherwise specified. The manufacturer-specific wind
power plant model used in the simulations is described in Section 5.2.1.

The frequency signal used in the control of the inertia emulation function is measured
locally at the point of common coupling of each wind power plant. Therefore, the fre-
quencies shown in the figures represent the frequency at the point of common coupling.

6.1.1 Studying the performance of inertia emulation

The following issues are taken into account when the performance of inertia emulation is
studied:

— the improvement in the frequency nadir in comparison with the benchmark,

— the avoidance of a secondary nadir,

— the recovery of the frequency (the steady state frequency and the time that it takes
until the steady state frequency is reached),

— the improvement in the RoCoF in comparison with the benchmark.

The issues in the list are not set in the order of importance but the issues are simultane-
ously considered as a part of the general view. However, it would be straightforward to
set a minimum requirement for both the avoidance of a secondary and the recovery of the
frequency.

In the Nordic power system, the inertia emulation is primarily desired to enhance the
frequency nadir in comparison with the benchmark and, therefore, the improvements in
the RoCoF are not at the highest priority. For power system security, it is crucial that the
inertia emulation does not cause a secondary frequency nadir during the recovery phase.
If the inertia emulation function was decided to be required in the Nordic power system,
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the requirement should be formulated detailed enough so that the recovery characteristics
of the function would be smooth enough and thus the recovery phase would not contradict
the under-frequency load shedding as the simulations in Hydro-Québec's system demon-
strated in Section 4.2, for example. It is not desired either to arbitrarily delay the fre-
quency recovery. However, slower frequency recovery could, for example, be managed
by tightening the reserve activation requirements and therefore moderate delay in the fre-
quency recovery is not considered a hindrance for inertia emulation in this thesis. It how-
ever must be analyzed separately which option would be the best solution for the power
system as a whole and the effect of inertia emulation function on the reserves is recom-
mended for the future work.

6.1.2 Performance of fixed power boost

The performance of inertia emulation generated by the control method of fixed power
boost is studied in this section. The control method of fixed power boost is explained in
Section 3.2.3 whereas the manufacturer-specific implementation of the control method of
fixed power boost is described in Section 5.2.1.

The performance of inertia emulation depends greatly on the parametrization in addition
to the control method and the implementation of the function. The parameters studied are
the activation frequency, frequency for maximum power boost, power boost percentage,
power boost duration, and recovery duration. The parameters used when studying their
effect on the performance of the function are listed in Table 10.

The parameter settings shown in Table 10 are collected as follows. First, a large number
of simulations were run in order to be able to study the effect and sensitivity of each
parameter. The parameter setting yielding the best performance achieved with the wind
power plant model studied was selected as a base for the parameter-specific analysis. The
idea behind this choice was that once the other parameters that are not studied are set
relatively reasonably, it is possible to reveal the effect of the parameter under the scope
by varying its value. The most interesting or relevant ones of the simulations were se-
lected to be presented in this thesis report.

There are several inertia emulating wind power plants connected at the eight substations
as described in Section 5.1.2. The simulations shown in this section represent the simula-
tions at the point of common coupling at one of the wind power plants connected at Pirt-
tikyld substation unless otherwise specified. The wind power plant connected at Pirttikyla
substation was selected since it is the southernmost substation of the eight substations
studied, and thus, closest to Olkiluoto 3 nuclear unit. Additionally, the spikes in active
power and frequency observed at 5 s in the figures presenting the simulations of the dis-
connection of Olkiluoto 3 as a result of three-phase short circuit are caused by the fault
occurring at 5 s.
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Table 10.  Inertia emulation parameters used when studying the effect of the parameters on

the performance of the fixed power boost control. P, = rated power.

The effect of activation frequency

Activation frequency

Either 49.40, 49.60, or 49.80 Hz

Frequency for maximum power boost 49.35 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 3% of P,
Power boost duration 5s
Recovery duration 20s

The effect of frequency for maximum power boost

Activation frequency

49.60 Hz

Frequency for maximum power boost

Either 49.25, 49.40, or 49.55 Hz

Deactivation frequency

49.90 Hz

Power boost percentage 3% of P,
Power boost duration 5s
Recovery duration 20s

The effect of power boost percentage
Activation frequency 49.40 Hz
Frequency for maximum power boost 49.35Hz
Deactivation frequency 49.90 Hz

Power boost percentage

Either 1%, 5%, or 9% of P:

Power boost duration

5s

Recovery duration

20s

The effect of power boost duration

Activation frequency 49.40 Hz
Frequency for maximum power boost 49.35 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 3% of P;

Power boost duration

Either 2.5, 5,7.5,0or 10 s

Recovery duration

20s

The effect of the recovery duration

Activation frequency 49.40 Hz
Frequency for maximum power boost 49.35 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 3% of P;
Power boost duration 5s

Recovery duration

Either 10, 20, or 30 s

The parameter of deactivation frequency becomes useful only if the system frequency
exceeds the deactivation frequency before the power boost phase is over. Then, the power

boost deactivates and the function proceeds to the recovery phase. However, the effect of

the deactivation frequency is not studied in this thesis since it is expected that the fre-

quency does not very often recover within 10 s or so that is the typical duration of the

power boost phase. Additionally, it is assumed that the deactivation frequency should be

between 49.90-50.00 Hz according to the frequency target area for normal operation [27].

The effects of the power boost rise time and recovery phase duration cannot directly be
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studied with either of the wind power plant models. However, the steepness of the power
boost rise can be analyzed by varying the activation frequency and the frequency for
maximum power boost.

The power boost percentage and the power boost duration are among the most critical
parameters for the performance of the inertia emulation provided by the control method
of fixed power boost. Therefore, the parameters of power boost percentage and power
boost duration are investigated first.

Power boost percentage

Figure 26 presents the active power output of a wind power plant connected at Pirttikyla
substation and the corresponding grid frequency with three different values for power
boost percentage. Also the benchmark, in which the inertia emulation function is off, is
shown in the figure. Thus, the figure presents the effect of the power boost percentage on
the performance of inertia emulation.

Figure 26 clearly demonstrates that the higher power boost percentage is, the better the
inertia emulation can enhance the frequency nadir. However, the higher the power boost
percentage is, the more important the recovery characteristics are for the power system
security. If the active power drop during the recovery phase is not limited and stretched
enough over a long period of time and the power boost percentage is high enough, a sec-
ondary frequency nadir will appear. In this case, even the power boost percentage of 5%
of rated power causes too aggressive power drop during the recovery phase. It can also
be observed according to the figure that the energy needed during the recovery phase is
higher than the energy delivered during the power boost phase, and the higher the amount
of energy delivered during the power boost phase is the more the energy needed during
the recovery phase is increased.

Another interesting observation is that the secondary frequency nadir can be significantly
deeper than the frequency nadir that would be reached without inertia emulation. This
emphasizes the importance of reasonable power boost percentage and especially recovery
characteristics. It is expected that the smoother the recovery characteristics are, the higher
the power boost percentage can be without compromising the power system security. Ac-
cording to the figure, a reasonable power boost percentage in this case seem to be between
1-5% of rated power. Therefore, 3% of rated power is used for power boost percentage
hereinafter.
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Figure 26. Effect of power boost percentage on the performance of fixed power
boost.

Power boost duration

The effect of the power boost duration is shown in Figure 27. If the power boost duration
is too short, the power boost phase undesirably ends before the frequency nadir is reached.
With the settings used in this case, this occurs as the power boost duration is 2.5 s. If the
power boost duration is too long relative to the power boost percentage and the inertia
emulation function allows the power to decrease aggressively during the recovery phase,
a secondary frequency nadir appears. With the settings used in this case, the secondary
nadir can be avoided as the power boost duration is about 5 s or less.
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Figure 27. Effect of power boost duration on the performance of fixed power

boost.
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Recovery duration

Figure 28 demonstrates the effect of the recovery duration. By varying the recovery du-
ration it is possible to adjust the recovery characteristics of the inertia emulation function.
As shown in the figure, a secondary frequency nadir emerges as the power decreases too
fast, and the risk of the secondary frequency nadir decreases as recovery duration in-
creases. However, with the settings used in this case, it may not be reasonable to increase
the recovery duration arbitrarily since it would delay the frequency recovery without im-
provement in the frequency nadir, for example.

It is also observed that the energy needed during the recovery phase increases as the re-
covery duration is prolonged with the wind power plant model used. This explains why
the recovery duration of 20 s seems to yield the best performance of inertia emulation in
this case. However, it is crucial to note that the prolonging the recovery phase with the
wind power plant model used does not limit the power reduction during the recovery
phase. Optimal recovery characteristics would in practice mean a prolonged recovery
phase with limited power reduction. Therefore, it can be stated that the implementation
of this parameter would require development.
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Figure 28. Effect of the recovery duration on the performance of fixed power
boost.

Activation frequency

Figure 29 shows the effect of the activation frequency. With the settings used in this case,
the impact of the activation frequency seems slight. It is however observed that the higher
the activation frequency is, the better the RoCoF can be enhanced and the earlier the
frequency recovers during the recovery period. In turn, the frequency nadir remains lower.
This is caused by the power boost phase that ends too early, in other words the recovery
phase and the active power reduction begin before the frequency has recovered enough.
This could be fixed by increasing the power boost duration. However, the consequences
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of the change on the recovery characteristics must be taken into account. The observa-
tions, therefore, emphasizes the multidimensional task of the parametrization.
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Figure 29. Effect of activation frequency on the performance of fixed power
boost.

Frequency for maximum power boost

Figure 30 illustrates the effect of the frequency for maximum power boost. In order to
study its effect, the activation frequency is exceptionally set to 49.60 Hz. The closer the
activation frequency and the frequency for the maximum power boost are, the better the
RoCoF is enhanced. In turn, as the activation frequency is lower, at 49.25 Hz, the power
boost is provided at the right moment of time for the improvement of the frequency nadir.
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Figure 30. Effect of frequency for maximum power boost on the performance

of fixed power boost.
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Effect of the wind power capacity equipped with inertia emulation

Figure 31 presents the active power output of a wind power plant connected at Pirttikyla
substation and the corresponding grid frequency. The capacities of the wind power plants
are varied between the cases to achieve the desired total wind power capacity equipped
with inertia emulation. Therefore, also the capacity of the wind power plant studied is
varied. The parameter setting used is listed in Table 11. The frequency responses in the
figure demonstrate that the importance of smooth recovery characteristics is highlighted
as the wind power capacity equipped with inertia emulation is increased. A slight im-
provement in the frequency nadir is observed as the inertia emulating wind power capac-
ity is increased when the control method of fixed power boost is used. This results from
the power boost percentage which is retained constant and determined based on the rated
active power of the wind turbine generators. The cases, however, are not entirely compa-
rable since the system inertia and power generation differ among the cases.

Table 11.  Example of inertia emulation parameter setting.

Fixed power boost
Activation frequency 49.40 Hz
Frequency for maximum power boost 49.35 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 3% of rated power
Power boost duration 5s
Recovery duration 20s
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Figure 31. Effect of wind power capacity equipped with the inertia emulation

function when the control method of fixed power boost is used. The capacities of
the wind power plant studied are approximately 40 MW, 80 MW, and 100 MW.
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6.1.3 Performance of proportional power boost

The performance of inertia emulation provided by the combination of the control methods
of power boost proportional to frequency change and power boost proportional to fre-
quency derivative is investigated next. In this thesis, this control method is called propor-
tional power boost. The main control methods for providing inertia emulation are ex-
plained in Section 3.2.3 whereas the control method of proportional power boost is de-
scribed in Section 5.2.1.

As mentioned above, the parametrization has a remarkable role in the performance of
inertia emulation. The parameters analyzed are activation frequency, frequency for max-
imum power boost, power boost, power boost duration, and recovery duration. The values
of the inertia emulation parameters used when studying their effects are listed in Table
12. The idea behind the parameter combinations selected and shown in Table 12 follows
the same logic as explained in Section 6.1.2 regarding Table 10.

Some of the parameter values for the proportional power boost control method shown in
Table 12 differ clearly from the parameter values for the fixed power boost control shown
in Table 10. However, this does not effect on the analysis since the idea is to first study
the effect of the parameters separately with each control method. After that, the frequency
responses with different control methods are studied with the example parameter settings.
As the frequency responses are observed to be quite similar, it can be stated that the dif-
ference of the parameter settings also demonstrate that the parameters may be understood
differently between the inertia emulation modes or the different control methods may
need to be parametrized differently.

As explained in Section 6.1.2, also the simulations shown in this section represent the
simulations at the point of common coupling at one of the wind power plants connected
at Pirttikyld substation unless otherwise specified.
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Table 12.  Inertia emulation parameters used when studying the effect of the parameters on

the performance of the proportional power boost control. P, = rated power.

The effect of activation frequency

Activation frequency

Either 49.30, 49.50, or 49.70 Hz

Frequency for maximum power boost 49.20 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 15% of P:
Power boost duration 20s

Recovery duration

0 s (not relevant)

The effect of frequency for maximum power boost

Activation frequency

49.40 Hz

Frequency for maximum power boost

Either 49.10, 49.20, or 49.30 Hz

Deactivation frequency

49.90 Hz

Power boost percentage

15% of P:

Power boost duration

20's

Recovery duration

0 s (not relevant)

The effect of power boost percentage
Activation frequency 49.30 Hz
Frequency for maximum power boost 49.20 Hz
Deactivation frequency 49.90 Hz

Power boost percentage

Either 5%, 15%, or 25% of P;

Power boost duration

20's

Recovery duration

0 s (not relevant)

The effect of power boost duration

Activation frequency 49.30 Hz
Frequency for maximum power boost 49.20 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 15% of P:

Power boost duration

Either 5, 10, 15, or 20 s

Recovery duration

0 s (not relevant)

The effect of the recovery duration

Activation frequency 49.30 Hz
Frequency for maximum power boost 49.20 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 15% of P:
Power boost duration 20's

Recovery duration

Either 0, 5, 10, or 15 s

Activation frequency

Figure 32 shows the active power output of a wind power plant connected at Pirttikylé

substation and the corresponding grid frequency with three different values for the acti-

vation frequency. Also the benchmark, in which the inertia emulation function is off, is

shown in the figure. Thus, the figure presents the effect of the activation frequency on the

performance of inertia emulation.
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According to the figure, the higher the activation frequency is, the better the inertia emu-
lation improves the RoCoF. However, the improvement in the frequency nadir is at higher
priority in the Nordic power system. In this connection, the figure clearly demonstrates
that if the power boost is proportional to the absolute frequency change and the frequency
derivative and, as a consequence, the power boost phase lasts only a few seconds, the
power boost phase must take place precisely at the right moment. Otherwise the power
boost phase can already be over before the frequency nadir has been reached, as it occurs
when the activation frequency is 49.50 or 49.70 Hz. Another example of undesired be-
havior is that the frequency nadir is reached before the inertia emulation has provided its
power contribution. Thus, it is desirable that the major power contribution occurs just
before the frequency nadir, and for the same reason, the activation frequency of 49.30 Hz
offers the best performance in this case.

In a real system, the power boost phase of a longer duration would, however, be practical
to make the inertia emulation function useful in different types of disturbance events. The
duration of the power boost phase cannot, however, be controlled by a parameter in this
case since the power boost of the control method of proportional power boost is deter-
mined by the frequency behavior. This is further discussed below when analyzing the
effect of the parameter of power boost duration. On the other hand, the feature of the
power boost being proportional to the frequency change and derivative enables the control
method to adjust to different disturbance events.
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Figure 32. Effect of activation frequency on the performance of proportional

power boost.
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Frequency for maximum power boost

The effect of the frequency for maximum power boost is presented in Figure 33. For this
analysis the activation frequency of 49.40 Hz is used instead of the activation frequency
0f'49.30 Hz which is above observed to offer the best performance in this case. According
to the figure, a good performance of inertia emulation is achieved when the frequency for
maximum power is at the lowest value studied (49.10 Hz). Then, the active power con-
tribution is provided relatively steadily during the power boost phase and the power con-
tribution ends as the frequency nadir is reached. If both the activation frequency and the
frequency for maximum power boost are high, the wind turbine generators in the wind
power plant release a massive amount of energy in a couple of seconds which results in a
power boost phase that lasts only some seconds. Consequently, the power boost phase
occurs too early relative to improving the frequency nadir.
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Figure 33. Effect of frequency for maximum power boost on the performance

of proportional power boost.
Power boost percentage

Figure 34 illustrates the effect of the power boost percentage on the performance of the
proportional power boost control. The figure clearly shows that the capability of inertia
emulation to improve the frequency nadir is minor if the power percentage is low. In turn,
the higher the power boost percentage is, the more the frequency nadir can be improved.
The drawback of increasing the power boost percentage is the delay in the frequency
recovery. According to the simulations, owing to the short power boost phase and the
smooth active power drop during the recovery phase the risk of a secondary frequency
nadir appears lower with inertia emulation controlled by proportional power boost than
by fixed power boost.
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Figure 34. Effect of power boost percentage on the performance of propor-
tional power boost.

Power boost duration

The effect of the power boost duration is demonstrated in Figure 35. In the case of pro-
portional power boost, shortening or lengthening the power boost duration does not
change the duration of the active power provision. However, in this case, the power boost
duration is understood differently. Namely, as the power boost is both proportional to the
frequency change and the frequency derivative, the duration of the power boost provision
cannot be controlled by a pre-defined the parameter of power boost duration since the
provision of the additional power ends as the frequency starts to recover. However, by
lengthening the power boost phase duration, the beginning of the recovery phase can be
postponed up to a certain point in this manufacturer-specific implementation. This is dis-
cussed below.

If the parameter of power boost duration is 5-10 s, a secondary frequency nadir is devel-
oped due to the steep active power drop after the active power provision. However, in-
creasing the parameter of power boost duration from 15 s to 20 s does not affect much on
the performance of the inertia emulation as merely a slight difference is noticed in the
recovery phase. In order to avoid a secondary frequency nadir, a reasonable value for the
parameter of power boost duration is between 15-20 s according to the figure.
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Figure 35. Effect of power boost duration on the performance of proportional

power boost.
Recovery duration

As Figure 36 demonstrates, the recovery duration is discovered to be irrelevant for the
manufacturer-specific implementation of proportional power boost. There is no differ-
ence in the simulation results when the recovery duration is 0, 5, 10 or 15 s. This may be
due to the unfinished model or inertia emulation function development. Unfortunately,
the user cannot investigate the issue further because the model utilized is a so-called
black-box model. Therefore, the parameter of recovery duration is 0 s in most of the sim-
ulations presented in this section as Table 12 shows. It is, however, obvious that a smooth
recovery characteristics are necessary for system security.
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Figure 36. Effect of recovery duration on the performance of proportional

power boost.
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Effect of the wind power capacity equipped with inertia emulation

Figure 37 presents the active power output of a wind power plant connected at Pirttikyla
substation and the corresponding grid frequency. The capacities of the wind power plants
are varied between the cases to achieve the desired total wind power capacity equipped
with inertia emulation. Therefore, the capacity of the wind power plant studied is varied,
too. The parameter setting used is listed in Table 13. When the control method of propor-
tional power boost is used to provide inertia emulation, the amount of additional active
power is determined by the absolute frequency change and frequency derivative. Thus,
the frequency nadirs observed in the different cases are in the same order with each other.
Nevertheless, the frequency responses in the figure demonstrate that the importance of
smooth recovery characteristics is highlighted as the wind power capacity equipped with
inertia emulation is increased.

Table 13.  Example of inertia emulation parameter setting.

Proportional power boost
Activation frequency 49.30 Hz
Frequency for maximum power boost 49.20 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 15% of rated power
Power boost duration 20s
Recovery duration 0 s (not relevant)
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Figure 37. Effect of wind power capacity equipped with the inertia emulation

function when the control method of proportional power boost is used. The ca-
pacities of the wind power plant studied are approximately 40 MW, 80 MW, and
100 MW.
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Additional observations

Figure 38 shows the active power outputs of different wind power plants and the corre-
sponding local frequency measurements. The figure demonstrates that the active power
outputs of the wind power plants only differ slightly though the wind power plants locate
geographically around a wide area and each of them use a local frequency measurement
as their control signal. Since the fault and the disconnecting generation unit locate the
closest to the wind power plants connected at Pirttikyld substation, the spikes in the fre-
quency during the fault exciting the disturbance event are the highest at the wind power
plants at Pirttikyla.
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Figure 38. Active power outputs of different wind power plants and corre-

sponding local frequency measurements.

As expected, the frequency oscillations caused by the power oscillations are reflected to
the power contribution provided during the power boost phase when the control method
of proportional power is used and the delay between the frequency measurement and the
control is fast enough. The oscillating frequency signal does not effect on the performance
of the inertia emulation. This finding is revealed in all the figures presented above. The
performance of proportional power boost in a power flow case with power oscillations is
discussed more in Section 6.2.2.

6.1.4 Analysis

The performance of fixed power boost and proportional power boost as well as the effect
of the parametrization on the performance are inspected above in Section 6.1.2 and Sec-
tion 6.1.3 correspondingly. The impact of inertia emulation on the power system depends
substantially on the inertia emulation control method and its implementation as well as
on the inertia emulation parametrization.
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There are several findings that apply both to fixed power boost and proportional power
boost. Most importantly, if the recovery characteristics are not smooth enough, the power
boost percentage and the power boost duration must be set with caution or restricted in
order to avoid the development of a secondary nadir. This, however, means that the fre-
quency nadir is not improved as much as it could be and the whole potential of the inertia
emulation is not harnessed. Additionally, if the power boost duration lasts only some sec-
onds, the risk of inertia emulation not to fit in different disturbance cases increases.
Namely, the risk of the power boost phase either ending too early (before the frequency
nadir is reached) or not beginning early enough (the frequency nadir is reached before the
full power contribution) increases if the power boost duration is short.

The activation frequency and frequency for maximum power boost as well as their dif-
ference determine characteristics of the early stage of the power boost phase. Their effect
on the inertia emulation performance is emphasized when the duration of the power boost
phase is in the order of 5 s. Then, it is difficult or even impossible to parametrize the
activation frequency and frequency for maximum power boost to provide good perfor-
mance in different disturbance scenarios as explained above.

For fixed power boost, the recovery characteristics can partly be adjusted by varying the
recovery duration. The simulations prove that a longer fall time of the power is recom-
mended since it stretches the duration of the recovery phase and consequently decreases
the risk of the secondary frequency nadir. For proportional power boost, in turn, the pa-
rameter of the recovery duration with the wind power plant model used is noticed to be
badly implemented. This is most likely due to the incomplete development of the model
or proportional power boost control method. Nevertheless, a longer recovery duration is
recommended regardless of the control method.

All in all, the simulations examined in Section 6.1.2 and Section 6.1.3 demonstrate the
multidimensionality of the inertia emulation parametrization. Additionally, the simula-
tions prove that if the inertia emulation is not implemented well with an appropriate level
of flexibility and with smooth recovery characteristics, a satisfactory inertia emulation
performance in different disturbance events is difficult to achieve without adjusting the
parameters again. However, if the inertia emulation would be required and utilized in a
real system, the inertia emulation settings would not be changed to fit a specific disturb-
ance event but the same settings should satisfactorily fit in different disturbances and
power flow situations. These observations emphasize TSO's responsibility to set the in-
ertia emulation requirement precisely enough so that the function performs as desired
during different disturbance events and power flow situations when the requirement is
met.

With the settings shown in Table 14 it is possible to provide active power support during
the power boost phase without the occurrence of a secondary frequency nadir during the
recovery phase due to dramatic active power reduction and without remarkable delay in
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the frequency recovery when Olkiluoto 3 nuclear unit disconnects from the system as a
result of a three-phase short circuit. However, due to the weaknesses of the inertia emu-
lation implementation the settings listed in the table do not yield the optimal inertia emu-
lation performance. The basis of drawing the suggestions for inertia emulation require-
ment setting is to formulate the requirement to be robust enough for different power flow
and disturbance situations. Therefore, it is necessary that the power boost phase duration
can be set long enough so that the power boost would be provided at the right moment
and aligned with the lowest frequencies during the disturbance event. Additionally, the
control method of proportional power boost adaptive to different disturbance events is
recommended for the same reason as explained in Section 7.2.

Table 14.  Examples on inertia emulation parameters when Olkiluoto 3 disconnects as a
result of a three-phase short circuit in summer night case with low import.

Fixed power boost

Activation frequency 49.40 Hz
Frequency for maximum power boost 49.35Hz
Deactivation frequency 49.90 Hz

Power boost percentage 3% of rated power
Power boost duration 5s

Recovery duration 20s

Proportional power boost

Activation frequency 49.30 Hz
Frequency for maximum power boost 49.20 Hz
Deactivation frequency 49.90 Hz

Power boost percentage 15% of rated power
Power boost duration 20s

Recovery duration 0 s (not relevant)

As mentioned above, it is desirable that the inertia emulation requirement is formulated
so that the same settings are suitable for different disturbances and power flow situations.
Especially the most severe N—1 contingencies combined with the low inertia situations
are the most important for the objective of inertia emulation. In the context of this thesis,
the summer night case with low import represents and the summer night case with maxi-
mum export are the worst situations for frequency stability since the system inertia in
these cases is in the order of 120—130 GWs. The parameters shown in Table 14 are found
by studying the disconnection of Olkiluoto 3 as a result of three-phase short circuit. The
disconnection of Olkiluoto 3 as a result of three-phase short circuit belong among the
most severe disturbance events. Thus, the inertia emulation settings shown in the table
are fine-tuned for one of the most severe disturbance events which means that the settings
do not offer the best performance in other disturbance events or in other power flow cases.
Because the aim of inertia emulation would be decreasing the risk of under-frequency
load shedding activation and the risk of a system blackout, it particularly is appropriate
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that the best performance is yield in the most severe disturbances and in low inertia situ-
ations.

Figure 40 demonstrates the inertia emulation performance of the manufacturer-specific
wind power plant used in different disturbance events with the example parameter settings
shown in Table 14. The figure highlights that the power contribution provided during the
power boost phase depends on the specific disturbance event when proportional power
boost is used whereas the power boost remains constant between the cases when fixed
power boost is used.

Another important observation regarding the differences of the control methods is the
relation of the control method and the wind power capacity equipped with inertia emula-
tion function. Namely, as Table 15 reveals, the impact of the inertia emulation on the
frequency nadir improvement depends on the control method when the inertia emulating
wind power capacity is increased. The effect of inertia emulation on the frequency nadir
is directly proportional to the wind power capacity when fixed power boost is used
whereas the effect is steadier when proportional power boost is used.

Table 15.  Examples on the frequency nadir improvements. Cases: summer night case with
low import IE1000, summer night case with low import IE2000, and summer
night case with low import IE4000.

) ) Frequency nadir improvement
Wind power capacity

equipped with inertia System inertia Fixed power boost, 3% of Proportional power boost,
emulation function the rated power the parameter of power
boost percentage 15%
1000 MW 125 GWs 0.017 Hz 0.049 Hz
2000 MW 122 GWs 0.034 Hz 0.054 Hz
4000 MW 121 GWs 0.071 Hz 0.069 Hz
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Disconnection of Olkiluoto 3 as a result of a three-phase short circuit
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Figure 39. Examples on inertia emulation performance in different disturb-
ance events. Case: summer night case with low import IE4000.
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6.2 Impact of inertia emulation on other stability criteria

The aim of requiring an inertia emulation functionality from wind power plants in the
Nordic power system would be to enhance frequency stability of the system with high
wind power penetration level. However, it is not practical to set a requirement to improve
frequency stability if it would weaken the power system stability relative to other stability
criteria. Therefore, it is necessary to ensure that the inertia emulation functionality does
weaken neither voltage stability nor damping of power oscillations.

6.2.1 Impact on voltage stability

As described in Section 5.1.2, the voltage stability can be emphasized by utilizing the
winter case with maximum AC import from Sweden to Finland. The disturbance studied
is the disconnection of Olkiluoto 3 nuclear unit (1300 MW with system protection scheme
disconnecting 300 MW of load) as a result of a three-phase short circuit at a nearby bus
bar.

The inertia in the winter case with maximum AC import is in the order of 270 GWs, and
in the benchmark, the frequency reaches its minimum of 49.55 Hz. This frequency nadir
is clearly higher than the frequency nadirs in the order of 49.20 Hz that are reached in the
summer night cases. Therefore, the activation frequency and the frequency for maximum
power boost must be adjusted in this case to enable the inertia emulation to activate and
study its effect on the voltage stability in a case in which the voltage stability is empha-
sized. By this change it is possible to analyze the effect of inertia emulation on the voltage
stability in a power flow case in which the voltages are initially low because of the high
transmission from Sweden to Finland and further from Northern Finland to Southern Fin-
land. It is important to note that the inertia emulation settings would not be changed in a
real power system. In this case, the change is executed solely on the theoretical purposes.
The effect of the inertia emulation on the voltage stability in other power flow cases re-
mains similar is expected to remain similar.

The values of the inertia emulation parameters used for fixed power boost and for pro-
portional power boost are listed in Table 16. Figure 40 shows the effect of inertia emula-
tion on voltage stability.
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Inertia emulation parameters used when studying the effect of inertia emulation
on the voltage stability.
Fixed power boost
Activation frequency 49.70 Hz
Frequency for maximum power boost 49.65 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 3% of rated power
Power boost duration 5s
Recovery duration 20s
Proportional power boost
Activation frequency 49.65 Hz
Frequency for maximum power boost 49.60 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 15% of rated power
Power boost duration 20s
Recovery duration 0 s (not relevant)
Voltage stability
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Figure 40. Effect of inertia emulation of fixed power boost and proportional

power boost on voltage stability at Alajdrvi substation in Southern Finland.

Case: winter case with maximum import. Disturbance: disconnection of Olki-

luoto 3 as a result of a three-phase short circuit.

As Figure 40 reveals, the inertia emulation function of Enercon neither by fixed power

boost control nor proportional power boost does in practice effect on the voltage stability.

The first voltage swings after the fault (at 5-9 s) are not affected by the inertia emulation

since the functionality is not yet activated. After the activation of inertia emulation (at 9—

14 s) the voltage swings are slightly diminished in comparison with the benchmark. In

turn, the voltage level during the recovery phase (18-30 s) is lower than the benchmark

voltage. By the fixed power boost control, for instance, the deviation of the voltage from

the benchmark depends on the percent of the power boost. The higher the power boost
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percentage is, the lower the voltage appears during the power boost phase. These obser-
vations are explained next.

As all the wind power plants equipped with the inertia emulation function locate in Fin-
land in the simulations, the power generation in Finland is temporarily increased during
the power boost phase. As a result, the power transmission from Sweden to Finland as
well as the transmission from Northern Finland to Southern Finland decrease resulting in
slightly diminished voltage swings at Alajarvi substation in Southern Finland. In turn, the
power transmissions from Sweden to Finland and from Northern Finland to Southern
Finland are increased during the recovery phase since the power generation of the inertia
emulating wind power plants located in Finland temporarily decreases. The high trans-
missions increase the reactive power consumption of the power lines which results in low
voltages and increased demand for reactive power support. This denotes that if the wind
power plants equipped with inertia emulation function would locate all around the Nordic
power system, the transmission would not be affected by the inertia emulation phases and
thus the situation would be even better.

According to Fingrid's grid code for generators, the generating units must remain con-
nected to the grid for at least 30 min with system frequency of 47.5-49.9 Hz and voltage
of 0.95-1.05 pu [32][33]. In the winter case with maximum AC import, the frequency
recovers to the normal state target area of 49.9-50.1 Hz within a minute and the voltage
do not decrease below 0.95 pu with a reasonable percent of the power boost. Therefore,
the effect of the lower voltage during the recovery phase seem not significant for voltage
stability. It is however important to take the possibility of this effect into account. More-
over, some local issues are also possible but out of the scope of this study.

6.2.2 Impact on damping of power oscillations

In the Nordic power system, there appear inter-area power oscillations when the power
transmission through the AC connections from Finland to Sweden is high. The damping
of power oscillations is therefore investigated by simulations executed using the summer
night case with maximum export and inertia emulating wind power capacity of 4000 MW.
Table 17 shows the inertia emulation parameters used when studying the effect of inertia
emulation on the damping of power oscillations.
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Table 17.  Inertia emulation parameters used when studying the effect of inertia emulation
on the damping of inter-area power oscillations.

Fixed power boost

Activation frequency 49.40 Hz
Frequency for maximum power boost 49.35 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 3% of rated power
Power boost duration 5s
Recovery duration 20s

Proportional power boost
Activation frequency 49.30 Hz
Frequency for maximum power boost 49.20 Hz
Deactivation frequency 49.90 Hz
Power boost percentage 15% of rated power
Power boost duration 20s
Recovery duration 0 s (not relevant)

Figure 41 and Figure 42 demonstrate the effect of inertia emulation on the damping of
power oscillations. The results in Figure 41 represent the combination of the disconnec-
tions of Forsmark 3 and Fenno-Skan 2 as a result of a three-phase short circuit at a nearby
bus. In turn, the results in Figure 42 are produced by simulating the disconnection of
Olkiluoto 3 as a result of a three-phase short circuit.
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Figure 41. Effect of inertia emulation on the damping of inter-area power os-

cillations on an AC interconnector between Sweden and Finland. Case: summer
night case with maximum export. Disturbance: disconnections of Forsmark 3
and Fenno-Skan 2 as a result of a three-phase short circuit.
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Damping of power oscillations
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Figure 42. Effect of inertia emulation on the damping of power oscillations on

an AC interconnector between Sweden and Finland. Case: summer night case
with maximum export. Disturbance: disconnection of Olkiluoto 3 as a result of a
three-phase short circuit.

According to the figures, the inertia emulation by fixed power boost control slightly im-
proves the damping of power oscillations by mainly decreasing the amplitude of the os-
cillations. The inertia emulation by proportional power boost control, however, signifi-
cantly improves the damping by both decreasing the amplitude of the oscillations and
shortening the time that it takes until the oscillations end. The first oscillations between
5-10 s are not affected by the inertia emulation in either of the cases since the function is
not activated immediately after the fault but is activated as the frequency falls below the
activation frequency.

According to Figure 42, the AC transmission from Sweden to Finland increases linearly
at 17-27 s (green curve) and 15-25 s (orange curve). This is due to the power decrease
of the wind power plants equipped with inertia emulation during the recovery phase.
When the rotational speeds of the wind power plants start to accelerate back to the opti-
mum value, the wind power plants begin to generate more power and consequently the
AC transmission begins to decrease. The same phenomenon but significantly slighter can
be seen in Figure 41, too.

The reason why the control method of proportional power boost effectively improves the
damping of power oscillations originates from the nature of the control. Namely, the
amount of power boost follows both the frequency change and the frequency derivative.
Thus, as the power oscillations causes the frequency to decrease, the proportional power
boost controls the wind power plant output power to increase compensating the oscilla-
tions in the frequency, and the other way around. However, this is only true when the
power control is fast enough, in other words, when the delay between the frequency meas-
urement and the power control is short enough. This issue is emphasized in Figure 43.
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Delay between frequency measurement and power control
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Figure 43. Effect of the delay between the frequency measurement and the

power control on the damping in power boost on an AC interconnector between
Sweden and Finland. Case: summer night case with maximum export. Disturb-
ance: disconnections of Forsmark3 and Fenno-Skan 2 as a result of a three-
phase short circuit. Control method: proportional power boost.

According to Figure 43, the proportional power boost control improves the damping of
oscillations effectively as the delay is between 0.02—0.10 s. In turn, the improvement in
the damping is only minor as the delay is increased to 1.00 s. In that case, the control of
the power is not fast enough and consequently the increase or decrease in the wind power
plant output power do not compensate the frequency oscillations. Moreover, if the delay
between the frequency measurement and the power control was 1/0.3 Hz = 3.3 s, that is
the cycle time of the dominant inter-area power oscillation mode in the Nordic power
system [55], the inertia emulation function controlled by proportional power boost could
even amplify the oscillations. The importance of the delay is therefore crucial.

6.2.3 Analysis

The effect of inertia emulation on the voltage stability and the damping of power oscilla-
tions in the Nordic power system is studied above in Section 6.2.1 and Section 6.2.2.

The results in Section 6.2.1 show that the inertia emulation functionality seem not impact
on the voltage stability of the Nordic power system whether the control method used is
fixed power boost or proportional power boost. The results presented in Section 6.2.2
prove that the inertia emulation can outstandingly improve the damping of power oscil-
lations if the function is controlled by proportional power boost and the delay between
the frequency measurement and power control does not exceed 0.1 s. In turn, the improve-
ment in the damping achieved by fixed power boost is clearly slighter than by propor-
tional power boost.
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According to these observations, the usage of the inertia emulation functionality does not
contradict the voltage and angular stability regardless of the control method. In terms of
the overall stability of the Nordic power system, the control method of proportional power
boost is more recommended.

In this thesis, the advantages of the proportional power boost regarding the increased
damping of the power oscillations is however analyzed from the power system point of
view. This means that it is not analyzed whether the oscillations in the wind power plant
output power compensating the power oscillations in the system can cause remarkable
mechanical stress to the wind turbine generator or its drive train. This issue should be
considered by the wind turbine manufacturers.

6.3 Inertia emulation in conjunction with fault ride through

The inertia emulation function in conjunction with the fault ride through function is dis-
cussed in this section.

6.3.1 Impact of fault ride through

The aim of the fault ride through function (FRT) is primarily to ensure that the wind
power plant does not immediately disconnect from the grid as a result of a fault in the
nearby. In addition, it typically provides voltage support by injecting the reactive power
contribution during the fault event. Even though the actual fault ride through operation
occurs during the fault, it should be noted that the optimal recovery time for the fault ride
through function for the wind power plants in the Finnish power system is 2-3 s [48]
which could occur concurrently with the activation of inertia emulation power boost. As
described in Section 3.2.5, the active power contribution provided during the power boost
phase of inertia emulation may contradict the reactive power provision if the wind power
plant is operating close to the apparent power limit of the converter, and therefore, it must
be selected whether the active power or reactive power shall be prioritized in such a situ-
ation.

In order to study how the inertia emulation capability and fault ride through work together
when the wind power plant operates at rated active power, a reasonable simulation is
executed. First, a short circuit fault is produced at the high voltage side of the main trans-
former of Olkiluoto 3 nuclear unit causing the disconnection of the unit. The short circuit
causes the voltage to decrease nearby the fault location, and therefore, it is followed by
the activation of the fault ride through function at the nearby wind power plant. As a result
of the disconnection, there is a significant active power deficit, and thus, the inertia emu-
lation function is activated according to the frequency signal received by the converter.

Figure 44 shows the active and reactive power outputs of a wind power plant when the
disconnection of Olkiluoto 3 occurs at 5 s as a result of a three-phase short circuit. The
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wind power plant studied is one of the wind power plants connected to Pirttikyla substa-
tion which is the southernmost substation of the eight substations studied. In this case, the
power flow case represents the winter case with maximum import so that the demand for
voltage support is more significant than in the summer cases. The parameter settings of
inertia emulation used in this case are listed in Table 16.

The figure demonstrates that, in this example representing one of the dimensioning fault
events in the Nordic power system, the reactive power is restricted by its upper limit of
36 MW only during the first oscillations during which the inertia emulation is not yet
activated. The figure shows that if the active power recovery of fault ride through is im-
mediate, the consecutive operation of the fault ride through and inertia emulation func-
tions do not cause contradictions in active and reactive power provision.
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Figure 44. Active and reactive power outputs of a wind power plant. Case:

winter case with maximum import. Disturbance: disconnection of Olkiluoto 3 as
a result of a three-phase short circuit.

6.3.2 Analysis

The optimal recovery time of the fault ride through function for the wind power plants in
the Finnish power system is 2—3 s [48]. The frequency nadir is typically reached at 5-8 s
in the Nordic power system, and thus, a reasonable activation time of the inertia emulation
power boost is probably be in the order of 2—4 s. This means it is possible that the func-
tions are operating simultaneously. Therefore, it should be decided whether to prioritize
the active or reactive power during the simultaneous under-frequency event and a fault
causing low voltages locally nearby the fault location. In other words, it should be decided
whether to prioritize the power boost of inertia emulation or the active power recovery of
fault ride through if the functions occur to be active simultaneously.
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It is not possible to adjust the active power recovery time of the fault ride through function
with the wind power plant model used. Therefore, it can only be stated that the fault ride
through and inertia emulation functions do not contradict when the recovery of the fault
ride function is immediate and the activation time of the inertia emulation function is in
the order of 2—4 s. Therefore, it is recommended for future work to analyze the behavior
of the inertia emulation and fault ride through functions together when the recovery of
fault ride through and the activation of inertia emulation may occur simultaneously.

As the wind power generation is typically spread around in the system, it is thus possible
that the wind turbine generators equipped with inertia emulation in a wind power plant
close to the fault location would operate at rated power simultaneously when a dimen-
sioning fault occurred. In this connection, one should however bear in mind that the volt-
age dip only impacts on the wind power plants close to the fault location. Nevertheless,
the possibility of this kind of an issue must be taken into account when formulating the
possible inertia emulation requirement.
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7. SUMMARY OF THE RESULTS AND SUGGES-
TIONS FOR REQUIREMENT SETTING

This chapter summarizes and evaluates the main results of this thesis. Additionally, the
suggestions for requirement setting are collected.

7.1 Summary of the results

As described in Section 1.2, the primary objective of this thesis is to study the inertia
emulation functionality of converter-connected wind power plants in the Nordic power
system to be able to analyze the usefulness and performance of the function. The issues
covered contain the capacity of the inertia emulating wind power generation needed to
improve the frequency nadir and recommendation for the control method as well as the
availability and limitations of the function, the parametrization of the function, the per-
formance of the function in a power system with power oscillations, and consistency of
the function with the selected stability criteria and with the fault ride through function.

First of all, the capacity of the inertia emulating wind power generation needed to improve
the frequency nadir depends on several factors. Among them are the level of the improve-
ment desired, the control method, the power boost duration, the power boost percentage
and its base that is either the rated power or the actual pre-activation power of the wind
power plant. It is discovered, for example, that with the wind power capacity of 4000 MW
equipped with inertia emulation function the power boost of about 3% of rated power for
5 s is enough to enhance the frequency nadir for 0.07 Hz with the fixed power boost
control. This power contribution corresponds to 120 MW of additional net generation for
5 s. Thus, the lowest necessary inertia emulating wind power capacity to reach the same
power contribution is in the order of 1000 MW if the power boost percentage is in the
order of 10—15% of rated power. Due to the aerodynamic constraints it is not possible to
arbitrarily increase the power boost percentage. Namely, 10% of rated power is consid-
ered the absolute maximum for the power boost percentage if the power boost duration is
10 s [3][38]. In addition, it was observed that the effect of inertia emulation on the fre-
quency nadir improvement depends on the control method when inertia emulating wind
power capacity is increased.

According to the simulations, both of the studied control methods (fixed power boost and
proportional power boost) could be parametrized to provide active power support so that
the frequency nadir is improved, and the RoCoF as well. However, in the Nordic power
system the proportional power boost control seems more recommended than the fixed
power boost control since the former adapts to different disturbance events by following
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the grid frequency and can effectively enhance the damping of the power oscillations
during a disturbance event.

In order to evaluate the performance of inertia emulation functionality and to conclude
the possible suggestions for the inertia emulation requirement, the research questions de-
scribed in Section 1.2 are discussed as well.

Availability and limitations of inertia emulation

According to the doctoral thesis of Johan Bjornstedt, the inertia emulation function would
be available at all the operating points of the power curve (at all wind speeds) to deliver
power boost of 10% of the wind turbine generator rated power for 10 seconds [3]. Ac-
cording to the manufacturers contacted by the author, this is true from the electrical side
only [38][50]. Namely, there are some restrictions originating from the aecrodynamic side
as described in Section 3.2.5. Therefore, identifying an explicit operating range for the
inertia emulation availability is not possible as it depends on the control method as well
as on the power boost percentage and duration. Moreover, the simulations prove that the
increase in the energy deficit during the recovery phase is exponential in proportion to
the energy delivered during the power boost phase which means that the higher amount
of energy is delivered during the power boost phase, the more the risk of a secondary
nadir increases.

During the power boost phase of the inertia emulation function the converter apparent
power limit can restrict the reactive power output of the wind turbine generator. In the
example, the apparent power limit was not met during the power boost phase regardless
of the control method. However, one must bear in mind the possibility of the restriction,
and therefore, it must also be decided whether to prioritize the active or reactive power
during the power boost phase.

One of the most important conditions for setting an inertia emulation requirement is that
the same requirement can be formulated for the converter-connected wind turbine gener-
ators regardless of the technology they represent. Firstly, it is possible to equip both the
Type 3 and 4 wind turbine generators with the inertia emulation function according to the
literature and the wind turbine manufacturers contacted by the author. This is considered
adequate and reasonable since all the new wind power plants in the Nordic power system
are equipped with a converter whereas the other wind turbine generator technologies are
not decoupled from the grid through a converter (see [1] for descriptions, for example).
Secondly, the operative inertia emulation requirements in Hydro-Québec and IESQO's sys-
tems concern both technologies. Therefore, there seems not to be any crucial hindrances
for setting a common requirement even though some slight differences in their capabili-
ties might appear.
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Parametrization of inertia emulation

According to the results of this thesis, the power boost percentage and the power boost
duration proved to be the most important inertia emulation parameters. The higher the
power boost percentage is, the better the frequency nadir is improved. However, if the
energy delivered during the power boost phase is too high, the frequency recovery is sig-
nificantly delayed or a secondary frequency nadir emerges or both because of the active
power drop during the recovery phase. The reasonable power boost percentage therefore
depends on the power boost duration but also on the control method and also on the wind
power capacity equipped with the inertia emulation function especially when fixed power
boost is used. To limit the energy delivered during the power boost phase to a reasonable
level, the power boost percentage and power boost duration must be adjusted together.

With the dynamic wind power plant model of Enercon, it is possible adjust the recovery
phase characteristics by varying the recovery duration. The changes in the parameter
value seemed to work logically only for the fixed power boost control. However, the
findings most likely apply also to the proportional power boost control. The simulations
proved that the recovery characteristics are crucial for the power system security as it was
supposed according to the literature. If the recovery duration is prolonged, the risk of a
secondary frequency nadir decreases. The prolonging the recovery duration or the fall
time of the power does not however invariably improve the inertia emulation perfor-
mance. Namely, after a certain point the frequency recovery is unnecessarily delayed.
According to the literature, a smooth recovery phase with duration of 2040 s is recom-
mended in Hydro-Québec's system. This recommendation seems reasonable also in the
Nordic power system.

The study indicates that the activation frequency and frequency for maximum power can
be utilized in directing the power boost either to improve the RoCoF or the frequency
nadir more. Namely, the higher activation frequency is, the better the RoCoF is improved
instead of the frequency nadir, and the other way around. This observation is emphasized
when inertia emulation is delivered by the proportional power boost control.

Performance of inertia emulation in a power system with power oscillations

As expected, the power oscillations affected differently on the inertia emulation perfor-
mance when different control methods were used. When the inertia emulation is delivered
by fixed power boost, the power oscillations do not influence on the performance of the
inertia emulation function. In turn, when inertia emulation is controlled by proportional
power boost, the power oscillations are reflected on the power boost through the oscillat-
ing frequency signal used in the control. This however seems not to worsen the inertia
emulation performance. According to the literature, the utilization of synthetic inertia in
a power system with power oscillations requires suitable frequency signal filtering. This
naturally applies also to other control methods which control is based on the frequency
derivative.
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Consistency of inertia emulation with the selected stability criteria

The aim of utilizing the inertia emulation function would be improving the frequency
stability of the Nordic power system by improving the frequency nadir reached during
severe under-frequency events. However, it would not be practical to require any function
that would improve one stability category but weaken another. Therefore, the inertia emu-
lation was studied relative to the different stability criteria. When parametrized and im-
plemented in an appropriate way, the inertia emulation function can improve the fre-
quency stability by improving the frequency nadir and the RoCoF without causing a sec-
ondary frequency nadir due to the dramatic active power drop during the recovery phase.
Some delay in the frequency recovery is, however, expected due to the recovery phase.

Any remarkable impacts on the voltage stability in the Nordic power system were not
observed in the simulations regardless of the control method used. However, some local
effects are considered possible but out of the scope of this study.

When the fixed power boost control is used, the inertia emulation does not have influence
on the damping of power oscillations either. In turn, when the proportional power boost
control is used, the function can effectively improve the damping of power oscillations
which is an obvious advantage of the control method. Most importantly, the inertia emu-
lation function does not contradict the stability criteria studied regardless of the control
method. Moreover, inertia emulation can even enhance two of the three stability criteria
studied if the proportional power boost control is used with a reasonably short delay
(0.100 s or shorter) between the frequency measurement and the power control.

Consistency of inertia emulation with fault ride through function

The consistency of the inertia emulation function with the fault ride function depends on
whether the activation time of the former and the recovery time of the latter may occur
simultaneously or not. As shown in the simulations, contradictions in the functions do not
appear when the recovery time of fault ride through is immediate and the activation time
of inertia emulation is in the order of 2—4 s. Contradictions may, however, appear if the
recovery of the fault ride through function is stretched over some seconds or if the inertia
emulation is activated instantly or both.

7.2 Suggestions for requirement setting

It is discovered in this thesis that the inertia emulation functionality has potential in sup-
porting the Nordic power system during severe under-frequency events. This however
requires that the inertia emulation function is appropriately implemented and para-
metrized. Otherwise it is possible that the inertia emulation function could compromise
the system stability. In this connection the TSO's responsibility to set the inertia emulation
requirement properly and detailed enough is emphasized. The simulation results clearly
show that the inertia emulation requirement in the Nordic power system must be more
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detailed than the requirements operative in Hydro-Québec's and IESO's systems de-
scribed in Section 4.1.2 and Section 4.1.3. However, these two requirements can be used
as a base for the suggestions for the Nordic requirement.

The matters stipulated in Hydro-Québec's and IESO's inertia emulation requirements con-
sist of the following criteria (see Section 3.2.4 and Section 4.1.5 for descriptions):

— control method,

— activation frequency or alternatively frequency dead band,
— maximum power boost rise time,

— minimum power boost percentage,

— minimum power boost duration,

— maximum power drop during the recovery phase,

— availability of the functionality,

— minimum time between consecutive activations.

The principle of the inertia emulation requirement setting in the Nordic power system is
that the requirement must be set detailed enough so that, if the requirement is met, the
inertia emulation function operates appropriately. Therefore, as highlighted above, the
inertia emulation requirement in the Nordic power system should be detailed in order to
avoid undesired behavior. Thus, some additional issues are recommended to be covered
in the requirement. These issues contain:

— deactivation frequency,

— recovery duration,

— maximum delay between the frequency measurement and the power control,
— maximum power drop gradient during the recovery phase,

— inertia emulation in conjunction with fault ride through

— df/dt limit (relevant for power boost proportional to frequency derivative).

Table 18 presents the suggestions for the inertia emulation requirement setting that can
be drawn according to this study. Each issue is discussed below.
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Suggestions for the inertia emulation requirement setting in the Nordic power
System.
Criteria Suggestion
Objective To support the power system during large under-fre-

quency events

Availability of the functionality

> 25% of rated active power

Control method

Power boost proportional to absolute frequency change
or power boost proportional to frequency derivative or
combination of the above-mentioned

Maximum delay between frequency meas-
urement and power control

0.1s

Activation frequency

Between 49.30-49.70 Hz

df/dt limit

(relevant for power boost proportional to frequency de-
rivative)

Power boost rise time

In the order of 0.5-3 s (relevant for fixed power boost)

Power boost percentage

In the order of 10% of rated active power

In the order of 10 s
49.90 Hz
In the order of 10% of rated active power

Power boost duration

Deactivation frequency

Maximum power drop during the recovery
phase

Maximum power drop gradient during the | In the order of 1% of rated active power per s

recovery phase

Between 30-60 s
Blocked until the recovery phase is over and the fre-

Recovery duration

Time between consecutive activations
quency has been recovered above the activation fre-
quency

Inertia emulation in conjunction with fault | Prioritization of inertia emulation (active power) vs. pri-

ride through oritization of FRT (reactive power)

Firstly, the objective of the inertia emulation function in the Nordic power system would
be supporting the system during large under-frequency events. Additionally, the need for
inertia emulation function is emphasized at high wind speeds when the share of wind
power in the total generation is high. Thus, it is not necessary to require the function to
be available at the lowest power output. The function could therefore be required from
25% of rated active power, for example.

The control methods of power boost proportional to frequency change or power boost
proportional to frequency derivative or combination of the above-mentioned are sug-
gested to be required. The control methods that are either proportional to the frequency
change or frequency derivative or both can improve the damping of the power oscillations
and are adaptable to different disturbance events. In this connection, it is however crucial
that the delay between frequency measurement and power control does not exceed 0.1 s.
Otherwise, the advantage is lost in addition to weakening of the inertia emulation perfor-
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mance. Namely, the ability of power boost proportional to frequency change and fre-
quency derivative to increase the damping depends on the delay between the frequency
measurement and the power control.

Since the objective of the inertia emulation function would be supporting the power sys-
tem during large under-frequency events, the reasonable activation frequency is between
49.30—49.70 Hz. The final recommendation depends on the capability of the inertia emu-
lation to deliver the power boost for desired duration as well as on the power boost per-
centage. An activation frequency in the order of 49.30 Hz is recommended for function
with the power boost duration of 5 s. In turn, if a power boost duration of 10 s is possible,
then the activation frequency can be higher. The idea behind the higher activation fre-
quency and the longer power boost duration would be the aim to align the power boost
phase with the lowest frequencies reached in the most severe disturbance events. If the
control method of power boost proportional to frequency derivative is used, a df/dt limit
should also be considered for the activation of the function. According to this study, it is
not however possible to suggest any specific value for the df/dt limit.

The criteria of power boost rise time is only relevant for fixed power boost. The shorter
the power boost rise time is, the steeper the power increase is after reaching the activation
frequency. As this study indicated, the closer the activation frequency and the frequency
for maximum power are, the steeper the power increase is, and the more the RoCoF is
improved instead of the frequency nadir though the effect was quite slight. Nevertheless,
a recommendation for the power boost rise time after the activation of inertia emulation
would be in the order of 0.5-3 s since without inertia emulation the frequency nadir is
typically reached between 5-8 s after the beginning of the disturbance. Additionally, the
time that it takes until the nadir is reached is typically delayed by the effect of inertia
emulation. Again the aim is to align the power contribution of inertia emulation with the
lowest frequencies reached.

The power boost percentage and the power boost duration determine the additional energy
delivered during the power boost phase. Therefore, it is reasonable to consider them to-
gether. According to the simulations, the suggestion for the power boost percentage and
duration would be 10% of rated power for 10 s. However, this must be studied further
with different implementations of inertia emulation and with different control methods.

Once the inertia emulation function is activated, the function is desired to deactivate be-
fore it has delivered the full power contribution only if the frequency recovered excep-
tionally fast in the normal range of 49.90-50.10 Hz before the power boost duration is
exceeded. Since the exceptionally fast recovery of the frequency is far from typical, the
impact of deactivation frequency were not simulated in this thesis. However, it is assumed
that the deactivation frequency of 49.90-50.00 Hz would be appropriate, and therefore,
49.90 Hz is suggested for the required value of the deactivation frequency.



87

As the literature survey as well as the simulations proved, the impact of the recovery
characteristics on the power system stability cannot be exaggerated. In order to avoid a
secondary nadir and to enable smooth recovery characteristics, it is suggested that both
the power drop and its gradient should be limited during the recovery phase. For example,
it is obvious that a power drop of 10% of rated power can be too dramatic if it occurs in
a couple of seconds. For the same reason, the recovery phase should be stretched over a
period of time long enough meaning a duration of 30—60 s. According to the simulations,
it seems that the maximum acceptable power drop during the recovery phase is in the
order of 10% of rated power and the maximum acceptable power drop gradient during
the recovery phase is in the order of 1% of rated active power per s. Additional simula-
tions will be required before more accurate suggestions could be stated.

The inertia emulation function should not activate twice during the same disturbance
event though the frequency would remain below 49.90 Hz since the frequency contain-
ment reserves and frequency restoration reserves are utilized to manage the later phases
of the frequency disturbance event. Therefore, the inertia emulation function should be
blocked until the recovery phase is over and the frequency has been recovered above the
activation frequency.

Finally, it should be decided whether to prioritize the power boost of inertia emulation or
the active power recovery after fault ride through operation if the functions are activated
simultaneously. Even though the actual fault ride through operation occurs during the
fault, it should be noted that the optimal recovery time for the fault ride through function
for the wind power plants in the Finnish power system is 2—-3 s [48] which means that the
recovery of the fault ride through could occur concurrently with the activation of inertia
emulation power boost. In other words, it should be decided whether to prioritize the
active or reactive power during the simultaneous under-frequency event and a fault caus-
ing low voltages locally nearby the fault location.



88

8. CONCLUSIONS

This chapter describes the conclusions drawn from the results of this thesis. Finally, the
suggestions for future work are listed, too.

8.1 Conclusions

Since only one manufacturer-specific wind power plant model was used in this thesis, a
following question may arise. Namely, one may question whether it is reasonable to draw
system wide conclusions according to the simulations executed with one manufacturer-
specific model. The answer depends on the way how the conclusions are drawn and how
the results are utilized. In this thesis, the manufacturer-specific wind power plant model
is used to analyze the possible weaknesses or problems that may arise if the inertia emu-
lation function is not formulated properly. Thus, the simulations are used to demonstrate
the issues that should be taken into account when setting an inertia emulation requirement.
Moreover, this study represents only suggestions for the requirement setting and it is also
emphasized that additional simulations are needed in order to formulate a precise require-
ment. The recommendations for future work are discussed below in Section 8.2.

The increasing share of converted-connected generation in the Nordic power system leads
to a situation with low power system inertia. Consequently, the frequency deviations in
severe faults increase and the risk of exceeding the first step of under-frequency load
shedding increases, too. If the present system security level and the frequency stability of
the power system are decided to retain, the frequency deviations in the severe faults must
be managed to a specific limit. One option to achieve this aim is the inertia emulation
capability of converter-connected wind power plants that could be used to support the
power system during large under-frequency events.

The technology of inertia emulation is already commercially available but the initial im-
plementations of the function have been designed to meet the inadequate requirements
set earlier by Canadian TSOs. Hence, the present inertia emulation functions may require
some upgrading in order to meet the more detailed future requirements. For example,
according to the literature, the inertia emulation implementation of Senvion with the
smooth recovery characteristics seems significantly better than the implementation of En-
ercon with a dramatic power reduction during the recovery phase. Naturally, Enercon is
aware of the weaknesses of the function and is developing especially the recovery char-
acteristics of Constant power increase mode.

The dynamic wind power plant model used in the simulations presented in this thesis
proved to have some weaknesses in its inertia emulation functionality. Among them are,
for example, the remarkable power reduction during the recovery phase when the fixed
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power boost control selected and the malfunctioning of the recovery duration parameter
when the proportional power boost control selected. The weaknesses in the implementa-
tion originate from the immaturity of the function and its modeling. Nevertheless, for the
requirement setting point of view it was valuable to use a model with weaknesses because
due to the weaknesses some possible issues that otherwise would perhaps not be taken
into account were revealed. The suggested criteria of maximum power drop gradient dur-
ing the recovery phase is an example of this type of finding. Despite the weaknesses it
was still possible to find a parameter setting that could improve the frequency nadir de-
tected in the disturbance events studied. This clearly demonstrates the potential of the
inertia emulation function.

The study proves that for system security the inertia emulation requirement must be for-
mulated in detail if such functionality was decided to be required. If the requirement is
not properly set, the inertia emulation function could compromise the system stability.
However, according to the study, the inertia emulation function has potential in support-
ing the system during under-frequency events when parametrized and implemented in an
appropriate way. Moreover, the study did not show any inevitable hindrances that would
prevent the Nordic TSOs from setting an inertia emulation requirement in the event that
they would decide to do so. Namely, in practice, the inertia emulation function seems not
to have any impact on the voltage stability in the Nordic power system, though some local
effects are possible but not studied in this thesis. Additionally, the inertia emulation of
fixed power boost does not effect on the damping of frequency/power oscillations. More-
over, when activated, the inertia emulation of proportional power boost can effectively
improve the damping of frequency/power oscillations. Hence, the proportional power
boost control was considered more recommended for the Nordic power system.

The previous research on the topic has focused on the inertia emulation or its control from
the theoretical perspective or analyzed the performance and operation of inertia emulation
in Hydro-Québec's system. Many of the publications have not analyzed or discussed the
performance of inertia emulation from the requirement setting point of view which is the
major contribution of this thesis. Namely, some additional criteria for inertia emulation
requirement compared with the operative requirements in Hydro-Québec and IESO's sys-
tems were found in this thesis. With the extended list of criteria it is easier to formulate a
detailed inertia emulation requirement that more certainly ensures the satisfactory inertia
emulation performance. Even though the suggestions applies only to the Nordic power
system studied in this thesis, the criteria can be useful regardless of the power system.

The ideal inertia emulation functions in comparison to the real implementations of the
function may differ from each other significantly and there exist a number of possible
variations of the implementations. This naturally underlines the importance of the future
studies on the topic as well as the need for detailed requirements by the TSOs.
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8.2 Future work

This thesis studied the inertia emulation functionality in the Nordic power system and the
effects of the control method and parametrization on the performance of the function. As
described in Section 7.1 this thesis achieved this objective by covering the research ques-
tions and also revealed some valuable additional findings. However, the information pro-
vided in this thesis is not solely adequate for possible inertia emulation requirement set-
ting. Therefore, some recommendations for future work are discussed in this section.

First of all, it would be recommended to execute additional simulations with different
manufacturer-specific dynamic models of wind power plants for the sake of comparison.
The main control methods of power boost proportional to frequency change and power
boost proportional to frequency derivative could be beneficial to study separately as in
this thesis only the manufacturer-specific combination of these methods were investi-
gated. Another crucial thing is that all the wind power plants equipped with the inertia
emulation function operate at full power in this study. Therefore, studying the effect of
the operating point to obtain understanding on the operation and performance of the func-
tion in different conditions would also be recommended when executing the additional
simulations. Moreover, the additional simulations should also enable analysis on the co-
ordination of inertia emulation and frequency containment reserves for disturbances. It
could also be interesting to study the inertia emulation capability in a situation in which
the power boost was provided by different control methods at the same time. In other
words, some of the wind power plants would provide inertia emulation by fixed power
boost, and some would provide inertia emulation by proportional power boost, for exam-
ple.

After the reasonable additional simulations are executed it is possible to formulate a pro-
posal for the inertia emulation requirement for converter-connected wind power plants.
This means that the suggestions presented in this thesis are formulated into a detailed
requirement on the grounds of the additional simulations. However, it is reasonable to
test the inertia emulation function of a real wind power plant to study whether the simu-
lations and measurements have a good correspondence as well as whether the inertia emu-
lation function can meet the proposed requirement. Hence, a field test is recommended
after the proposed inertia emulation requirement is formulated.

There are also some issues that may be useful to analyze in addition to the recommenda-
tions described above. In this study, all the wind power plants equipped with the inertia
emulation function locate in Finland. Therefore, it would be interesting to study the per-
formance of the inertia emulation and its effect on the system when there is more than
4000 MW wind power capacity equipped with inertia emulation function spread around
the Nordic power system. Additionally, as the study showed, the duration of the recovery
phase should be long enough in order to avoid a steep power reduction during the inertia
emulation recovery phase. Smoother recovery characteristics experienced by the power
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system may also be achieved by setting the recovery phases in different wind power plants
to start gradually at different moments of time. The same idea could also be applied to
the parameters determining the behavior during the power boost phase.
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