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Summary

In the past decades, wind energy has become one of the most popular re-
newable energy sources. Especially for large wind turbines, the technology
is already quite mature which results in a high efficiency and a good re-
liability. Furthermore, the maximum rated power of the wind turbines is
continuously increasing and the offshore wind farms are gaining interest.
Therefore, it is very likely that wind turbines will provide an important
share of the future renewable energy in the electrical power system.

In the current power system, renewable energy sources such as wind tur-
bines have priority access to the grid. This means that they can always inject
the maximum available power into the network. Consequently, conventional
(controllable) generators should make sure that the balance between pro-
duced power and consumed power is always guaranteed. Balancing of load
and production at any point in time is achieved by an important ancillary
service, known as frequency control. At this moment, the participation of
wind turbines in this service is very limited and often non-existing.

Besides frequency control, other ancillary services such as voltage con-
trol and congestion management are needed to ensure a reliable operation
of the electrical power system. Again, the majority of these services is still
provided by conventional power plants. In a power system with an increas-
ing penetration of renewable energy sources, this becomes an unsustainable
situation. On one hand, the need for ancillary services such as balancing
and voltage control is likely to increase in the future due to the volatile
nature of the renewable energy sources. On the other hand, when renew-
able energy starts to replace conventional generation, less power plants are
available to provide ancillary services.

However, the modern variable-speed wind turbine are perfectly suited to
assist in the provision of a variety of ancillary services. Due to the power-
electronic converter that is used in these wind turbines, it is possible to
control the active and reactive power output of the wind turbine. This
makes it possible to assist in frequency control, voltage control, etc.

In this dissertation, the focus is on the provision of frequency control

ix



x Summary

with wind turbines. In the power system, the production and consumption
have to be balanced at any point in time. The grid frequency is used as a
measure for this balance. In normal operation, the frequency is very close to
the nominal value of 50 Hz. If the frequency increases above 50 Hz, it means
that too much power is produced, if the frequency decreases below 50 Hz,
too much power is consumed. Consequently, when the power production
or consumption suddenly changes, for example due to a failure in a power
plant, the grid frequency starts to deviate from the nominal value. In order
to avoid a large deviation of the grid frequency, several power plants are
equipped with an automatic primary frequency controller, which adapts
the power output depending on the frequency deviation. If the frequency
is too high, less power is injected and vice versa. This frequency control
ensures a proper operation of the power system.

The speed at which the frequency changes in case of a disturbance is
determined by the rotating inertia of all the synchronously-coupled genera-
tors and motors. The higher the system inertia is, the slower the frequency
changes in case of a disturbance and the more time the primary control
has to increase or decrease the power output. Consequently, sufficient in-
ertia is necessary to ensure the proper functioning of the power system.
However, when converter-coupled generators, such as variable-speed wind
turbines, start to replace conventional generation, this results in a decrease
of the system inertia. For increasing wind power penetrations this could
complicate the frequency control of the network.

Fortunately, wind turbines still have a rotating inertia in their rotor
that could be used to virtually increase the system inertia. By adding an
additional control loop to the wind turbine converter, the power output of
the wind turbine can be altered to mimic the inertial response behavior of
a conventional synchronous generator. The virtual inertia is obtained by
injecting or absorbing active power in the wind turbine inertia in case of a
disturbance, similar to the behavior of synchronous machines. In literature,
different control strategies are available and it is shown that the available
inertia of the wind turbine blades is large enough to obtain a similar amount
of system inertia with wind turbines as with conventional generators when
these control loops are added to the wind turbine control.

From the system perspective, it is not the maximum amount of kinetic
energy that can be stored in or released from the wind turbine inertia that
matters, but the impact it has on the frequency behavior immediately after
a disturbance. Therefore, in this work, the influence of the system com-
position, i.e., the type of generators, on the optimal parameter selection of
the emulated inertial response strategies is investigated. It is shown that
the correct parameter selection is important to obtain the desired inertial
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response. If too much power is injected immediately after a frequency dip,
it might result in a slower primary control action of the conventional power
plants, which results in a lower frequency nadir after the disturbance. It
might also result in a second, deeper, frequency dip which is undesired.
When the different emulated inertial response strategies are compared, it
can be concluded that the synthetic inertia strategy is the most promis-
ing strategy as it is the most stable strategy with the lowest parameter
sensitivity.

When the emulated inertial response strategies are used in wind turbines
to support the grid, also some negative side-effects can be observed. First,
additional energy yield losses arise due to the suboptimal operation of the
wind turbines during the inertial response. However, in this work it is
shown that these energy yield losses are very limited for the inertial response
strategies. This is due to the small variations in the rotational speed that are
needed to optimally support the grid. Second, additional torque variations
are caused by the emulated inertial response strategies. These variations
cause an additional loading of the wind turbine drive-train which might
affect the lifetime of the wind turbines equipped with emulated inertial
response. In order to limit the impact of the emulated inertial response
on the drive-train dynamics, the DC-bus voltage modulation strategy is
developed in this work. By using this control strategy, the energy buffer
of the DC-bus is used to limit the torque variations that are caused by the
inertial response strategies. As the negative side-effects are quite limited
(energy yield losses) or can be effectively mitigated by using an appropriate
control strategy (torque variations), it is clear that the emulated inertial
response strategies can be used to enhance the integration of wind turbines
in the power system.

Besides the provision of emulated inertial response, wind turbines can
also be used to assist in the primary frequency control. As wind turbines are
usually operated in the maximum power point to capture as much renewable
energy as possible, the provision primary control in case of frequency dips
is not straightforward. In order to achieve this, wind turbines should be
operated continuously below the maximum power point. Therefore, different
deloading strategies are compared in this dissertation. This shows that the
provision of power reserves is possible with a variety of control strategies,
but some strategies are clearly better suited. When the wind turbines are
aggregated in wind farms, the differences between these strategies become
smaller due to the smoothing effect of the wind farm. Finally, the adaptive
droop control strategy is developed to achieve equal power sharing between
remote wind turbines under different wind speed conditions.
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Samenvatting

Gedurende de laatste decennia is windenergie één van de meest populaire
hernieuwbare energiebronnen geworden. Vooral voor grote windturbines is
de technologie reeds behoorlijk volwassen, wat voor een hoge efficiëntie en
grote betrouwbaarheid zorgt. Bovendien neemt het nominaal vermogen van
de windturbines continu toe en winnen ook windturbines op zee aan popula-
riteit. Het is bijgevolg zeer waarschijnlijk dat windturbines in de toekomst
voor een belangrijk deel van de hernieuwbare elektriciteitsproductie zullen
zorgen.

In het huidige elektrische net hebben hernieuwbare energiebronnen zoals
windturbines voorrang om in het net te injecteren. Dit betekent dat ze op
elk moment het maximaal beschikbare vermogen aan het net mogen leveren.
Bijgevolg moeten conventionele (regelbare) generatoren er voor zorgen dat
de balans tussen geproduceerd en geconsumeerd vermogen altijd in even-
wicht blijft. Het op elk moment balanceren van de last en de productie
wordt verwezenlijkt door een belangrijke netondersteunende dienst, zijnde
frequentieregeling. Op dit moment is de bijdrage van windturbines in deze
dienst zeer beperkt en vaak zelfs onbestaande.

Naast frequentieregeling zijn er nog andere netondersteunende diensten
zoals spanningsregeling en congestiemanagement nodig om de goede wer-
king van het elektriciteitsnet te verzekeren. Opnieuw wordt het merendeel
van deze diensten door conventionele centrales geleverd. In een elektrisch
net met een toenemend aandeel hernieuwbare energiebronnen wordt dit een
onhoudbare situatie. Enerzijds is het zeer waarschijnlijk dat de nood aan
netondersteunende diensten zoals frequentie- en spanningsregeling in de toe-
komst zal toenemen door het volatiele karakter van de hernieuwbare energie-
bronnen. Anderzijds zijn er minder conventionele generatoren beschikbaar
om de netondersteunende diensten te leveren wanneer ze vervangen worden
door windturbines.

De moderne variabele-snelheid windturbines zijn echter perfect geschikt
om deel te nemen aan het leveren van netondersteunende diensten. Door de
vermogenselektronische omvormer die in dit type van windturbines gebruikt
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wordt, is het mogelijk om zowel het geproduceerde actieve als reactieve
vermogen te regelen. Dit laat toe om deel te nemen aan frequentieregeling,
spanningsregeling, enz.

In dit proefschrift ligt de nadruk op het leveren van frequentieregeling
met windturbines. In het elektriciteitsnetwerk moet het geproduceerde en
geconsumeerde vermogen op elk ogenblik in evenwicht zijn. De netfrequen-
tie wordt gebruikt als een maatstaf voor dit evenwicht. Gedurende normale
werking ligt de netfrequentie zeer dicht in de buurt van de nominale waarde
van 50 Hz. Wanneer de frequentie groter wordt dan 50 Hz, betekent dit
dat er teveel vermogen geproduceerd wordt. Daalt de frequentie onder de
50 Hz, dan wijst dit op een te grote afname van elektrisch vermogen. Als de
productie of consumptie nu plots wijzigt, bijvoorbeeld ten gevolge van een
storing in een elektriciteitscentrale, begint de frequentie af te wijken van
haar nominale waarde. Om te voorkomen dat de netfrequentie te sterk zou
afwijken zijn verschillende elektriciteitscentrales uitgerust met een automa-
tische primaire frequentieregeling. Als de netfrequentie te laag is, wordt
er extra vermogen geïnjecteerd en omgekeerd. Op deze manier verzekert
frequentieregeling de goede werking van het systeem.

De snelheid waarmee de frequentie verandert in het geval van een storing
wordt bepaald door de draaiende traagheid of inertie van al de synchroon-
gekoppelde generatoren en motoren. Hoe hoger de systeeminertie is, hoe
trager de frequentie verandert in het geval van een storing en hoe meer
tijd de primaire regeling heeft om het vermogen te verhogen of te verla-
gen. Er moet dus voldoende inertie in het net aanwezig zijn om de goede
werking ervan te verzekeren. Wanneer convertorgekoppelde generatoren,
zoals variabele-snelheid windturbines, conventionele generatoren beginnen
te vervangen, zorgt dit voor een daling van de systeeminertie. Voor een
toenemend aandeel van windturbines kan dit de frequentieregeling van het
netwerk bemoeilijken.

Gelukkig beschikken windturbines wel over een roterende inertie in de
turbinerotor die kan aangewend worden om de systeeminertie virtueel te ver-
hogen. Door het toevoegen van een extra controlekring aan de convertor kan
het uitgangsvermogen van de windturbine aangepast worden om het inertie-
responsgedrag van een conventionele synchrone generator na te bootsen. De
virtuele inertie wordt verkregen door vermogen uit de windturbine-inertie
te injecteren of te absorberen, gelijkaardig aan het gedrag van synchrone
machines. In de literatuur zijn verschillende controlestrategieën beschik-
baar om inertie na te bootsen. Bovendien is er aangetoond dat de beschik-
bare inertie in de windturbinebladen groot genoeg is om een gelijkaardige
hoeveelheid systeeminertie te verkrijgen als met conventionele generatoren
wanneer windturbines uitgerust zijn met een bijkomende controlelus.
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Vanuit het oogpunt van het netwerk is het niet de maximale hoeveelheid
kinetische energie die in de inertie kan opgeslagen worden of eruit kan wor-
den gehaald die van belang is, maar de impact die deze extra energie heeft op
het frequentiegedrag onmiddellijk na de storing. Daarom wordt in dit werk
de invloed van de netwerksamenstelling, d.i. het type van de generatoren,
op de optimale parameterselectie van de geëmuleerde inertieresponsstrate-
gieën onderzocht. Er wordt aangetoond dat correcte parameters van belang
zijn om de gewenste inertierespons te bekomen. Als er teveel vermogen in
het net wordt geïnjecteerd onmiddellijk na een frequentiedip kan dit een
tragere primaire regelactie van de conventionele generatoren veroorzaken,
wat leidt tot een diepere frequentieval na de storing. Bovendien kan het
een ook leiden tot een tweede, diepere frequentiedip, wat uiteraard onge-
wenst is. Wanneer de verschillende geëmuleerde inertieresponsstrategieën
met elkaar vergeleken worden, is het duidelijk dat de synthetische inertie de
meest veelbelovende strategie is aangezien ze het stabielst is en de kleinste
parametersensitiviteit vertoont.

Wanneer de geëmuleerde inertieresponsstrategieën in windturbines ge-
bruikt worden om het net te ondersteunen, brengen ze ook enkele nevenef-
fecten met zich mee. Om te beginnen ontstaan er opbrengstverliezen door
de suboptimale werking van de windturbines gedurende de inertierespons.
In dit werk wordt er echter aangetoond dat deze extra opbrengstverliezen
zeer beperkt zijn voor de inertieresponsstrategieën. Dit is het gevolg van
de kleine variaties in de draaisnelheid van de windturbines die nodig zijn
om het net op een optimale manier te ondersteunen. Daarnaast veroor-
zaakt de geëmuleerde inertierespons ook nog bijkomende koppelvariaties.
Deze variaties zorgen voor een extra belasting van de aandrijflijn van de
windturbine, wat een impact kan hebben op de levensduur van windturbi-
nes die uitgerust zijn met een inertieresponsstrategie. Om de invloed van
de geëmuleerde inertierespons op de dynamica van de aandrijflijn te beper-
ken, wordt in dit werk de DC-bus spanningsmodulatiestrategie ontwikkeld.
Door deze controlestrategie te gebruiken, wordt de buffercapaciteit van de
DC-bus aangewend om de koppelveranderingen veroorzaakt door de geëmu-
leerde inertierespons te beperken. Aangezien de neveneffecten ofwel beperkt
zijn (opbrengstverliezen) ofwel doeltreffend voorkomen kunnen worden door
een geschikte controlestrategie te gebruiken (koppelvariaties), is het duide-
lijk dat de geëmuleerde inertieresponsstrategieën gebruikt kunnen worden
om de integratie van windturbines in het elektriciteitsnet te bevorderen.

Naast het leveren van inertierespons, kunnen windturbines ook gebruikt
worden om deel te nemen aan de primaire frequentieregeling. Aangezien
windturbines meestal in het maximale vermogenspunt worden uitgebaat om
zoveel mogelijk hernieuwbare energie op te vangen, is het leveren van pri-
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maire frequentieregeling in het geval van frequentiedips niet voor de hand
liggend. Om dit te verwezenlijken, moeten windturbines continu onder het
maximale vermogenspunt uitgebaat worden. Daarom worden in dit proef-
schrift verschillende ontlastingsstrategieën met elkaar vergeleken. Dit toont
aan dat het aanbieden van primaire reserve met windturbines mogelijk is
met een uiteenlopend aanbod aan controlestrategieën, maar dat sommige
strategieën toch duidelijk beter geschikt zijn. Wanneer de windturbines
gegroepeerd worden in windmolenparken worden de verschillen tussen de
verschillende strategieën steeds kleiner door het uitmiddelende effect van
het park. Tenslotte wordt ook de adaptieve proportionele controlestrategie
ontwikkeld om een gelijke vermogensverdeling tussen verafgelegen windtur-
bines met sterk verschillende windcondities mogelijk te maken.
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1
Introduction

In this chapter, the context and goal of this research is briefly discussed.
Furthermore, an overview of the work is given.

1.1 Wind turbines and ancillary services

In the last decades, climate change due to human activities has become an
important topic. Several industrial activities, transportation, agriculture,
etc. have led to an increased emission of greenhouse gasses such as carbon
dioxide and methane, which have an important impact on global warming.
Recently, on the 2015 United Nations Climate Change Conference (COP21)
195 countries decided to decrease their carbon output and keep the global
warming well below 2◦C. In order to do so, a variety of measures will have to
be taken in different fields. In this dissertation, the focus is on the transition
towards a more sustainable electricity production.

These environmental concerns have already led to an increased use of
renewable energy in the electricity production. Wind turbines, photovoltaic
panels, wave energy, geothermal energy and biomass are examples of re-
newable energy sources that can be used in the future energy mix. Wind
turbines already play an important role in the current renewable energy pro-
duction. At the end of 2015, the global installed wind power capacity was
almost 433 GW, with 63 GW of installations in the last year [1]. Consider-
ing 140 GW of renewable power installations in 2015, wind power accounts
for more than 40 % of the newly installed renewable power capacity. This

1
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makes wind turbines, together with photovoltaic panels, one of the more
mature renewable energy sources.

However, large-scale integration of renewable energy sources in the ex-
isting electrical power system causes numerous challenges. The connection
of distributed generation units, such as PV panels or wind turbines, to the
distribution grids might result in current congestion and voltage problems
as these systems were not designed to cope with large amounts of gener-
ation [2]. Furthermore, also the intermittent behavior of the wind causes
some challenges. Due to varying wind conditions, fluctuations in the output
power of wind turbines arise. To maintain the balance in the power system,
the thermal base-load units have to be more flexible: they need to operate
at part-load levels more often or are even shut down for some time, which
results in a reduced life cycle and increased costs [3].

In order to obtain a secure and reliable operation of the power system,
ancillary services are needed. For example, the power production and con-
sumption have to be balanced at all times to ensure a stable operation of
the grid at 50 Hz. This is achieved by means of a service called frequency
control. Also the voltage at the different voltage levels is maintained within
certain limits by means of voltage control systems. Besides these two impor-
tant services, there are also other services such as congestion management,
black start capability, etc. which are needed to ensure the proper function-
ing of the power system. In the current power system, the majority of these
ancillary services is still provided by conventional power plants. Also flexi-
ble AC transmission systems (FACTS), high-voltage direct current systems
(HVDC), loads and capacitor banks provide part of the services. On the
one hand, when wind turbines start to replace the conventional units, it is
likely that more ancillary services will be needed. As explained, decentral-
ization might lead to more voltage problems, whereas the variable power
production and decreasing system inertia may impede the frequency con-
trol. On the other hand, with an increasing wind power penetration, less
conventional units are available to provide these services.

Consequently, in the future, difficulties with the provision of ancillary
services may arise with an increasing penetration of wind turbines in the
power system. However, the participation of wind turbines in the provision
of ancillary services seems a promising option. The variable-speed wind
turbines that are used today are perfectly suited to provide different kinds
of services. As these wind turbines are connected to the grid by means of
a power-electronic converter, it is possible to (partly) control their active
and reactive power output. In this way, wind turbines can assist in a broad
variety of ancillary services such as voltage control and frequency control.

This research mainly focuses on the provision of inertial response and
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primary frequency control with variable-speed wind turbines. The main
contributions of this work are the optimization of the emulated inertial
response strategies and power reserve strategies to provide primary control.
For the emulated inertial response strategies, the optimal parameters to
obtain a similar inertial response for power systems with either a low or high
penetration of wind turbines are derived. Also, a strategy to decrease the
impact of the inertial response on the wind turbine drive-train dynamics is
presented. For the primary control, different reserve strategies are compared
to find the optimal one. The adaptive droop control method to obtain equal
power sharing between remote wind turbines is developed. The principles
developed in this work, might help to expedite the large-scale integration of
wind turbines in the power system.

1.2 Overview

This dissertation is organized as follows:
Chapter 2 gives an overview of ancillary services with wind turbines.

First, the different ancillary services that are needed in the power system are
listed. Then, the different types of wind turbines are considered, together
with an overview of the wind turbine model that is used in the remainder of
this work. Finally, the possibilities to provide ancillary services with wind
turbines are discussed.

Optimal emulated inertial response with wind turbines is one of the im-
portant topics of this research. In chapter 3, the need for inertial response
in the power system is explained. The natural inertial response behavior of
variable-speed wind turbines is discussed and two possible emulation strat-
egies are presented: synthetic inertia and temporary power surge. Here the
importance of a correct parameter selection for both strategies is elaborated.

In chapter 4, the possible side-effects of emulated inertial response are
discussed. During the inertial response, the wind turbines are operating in
a suboptimal operating point, which causes energy yield losses. Further-
more, the sudden increase of active power that is needed for the emulation
strategies has an impact on the drive-train dynamics. Therefore, a control
strategy that minimizes this impact is presented in this chapter.

Chapter 5 gives an overview of the provision of primary frequency control
with wind turbines. Different control strategies to provide active power
reserves are discussed. The adaptive droop control method is presented as
an alternative for the fixed droop control, which results in an equal power
sharing between wind turbines under different wind speed conditions.

In chapter 6, the main conclusions of this dissertation are summarized.
Furthermore, some possible topics for further research are presented.
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2
Ancillary services with

wind turbines

In this chapter, firstly, a short introduction on the different ancillary services
that are needed in the electric power system is given. Secondly, variable-
speed wind turbines are discussed. Finally, the ability to provide ancillary
services with wind turbines (WTs) is presented.

2.1 Overview of ancillary services

2.1.1 Definition

Ancillary services are defined by Eurelectric as [4]:
“All services required by the transmission or distribution system operator to
enable them to maintain the integrity and stability of the transmission or
distribution system as well as the power quality”.

Ancillary services are procured by the system operators and are provided
by the grid users, such as generators or consumers.

Of course, many different services can be regarded as ancillary services,
so different authors/organizations list different services. Here, only ancillary
services that can be provided by generating units are considered as the topic
of this work is the provision of ancillary services with wind turbines [4–7]:

• Frequency control

5
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• Voltage control

• Congestion management

• Improvement of power quality

• Compensation of active power losses

• Black start

In the next paragraph, a short overview of the different services is given.

2.1.2 Frequency control

As electricity cannot be stored easily in large quantities, the production al-
ways equals the system load (which includes the line losses). This balance
guarantees a stable operation of the electricity grid at a constant frequency
of 50 Hz 1. When there is a sudden change in the production or consump-
tion, frequency deviations occur. In order to maintain and/or to restore
the frequency, the output of the generators must be rapidly increased or
decreased.

In the European synchronous electricity grid, the frequency regulation is
achieved in three stages: primary, secondary and tertiary control [5, 8–10].
These different stages are discussed next.

2.1.2.1 Primary frequency control

Primary control maintains the balance between power generation and con-
sumption when a deviation occurs. Its main task is to limit the frequency
deviation ∆f from the nominal value fnom and stabilize the grid frequency
after a disturbance. It is a local and automated control and within seconds
(∼ 15 s - 30 s) the active power output of the participating generators can
be increased or decreased. The change in active power output due to the
functioning of the primary control, ∆Pprim, is proportional to the deviation
of the grid frequency:

∆Pprim = Kprim (fnom − f) (2.1)

where f is the actual grid frequency, fnom is the nominal grid frequency
(50 Hz) and Kprim is determined by the slope of the droop characteristic,
shown in Fig. 2.1. In order to achieve this change in active power output,
primary or frequency containment reserves have to be maintained at any

1In a large part of the world, including Europe, 50 Hz is the nominal frequency. In
some countries (e.g., USA, Canada, parts of Japan, etc.), 60 Hz is used instead of 50 Hz.
However, this has no impact on the operation of the frequency control.
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Figure 2.1: Frequency control: P/f droop function.

time. After the activation of these reserves, the power balance is restored
at a frequency deviating from the nominal value.

2.1.2.2 Secondary frequency control

Secondary control is used to restore the grid frequency to the nominal fre-
quency. Furthermore, the desired energy exchange between the different
control areas is maintained by this control. A control area is a part of the
network that is controlled by a transmission system operator (TSO). Sec-
ondary control is only activated in the control area where a power deficit
exists and is activated automatically. It starts after a few seconds and is
usually completed after 15 min. In this case, secondary or frequency restora-
tion reserves are needed. An automatic PI-control function that is applied
at the transmission system operator control center activates the secondary
reserves. After about 15 min, secondary control has finished and the sec-
ondary reserve are replaced by the tertiary control.

2.1.2.3 Tertiary frequency control

The main function of the tertiary control is to restore the required level of
operating reserves (primary and secondary reserves). Tertiary or replace-
ment reserves are maintained at any time and are activated manually by the
TSO about 15 min after the initial deviation. Tertiary control copes with
persistent control deviations after production outages or long-lasting load
changes. The tertiary reserves can be situated in the control area where the
power deficit exists or in other areas of the synchronous area.

2.1.2.4 Operational reserves

Operational reserves are active power reserves located in the generation
units or loads to maintain balance between generation and demand and
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Figure 2.2: Activation of power reserves (based on [10]).

restore the frequency to its set point value in the synchronous system.
As already stated, operational reserves are classified as frequency contain-
ment reserves, frequency restoration reserves and replacement reserves [11].
Sometimes, a distinction is made between spinning reserves and standing
reserves [4, 6, 12]:

• spinning reserves: increase or decrease in generation that can be pro-
vided at short notice, carried out by partially-loaded generating units
that are synchronized to the grid.

• standing reserves: increase or decrease in generation that can be pro-
vided by those generating units that are not synchronously online.

In Fig. 2.2, the timing of the activation of the different power reserves is
shown. First the primary reserves are deployed, which have to be completely
available after 30 s. Then, the secondary reserves start to take over to free
the primary reserves and to restore the frequency to the nominal value.
After about 15 min, tertiary reserves are manually activated.

2.1.2.5 Time control

If the mean system frequency in the synchronous zone deviates from the
nominal frequency of 50 Hz, this results in a discrepancy between the syn-
chronous time and the universal coordinated time (UTC). Therefore, the
synchronous time is calculated and its correction is organized centrally. Cor-
rection involves the setting of the set-point frequency for secondary control
at 49.99 Hz or 50.01 Hz, depending upon the direction of correction, for full
periods of one day.

The different functions of primary, secondary, tertiary and time control
are summarized in Fig. 2.3.

2.1.2.6 New terminology

In recent grid codes, new terminology is introduced concerning frequency
control [13, 14]. However, the operating principle remains the same. The
new control structure is as follows:
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Figure 2.3: Overview of frequency control (based on [10]).

• Frequency containment process (FCP): stabilizes the grid fre-
quency to a steady state value after a disturbance by activation of
frequency containment reserves (FCR). This process corresponds to
the primary frequency control.

• Frequency restoration process (FRP): restores the frequency to
the nominal frequency (50 Hz) by activating frequency restoration re-
serves (FRR). Some of the frequency restoration reserves are automat-
ically activated, which corresponds to the secondary control reserves.
The reserves that are activated manually activated are part of the
tertiary control reserves.

• Reserve replacement process (RRP): replaces the FRR by ac-
tivation of replacement reserves (RR). This is part of the tertiary
frequency control.

Furthermore, the imbalance netting process is added to reduce the amount
of simultaneous counteracting FRR activation of different control areas.

In the remainder of this work, the ‘old’ terminology is used, as it is well
known and still widely used.

2.1.3 Voltage control

Besides the frequency f , the voltage V is an important parameter in the
electric power system. Excessive deviation from the nominal voltage should
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Figure 2.4: Single phase equivalent of the simple system to study the power
flow equations.

be avoided since loads are designed to operate at their nominal voltage
level. According to the EN 50160 standard, only ±10 % voltage deviation
is allowed in the low and medium voltage grid [15]. Consequently, it is
important to properly control the voltage within the operational limits.
The way to achieve this, is by means of voltage control. Voltage control
depends strongly on the voltage level of the considered network, which is
elaborated in the next paragraphs.

2.1.3.1 Load flow equations

In an AC power system, the voltage and current are usually not in phase.
Hence, reactive power will flow. Reactive power is absorbed by inductive
components (e.g., transformers, overhead lines, induction machines, ...) and
generated by capacitive components (e.g., over-excited synchronous ma-
chines, capacitors, ...).

The active and reactive power flows in the network cause voltage drops
over the network impedances. These voltage drops can be compensated
by supplying active and/or reactive power. To study the influence of the
active and reactive power on the voltage, the simplified system of Fig. 2.4
is considered.

The complex power S injected by the three phase power source is given
by:

S = 3V gI
∗
g (2.2)

with V g the voltage of the power source: V g = Vge
jδ1 in the complex

notation, Ig the line current and I∗g the complex conjugate of Ig. This
power source is connected to a load with voltage V l = Vle

jδ2 through a line
impedance Z l = Rl + jXl:

Ig =
V g − V l

Rl + jXl
(2.3)
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The load’s phase angle δ2 can be chosen as zero as voltage angles are relative
quantities, therefore, V l = Vl. The active and reactive power generated by
the power source can be written as:

P =
Vg
Z2
l

[Rl(Vg − Vl cos δ1) +XlVl sin δ1] (2.4)

Q =
Vg
Z2
l

[−RlVl sin δ1 +Xl(Vg − Vl cos δ1)] (2.5)

Generally, the phase angle variations in the network are limited, hence δ1 ≈
δ2, sin δ1 ≈ δ1 and cos δ1 ≈ 1, where δ1 = 0 is chosen as the reference angle.
By using these approximations, P and Q can be expressed as:

P ≈ Vg
Z2
l

[Rl(Vg − Vl) +XlVlδ1] (2.6)

Q ≈ Vg
Z2
l

[−RlVlδ1 +Xl(Vg − Vl)] (2.7)

According to (2.6) and (2.7), both active and reactive power have an
influence on the grid voltage. However, three different cases can be con-
sidered: high-voltage, medium-voltage and low-voltage networks. As the
medium-voltage grid has characteristics of both the high- and low-voltage
grid, these are first considered.

The high-voltage (HV) transmission grids are mainly inductive of nature,
hence Rl is low compared to Xl. Therefore, in inductive networks, the
expressions for the active power P and reactive power Q reduce to:

P ≈ VgVl
Xl

δ1 (2.8)

Q ≈ Vg
Xl

(Vg − Vl) (2.9)

A decoupling of P and Q is achieved. The active power P is predominantly
dependent on the phase difference (and thus dynamically dependent on
the frequency), whereas the reactive power Q is determined mainly by the
voltage difference over the line. This leads to the well-known P/δ and
Q/V linkage in high-voltage networks. Consequently, in high-voltage grids,
reactive power is used to control the voltage amplitude.

Low-voltage (LV) networks, on the other hand, are mainly resistive. The
active and reactive power flows in the network are then given by:

P ≈ Vg
Rl

(Vg − Vl) (2.10)

Q ≈ −VgVl
Rl

δ1 (2.11)
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Again, a decoupling between P and Q is achieved. Here, P is mainly de-
termined by the voltage difference over the line, so in low-voltage networks,
there is a P/V linkage instead of a Q/V linkage. Therefore, in low-voltage
grids, using active power to control the voltage is more effective than using
reactive power. Furthermore, reactive power injection or absorption in low-
voltage grids may lead to increased line losses and reactive power fines due
to a bad power factor cosφ = P

S .
In medium-voltage (MV) grids, voltage control is less straightforward.

In the conventional power system, the voltage level in the distribution net-
work is controlled by means of on-load tap changers (OLTCs). If distributed
generators are connected to the medium-voltage network, they should con-
trol the voltage by injecting or absorbing active and reactive power, since
the R/X-value of these networks is usually around one. Therefore, P and
Q are no longer decoupled.

Similar to the frequency control, voltage control can be divided into
primary, secondary and tertiary control. These types are discussed for the
case of high-voltage grids.

2.1.3.2 Primary voltage control

In HV grids, primary voltage control is an automated control that adjusts
the injection of reactive power when the terminal voltage deviates from the
nominal value. Generally, droop functions as shown in Fig. 2.5 are used to
stabilize the voltage at the terminal of the unit by injecting or absorbing
reactive power. This reactive power control influences the voltage within
seconds or even faster. The reactive power set-point of the generator is
adjusted by ∆Qprim that is calculated as:

∆Qprim = KQ (Vnom − Vm) (2.12)

where Vm is the terminal voltage, Vnom is the nominal voltage and KQ is
determined by the slope of the droop function.

2.1.3.3 Secondary voltage control

To achieve secondary voltage control, the network operator performs mea-
surements of the voltage in some critical buses that are representative for a
certain area. If the voltages are out of range, the voltage reference values
for the generators are adjusted to recover a voltage profile in the normal-
ized interval. The time response of the secondary voltage control goes up to
one minute and less than several minutes. Similar to secondary frequency
control, secondary voltage control is activated automatically in the control
center of the network operator where the new voltage reference values are
determined. Then, these are sent to the different generators.
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Figure 2.5: Voltage control: Q/V droop function.

2.1.3.4 Tertiary voltage control

Tertiary voltage control is manually activated by the network operator. It
is used to optimize the voltage profile and achieve an optimal power flow
by adjusting the reference values for the secondary voltage control. The
tertiary control acts on a time-scale of about 10 to 30 minutes.

It should be noted that secondary and tertiary voltage control are not
commonplace within Europe [16]. It is used in some countries (e.g., France,
Italy), but the implementation can differ [16].

2.1.4 Congestion management

In an electric power system, the power flows are restricted by technical
limitations of the network (i.e., voltage, thermal or stability limits). When
the power flow is constrained by these limitations, it is sometimes referred
to as congestion.

Usually, least-cost dispatch of the generation units is used to produce
electricity. Renewable energy sources, such as wind turbines, have priority
to inject power into the grid. The lowest-cost or renewable production may
come from remote power plants whose energy must be imported into the load
center over long-distance transmission lines. If the transmission system is
composed out of a few high-capacity lines, loss of one of these lines may limit
the import capacity. Moreover, when additional (renewable) generation
capacity is connected to the existing network, congestion problems may
arise as well.

A possible solution for congestion problems is to build additional lines to
increase the transmission capacity. However, the planning and building of
these lines often takes a long time. Furthermore, if the additional capacity
is only needed for a limited number of hours per year, this might not be
the most economic option to solve congestion problems. Therefore, another
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option to solve congestion problems is that the TSO or balancing responsi-
ble party (BRP) re-dispatches the production if possible. In this way, the
congestion problem is relieved without extensive investments in the grid
infrastructure. Consequently, the system stability can be maintained.

2.1.5 Improvement of power quality

2.1.5.1 Definitions concerning power quality

It is hard to find a general definition of power quality as various sources give
different and sometimes conflicting definitions of power quality [17]. The
following consistent set of definitions is used in this work [17,18]:

• Voltage quality is concerned with deviations of the voltage from
the ideal case. The ideal voltage is a single-frequency sine wave of
constant amplitude and frequency.

• Current quality is the complementary term to voltage quality: it
is concerned with the deviation of the current from the ideal case.
The ideal current is again a single-frequency sine wave of constant
amplitude and frequency, with the additional requirement that the
current sine wave is in phase with the voltage sine wave.

• For three-phase systems, symmetry of the current and voltage in
the three phases is an additional property of the ideal case. However,
most literature about power quality does not mention the three-phase
phenomena. The only phenomenon that is treated in a three-phase
sense is voltage unbalance.

• Power quality is the combination of voltage quality and current
quality.

Consequently, any deviation of voltage or current from the ideal waveform is
a power quality disturbance. The disturbance can be a voltage disturbance
or a current disturbance, but it is often not possible to distinguish between
the two because any change in current gives a change in voltage and the
other way around. This difficulty of distinguishing between voltage and
current disturbances is one of the reasons the term power quality is generally
used. The term voltage quality is reserved for cases where only the voltage
at a certain location is considered. The term current quality is sometimes
used to describe the performance of power-electronic converters connected
to the power network.

The above definition considers every disturbance as a power quality is-
sue. A commonly used alternative is to distinguish between continuity (re-
liability) and quality. Continuity includes interruptions, whereas quality
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covers all other disturbances. Short interruptions are sometimes seen as
part of continuity, sometimes as part of quality.

Sometimes the term quality of services in electricity supply is used, which
considers three dimensions:

• Commercial quality concerns the relationship between the network
company and the customer.

• Continuity of supply concerns long and short interruptions.

• Voltage quality, as defined above.

2.1.5.2 Variations and events

Power quality disturbances can be divided in two types: variations and
events [17,18].

• Variations are small deviations of voltage or current characteristics
from its nominal or ideal value, e.g., the variation of the voltage root-
mean-square (rms) value and frequency from their nominal values,
or the harmonic distortion of voltage and current. Variations are
disturbances that are measured at any moment in time. A typical
example of a power quality variation is the variation of the power
system frequency. Its nominal value is 50 Hz, but the actual frequency
f is continuously fluctuating around this value.

• Events are larger deviations that only occur occasionally, e.g., voltage
interruptions or load switching currents. Events are disturbances that
start and end with a threshold crossing. A typical example of a power
quality event is an interruption. During an interruption, the voltage
at the customers interface or at the measurement location is zero.

The difference between variations and events is not always obvious, and
related to the way in which the disturbance is measured. The best way of
distinguishing between the two is as follows: variations can be measured at
any moment in time, whereas events require waiting for a voltage or current
to exceed a predefined threshold (a trigger). As the setting of a threshold
is always somewhat arbitrary, there is no strict border between variations
and events.

The definitions of power quality events and variations result in a very
wide interpretation of power quality. Usually, a power quality disturbance
is only seen as an issue when it causes problems, either for the customer
or for the network operator. For example, voltage dips and harmonics are
usually considered as a power quality issue, whereas voltage and frequency
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variations are not. This is because voltage and frequency control were in-
corporated in the design of the power system many years ago.

2.1.5.3 Power quality issues

In this section, different power quality issues are shortly discussed [17–22].
In Fig. 2.6 an overview of several power quality issues is given.

• Voltage dip: A voltage dip or voltage sag is a sudden reduction
(between 10 % and 90 %) of the rms voltage for periods ranging from
a half cycle to a minute (Fig. 2.6a). Voltage dips are usually caused
by the flow of heavy currents due to the starting of large motors or
the flow of fault currents.

• Voltage swell: Voltage swells are defined as an increase of the rms
voltage between 110 % and 180 % for periods ranging from a half cycle
to a minute (Fig. 2.6b). Voltage swells often appear on the unfaulted
phases of a three-phase circuit that has developed a single-phase short
circuit.

• Interruption: An interruption occurs when the supply voltage de-
creases to less than 10 % of the rms voltage (Fig. 2.6c). Interruptions
can be caused by faults, blown fuses, breaker opening, control mal-
functions or equipment failures.

• Voltage impulse: An impulsive transient is a sudden change in the
steady-state condition of the voltage or current, or both, which is
unidirectional in polarity, either positive or negative (Fig. 2.6d). Im-
pulsive transients are normally characterized by their rise and decay
times. The most common causes of impulsive transients are lightning
and insulation breakdown.

• Oscillatory transient: In Fig. 2.6e, an oscillatory transient is shown.
It consists of a voltage or current whose instantaneous value changes
polarity rapidly and is usually described by its spectral content. Oscil-
latory transients are caused by switching disturbances, either directly
or as a result of resonating circuits associated with switching devices.
An example is capacitor switching, which can cause resonant oscilla-
tions.

• Unbalance: Voltage unbalance describes a situation in which either
the voltages of a three-phase system are not identical in magnitude
(Fig. 2.6f) or the phase differences between them are not 120 electri-
cal degrees (Fig. 2.6g) or a combination of both. The main causes of
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Figure 2.6: Power quality issues (based on [23]).
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unbalance are single-phase loads and distributed generators. Also un-
equal impedances in transformers and untransposed (long) overhead
transmission lines may cause unbalance.

• Harmonic distortion: For a power system operating at 50 Hz, any
non-sinusoidal voltage or current can be decomposed into a funda-
mental (50 Hz) component plus a number of harmonic components
with frequencies that are a multiple integer of 50 Hz. The latter are
called harmonic components. In Fig. 2.6h, the 250 Hz component is
shown and is referred to as the fifth harmonic. Therefore, harmonic
distortion is distortion where the waveform is non-sinusoidal, but pe-
riodic with a period equal to the fundamental period T0 = 1/f0 of
the power system. Harmonic distortion is caused by nonlinear ele-
ments in the system (either in the network or in the loads). The main
distortion is due to power-electronic loads like computers, televisions,
energy-saving lamps, etc.

• DC offset: The presence of a DC component in the voltage or cur-
rent in an AC power system is called DC offset. It can be seen as
a special case of harmonic distortion, but is often treated separately
due to its specific consequences. An example is showed in Fig. 2.6i.
This phenomenon is often caused by half-wave rectification, which is
sometimes used in light dimmer circuits and TV power supplies.

• Voltage notches: Three-phase converters that convert AC to DC
require commutation of the alternating current from one phase to an-
other. During this period, there is a momentary short circuit between
the two phases. This causes a periodic voltage disturbance, which is
called notching. The frequency components associated with notching
can be quite high due to the sharp edges created by the switching
instants. In Fig. 2.6j, an example of notching in a six-pulse converter
is shown.

• Noise: Noise are all the non-periodic frequency components in the
voltage or current (see Fig. 2.6k). These unwanted electrical signals
cause problems with sensitive electronic equipment and are caused by
power electronic devices, switching power supplies, arcing equipment,
etc.

• Flicker: Fluctuations in the voltage amplitude can cause percep-
tible (low frequency) light flicker depending on the magnitude and
frequency of the variation. Flicker or voltage flicker is in fact a spe-
cial case of interharmonic distortion. Even very small fluctuations in
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the rms voltage with frequencies between 1 and 15 Hz lead to light-
intensity variation, for which our eyes are very sensitive. In Fig. 2.6l, a
simple case of flicker is illustrated, where the AC voltage is amplitude
modified by a sine wave seen as the envelope of the voltage waveform.
The main causes of flicker are loads that draw large and highly vari-
able currents. Arc furnaces, the starting of electric motors and motors
that require an irregular torque. Also, wind turbines can cause flicker
due to variations in the wind speed and, more importantly, tower
shadow and wind shear [24, 25]. Tower shadow and wind shear cause
periodic dips in the power output of the wind turbine which are called
3p-pulsations, as they appear three times per rotation of the turbine.
Especially the (early) fixed-speed wind turbines cause flicker, whereas
modern variable-speed wind turbines have less impact [24]. Moreover,
aggregation of wind turbines in wind farms results in further reduced
flicker levels [26].

2.1.5.4 Mitigation of power quality issues

Some of the aforementioned power quality problems can be mitigated by
installing the appropriate devices or using the correct control methods.

The negative effects of voltage dips, swells and interruptions can be
avoided by placing uninterrupted power supplies (UPS) or power condi-
tioners at sensitive installations. Furthermore, voltage variations can be
actively mitigated by injecting reactive (and/or active) power into the grid
with smart control strategies.

The same applies to unbalance mitigation: by injecting the appropriate
currents in the different phases, unbalance can be (partly) counteracted.
Distributed generators (DG) that are connected to the grid by means of a
power-electronic converter are ideally suited to mitigate unbalance.

Harmonics are usually mitigated by placing filters in the network. Pas-
sive filters consist of passive network elements such as capacitors (C) and
inductors (L). The passive filter consists of a series of LC-filters tuned for
specific harmonics. They provide low impedance paths for current harmon-
ics, so they flow into the filters instead of back to the utility grid. The
main disadvantage of passive filters is that the filter characteristics depend
strongly on the system impedance. This may cause unwanted resonances
between the filter and the system and may cause overload of the filter. Ac-
tive filters, on the other hand, consist of a controllable voltage source behind
a reactance to act as a current source. The voltage source converter (VSC)
based active filter is the most common active filter. It consists of a DC-link
capacitor, controllable switches and filter inductors, which connect the filter
to the grid. When using an active filter, it is possible to choose the current
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(a) Statcom. (b) SVC.

Figure 2.7: Statcom and SVC (based on [27]).

harmonics that have to be filtered and the degree of the attenuation. Again,
power-electronically interfaced DG units are suited to act as an active filter.

As flicker is a (slow) variation of the voltage amplitude, it is usually
mitigated by means of reactive power control. Often, a static synchro-
nous compensator (Statcom) is used to inject or absorb reactive power. A
Statcom consists of a voltage source converter (VSC) with pulse-with mod-
ulation (PWM) connected to a DC-source, which is usually a capacitor or
a battery (see Fig. 2.7a) [27]. Due to its fast controllability, a Statcom is
suited to mitigate flicker. For slowly-varying flicker, e.g., due to electric arc
furnaces, sometimes static var compensators (SVCs) are used. The slower
speed of response of a SVC makes it less suited for faster variations [27,28].
Power-electronic converters of DG units can also be used to inject the needed
amount of reactive power, if properly controlled.

2.1.6 Compensation of active power losses

Active power losses are the differences between the generated active power
and the active power delivered to the customers. The transmission of power
from the generators to the consumers always results in losses due to the
resistance of each element in the network. The losses depend on the network
configuration and the location and power output/use of the generators and
the loads. For a typical power system, the losses average from 2 to 3 % of
the system load for the transmission system and another 3 - 5 % for the
distribution system [6]. However, the losses vary greatly as the conditions
in the network change. In particular, at times of system peak demands,
losses are often much higher than under average loading conditions.

It is often difficult to assign the losses unambiguously to particular trans-
actions in the power system. Therefore, the losses are usually calculated
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with load-flow models to allocate them.
Either way, the losses have to be compensated by generators. The TSO

contracts generators to deliver additional power for which they receive a
remuneration.

2.1.7 Black start

After a system blackout, the system has to be restored again. To do this,
black start enabled power stations ensure the restoration after a major in-
cident. Special operational sequences and procedures are applied to coordi-
nate this restoration. Therefore, a certain number of appropriately equipped
power stations with auxiliary installations are needed in the power system.
These power plants are able to switch themselves on to the grid on request
of the TSO. A power plant is capable of black start if it can go from idle
to operation without requiring the electricity grid. Technically, this means
that the power plant is able to control both the frequency and the voltage
and power its auxiliaries.

2.1.8 Conclusion

In order to obtain a reliable operation of the electric power system, many
ancillary services are needed, as is shown in this overview. In the next
sections, an overview of variable-speed wind turbines and their ability to
participate in the provision of ancillary services is given.

2.2 Variable-speed wind turbines

In this section, an overview of different types of wind turbine systems is
given. For large wind turbines, almost solely three-bladed horizontal axis
wind turbines are used, so this is the only type that is considered further in
this work. Furthermore, a mathematical model of the wind turbine system
that is used in this thesis is presented.

2.2.1 Wind turbine types

Wind turbines can be divided in two major groups:

• fixed-speed wind turbines

• variable-speed wind turbines

Considering variable-speed wind turbines, only the two most common topol-
ogies will be described: wind turbines with a doubly-fed induction generator
and these with a full-scale converter.



22 Chapter 2

Figure 2.8: Fixed-speed induction generator wind turbine (based on [29]).

2.2.1.1 Fixed-speed wind turbines

In the early days of wind turbine systems, fixed-speed wind turbines were
commonly used. They consist of a fixed-speed induction generator (FSIG)
which is directly connected to the grid, also known as the ‘Danish con-
cept’ [29], see Fig. 2.8. Soft-starters are often used to reduce the high in-
rush currents of the induction generator. Capacitor banks can be installed
to provide the reactive power that is needed. The main advantages are the
lower cost due to the absence of a power converter and the simple construc-
tion. As the rotational speed of the wind turbine is quasi constant, the
turbine rarely operates in the maximum power point, which reduces the
energy yield. Furthermore, the electric power output cannot be changed
rapidly, as the only power control options are active stall or pitch control.
Finally, these turbines require a stiff power grid to enable a stable opera-
tion. Because of these disadvantages, this type is almost not used anymore
for large wind turbines [30].

2.2.1.2 Doubly-fed induction generator wind turbines

The doubly-fed induction generator (DFIG) is often used in wind turbines
[29]. The stator of a DFIG is connected to the grid directly, whereas the
rotor is connected to the grid by power electronic converters through slip
rings, as shown in Fig. 2.9. By changing the power flow through the power
electronic circuit, the slip s of the induction generator can be varied. In this
way, the generator can deliver power to the grid at both supersynchronous
and subsynchronous speeds. Thus, by controlling the active power of the
converter, it is possible to vary the rotational speed of the generator and
consequently the speed of the wind turbine. The variable speed operation
is the main advantage of a DFIG wind turbine, which results in a higher
energy yield as the turbine can operate more often in the maximum power
point. Another advantage is that only part of the power production is fed
through the power electronic converter, so a smaller converter can be used
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Figure 2.9: Doubly-fed induction generator wind turbine (based on [29]).

to obtain variable speed operation. In general, using a converter rated at
25 % of the nominal wind turbine power results in a speed range of about ±
33 % around the synchronous rotor speed [31]. Furthermore, power factor
control can be implemented on DFIG systems to control the reactive power
consumption/production of the wind turbine [31]. The presence of slip rings
and carbon brushes is a disadvantage as they require maintenance.

2.2.1.3 Wind turbines with a full-scale converter

Induction generators and synchronous generators in wind turbines may
be integrated into the power system by means of a full-scale converter
(FSC) [29]. The generator is connected to the grid via a power converter.
Usually, a back-to-back voltage source converter (VSC) with DC-link is used
in order to achieve a full control of the active and reactive power. Diode
rectifiers are sometimes used in combination with synchronous generators.
Since, in this system, the generator is completely decoupled from the grid,
the wind turbine can operate at the maximum power point for a broad range
of turbine speeds. In this way, the energy yield is maximized. Furthermore,
active and reactive power can be controlled independently, so the power fac-
tor can be controlled to a desired value without the need for compensation.
The converter has to be rated for the maximum power output of the tur-
bine, making it more expensive than the one used in a DFIG. In Fig. 2.10,
four possible topologies with a full-scale converter are shown. The config-
urations (a) and (b) are characterized by having a gearbox. Configuration
(a) uses a squirrel cage induction generator with a full-scale converter. The
synchronous generator of (b) needs a small power electronic converter for
field excitation. Since gearboxes are expensive and difficult to replace in
case of a failure, this component is often omitted in new wind turbines.
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(a) Induction generator with gearbox.

(b) Synchronous generator with gearbox.

(c) Multipole synchronous generator.

(d) Multipole permanent magnet synchronous generator.

Figure 2.10: Full-scale converter wind turbines (based on [29]).
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Therefore, multi-pole synchronous generators are used in configuration (c)
and (d). Permanent magnets in (d) can replace the field excitation.

2.2.2 Wind turbine model

2.2.2.1 Wind turbine

The wind turbine rotor converts the kinetic energy in the wind to mechanical
energy on a rotating shaft. The mechanical turbine power Pt is given by
[32–36]:

Pt =
1

2
ρπr2v3 · Cp(λ, β) (2.13)

where ρ is the air density, r is the blade radius, v is the wind speed, Cp is
the power coefficient, β is the blade pitch angle and λ is the tip-speed ratio
(TSR) which is given by:

λ =
rΩ

v
(2.14)

with Ω the rotational speed of the turbine. The TSR is a dimensionless
representation of the rotational speed of the wind turbine. The power co-
efficient Cp reflects the aerodynamic performance of the wind turbine. It
depends on the pitch angle β and the tip-speed ratio λ and is determined by
the shape of the blade. The power coefficient can either be measured in a
wind tunnel, calculated with computational fluid dynamics (CFD) software
or determined theoretically.

There exist several expressions for the power coefficient Cp, but in this
work a general approximation obtained by curve-fitting on manufacturer
data is used [32,36–38]:

Cp(λ, β) = 0.73

(
151

λi
− 0.58β − 0.002β2.14 − 13.2

)
e

(
− 18.4

λi

)
(2.15)

λi =
1

1
λ−0.02β − 0.003

β3+1

(2.16)

The Cp curve (2.15) is an approximation as it depends on the blade de-
sign, blade size, etc. of the considered wind turbine. However, this has no
negative impact on the validity of the results of this research.

The power coefficient can be visualized as a surface in function of the
parameters λ and β. However, as long as the wind turbine is operating
below the rated power and no deloaded operation for primary control is
considered, the power output does not need to be limited by pitching the
blades. Then, the pitch angle β can be considered zero and (2.15) reduces
to:

Cp = 0.73

(
151

λ
− 13.653

)
e(−

18.4
λ +0.0552) (2.17)
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Figure 2.11: Power coefficient with maximum power point.

Fig. 2.11 shows the power coefficient as a function of λ when β is zero. It
can be noted that Cp has a maximum, which is called the maximum power
point (MPP), which equals 0.44 in this case. The theoretical maximum
power coefficient is given by the Betz limit, which equals 0.593 for every
type of wind turbine. The maximum power point is reached for the optimal
tip-speed ratio λopt (λopt = 6.91 for this curve). Consequently, for any
given wind speed v, an optimal shaft speed Ωopt can be found such that
λ remains λopt. Variable-speed wind turbines are equipped with a power-
electronic converter with a maximum power point tracker (MPPT) which
regulates the turbine to the optimal tip-speed ratio, as is explained further.
In this way, the energy yield from the wind turbine can be maximized.

In this work, the inertia Jt of the wind turbine rotor is needed to model
the dynamic behavior of the wind turbine correctly. It can be calculated as
follows [39]:

Jt =
1

3
Mbr

2 (2.18)

where Mb is the mass of one blade of a three-bladed wind turbine. This
equation is valid under the assumption that the center of mass of each
blade is located at 1/3 of the rotor radius r, which is a good approximation
for a three-bladed horizontal wind turbine. If more information about the
geometry and the weight distribution of the rotor is known, a more accurate
estimation of the inertia can be made by using the following expression [39]:

Jt =
∑

i

mir
2
i (2.19)

where ri is the radial distance from the inertia axis to the representative
particle of mass mi and where the summation is taken over all particles of
the turbine rotor.
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Figure 2.12: Definition of the reference axes in a PMSG.

2.2.2.2 Generator

As already discussed in § 2.2.1, different types of generators are used in
variable-speed wind turbines. For doubly-fed induction generator wind tur-
bines (DFIGs), slip-ring induction generators are used in combination with
a gearbox. For full-scale converter wind turbines (FSCs), multi-pole wound-
rotor and permanent magnet synchronous generators are gaining popularity
as they allow a direct-drive system. In this way, the gearbox can be omitted.

In the next paragraph, the model of a permanent magnet synchronous
generator (PMSG) is presented as this type of generator is used in this work.
However, most of the results in this thesis remain valid for other types of
generators as well.

A synchronous reference system is used for the electrical equations of the
permanent magnet synchronous generator. This reference system is fixed
with respect to the rotor and consists of a direct (d) and quadrature (q) axis,
lagging 90 electrical degrees behind the direct axis (see Fig. 2.12). The zero-
sequence component is automatically zero as only wye-connected machines
without neutral wire are considered. To describe the phase variables (a,b,c)
in a dq-reference frame, first the Clarke transformation is used to transform
the variables to an equivalent two phase (α,β) system in a fixed stator
reference frame:

Vα =
2

3
(Va −

1

2
Vb −

1

2
Vc) (2.20)

Vβ =
1√
3

(Vb − Vc) (2.21)

Then, the stator reference frame is converted into the synchronous ref-
erence system by means of the Park transformation. A rotation over the
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Figure 2.13: Equivalent schemes of a PMSG.

electrical angle θe = Npθm is performed:

Vq = Vα cos θe + Vβ sin θe (2.22)

Vd = −Vα sin θe + Vβ cos θe (2.23)

with θm the mechanical rotor angle and Np the number of pole pairs
The electrical stator voltage equations of a PMSG in the synchronous

reference system are [40]:

Vq = −RsIq − Lq
dIq
dt

+ ωΨPM − ωLdId (2.24)

Vd = −RsId − Ld
dId
dt

+ ωLqIq (2.25)

were Rs is the stator resistance, ΨPM the permanent magnet flux linkage,
ω the electric angular speed given by:

ω = dθe/dt (2.26)

and Ld and Lq are the stator inductances along the d- and q-axis. The
equivalent schemes of (2.24) and (2.25) are shown in Fig. 2.13.

The electric power Pe produced by the generator can be calculated from
the voltages and currents:

Pe =
3

2
(VqIq + VdId) (2.27)

or, after substituting the voltage equations:

Pe =
3

2
Rs(I

2
q + I2d) +

3

2

(
d

dt

(
LqI

2
q

2

)
+
d

dt

(
LdI

2
d

2

))

+
3

2
(ωΨPMIq + ω(Ld − Lq)IdIq) (2.28)
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The first term in this equation represents the Joule losses in the stator, the
second term is the change in energy conserved in the magnetic field and the
electromagnetic power Pg is given by the third term:

Pg =
3

2
(ωΨPMIq + ω(Ld − Lq)IdIq) (2.29)

Consequently, the generator torque Tg can be calculated:

Tg =
Pg

Ω
=

3

2
Np(ΨPMIq + ω(Ld − Lq)IdIq) (2.30)

with Ω the mechanical angular speed (ω = NpΩ).
The dynamic behavior of the wind turbine is determined by the equation

of motion:
Jwt

dΩ

dt
= Tt − Tg − FΩ (2.31)

with Jwt the total inertia of generator (Jg) and turbine (Jt), F the viscous
friction and Tt the torque produced by the wind turbine:

Tt =
Pt

Ω
(2.32)

2.2.2.3 Generator-side converter

In order to maximize the energy yield of a wind turbine, variable-speed wind
turbines operate at a varying rotational speed Ω. In this way, the power
coefficient Cp can be controlled in the MPP for a wide range of wind speeds.
Consequently, the voltages and currents that are produced by the generator
have a varying amplitude and frequency. This is called ‘wild AC’, which
cannot be injected directly into the electric grid. Therefore, the generator-
side converter rectifies the ‘wild AC’ into DC, which can then be converted
to AC currents and voltages with a frequency of 50 Hz by the grid-side
converter. Besides converting AC to DC, another important task of the
generator-side converter is to control the rotational speed Ω of the wind
turbine in order to perform maximum power point tracking.

There exist many different topologies for the generator-side converter.
Two common topologies are the passive diode rectifier with a boost chopper
and the full active rectifier (see Fig. 2.14).

• The diode rectifier with boost chopper (Fig. 2.14a) consists of a pas-
sive diode rectifier which is connected to the three-phase terminals of
the generator. The DC-side of the passive rectifier is connected to
a capacitor to smooth the rectified voltage. This voltage serves as
an input for the boost chopper which consists of a choke inductor, a
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(a) Passive diode rectifier with boost chopper.

(b) Full active rectifier.

Figure 2.14: Common generator-side converter topologies.

switch (IGBT or MOSFET) and a diode. The boost chopper increases
the rectified voltage to the constant DC-bus voltage Vdc. The DC-bus
consists of a capacitor and the DC-bus voltage is kept constant by the
grid-side converter (see § 2.2.2.4).
The only way to control this type of rectifier is by controlling the
PWM-controlled switch in the boost chopper. By changing the duty
ratio of the switch, the input voltage of the boost chopper can be
controlled. This affects the generator currents. For example, when
the duty ratio of the boost chopper is increased, the input voltage
increases. This results in a smaller voltage drop over the generator
impedance and consequently, a lower generator current. A lower gen-
erator current also means a lower generator torque and vice versa (see
(2.30)). As the generator torque can be controlled, the acceleration or
deceleration of the wind turbine can be changed according to (2.31).
In this way, the wind turbine can be brought to the MPP, just by
changing the duty ratio of the boost chopper.

• The full active rectifier (Fig. 2.14b) consists of six PWM-controlled
switches witch convert the three-phase AC to DC. The AC-side is
connected directly to the generator terminals, whereas the DC-side is
again connected to the DC-bus which has a constant DC-bus voltage
Vdc. Again, the generator currents can be controlled by properly con-
trolling the switching actions of the active rectifier. A common way
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of controlling a full active rectifier is by using field-oriented control.
Usually, the current is controlled in the dq-frame by two current con-
trollers. When the current in the d-axis is controlled to zero while the
current in the q-axis is controlled to a desired set value, the torque of
the generator can be controlled. The desired torque set-point is then
obtained from the MPPT algorithm. In order to be able to perform
field-oriented control, the mechanical angle θm should be known. An
encoder, resolver or hall-sensor can be used to measure this angle.
Also, different estimation techniques exist to estimate this angle. Us-
ing a full active rectifier instead of a passive diode rectifier with boost
chopper has several advantages, such as a more sinusoidal current,
which affects the losses, and the possibility to drive the wind turbine
if needed (e.g., to capture wind gusts [41] or start wind turbines with a
low starting torque). The higher complexity of the control and higher
cost can be mentioned as disadvantages.

By either controlling the duty ratio of the boost chopper switch or the
duty ratios of the six switches of the full active rectifier, the generator torque
can be controlled. This allows to bring the wind turbine to the maximum
power point (MPP). There exist different maximum power point strategies,
which try to maximize the energy yield of the wind turbine. In literature,
three basic types can be found: tip-speed ratio control, perturb and observe
and power control [29]. These types can also be combined to obtain a better
performance. The three basic types are discussed below:

• Tip-speed ratio control (TSR control): In Fig. 2.11 it can be
seen that the maximum power point is obtained for a fixed TSR-value:
λopt. By measuring the rotational speed Ω (e.g., with an encoder, or
calculated from the frequency of the generator currents) and the wind
speed v, the actual TSR λ can be calculated. The actual TSR is then
compared to the optimal one. Both signals are fed into a PI-controller
which determines the set-point of the rectifier. This is a simple and
effective MPPT algorithm. The main disadvantage is the need for a
wind speed measurement, which is often unreliable or inaccurate.

• Perturb and observe (P&O): For the perturb and observe method,
a step change in the rotor speed is applied by the rotor speed con-
troller. Then, after the transients have died out, the power output of
the wind turbine (usually the DC power) is measured and compared
with the previous value. If the power output has increased, the next
step in the rotor speed will be in the same direction as this means
that the wind turbine is going to the MPP. If the power output has
decreased, the next step in the rotor speed will be in the opposite
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direction. After different steps in the rotor speed, the wind turbine
will oscillate around the MPP. The main disadvantage of the P&O
algorithm is that it is quite slow as the system has to reach a new
steady state after each speed step. Furthermore, the operating point
oscillates around the MPP, which is undesired. A smaller speed step
size will decrease the oscillations, but also make the control strategy
slower.

• Power control: A commonly-used MPPT strategy is power control.
For every wind speed, the maximum available power is determined
by changing the control variable (e.g., the rotor speed Ω or the duty
ratio). This maximum power together with the control variable is
tabulated as an empiric curve which shows the relationship between
the control variable and the maximum power. For example: the max-
imum power output of a wind turbine in function of the rotational
speed can usually be approximated by a cubic curve:

Pmppt = KmpptΩ
3 (2.33)

By measuring the control variable (in this case the rotational speed
Ω) and calculating the corresponding maximum available power, this
can be used as a power set point for the wind turbine. In this way,
the MPP can be reached.

In conclusion, by connecting the generator to a rectifier, the power out-
put of the wind turbine can be controlled. In normal operation, the wind
turbine is controlled into the MPP. However, it is also possible to control
the wind turbine in another operating point, for example to provide ancil-
lary services such as frequency control to the power system. This will be
explained later.

2.2.2.4 Grid-side converter

In Fig. 2.15, an example of the grid-side inverter is shown. Different topol-
ogies are available, but here a PWM-switched inverter with six switches is
used. The DC-side of the grid-side converter is connected to the DC-bus.
The AC-side is connected to the three-phase grid by means of a filter to
mitigate the harmonics caused by the PWM-switching.

In order to be able to inject sinusoidal currents synchronized with the
grid voltage, a phase locked loop (PLL) is used. The PLL extracts the
fundamental component of the grid voltage and is then scaled with the
appropriate set-point value for the current. In this way, a current that is in
phase with the grid voltage is injected and only active power is injected by
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Figure 2.15: Grid-side converter.

the wind turbine. Reactive power can also be injected or consumed by the
grid-side converter by injecting current with a certain phase shift compared
to the fundamental grid voltage. By controlling the grid-side converter in
the dq frame, the active and reactive power can be separately controlled by
changing the set points for the d-axis and q-axis currents.

The set point for the current amplitude is determined by the DC-bus
voltage controller. The active power that is injected into the DC-bus by
the generator-side converter should equal (minus the losses) the power that
is injected into the grid. This active power balance is maintained by using
the DC-bus voltage Vdc as a measure. The DC-bus consists of electrolytic
capacitors. When more power is injected in the DC-bus than there is in-
jected in the grid, Vdc increases. The grid-side converter is equipped with
the DC-bus voltage controller that controls Vdc to a certain set value. When
the DC-bus voltage start to increase, the set point of the grid current is in-
creased to balance the DC-bus. The opposite holds for a decreasing DC-bus
voltage.

In conclusion, the grid-side converter is used to inject the power gen-
erated by the wind turbine into the grid. The active power set point of
the wind turbine is controlled by the generator-side converter, whereas the
grid-side converter injects the appropriate active power into the grid by
controlling the DC-bus voltage. By changing the phase shift of the injected
currents, reactive power can be injected or consumed by the wind turbine.

2.3 Ancillary services with wind turbines

In the conventional power system, most of the ancillary services are pro-
vided by the large, centralized power plants. With increasing penetration
of renewable energy sources, however, more ancillary services will have to
be provided by distributed generators such as wind turbines and loads. As
variable-speed wind turbines have a power-electronic converter to inject the
generated power in the grid, they are able to provide different ancillary ser-
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vices such as frequency control, voltage control, enhancement of the power
quality and even black start. In the next paragraphs, the opportunities to
provide several ancillary services with wind turbines are discussed.

2.3.1 Frequency control with wind turbines

In this section, the ability of wind turbines to provide frequency control is
discussed.

2.3.1.1 Emulated inertial response with wind turbines

An important difference between frequency control in directly-coupled syn-
chronous generators and variable-speed wind turbines is the inertial response
after a frequency disturbance. For directly-coupled synchronous generators,
kinetic energy from the rotor inertia is automatically injected into the grid
in case of a frequency dip as the rotational speed Ω decreases proportional
to the grid frequency f . In case of a frequency rise, all the generators speed
up and absorb kinetic energy in their rotor inertia. For variable-speed wind
turbines, the rotational speed Ω is decoupled from the grid frequency f .
Consequently, variable-speed wind turbines have no automatic stabilizing
impact on the grid frequency, unless they are programmed to do so. This
is called emulated inertial response. As the emulated inertial response with
wind turbines is the main topic of this work, a complete overview is given
in Chapter 3. Side-effects of the emulated inertial response are discussed in
Chapter 4.

2.3.1.2 Primary frequency control

Primary control with wind turbines is achieved by adding an additional con-
trol loop to the wind turbine controller. Similar to the primary controller in
a conventional power plant, a droop controller is used in the wind turbines.
The reference power for the wind turbine converter is given by [42]:

Pref = Pref,0 +Kprim (f − fnom) (2.34)

When the frequency exceeds the nominal frequency fnom, the power output
of the wind turbine is decreased. When the frequency is lower than the
nominal frequency fnom, the power output is increased. Decreasing the
power output of a wind turbine is always possible. Increasing the power
output is much more difficult, as wind turbines are usually operated in their
maximum power point. In order to be able to increase the power output of
a wind turbine, the turbine has to maintain power reserves at any point in
time, so the turbine has to be operated in deloaded mode. This results in a
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Figure 2.16: Deloaded operation of wind turbines.

lower energy yield, as the turbine is not operating in the maximum power
point. Consequently, Pref,0 is determined by the MPPT for operation in
the MPP or by a deloaded function to provide active power reserves (see
Chapter 5). Another option is to add storage to the wind turbine/farm.
Two strategies exist to operate a wind turbine in deloaded mode, which will
be presented briefly [5, 43].

• Pitch control: This control strategy uses the pitch mechanism in
wind turbines. Usually, the pitch mechanism is only used to limit
the power output of the wind turbine for wind speeds above the rated
wind speed. However, pitch control can also be used to obtain a power
reserve for the provision of primary control. During normal operation,
an increased pitch angle is used to achieve deloaded operation. In
this way, the power output of the wind turbine is limited to a value
lower than the maximum power output for the given wind speed, see
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Fig. 2.16a. The resulting power reserve can be delivered by decreasing
the pitch angle so that the turbine can extract more power from the
wind in case of a frequency dip.

• Speed control: Another way to deload a wind turbine is by means of
speed control. From Fig. 2.16b, it is clear that there exists an optimal
rotational speed Ωopt for every wind speed. This optimal rotational
speed results in the maximum power output for the given speed v.
However, if the turbine operates at a lower or higher rotational speed,
the power coefficient Cp decreases and the power output is lower. The
rotational speed Ω of the wind turbine is controlled by means of a
power-electronic converter. By using a deloaded reference curve Pdel

for the converter, deloading of the wind turbine is achieved.

2.3.1.3 Secondary and tertiary frequency control

Secondary control could be provided by wind turbines, but accurate predic-
tions of the wind speed are needed. Furthermore, a large amount of energy
has to be curtailed to provide upwards power reserves. Contracted tertiary
control with wind turbines is less likely, as the time scale of this service is
too long to obtain reliable wind speed predictions [44].

2.3.2 Voltage control with wind turbines

Here, voltage control with wind turbines is discussed. First, the reactive
power delivery capability of wind turbines is presented. Then, primary
and secondary voltage control are summarized. It is important to note
that, opposed to frequency control, voltage control is a local issue, so wind
turbines could be very effective to tackle voltage issues.

2.3.2.1 Reactive power delivery capability

Especially in medium- and high-voltage grids, reactive capability is an im-
portant aspect of voltage control. Fig. 2.17 shows an example of the wind
turbine capability for providing reactive power support (the actual values
differ for different wind turbines) [45–48]. It can be observed that even in
case of zero (P = 0 %) or full (P = 100 %) power output, the wind turbine
is still capable to deliver or absorb reactive power Q. Furthermore, over a
large range of active power outputs, the turbine is able to deliver maximum
reactive power. It can be concluded that variable-speed wind turbines have
a sufficient ability to provide reactive power support. However, although
wind turbines have the ability to provide reactive power, the option to pro-
vide voltage support is not always activated in the wind turbine control. It
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Figure 2.17: Example of wind turbine capability for providing reactive power
support (based on [46–48]).

might also be restricted by certain grid code requirements (e.g., constant
P/Q, constant V , etc.).

2.3.2.2 Primary voltage control

As already mentioned, primary voltage control is usually achieved by means
of a local (droop) controller. Due to the differences between low-, medium-
en high-voltage networks, they are discussed separately. Again, high- and
low-voltage networks are considered first due to their specific characteristics.

HV networks

Voltage control with wind turbines in HV grids is equal to voltage control
with conventional generators. The wind turbines measure the terminal volt-
age Vm and change their reactive power output accordingly. The controller
is automatically and fast. The reactive power output is then given by:

Q = Q0 +KQ (Vnom − Vm) (2.35)

where Q0 is the nominal reactive output and KQ is determined by the slope
of the Q/V characteristic, which depends on the characteristics of the wind
turbine (i.e., the reactive power delivery capability). As long as the total
output current does not exceed the rated current, the wind turbines are
able to provide reactive power and thus voltage support. So voltage control
can be regarded as a “free” service. Only if the active power output of the
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wind turbines has to be lowered to allow reactive power injection (when the
current limits are exceeded), the service is not “free” anymore.

LV networks

Connection of distributed generators (e.g., small wind turbines) to the low-
voltage network, will usually result in an increased voltage as active power
is injected by these generators. The strong linkage between active power
and voltage in resistive networks can lead to voltage problems. To solve the
voltage issues, three common strategies are used: network reinforcements,
hard curtailment and soft curtailment.

The historical approach to deal with voltage problems is by grid up-
grades. However, this is costly and often has a long lead time. A second
option is hard curtailment. When the voltage exceeds a certain level, the
distributed generator is disconnected from the grid, which is known as on-
off control. This leads to a significant loss of revenue, since it is usually
not necessary to disconnect the complete unit to solve the voltage problem.
Furthermore, it can lead to on-off oscillations, which are detrimental for the
power system. The third option is soft curtailment, by means of a P/V
droop controller. When the voltage exceeds a certain threshold, the power
output of the wind turbine is decreased by either speed or pitch control.
If the wind turbine is operating in deloaded mode, it could also assist in
voltage control in case of a decreased voltage.

MV networks

Voltage control in MV networks can be considered as a combination of the
previous control strategies, since both P and Q injection have an influence
on the terminal voltage of the wind turbine. Usually, at first instance,
reactive power is controlled to solve the voltage problem. Only if this is not
sufficient, the wind turbines are curtailed. Both hard curtailment and soft
curtailment (P/V droops) can be used.

A more advanced method is to use a combination of both P/V and Q/V
droops to control the voltage [49, 50]. When using both droop controllers,
it is key how to coordinate these controllers to avoid unnecessary loss of
renewable energy injection, reactive power fines and overly large grid losses.

2.3.2.3 Secondary and tertiary voltage control

Also secondary control is possible with wind turbines, but it is less impor-
tant. In secondary control, the set points of the Q/V (or P/V ) droops of
the generators in one zone are changed in order to control the voltage of one
pilot node in this zone to a reference value. This is completely analogous to
the secondary voltage control in conventional generators. Another option is
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to send directly new set points for P and Q to the wind turbines, but this
leads to communication delays and decreased robustness of the system [45].
Tertiary control is completely equivalent to the conventional case.

2.3.3 Enhancement of power quality with wind tur-
bines

Different power quality issues can be mitigated by wind turbines, as is sum-
marized in the following.

2.3.3.1 Unbalance mitigation

Wind turbines have the ability to actively mitigate unbalance by using an
appropriate control strategy in the power-electronic converter. Instead of
injecting a perfectly balanced current into the three-phase system, an unbal-
anced current is injected to mitigate unbalance [20, 51, 52]. As the injected
currents are unbalanced, the power that is injected in the three phases is
also unbalanced. At high power outputs, the injected power in one or more
phases may exceed the allowed power injection since it is not evenly spread
over the three phases. In order to be able to inject the rated power and
mitigate unbalance at the same time, the converter should be (slightly)
over-dimensioned. This may result in a more expensive converter. How-
ever, mitigation of unbalance does not affect the active power generation
and can therefore be seen as a ‘free’ service. The service is only available
for sufficient wind speed.

2.3.3.2 Mitigation of waveform distortion

To mitigate waveform distortion, the converter of wind turbines can behave
as an active filter (see Fig. 2.18). Instead of injecting perfect sinusoidal
currents in the grid, (slightly) distorted current waveforms can be injected
to mitigate the harmonics in the grid [53].

2.3.3.3 Flicker mitigation

As flicker is a slow variation of the voltage amplitude, it is usually mitigated
by means of reactive power. By controlling the reactive power output of the
wind turbines with an additional control loop, flicker in the grid can be
mitigated [54, 55]. However, wind turbines are often causing flicker due to
the periodical dip in the output power caused by wind shear and tower
shadow. To reduce the flicker emission of wind turbines, an additional
control loop can be added to the power converter which reduces the variation
in the power output by temporarily storing energy in the DC-link [56].
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Figure 2.18: Active filter (based on [27]).

2.3.3.4 Mitigation of voltage dips and swells

Considering mitigation of voltage dips and voltage swells, a distinction
should be made between quite small voltage variations (both dips and swells)
and severe voltage dips. For small voltage variations, converter-connected
wind turbines can behave as a Statcom, so they are able to mitigate voltage
dips and swells by injection or absorption of reactive power [57, 58]. Both
FSC and DFIG wind turbines can inject reactive power, dependent on their
ratings [47,48].

For low voltage ride through, full-scale converter wind turbines are still
able to inject reactive power during the fault. Doubly-fed induction gen-
erators, on the other hand, are directly connected to the grid via the sta-
tor. Severe voltage dips result in large stator and rotor currents which
may damage the power converter. Therefore, DFIGs are equipped with a
crowbar to protect the power-electronics [29, 59–62]. As a result, usually
reactive power is consumed by the wind turbine generator. Proper control
strategies, however, may allow a limited injection of reactive power during
faults [59–61,63,64].

2.3.4 Black start with wind turbines

In order to be able to provide black start capability, the following require-
ments must be met [5, 65,66]:

• Need for an independent power source

• Ability to directly control the voltage to a certain set point
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• Ability to directly control the frequency to the nominal value

In theory, wind turbines could meet these requirements, as they have an
independent power source, which is the wind. Furthermore, they are able
to directly control both the voltage level and the frequency by means of
their power-electronic converter.

However, there are several problems. Firstly, the black start capability of
wind turbines is only guaranteed as long as there is wind. Secondly, a small
power source (e.g., battery) is needed to power the converter. Furthermore,
wind farms should be considered as the power output of a single wind turbine
is too low. Consequently, it is unlikely that wind turbines will provide black
start for the complete grid, but they might be part of the start-up sequence.
For small, islanded power systems, black start with wind turbines is more
likely, but still far from trivial.

2.4 Conclusion

In this chapter, an overview of the different ancillary services that are needed
in the power system was presented. It is clear that several ancillary services
have to be available to obtain a reliable operation of the electric power
system.

Then, a short overview of variable-speed wind turbines was given. The
different topologies were discussed and models of the most important parts
of a wind turbine were presented.

Finally, the possibilities to provide ancillary services with wind turbines
were summarized. In a power system with increasing penetrations of re-
newable energy sources, participation of these units in the ancillary service
market will be needed. Due to the power-electronic interface of the wind
turbines, they are perfectly suited to provide a variety of services. In the
next chapters, the focus will be on the support of the frequency control
with wind turbines, as this is an important service to ensure the safe and
reliable operation of the electric power system. First, emulated inertial re-
sponse with wind turbines is discussed in Chapter 3 and 4. Second, primary
frequency control with wind turbines is elaborated in Chapter 5.



42 Chapter 2



3
Optimal emulated

inertial response with
wind turbines

In this chapter, the provision of inertial response with wind turbines is con-
sidered. First, an overview of inertial response in the conventional power
system is given. Second, the natural inertial response behavior of differ-
ent wind turbine types is investigated. Then, methods to emulate inertial
response with variable-speed wind turbines are considered. Finally, the op-
timal parameter selection for the emulation strategies is investigated. In
this PhD, a new approach is developed where the influence of the power
system composition is considered.

3.1 Inertial response in a conventional power
system

3.1.1 Power balance

When the electrical power system is operating in steady state, the total
power generation Pgen equals the total system load Pload:

Pgen = Pload (3.1)

43
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An unexpected failure of a power plant or a sudden increase or decrease
in electrical consumption results in a power imbalance ∆P . This power
imbalance is redressed by a change in the kinetic energy Ekin of the system:

∆P =
dEkin

dt
= Pgen − Pload (3.2)

This kinetic energy Ekin is contained in the rotating masses of the generators
and motors which are connected to the grid. The total kinetic energy in
these rotating masses is given by:

Ekin =
1

2
JΩ2 (3.3)

where J is the total system inertia and Ω is the speed of the generators.
In a conventional power system, most of the generators are synchronous
generators (SG) which are directly coupled to the grid. The rotor speed Ω

of these generators is strongly linked with the grid frequency f , i.e., f is
proportional to Ω:

ω = NpΩ (3.4)

f =
ω

2π
=
NpΩ

2π
(3.5)

with Np the pole pair number of the generator and ω the grid pulsation. In
this way, eq. (3.2) can be rewritten as:

J4π2

N2
p

f
df

dt
= Pgen − Pload (3.6)

The frequency changes are assumed small relative to the nominal frequency
fnom, i.e., f ≈ fnom, so the following equation is obtained:

J ′fnom
df

dt
= Pgen − Pload (3.7)

Eq. (3.7) implies that a difference between the generated and consumed
power results in a change of the rotational speed of the generators and,
thus, in a change of the grid frequency f . An electrical frequency change
(df/dt) is a measure of a power imbalance in the system.

In electrical power engineering, often the so-called inertia constant H is
used instead of the inertia J for a single generator [39,67]:

H =
Ekin

S
=
JΩ2

nom

2S
(3.8)

where S is the nominal apparent power of the generator and Ωnom is the
nominal rotational speed of the generator. The inertia constant H has the
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dimension of time and is a measure of the time that a rotating generator
can provide rated power by only using its kinetic energy. Typical inertia
constants for the generators of large power plants are in the range 2-9 s [68].
This results in:

2SH

Ωnom

dΩ

dt
= Pgen − Pload (3.9)

The inertia constant of a system comprising generators with different inertia
constants H and apparent power S can be calculated easily. Eq.(3.9) may
then represent an equivalent of the power system with several synchronously
connected machines where the equivalent inertia constant H is calculated
as [69]:

H =

∑n
i=1 SiHi∑n
i=1 Si

(3.10)

where Sn and Hn are the rated apparent power and inertia constant of
generator n.

3.1.2 Inertial response and frequency control after a
disturbance

In this section, the frequency response in a conventional power system (con-
sisting of directly-coupled synchronous generators) is briefly discussed. As
already mentioned, kinetic energy is stored in the rotating masses of all syn-
chronously coupled machines in the power system. If the load in the system
suddenly exceeds the generation, a mismatch ∆P arises (with ∆P < 0).
This results in a release of the kinetic energy that is transferred as electric
energy to the power system. Since the power input of the generators cannot
be increased immediately (e.g., due to the slow thermodynamic behavior
of the steam turbines), the initial power increase is solely determined by
the release of kinetic energy. This is called inertial response. During this
process, the generator speed Ω decreases and so does the frequency f . Some
seconds after the disturbance, the primary frequency control increases the
power input of the generators to limit the frequency deviation ∆f from the
nominal frequency fnom. An example of the frequency behavior following
the loss of 3 GW of generation (∆P < 0) for a total system load of 93 GW

is shown in Fig. 3.1. Immediately after the tripping of 3 GW of generation
capacity at t = 0 s, the remaining generators naturally increase their power
output by releasing the kinetic energy stored in their rotors. The electrical
power output is higher than the input power, which forces the generators
to slow down. This is between 0 and 6 s in Fig. 3.1. After a short time, the
primary control increases the power input of the generators. When the gen-
erator power Pgen equals the load power Pload, the minimum frequency fmin

is reached (around 6 s in Fig. 3.1). After this point, the generated power
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Figure 3.1: Simulation of a loss of generation in a system with frequency
control from steam-based generation units.

Pgen is higher than the load power Pload and part of the kinetic energy in the
rotor is restored. Finally, the frequency stabilizes when the generated and
consumed power are equal. A stationary frequency error remains (0.2 Hz

in this case), which is removed by the secondary control by increasing the
set points of the generators. As is explained in § 3.6.1, the exact primary
response depends strongly on the type of power plant.

3.1.3 Characterization of the frequency response

In order to compare the frequency response of power systems with different
generator compositions, varying wind power penetrations, etc., two metrics
are commonly used: the frequency nadir fmin and the rate of change of
frequency (ROCOF) df/dt.

1. Frequency nadir: The frequency nadir is the minimum frequency
which is reached after a disturbance. It should be high enough as loads
disconnect at low frequencies due to under-frequency load-shedding.
The threshold for load-shedding is usually around 49 Hz [10]. When
the frequency decreases even further, also generation units disconnect
automatically [10].

2. Rate of change of frequency (ROCOF): The initial ROCOF de-
termines how fast the frequency changes after a disturbance. It should
be low enough to avoid a disconnection of certain generation units or
loads.
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Figure 3.2: Frequency behavior after a loss of generation capacity for different
values of the system inertia.

Besides the minimum permissible frequency after an event, there also is a
maximum permissible frequency. However, as only under-frequency events
are considered in this chapter, this is not needed for the characterization of
the frequency response [10]. For the reference incident in the European syn-
chronous area, which is a power deviation of 3 GW, a maximum frequency
deviation of 800 mHz is allowed. This results in a minimum instantaneous
frequency of 49.2 Hz and a maximum instantaneous frequency of 50.8 Hz.
In emergency conditions, the critical negative limit of the system frequency
is 47.5 Hz, whereas the critical positive limit equals 52.5 Hz [10].

3.1.4 Influence of the system inertia on the inertial re-
sponse

In the previous section, it was shown that the initial frequency response after
a disturbance is determined mainly by the amount of stored kinetic energy
Ekin in directly coupled machines. As Ekin is given by 1

2JΩ2, the amount of
kinetic energy is determined by the total system inertia J for a given grid
frequency. In Fig. 3.2, the frequency behavior following a loss of generation
is shown for different system inertia values. Higher inertia results in a lower
rate of change of frequency (ROCOF) and a higher frequency nadir fmin.
Due to the improved inertial response at higher inertia, the turbine gover-
nors have more time to act and restore the frequency. It can be concluded
that the system inertia has to be high enough to ensure a reliable operation
of the electrical power system. Therefore, the grid frequency is controlled
within certain limits. If the system inertia is too low, the frequency could
rapidly fall below this critical limit resulting in the disconnection of cer-
tain generation units. This aggravates the already low frequency and would
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eventually, in the worst case, result in a blackout. Furthermore, automatic
load shedding relays could be triggered if the ROCOF is too high, which
results in disconnection of consumers [70]. Therefore, care should be taken
to ensure a minimum system inertia at all time.

3.2 Natural inertial response of wind turbines

In this section, the natural inertial response behavior of the different wind
turbines types is discussed.

3.2.1 Inertial response behavior of fixed-speed wind
turbines

The fixed-speed wind turbines use a squirrel-cage induction generator to
generate electricity. Contrary to synchronous generators, induction gener-
ators do not rotate at the synchronous speed of the grid, but at a slightly
higher rotational speed. The slip s of an induction machine is defined as:

s =
Ωs − Ωr

Ωs
(3.11)

where Ωs is the speed of the stator field, which is the speed of the grid and
Ωr is the speed of the rotor. From (3.11), it can be concluded that the
slip s is negative for generators. Due to the slip, the inertial response of
induction generators differs from the one obtained with synchronous gen-
erators. A simplified induction generator model [71] yields the following
relation between slip s and electrical torque Te (see Fig. 3.3):

Te = 3Np

(
Rr

sΩs

)
V 2
e(

Re + Rr

s

)2
+ (Xe +Xr)

2
(3.12)

whereNp is the number of pole pairs, Ve, Xe and Re are the equivalent stator
voltage, reactance and resistance and Xr and Rr are the rotor reactance and
resistance referred to the stator side. Eq. (3.11) and (3.12) can be used to
determine the inertial behavior of a FSIG. During a frequency drop, the
frequency f decreases which results in a decreasing speed of the stator field
Ωs. Consequently, the slip s will increase and as a result, the electrical
torque Te will increase according to (3.12). Initially, the turbine torque
Tt remains constant, so an increasing electrical torque Te will cause the
rotor speed Ωr to decrease. Eventually, a new equilibrium (Tt = Te) will be
reached at a lower rotor speed. This shows that the FSIG exhibits an inertial
response as the rotor speed Ωr follows the grid speed Ωs while temporarily
delivering more electrical power to the grid.
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Figure 3.3: Scheme of an induction machine.

The inertial response of fixed-speed induction generators is well-known
in literature [72–76]. In [72], field measurements of a wind farm consisting of
FSIG turbines show an increase in turbine output during a frequency drop
until the protection relays automatically disconnect the wind turbines when
the frequency deviation gets too large. The inertial contribution provided
by FSIG-based wind farms is revealed to be comparable to that of larger
synchronous machines.

In [74], a fifth-order model is used to simulate the inertial response
of a FSIG and compare it with the response of a synchronous generator.
The synchronous generator produces the maximum inertial response in the
shortest period of time. The inertial response of the fixed-speed induction
generator wind turbine is lower and slower than the response of a synchro-
nous generator, due to the reduced coupling of the induction generator rotor
speed and system speed. Furthermore, a lower inertia constant was used to
simulate the FSIG wind turbine, which reduces the maximum power output.

3.2.2 Inertial response behavior of doubly-fed induc-
tion generators

When the converter controllers of the DFIG are assumed ideal (infinitely
fast), the grid frequency and turbine rotational speed are effectively decou-
pled. Hence, a change in the grid frequency will not result in a changing
rotational speed and a change in the power output of the wind turbine.
Consequently, no inertial response is obtained from a DFIG wind turbine.



50 Chapter 3

However, as the current controllers of the converters are not infinitely fast
and the stator of the DFIG is directly connected to the grid, a very small
inertial response from DFIG wind turbines can usually be noted [73,74].

In [75], the influence of the current controller on the inertial response
of a DFIG system is investigated. A simple PI-controller is used as current
controller for the rotor current of the DFIG. This current controller enables
the regulation of the electrical torque Te of the DFIG. The time constant τ
of the current control loop can be changed by adjusting the PI-gains. With
a time constant τ of 0.1 s (fast controller), almost no change in rotational
speed or electrical torque can be noted, showing negligible inertial response
of the DFIG. However, a time constant of 5 s (slow controller) results in
a change in rotational speed Ω and electrical torque Te, i.e, an inertial re-
sponse. However, usually a fast current controller with a high bandwidth
is used to obtain good current control capability during normal operation.
Very high time constants might even affect the MPPT, which is undesired.
Furthermore, compared to an equivalent directly coupled induction genera-
tor, the inertial response is significantly lower and slower. Therefore, using
a slow controller to achieve an inertial response with a DFIG wind turbine
is not the optimal solution.

In [77], it is shown that the control strategy of the DFIG has an influence
on the inertial response behavior of the wind turbine. If the stator power
Pst of the DFIG is controlled, the DFIG is not completely inertialess but
provides an inertial response through changes in the rotor power Prot. Con-
sequently, the total power Ptot = Pst + Prot changes and shows an inertial
response to frequency disturbances. On the other hand, when the electrical
torque Te of the DFIG is regulated (under the assumption of constant wind
speed: Te = Tt = cst), the rotor speed Ωr remains constant. As the total
power Ptot is given by:

Ptot = Te · Ωr (3.13)

the total power remains constant. Accordingly, no inertial response is ob-
tained when the electrical power Te is perfectly controlled.

3.2.3 Inertial response behavior of wind turbines with
a full-scale converter

Due to the back-to-back converter, the rotational speed of the generator is
completely decoupled from the grid frequency. The decoupling is achieved
by the separate control of the converters and the buffering effect of the DC-
link capacitor. As a consequence of the complete decoupling, no inertial
response is obtained with full-scale converter wind turbines [74,75,78–80].
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Generator type Inertial response behavior
Conventional synchronous generator ++
Fixed-speed induction generator +
Doubly-fed induction generator –

Full-scale converter – –

Table 3.1: Overview of natural inertial response.

3.2.4 Conclusion

In Table 3.1, an overview of the natural inertial response of a conventional
synchronous generator and the different wind turbine technologies is pre-
sented. The fixed-speed induction generator shows the best inertial re-
sponse. An inertial response can be obtained with a DFIG (without adding
an additional control loop) by using a very slow current controller. However,
in most cases, almost no response can be noted as the current controllers are
fast to ensure a correct tracking of the desired reference torque. Full-scale
converter wind turbines do not provide any inertial response as rotor speed
and grid frequency are completely decoupled.

It can be concluded that the addition of wind turbines to the grid will
affect the global inertial response of the power system. As fixed-speed wind
turbines are rarely built these days, variable-speed wind turbines with little
or no natural inertial response are increasingly being connected to the grid.
As long as no conventional power plants are disconnected from the grid, the
global inertial response to a disturbance remains the same (same amount of
synchronously coupled inertia). However, when conventional power plants
are replaced by wind turbines, the global inertial response deteriorates as
the amount of synchronously coupled inertia decreases and the conventional
wind turbines exhibit no inertial response. This results in a higher rate
of change of frequency (ROCOF) df/dt and a lower frequency nadir fmin

following a low-frequency event [77,81]. Furthermore, the high ROCOF may
induce the tripping of the anti-islanding protection of the wind turbines,
which aggravates the problem [74,82].

3.3 Inertial response enhancement

3.3.1 Capability of wind turbines to enhance the iner-
tial response

Despite the very weak (or sometimes even non-existing) natural inertial
response of variable-speed wind turbines, they have a huge potential to
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Param. Value Unit Param. Value Unit
Pt,nom 3.0 MW r 56 m
Mb 11900 kg Ωnom 1.4451 rad/s

Table 3.2: Wind turbine data for calculation of inertia constant H.

enhance the global inertial response of the power system. As they are grid-
connected via a power electronic converter, additional control loops can
enhance the inertial response of wind turbines. It may even be possible to
obtain a better performance than with conventional directly-coupled syn-
chronous generators. Some of the characteristics of variable-speed wind
turbines are listed below to show their huge potential to provide additional
inertial response.

3.3.1.1 Inertia constant H of wind turbines

In conventional power plants, the inertial response is solely determined by
the rotating inertia of the turbine and generator. The inertia constant H
is a measure for the time that a generator can provide rated power by
only using the kinetic energy stored in the rotating inertia. Therefore, H
can be used to compare the inertial response of directly-coupled generators
with a different rotational speed Ω and/or rated power. For conventional
generators of large power plants, H is in the range of 2-9 s [67,68]. Typical
values for wind turbines have roughly the same value: H ≈ 2−6 s [39,67,83].
For the wind turbine considered in this work, some parameters are listed in
Table 3.2. This gives the following results:

Jt =
1

3
Mbr

2 = 1.24 · 107 kgm2

H =
JtΩ

2
nom

2Pt,nom
= 4.33 s

This implies that the total amount of kinetic energy in the system does
not necessarily decrease when variable-speed wind turbines are connected
to the system. Only an appropriate control loop should be added which
is responsible for releasing the stored kinetic energy, since this does not
happen naturally.

3.3.1.2 Release of kinetic energy

The release of kinetic energy ∆Ekin by the rotating mass of a synchronous
generator for a proportional change in grid frequency from f0 to f1 is given



Optimal emulated inertial response with wind turbines 53

by [73,84]:

∆Ekin = Ekin0

(
1− Ω2

1

Ω2
0

)
= Ekin0

(
1− f21

f20

)
(3.14)

Ekin0 =
1

2
JΩ2

0 (3.15)

From (3.14) is clear that the amount of kinetic energy that is released by a
conventional generator is determined by:

1. the total amount of stored kinetic energy Ekin0 before the disturbance

2. the difference ∆f between the pre-disturbance frequency f0 and the
post-disturbance frequency f1

As conventional generators are directly coupled to the grid, their release
of kinetic energy is solely determined by the change in grid frequency ∆f ,
which is very small as the grid frequency is controlled in a very narrow band.
So the amount of released kinetic energy cannot be controlled for conven-
tional generators. The rotational speed of variable-speed wind turbines, on
the other hand, is completely decoupled from the grid frequency. As the
inertia constant H for wind turbines and conventional generators is very
similar, the relative amount of stored kinetic energy Ekin0 is more or less
the same for both technologies. However, the change of rotational speed
∆Ω = Ω0 −Ω1 can be controlled by the power electronic converter. Conse-
quently, for a broad range of operating points, ∆Ω can be regulated to be
larger than for conventional generators, which results in a higher release of
kinetic energy by the wind turbine (relative to the rated power of the wind
turbine) [80,81]. However, as is explained later, it is important to inject the
right amount of kinetic energy rather than as much as possible. Injecting
too much energy might lead to a fast depletion of the kinetic energy in the
rotor of the wind turbine and an even worse inertial response than without
the emulated inertia as is shown in § 3.6 and § 3.7.

3.3.1.3 Fast power control

As variable-speed wind turbines use a power electronic converter, the power
output can be increased or decreased almost immediately, whereas the power
control of conventional units is much slower. The fast control of the power
output makes it possible to emulate the inertial response of a conventional
generator or to provide an even faster response. Furthermore, the power
output can be controlled to almost any given value (at least within the
converter and mechanical limits and for a limited period of time). This
enables the improvement of the global inertial response.
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3.3.1.4 Conclusion

It can be concluded that wind turbines have huge potential to provide iner-
tial response. To obtain the desired inertial response, an additional control
loop has to be added to the existing wind turbine controller. In this way, a
similar or even better performance could be obtained with wind turbines.

3.3.2 Introduction to synthetic inertia and temporary
power surge

In the following sections, a distinction is made between synthetic inertia
and temporary power surges. Synthetic inertia is the general term for all
strategies that emulate the inertial behavior of a directly coupled synchro-
nous generator. The main characteristic of this strategy is that the initial
frequency response is altered as a synthetic or emulated inertia is added to
the power system. Especially the ROCOF is enhanced by this control strat-
egy. The name temporary power surge is used for all other strategies that
try to enhance the frequency response on a short time, but without mim-
icking the behavior of a synchronous generator. These strategies usually
tend to improve the frequency nadir, while the improvement of the ROCOF
depends strongly on the strategy of interest.

Both strategies are temporarily, i.e, they tend to improve the initial
frequency response after a disturbance (e.g. ≈ 30 s). Thereafter, the wind
turbines resume normal operation. Frequency response on larger time scales,
such as primary, secondary or even tertiary control are not considered in
this chapter.

3.4 Synthetic inertia

3.4.1 Overview of the control strategy

3.4.1.1 Inertial control loop

The synthetic inertia (SI) strategy mimics the natural inertial response be-
havior of a directly-coupled synchronous generator [39,67,69,73,77]. In case
of a frequency disturbance, kinetic energy is extracted from (or absorbed
in) the rotor of the synchronous generator:

Pin,SG =
dEkin

dt
= JΩSG

dΩSG

dt
(3.16)

with ΩSG the rotational speed of the synchronous machine, which is pro-
portional to the grid frequency f . Eq. (3.16) clearly shows the natural
increase in output power of a synchronous generator following a frequency
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Figure 3.4: Control loop of the synthetic inertia strategy.

dip. The additional power output is extracted from the rotating inertia of
the generator.

A similar response can be obtained from wind turbines by adding an
extra control loop to the wind turbine controller. The complete control
scheme is presented in Fig. 3.4. In normal operation, the power reference
Pref for the power converter is determined by the maximum power point
tracker (MPPT), which is given by Pmppt. This ensures that the wind
turbine is operating close to its maximum power point to increase the energy
yield. During a frequency disturbance, an inertial response value Pin is
added to Pmppt and is given by:

Pin = −Kin
df ′

dt
(3.17)

According to (3.17), when the frequency decreases, the reference power Pref

of the turbine is increased with Pin, slowing down the turbine and extracting
kinetic energy from the rotor. In this way, the power output of the turbine
is temporarily increased and an inertial response from the wind turbine is
obtained.

In order to calculate Pin, the grid frequency f has to be measured and
filtered by means of a low-pass filter to reject measurement noise. As the
derivative of the frequency is used to calculate Pin, adequate filtering is
needed. Differentiation of a noisy signal may lead to large variations in the
value of Pin, which is undesired as it may cause heavy torque pulsations in
the drive-train of the wind turbine. Therefore, a low-pass filter is added to
filter the measured frequency f [39, 69,73,80,85]:

f ′ =
1

Tls+ 1
f (3.18)

Here, a first-order low-pass filter with time constant Tl is used. The cut-off
frequency of the filter can be adjusted by changing Tl to obtain the desired
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amount of filtering. Due to the filter, a delay arises between the measured
frequency and the filtered frequency [39]. A high cut-off frequency results
in less filtering and less delay and vice versa. The filter delay results in
a slower reaction of the inertial controller, so the ROCOF will be higher.
Heavy filtering (low cut-off frequency and high Tl) results in higher delays
and a higher ROCOF. A proper tuning of the filter is important to avoid
deterioration of the emulated inertial response. Using higher order filters
may reduce the delay and therefore enhance the inertial response.

The major advantage of the addition of a filter is the reduction of oscil-
lations in the set-point, which enhances the stability and reliability of the
wind turbine. Also, excessive wear caused by these oscillations is avoided.

Furthermore, a small dead band (±0.015 Hz) is used to avoid the reaction
of the synthetic inertia strategy on very small frequency variations during
normal operation of the power system.

3.4.1.2 Droop control loop

When the inertial control loop is added to the wind turbine, interaction with
the maximum power point tracker arises during a frequency event [69, 78].
If the frequency drops, the inertial control loop increases the reference value
with Pin, resulting in a decreasing rotor speed. The MPPT, however, tries to
maintain operation at the MPP by decreasing its reference value Pmppt. This
behavior of the MPPT counteracts the desired increase in output power.
This results in a lower inertial response of the wind turbine than expected.

Two solutions are available [39,67,69,86]:

1. the reference value Pmppt is kept constant during inertial response

2. a droop controller is added to allow suboptimal operation

The first possibility is to hold the value from the maximum power point
tracker constant when a frequency disturbance is detected. As the MPPT
is deactivated, the inertial response will be larger. When the disturbance is
over or when the wind turbine has reached its minimum speed limit Ωmin,
the operation point of the wind turbine has to be gradually shifted back
to the normal operation, where the operation point is determined by the
MPPT. Care should be taken when reactivating the maximum power point
tracker to avoid stability problems [86]. Therefore, this control method is
not used in this work.

In the second option, the maximum power point tracker is kept active
during a frequency event. This is beneficial, as it stabilizes the opera-
tion of the wind turbine by reducing the deceleration of the rotor. In this
way, stalling of the turbine is prevented [77, 78] and stability problems are
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avoided. However, to improve the inertial response, a droop controller is
often added [39, 67]. The droop term Pdroop, which is proportional to the
frequency deviation ∆f ′′ from its nominal value fnom, is added to the ref-
erence value:

Pdroop = Kdroop∆f ′′ = Kdroop

(
Ths

Ths+ 1
(fnom − f ′)

)
(3.19)

where Th is the time constant of the high-pass filter that prevents a steady
state contribution of the droop controller (see further). This droop con-
troller has two functions:

1. To counteract the control action of the MPPT, which tries to bring the
wind turbine back in its maximum power point (MPP). This would
decrease the inertial response in case of a disturbance.

2. To limit the frequency deviation by increasing the power output of
the wind turbine proportional to the frequency deviation.

After the inertial response, the wind turbine should recover to the pre-
disturbance operating point. Consequently, the overproduction period dur-
ing the inertial response should be followed by an underproduction or recov-
ery period. To allow a recovery of the wind turbine, a high-pass filter, which
prevents a contribution of the droop controller in steady state, is added:

lim
t→∞

Pdroop(t) = lim
s→0

sPdroop(s) = lim
s→0

s
Ths ·∆F (s)

Ths+ 1
= 0 (3.20)

where Pdroop(s) and ∆F (s) are the Laplace transforms of Pdroop(t) and
∆f respectively. The time constant Th of the high-pass filter should be
tuned properly in order to obtain the desired result: ignoring the steady-
state frequency deviation after the inertial response while passing the rapid
frequency variations during the first seconds of the inertial response. Two
things should be taken into account when tuning the time constant Th:

1. Th should not be too low, to avoid elimination of the rapid frequency
variations during the first seconds after the disturbance by the high-
pass filter. This would seriously reduce the emulated inertial response
of the wind turbine. The simulations show that values above 20 s for
Th do not filter out the fast frequency variations.

2. Th should not be too high either, as this would result in an overly-long
recovery period. This causes undesired energy yield losses as the wind
turbine operates too long below the maximum power point.
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3.4.1.3 Complete control loop

The complete reference power Pref is therefore given by [87]:

Pref = Pmppt −Kin
df ′

dt
+Kdroop∆f ′′ (3.21)

This reference power is tracked very fast by the power-electronic converter,
hence, no pitch control actions are needed. The pitch controller is too slow
to track the fast power set-point variations of the synthetic inertia strategy.

3.4.2 Operating conditions of the synthetic inertia
strategy

Until now, it was assumed that the wind turbines are able to follow the
desired set-point. However, the ability to provide inertial response with
the synthetic inertia strategy depends on the type of disturbance, the con-
trol strategy of the wind turbine, the operating point and the parameter
selection, as is discussed in the next paragraphs.

3.4.2.1 Influence of the frequency disturbance

Considering the frequency f , there are mainly two distinct types of distur-
bances:

1. over-frequency: f exceeds the nominal frequency fnom

2. under-frequency: f is lower than the nominal frequency fnom

As discussed in § 2.3.1, decreasing the power output of a wind turbine
in case of an over-frequency event is relatively easy by either pitching the
blades or controlling the rotational speed Ω (see Fig. 2.16). For the inertial
response, usually speed control is used as the pitching mechanism is too
slow. Furthermore, for speed control, kinetic energy is automatically stored
in the rotor inertia Jt of the wind turbine. From Fig. 3.5, it is clear that
the power output can be lowered easily by means of speed control. A lower
reference power Pref is applied to the converter. As the power input from
the wind Pt is then higher than the power output determined by Pref , the
rotor speed Ω increases. This causes a decrease in power input Pt until a
stable operating point is reached. Due to the increased rotational speed Ω,
kinetic energy Ekin is indeed stored in the rotor inertia Jt. Consequently,
inertial response (and primary frequency control) in case of over-frequency
events can be provided easily by wind turbines.

Under-frequency events, however, require an increase of the power out-
put of the wind turbine. This is much more difficult as wind turbines are
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Figure 3.5: Operation in the maximum power point.

usually already injecting the maximum available power. Unlike conven-
tional generators, they cannot increase their power input by changing the
fuel consumption, as wind is their primary energy source. Therefore, in
the remainder of this chapter, only under-frequency events are discussed as
these are the challenging events concerning the inertial response with wind
turbines.

3.4.2.2 Influence of the control strategy

The control strategy of the wind turbine, which determines the reference
value Pref under normal operating conditions, has an influence on the inertial
response behavior. In general, two distinct control methodologies can be
used in wind turbines under normal operating conditions:

1. operation in the maximum power point: Pref = Pmppt

2. operation in deloaded mode: Pref = Pdel

First, operation in the maximum power point is discussed. This strategy
is used in most wind turbines to maximize the energy yield. From Fig. 3.5,
it is clear that there exists an optimal rotor speed where the power input
from the wind is maximal. In variable-speed wind turbines, the converter
controls the current of the generator to enable operation in the maximum
power point (MPP).

However, when an additional control loop is added to emulate inertia,
the power output should increase in case of a frequency dip. Since the wind
turbine is operating in the maximum power point, the power input from the
wind cannot further increase. To obtain an increase in the power output,
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kinetic energy is extracted from the rotor, which causes the turbine to slow
down. Furthermore, as the rotor speed is decreasing, the wind turbine leaves
the maximum power point, which results in a lower power input from the
wind. When the turbine has finished the inertial support, it is operating in
a suboptimal operating point at a lower speed. In order to resume normal
operation, the wind turbine needs to reduce its power output for some time
to allow for the acceleration of the rotor.

In Fig. 3.6, the inertial behavior is shown. From 0 to 5 s, the wind turbine
is operating in the maximum power point. Suddenly, at 5 s, another power
plant is disconnected from the system, which results in a lower power output
from the generators Pgen and consequently a frequency drop. The inertial
control loop from the wind turbine increases the power output from the
wind turbine above the available wind power by extracting kinetic energy
from the rotor from 5 to 8 s. Since the power output is higher than the
available wind power, the turbine slows down from 5 to 8 s. After 8 s, the
power output from the turbine decreases below the maximum available wind
power, hence, the recovery period has started. The wind turbine accelerates
to resume normal operation. During the inertial response, it can be seen
that the wind power Pt slightly decreases due to the suboptimal operation
during the inertial response.

With the addition of the inertia controller, the inertial response is almost
the same as if no conventional generators were replaced by wind turbines.
The period of reduced power output to allow the acceleration of the rotor is
clearly visible. This recovery period where less power is injected in the grid
is the only difference with the inertial response of conventional generators.
These generators omit this period by increasing the power input of their
steam or gas turbines.

Second, the operation in deloaded mode is presented. Instead of op-
erating in the maximum power point to maximize the energy yield, wind
turbines could also be operated in deloaded mode. In deloaded mode, the
wind turbines operate in a suboptimal operating point to maintain a power
reserve at any point in time. This power reserve can be used to participate
in frequency control and inertial response [88–90]. As a consequence, the
energy yield of the wind turbine is reduced, since the wind turbine is con-
tinuously operating at a lower power point [82, 86]. It is a design decision
to chose for operation in the maximum power point without power reserves
or to operate at a lower power point with power reserves.

In Fig. 2.16, the two control strategies to obtain deloaded operation were
already presented: speed control and pitch control [5]. For speed control,
the reduced power output is obtained by operating the turbine at a higher
rotational speed than the optimal speed. The greatest advantage of speed
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Figure 3.6: Example of the synthetic inertia for operation in the MPP.

control is the speed of this control strategy as it is obtained by the converter
controller. Furthermore, in case of a frequency dip, kinetic energy can be
released immediately, since the turbine is operating at a higher speed. As the
rotor speed is decreasing, the power input is increasing, which is beneficial
to provide inertial response and frequency control. However, it is difficult
to obtain reliable speed control if the Cp(λ)-curve is not known.

Pitch control makes use of the pitch mechanism in wind turbines. If
the pitch angle of the turbine blades is increased, the captured wind power
is decreased. Using a non-zero pitch angle in normal operation results in
deloaded operation. To track the maximum of the deloaded curve, an op-
timal speed controller can be used. The simplicity of this control strategy
is its main advantage: the optimal speed controller can still be used, only
the blades have to be pitched. However, this strategy is slow as it relies
on the mechanical pitch mechanism. Therefore, this control strategy is less
suitable for inertial response.

By operating the wind turbines below their MPP, their inertial response
behavior is completely equivalent to the one of conventional generators. No
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Figure 3.7: Example of the synthetic inertia for operation below the MPP.

recovery period is needed after the inertial response as a power reserve is
available to increase the power output of the wind turbine. This is shown
in Fig. 3.7 for speed control by means of over-speeding (cfr. the higher
rotational speed Ω in Fig 3.7 compared to Fig. 3.6). Similar to the synthetic
inertia with operation in the MPP, the power output of the wind turbine
is increased immediately after the disturbance by injecting kinetic energy
in the grid. This causes the wind turbine to slow down, as can be seen in
the rotational speed Ω. However, contrary to the operation in the MPP,
due to the decreasing rotational speed Ω, the wind turbine power Pt starts
to increase as the wind turbine operates closer to the MPP. As the power
input Pt increases during the inertial response, almost no recovery period
is needed to regain normal operation.

As operation in the MPP is the most challenging concerning the provi-
sion of emulated inertial response and no continuous energy yield losses are
needed to apply this strategy to wind turbines, only maximum power point
tracking will be considered in the remainder of this chapter.
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3.4.2.3 Influence of the operating point

When providing emulated inertial response, it is important to consider the
influence of the operating point of the wind turbine. The operating range of
a wind turbine is confined within some limits. There are lower and higher
rotor speed limits Ωmin and Ωmax to prevent stalling of the turbine and
avoid excessive wear. Furthermore, current, voltage and power ratings of
the generator and converter have to be respected [79, 80, 82]. At high wind
speeds, for example, the power input from the wind is curtailed by pitching
the wind turbine blades.

In the following, only non-deloaded wind turbines are considered. Three
distinct cases can be considered [79]:

1. low wind speed

2. medium wind speed

3. high wind speed (above the nominal wind speed)

In low wind speed conditions, the wind turbine is operating near the lower
speed limit Ωmin. Only a limited amount of kinetic energy Ekin can be
extracted from the rotor, which results in a reduced inertial response. When
the wind turbines are equipped with the synthetic inertia strategy, their
power output is altered by the wind turbine control to respect the lower
speed limit Ωmin.

For medium wind speeds, the turbine is operating well above the lower
speed limit Ωmin, but the power input from the wind is not curtailed by
the pitch control, so the wind turbine operates below rated power. In this
region, a normal inertial response is obtained from the wind turbines, as
enough kinetic energy can be extracted from the rotor. The period of over-
production is then followed by a recovery period of underproduction to
resume normal operation.

For wind speeds above the nominal wind speed, the pitch control is acti-
vated to limit the captured wind energy. Again, a normal inertial response
can be expected, but only if the generator and converter ratings allow a short
overproduction. Since the turbine was already operating at the maximum
power, the emulated inertial response action would result in an even higher
power output. The ratings of the generator and turbine will then determine
which inertial response is obtained. Usually, over-currents of about 1.1 pu

are allowed, which suffices for the optimal inertial response [87]. After the
frequency event, normally no recovery period is needed, since the captured
wind power can be increased by decreasing the pitch angle to accelerate the
rotor. However, the design limits of the turbine should be respected when
increasing the captured wind power. If the captured wind power may not
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Figure 3.8: Example of a predefined power reference curve.

be increased enough, again, a (smaller) recovery period is needed to resume
normal operation.

3.4.2.4 Choice of the control parameters

In the reference power Pref there are two parameters that have to be chosen
correctly: Kin and Kdroop:

Pref = Pmppt −Kin
df ′

dt
+Kdroop∆f ′ (3.22)

The optimal combination depends strongly on the composition of the power
system. Therefore, the optimal parameter selection for the synthetic inertia
strategy is investigated thoroughly in § 3.6.

3.5 Temporary power surge

The temporary power surge (PS) strategy can be divided into different
categories. The general operating principle of this strategy, however, is the
same for the different categories. Therefore, the general behavior of this
control strategy is explained first. Then, the different implementations of
the strategy in the overproduction and underproduction periods of the wind
turbine are explained.

3.5.1 General control strategy

In the synthetic inertia strategy, the increase in power output is proportional
to the rate of change of the grid frequency df/dt and to the deviation of
the grid frequency from the nominal value ∆f . There, the shape of the
additional power output is determined by the shape of the grid frequency,
which is not the case for the temporary power surge strategy. Here, the
shape of the increase in power output is determined by a predefined power
reference curve, as shown in Fig. 3.8.
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When a frequency dip is detected, e.g. the frequency falls below a cer-
tain threshold, the power output of the wind turbine is increased with an
overproduction step ∆POP for a certain overproduction time tOP. During
this overproduction period, the wind turbine injects more power in the grid
than there is available in the wind. Consequently, the wind turbine slows
down while injecting kinetic energy Ekin from the rotor in the grid. To allow
for a recovery of the wind turbine after the inertial response has finished, the
overproduction period is followed by an underproduction period tUP where
the power output is decreased with ∆PUP below the initial value. During
the underproduction period, the turbine re-accelerates to the initial opera-
tional point before the disturbance. The duration of the underproduction
period depends on both the overproduction period and the choice of the re-
covery strategy during the recovery period. Similar to the synthetic inertia
strategy, no pitch control actions are needed during the inertial response.

As discussed in § 3.4.2.1 for the synthetic inertia, under-frequency events
are the most challenging events for the emulated inertial response with wind
turbines. The same holds for the temporary power surge, where the power
output can be easily lowered according to a predefined reference curve.
Therefore, also for the temporary power surge, only frequency dips will
be considered in the remainder of this work.

In literature, different options for the power reference curve during the
overproduction and underproduction period are available, which are dis-
cussed in the following paragraphs.

3.5.2 Overproduction period

For the overproduction period, there are two options for calculating the
resulting output power reference Pref for the wind turbine [69]. The first
option is to add the desired power increase ∆POP to the reference value
obtained by the maximum power point tracker Pmppt. The MPPT is kept
active during the inertial response, which results in a decreasing reference
value Pmppt due to the decrease in rotational speed Ω. This is shown in
Fig. 3.9a. The other option is to calculate the power reference Pref as the
sum of the pre-disturbance reference value Pref,0 and the desired power in-
crease ∆POP, which is illustrated in Fig. 3.9b. In this way, the decrease
in the power reference of the MPPT Pmppt (dashed) is excluded from the
controller and the power reference Pref is constant during the overproduc-
tion period. It can be noted that in case of the constant reference value
(Fig. 3.9b), the total released energy during the overproduction period is
larger. Consequently, the rotor speed is further decreased and the recovery
time will be longer compared to the strategy with the activated maximum
power point tracker. In literature, usually the power surge with constant
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Figure 3.9: Control strategies during the overproduction period.

reference value is used [69,91–95].
The overproduction period is triggered by a dip in the grid frequency.

Usually, the temporary power surge is activated when the frequency falls
below a certain threshold (frequency dead-band). This threshold should be
low enough to prevent an activation of the temporary frequency support
for small frequency variations during the normal operation of the power
system. However, the threshold should not be too low either to ensure a
proper functioning of the frequency support.

3.5.3 Underproduction period

There are three different strategies to obtain the power reference Pref value
during the underproduction period. These methods are summarized in
Fig. 3.10. The first underproduction strategy is the optimal speed strategy
(Fig. 3.10a) [69]. When the overproduction period tOP has ended, the ref-
erence value is again determined by the MMPT. As can be seen in Fig. 3.5,
the maximum power point tracker results in a reference value Pref which
is much lower than the available wind power Pt when the turbine is oper-
ating at a reduced rotational speed Ω < Ωopt. Consequently, the turbine
will re-accelerate to the initial speed and regain normal operation. The ini-
tial underproduction step ∆PUP and underproduction time tUP depend on
the operating point of the wind turbine after the overproduction period. If
more energy is extracted from the wind turbine during the overproduction
period, the initial underproduction step ∆PUP will be larger and the under-
production time tUP will be longer. Both parameters are determined by the
maximum power point tracker and can, therefore, not be altered manually.

The second option is the constant underproduction strategy (Fig. 3.10b)
[95]. After the overproduction period, the power output is decreased with a
value ∆PUP under the pre-disturbance value Pref,0. The duration of the
underproduction period tUP is determined by the equal area condition:
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Figure 3.10: Power reference curves during the underproduction period.

A1 ≈ A2. The area A1 in Fig. 3.10b is approximately equal to the ex-
cess energy injection of the wind turbine during the overproduction period.
Area A2 is roughly the energy deficit during the underproduction period.
Small differences exist due to the suboptimal operation during the tempo-
rary frequency support. These energy yield losses are discussed in Chap-
ter 4. Consequently, the excess energy injection will be higher than A1,
whereas the energy deficit will be lower than A2, but the differences are
quite small. Therefore, the equal area condition could be used to dimension
the parameters ∆PUP and tUP. A low underproduction step ∆PUP results
in a longer underproduction period tUP and vice versa. When the reference
value Pref equals the maximum power point tracking reference value Pmppt,
the output is again determined by the MPPT.

In Fig. 3.10c, the third option, i.e., the constant accelerating power
strategy, is illustrated [91, 94]. After the overproduction period tOP, the
reference value Pref is reduced with ∆PUP below the initial reference value
Pref,0. In this way, the reference value Pref is lower than the available wind
power Pt and the difference is the accelerating power Pacc:

Pacc = Pt − Pref (3.23)

Usually, the accelerating power Pacc is kept constant during the acceleration
of the wind turbine. However, a varying accelerating power Pacc can also be
used [91]. As the output power is below the available wind power, the wind
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turbine recovers to the maximum power point. After the recovery, the power
set point Pref is again determined by the maximum power point tracker. The
duration of the underproduction period can be altered by changing Pacc. To
use this strategy, knowledge of the wind speed (measurement or estimation)
is needed to determine Pt, which is a disadvantage of this strategy.

For all the recovery strategies, the power output is not immediately
decreased after the overproduction period, but the reference value slowly
decreases during a time tD to allow a smoother transition from overproduc-
tion period to underproduction period. If this transition period is not used,
there is a higher risk on a second, undesired frequency dip.

3.5.4 Choice of the control parameters and recovery
period

Similar to the synthetic inertia strategy, the control parameters ∆POP,
∆PUP, tUP and tOP have to be tuned properly to obtain the desired re-
sponse in function of the system composition. Furthermore, the choice of
the recovery period also has an important impact on the inertial response
behavior. The optimal parameter selection for the temporary power surge
strategy is discussed in § 3.7.

3.6 Optimal parameter selection for the syn-
thetic inertia strategy

When using the synthetic inertia strategy, it is important to tune the param-
eters Kin and Kdroop properly, otherwise it may result in a poor emulated
inertial response from the wind turbine. If Kin is chosen too high, this may
lead to an oscillatory response behavior of the synthetic inertia strategy.
A slow reaction of the conventional generators can arise when the droop
constant Kdroop is too high. Conversely, low values for Kin and Kdroop give
a low inertial response, which may result in a very poor frequency response
after a disturbance. Poor parameter tuning may result in a frequency re-
sponse that is worse compared to the case without synthetic inertia or even
without wind turbines at all. On the other hand, there exists an optimal
combination of Kin and Kdroop which results in the highest frequency nadir
after the disturbance. Another combination of both parameters results in
the lowest rate of change of frequency (ROCOF). As is shown further in
the simulations, the highest frequency nadir is usually achieved for low val-
ues of Kin, whereas the lowest ROCOF is obtained for high values of Kin

and Kdroop. Therefore, often a trade-off has to be made to obtain the best
emulated inertial response. Furthermore, the operational limits of the wind



Optimal emulated inertial response with wind turbines 69

0 5 10 15 20 25 30 35
89

90

91

92

93

94

95

P
[G

W
]

—Psteam

- -Pccgt

0 5 10 15 20 25 30 35
49.5

49.6

49.7

49.8

49.9

50

Time t [s]

f
[H

z]

— fsteam
- - fccgt

Figure 3.11: Influence of the power plant type on the system frequency
response.

turbine, such as the current limit and the rotational speed control range,
are considered by limiting Pin + Pdroop and Ω in the wind turbine control.

The optimal parameter selection strongly depends on the composition
of the power system. Both the types of power plants as the penetration
of wind turbines in the power system have an important influence on the
frequency response.

Consequently, the parameters should be tuned to obtain a similar or
even better frequency response when conventional generators are replaced
by wind turbines. In this section, the optimal parameter selection for the
synthetic inertia strategy will be determined for different power systems.

3.6.1 Influence of power plant type

In Fig. 3.11, the power and frequency responses of a combined cycle gas
turbine (CCGT) and a conventional steam-based turbine on a loss of gen-
eration are shown. A power system with only steam-based turbines (70 %)
and nuclear power plants (30 %) is used to obtain the solid curves, whereas
a power system with only gas turbines (70 %) and nuclear power plants
(30 %) results in the dashed curves.

After the loss of generation of 3 GW at t = 0 s, the power output of the
gas turbine quickly increases due to the primary controller. Only a small
overshoot can be observed. This results in a limited variation of the system
frequency and a low ROCOF. For the steam-based turbines, the increase in
power output is much slower and a larger overshoot arises. This results in
a much lower frequency nadir combined with a slightly higher ROCOF.
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Considering the above, it is obvious that the power system composition
has a huge impact on the frequency response. Systems with many gas
turbines will usually have a higher frequency nadir fmin and lower ROCOF
compared to systems with mostly steam-based generators. This frequency
response can hardly be changed as it mainly depends on the time constants
of the power plants, which depend on the type of power plant. The steam-
based power plants have higher thermal time constants than the units with
a gas turbine. However, when wind turbines start to replace conventional
generators, the frequency response can be altered by tuning Kin and Kdroop

appropriately. Considering the differences in the frequency response of the
different power plant types, the optimal parameter selection will depend on
the composition of the power system.

3.6.2 Influence of wind power penetration

Besides the composition of the different conventional generators in the power
system, also the wind power penetration influences the optimal parameter
selection. As discussed in § 3.1.4, the amount of system inertia J has an
impact on the frequency response. When the wind power penetration in-
creases, the system inertia decreases, which results in a higher ROCOF and
a lower frequency nadir. The synthetic inertia strategy can enhance the
frequency response, but for high wind power penetrations, it is crucial to
tune the parameters properly as instability of the system may arise, as is
discussed in § 3.6.4. The higher the wind power penetration, the smaller
the range of stable Kin and Kdroop values will be.

3.6.3 Details of the parameter tuning

All the wind turbines that are connected to the power system should con-
tribute to the inertial response. This is similar to the current power system,
where the inertial response of the conventional generators is only determined
by the inertia of these generators and not by the operating conditions of the
generator. If a generator is synchronously connected to the system, the
rotational speed changes proportional to the frequency. Ideally, the wind
turbines should participate in the inertial response according to their physi-
cal inertia, hence, all wind turbines with the same rotor inertia should have
the same Kin and Kdroop.

As it might be hard to obtain the inertia for all the wind turbines in the
system, it is suggested to scale the inertial response constants proportional
to the rated power if the physical inertia is not known. Consequently, wind
turbines with a higher rated power have higher inertial response constants
Kin and Kdroop. In this case, the same per-unit inertial response constants
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Figure 3.12: Electrical power system model.

are obtained for every wind turbine (in a per-unit system where the rated
power of every wind turbine is used as a reference).

In this section, only wind turbines of the same rated power and rotor
inertia are used, so every wind turbine has the same inertial constant. For
very low wind speeds, when the wind turbine could hit the lower rotational
speed limit, the additional power output is limited by the wind turbine
control system. Here, a single, constant wind speed v of 10 m/s is assumed
to show the importance of a correct parameter selection.

3.6.4 Simulations

In this section, different case studies are discussed to determine the optimal
parameter selection for the synthetic inertia strategy.

3.6.4.1 Electrical power system model and wind turbine model

An overview of the electrical power system model is given in Fig. 3.12. The
power system is modeled as a single busbar, hence, only frequency control
is taken into account and voltage control is not considered. The simulated
frequency f is used as the input of the generator and load models [96]. The
grid frequency f is calculated by the integration of the imbalance between
Pload and Pgen. Models of different types of power plants are included in the
system according to [71, 97–102] (see Appendix A). This includes dynamic
models of nuclear, conventional steam-based and CCGT power plants. In
steady state, the frequency f equals the nominal frequency fnom and the
power outputs of the load and generators are constant. The loads are mod-
eled as constant power loads. The self-regulation effect of the loads is in-
cluded: the load decreases with 1.5 %/Hz in case of a frequency drop [71].
Then, a loss of production is simulated which results in a frequency de-
viation from its nominal value. A frequency response from the different
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generators is obtained, dependent on the type of generator. The gas tur-
bines and conventional steam-based turbines (such as coal-fired plants) are
equipped with a primary controller, whereas the nuclear power plants do not
participate in the primary control. For the variable-speed wind turbines, a
synthetic inertia response with energy recovery period is obtained, but no
primary control is provided by the wind turbines. The additional set-point
associated with the inertial response, i.e. Pin +Pdroop, is limited to 0.1 p.u.
in order to respect the current limits of the IGBTs in the converter. In this
way, the total current is still below 1.1 p.u. when the wind turbine is oper-
ating at rated power when a frequency disturbance occurs. Note that this
upper limit on Pin + Pdroop was never exceeded during the simulations. No
fixed-speed wind turbines were considered in the system as it is expected
that in the future, mainly variable-speed wind turbines will be built due to
their higher energy yield and better controllability.

Variable-speed wind turbines of the full-scale converter (FSC) type are
considered. A permanent magnet synchronous generator is used with a
passive rectifier and boost chopper connected to its terminals to inject the
rectified current into a DC-link. The electric power is injected into the grid
by means of a PWM-switched three-phase inverter with IGBTs as switches.
The active power control is performed by controlling the switching actions
of the boost chopper. The DC-bus voltage is kept constant by controlling
the power balance with the grid-connected inverter. Since time periods of
100 s have to be simulated to investigate the synthetic inertial response, this
detailed model, which models all the switching actions, results in overly-long
simulation times. Consequently, an averaged model of the wind turbine
system is used, where the converter is treated as a current source as is
suggested in [32]. In this way, the simulation time can be shortened while
still retaining sufficient accuracy.

3.6.4.2 Results

The most important simulation parameters are listed in Table 3.3. A power
system of 150 GW is considered with a loss of 3 GW of production. This is
a good representation of the reference incident in the European power sys-
tem [10]. Wind power penetrations of 15 % and 50 % are considered, where
conventional steam-based generators and CCGTs are replaced by wind tur-
bines to obtain these penetrations. The primary frequency response is still
provided by the conventional generators, the wind turbines only provide
inertial response. The frequency nadir fmin and the initial rate of change
of frequency df/dtinit averaged over the first 2 s are calculated for a range
of Kin and Kdroop. For each case, 9234 gain combinations (57 values for
Kdroop and 162 values for Kin) are tested. The droop constant Kdroop
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Param. Value Unit Param. Value Unit
Pt,nom 3.0 MW Pload 150 GW

v 10.0 m/s Preserve 6 GW

fnom 50 Hz Pdisturb 3.0 GW

Th 25 s Tl 0.64 s

Ωmin 0.85 rad/s Ωmax 2 rad/s

Case 1 Case 2
Pnuc 25 % Pnuc 25 %

Psteam 0 % Psteam 60 %

Pccgt 60 % Pccgt 0 %

Pwind 15 % Pwind 15 %

Case 3 Case 4
Pnuc 25 % Pnuc 25 %

Psteam 0 % Psteam 25 %

Pccgt 25 % Pccgt 0 %

Pwind 50 % Pwind 50 %

No wind turbines
Pnuc 25 % Pccgt 0− 75 %

Pwind 0 % Psteam 75− 0 %

Table 3.3: Simulation parameters.

is varied between 0 and 2.7 MW/Hz, whereas Kin varies between 0 and
7.8 MWs/Hz. The frequency nadir and ROCOF values are compared with
the values obtained for the power system without wind turbines. It is indeed
more interesting to compare this frequency response to the power system
without wind turbines than to the power system with wind turbines with-
out synthetic inertia as the frequency response is always worse for the latter
due to the lower system inertia. This can be seen in the simulations for
all different cases. Consequently, the system without any wind turbines is
used as reference situation. The desired result is a high frequency nadir
and a low ROCOF. The objective is to obtain a frequency response with
the synthetic inertia strategy which is as good as or even better than the
frequency response for the system without wind turbines.

3.6.4.3 Case 1: Low wind power penetration, 60 % CCGT

The first case has a wind power penetration of 15 % and consists of 60 %
CCGTs and 0 % steam-based power plants. This means that all primary
control is provided by fast reacting CCGTs. The frequency nadir and RO-
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Figure 3.13: Case 1: Frequency nadir and ROCOF for a wind power
penetration of 15 % and 60 % CCGT.

COF are shown in Fig. 3.13. The thick black lines represent the values of
fmin and df/dtinit for the equivalent power system without wind turbines,
whereas the contour plots represent the values of fmin and df/dtinit for the
system with wind turbines equipped with the synthetic inertia strategy for
different values of Kin and Kdroop.

Considering only the frequency nadir, the optimal parameters (i.e., re-
sulting in the highest frequency nadir) are Kin = 0 MWs/Hz and Kdroop =

0.45 MW/Hz. Furthermore, all the parameter combinations which have a
frequency nadir above the value for fmin without wind turbines result in a
better frequency response than the case without wind turbines (area inside
the thick black curve, indicated by the plus sign in Fig. 3.13).

As expected, the ROCOF decreases for increasing values of Kin and
Kdroop, which is the desired result. A lower ROCOF gives the generators
participating in the primary control more time to adapt their power output.
High values for Kin and Kdroop would, however, result in a low frequency
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Figure 3.14: Case 1: Frequency response for different scenarios and wind
turbine behavior for SI. Optimal parameters for WT with
synthetic inertia: Kin = 0 MWs/Hz, Kdroop = 0.45 MW/Hz.

nadir, which is unacceptable. All parameter combinations which have a
ROCOF below the value for df/dtinit without wind turbines are indicated
by the plus sign in Fig. 3.13. Consequently, it is clear from Fig. 3.13 that
only parameters near the origin (Kin ≈ 0, Kdroop ≈ 0) worsen the ROCOF.

Consequently, the parameters Kin and Kdroop that result in the highest
frequency nadir also result in a slightly better ROCOF and are therefore
chosen as the optimal parameters for this system composition. As is shown
in the following cases, the parameter combination that results in the high-
est frequency nadir, always results in an enhanced ROCOF, also for other
system compositions. Therefore, when there is referred to the ‘optimal’ pa-
rameters in this section, this corresponds to the parameters that result in
the highest frequency nadir. In § 3.6.4.7, the parameter ranges which result
in both a higher frequency nadir and lower ROCOF are presented.

In Fig. 3.14, the frequency response is shown for three different sce-
narios. The frequency response is slightly worsened when the wind power
penetration increases, but no synthetic inertia is used in the wind tur-
bines. Wind turbines with synthetic inertia slightly improve the frequency
response, though the differences are small. The frequency nadir fmin is
slightly higher and the ROCOF is almost the same. This is due to the high
amount of gas turbines in the system, which quickly change their power
output in case of a disturbance, leaving only little room for improvement.

When looking at the turbine-side behavior in Fig. 3.14, it can be seen
that the rotational speed Ω only deviates little from the pre-disturbance
value and the additional power output is quite modest.
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Figure 3.15: Case 2: Frequency nadir and ROCOF for a wind power
penetration of 15 % and 60 % steam.

3.6.4.4 Case 2: Low wind power penetration, 60 % steam

In case 2, again a wind power penetration of 15 % is considered, but 100 %
of the primary control action is now provided by steam-based generators.
For the frequency nadir, the optimal droop constant has shifted towards a
higher value (Kdroop = 1.8 MW/Hz), whereas Kin remains the same (see
Fig. 3.15). For systems with mainly slower generators, this higher Kdroop

for the fast-reacting wind turbines results in a faster response immediately
after the disturbance, which enhances the frequency response. The zone
of improvement for the ROCOF is almost the same as in case 1, but due
to the slower reaction of the power plants in the system, the ROCOF has
increased.

The extent of the parameter range which results in a better frequency
nadir, however, has increased compared to the first case. As the power
system consists of power plants that can only increase their power output
slowly, the frequency response can be increased by replacing these steam-
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Figure 3.16: Case 2: Frequency response for different scenarios and wind
turbine behavior for SI. Optimal parameters for WT with
synthetic inertia: Kin = 0 MWs/Hz, Kdroop = 1.8 MW/Hz.

based units with wind turbines with the synthetic inertia strategy, which
react faster on frequency deviations. Even a non-optimal parameter selec-
tion results in an enhanced frequency response.

Considering Fig. 3.16, the synthetic inertia strategy results in a higher
frequency nadir and a lower ROCOF compared with the situation without
wind turbines in the system. Furthermore, steady state is reached as fast
as in the case without wind turbines. Compared to case 1, a much larger
improvement in the frequency response can be obtained by applying the
synthetic inertia strategy. The additional power output is higher compared
to case 1 and consequently, more kinetic energy is extracted from the rotor,
resulting in a higher rotational speed deviation. The wind turbines remain
within their operational limits (rotational speed, power, etc.) at all times.

3.6.4.5 Case 3: High wind power penetration, 25 % CCGT

For case 3, a wind power penetration of 50 % is considered and all the
primary control action is provided by the CCGTs. Compared to the low
wind power penetration case (case 1), the optimal droop constant Kdroop

has decreased as is shown in Fig. 3.17. Also the parameter range which
results in a higher frequency nadir than without wind turbines has shrunk.
Especially the range of Kdroop is smaller. This is due to the lower pene-
tration of conventional generators. For high values of Kdroop, the inertial
response of the wind turbines dominates the frequency response by initially
injecting much additional power. The high initial power injection limits the
frequency deviation and the primary response of the conventional genera-
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Figure 3.17: Case 3: Frequency nadir and ROCOF for a wind power
penetration of 50 % and 25 % CCGT.

tors. When the inertial response from the wind turbines has finished, the
power output of these conventional generators has not yet increased enough
to restore the frequency, resulting in a deferred and lower frequency nadir,
as can be seen in Fig. 3.19. Shortly after the disturbance, the output of the
wind turbines increases due to the high droop constant. Then, the maxi-
mum power point tracker tries to bring the wind turbine to the maximum
power point again, resulting in a lower output when the recovery period
starts (around 15 s). The CCGTs start to increase their power output after
the disturbance by means of their primary controller. As the wind turbines
inject too much additional power in the first 15 s, the frequency nadir and
ROCOF are initially limited, so the primary droop controller of the CCGTs
gives only a limited additional power output. After 15 s, the wind turbines
start to recover again and the output of the CCGTs has not yet increased
enough to limit the frequency deviation, which results in the lower frequency
nadir. Therefore, it is important not to exaggerate the inertial response, as
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Figure 3.18: Case 3: Frequency response for different scenarios and wind
turbine behavior for SI. Optimal parameters for WT with
synthetic inertia: Kin = 0 MWs/Hz, Kdroop = 0.3 MW/Hz.
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Figure 3.19: Case 3: Frequency response for different scenarios and wind
turbine behavior for SI. Suboptimal parameters for WT with
synthetic inertia: Kin = 0 MWs/Hz, Kdroop = 2.1 MW/Hz.

it might initially limit the frequency deviation too much for the CCGTs to
start responding fast enough. The primary controllers do not increase the
power output enough, as they only “see” a small disturbance. Consequently,
when the wind turbines start to recover again, this causes the lower dip. For
high wind power penetrations, this effect is much more pronounced, which
explains the smaller droop constant range. Using only inertial control Kin

is also not beneficial for the frequency response for high wind power pene-
trations, as it might lead to an oscillatory behavior. Too much additional
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Figure 3.20: Case 4: Frequency nadir and ROCOF for a wind power
penetration of 50 % and 25 % steam.

power is injected in the first few seconds and the output of the conventional
generators does not increase enough to limit the frequency deviation during
the recovery period. Therefore, it is important to tune the parameters Kin

and Kdroop together to avoid unexpected behavior of the synthetic inertia
strategy.

The frequency responses for the optimal parameter selection in Fig. 3.18
are similar to the ones that are obtained in Fig. 3.14. However, the influence
of the synthetic inertia strategy on the frequency response is more distinct
due to the lower penetration of conventional generators. Also for the higher
wind power penetration, the wind turbines stay within their operational
limits.

3.6.4.6 Case 4: High wind power penetration 25 % steam

The last case also has a wind power penetration of 50 %, but has steam-
based generators instead of CCGTs. The optimal value for Kdroop has again
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Figure 3.21: Case 4: Frequency response for different scenarios and wind
turbine behavior for SI. Optimal parameters for WT with
synthetic inertia: Kin = 0 MWs/Hz, Kdroop = 1.05 MW/Hz.

decreased and the optimal parameter range is smaller compared to case 2
(lower wind power penetration). The same explanation as for case 3 is
applicable.

The difference between the optimal value for Kdroop in case 2 and 4
is larger than for case 1 and 3 (i.e., 1.8 MW/Hz vs. 1.05 MW/Hz and
0.45 MW/Hz vs. 0.3 MW/Hz respectively), which makes the parameter
sensitivity higher for systems with mainly steam-based generators. As the
steam-based generators have a longer response time than the CCGTs, it is
important not to exaggerate the inertial response of the wind turbines for
increasing wind power penetrations. If the additional power output of the
wind turbines is too high, the frequency deviation is initially limited which
results in a reduced primary response from the conventional units. However,
the wind turbines cannot maintain this high power output, so eventually,
the conventional units have to take over. As the response time for CCGTs is
closer to the response time of the wind turbines, this parameter sensitivity
is less pronounced as these units increase their power output faster. In
summary, for systems with mainly fast generators, Kdroop will be lower, but
less sensitive for an increasing wind power penetration, whereas for systems
with slower generators, the optimal Kdroop is higher, but more dependent
on the wind power penetration. However, for all system compositions it is
important not to exaggerate the inertial response of the wind turbines in
order to trigger the conventional generators to increase their power output.

According to Fig. 3.21, it is important to use the synthetic inertia strat-
egy to enhance the frequency response. When no synthetic inertia is applied
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to the wind turbines, the frequency drops fast after the loss of generation.
The frequency nadir is significantly lower than for the case without wind
turbines. A properly tuned synthetic inertia strategy is able to decrease
the ROCOF and increase the frequency nadir. Furthermore, when the fre-
quency response of Fig. 3.21 is compared to the one of Fig. 3.18, a similar
response is obtained for a wind power penetration of both 15 % and 50 %
when the synthetic inertia strategy is applied.

3.6.4.7 Optimal parameter range

Considering the four case studies, some general conclusions can be drawn.
For systems with mainly fast reacting generators (CCGTs), only limited in-
ertial response from the wind turbines is needed, which results in low values
for Kin and Kdroop. For systems with mainly slower generators, a higher
value for Kdroop is preferable. The optimal parameter selection shows that
Kin should be zero or close to zero. This is an important outcome, as it
means that no measurement (or calculation) of df/dt is needed. Differenti-
ation of the grid frequency f usually results in a noisy signal, which could
result in undesired oscillations of the output power of the wind turbine. As
the converter of the wind turbine is able to control its power output very
fast, the droop controller Kdroop is fast enough to enhance the frequency re-
sponse, so no inertial term Kin is needed. Consequently, a droop controller
is a viable alternative for the synthetic inertia strategy, as is shown by the
simulations. In literature, only the behavior of emulated inertial control is
investigated without taking into account the influence of the system compo-
sition. This investigation shows the importance of considering the system
composition.

In Fig. 3.22, the parameter ranges which result in a better frequency
response than for the case without wind turbines are shown as the intersec-
tion of the limits for fmin and df/dtinit. The innermost curve represents the
situation with only CCGTs participating in the primary control, whereas
the outermost curve is a power system with only steam-based generators
providing primary control. The curves in between are obtained for different
intermediate compositions. If a parameter combination in the shaded area
is used, this results in an enhanced frequency response. Consequently, a
combination of inertial control (Kin) and droop control (Kdroop) can still
enhance the frequency response, but for the optimal response no inertial
term is needed (Kin = 0). As expected, the area for the high wind power
penetration is smaller than for the low wind power penetration. By com-
bining the general conclusions from the case studies with Fig. 3.22a and
Fig. 3.22b, the optimal parameter configuration for each power system can
be determined. Firstly, the parameters should be chosen inside the shaded
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Figure 3.22: Parameter range.

area of Fig. 3.22 to make sure that the emulated inertial response enhances
the frequency response. This is a first, coarse tuning of the parameters to
make sure the frequency response is enhanced. Secondly, the optimal fine-
tuned parameters could be selected by using information about the exact
composition of the power system.

3.6.4.8 Optimal synthetic inertia response for a varying system
composition

In the previous paragraphs, four different case studies were performed to
show the importance of a correct parameter selection. In this paragraph, the
system composition is varied according to the simulation parameters listed
in Table 3.4. Again, two distinct scenarios are considered: a system with
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Param. Value Unit Param. Value Unit
Low wind penetration High wind penetration
Pnuc 25 % Pnuc 25 %

Psteam 0− 60 % Psteam 0− 25 %

Pccgt 60− 0 % Pccgt 25− 0 %

Pwind 15 % Pwind 50 %

No wind turbines
Pnuc 25 % Pccgt 0− 75 %

Pwind 0 % Psteam 75− 0 %

Table 3.4: Simulation parameters for a varying system composition.

a low wind power penetration (15 %) and a high wind power penetration
(50 %). The wind turbines are equipped with the synthetic inertia strategy
with the optimal parameters Kin and Kdroop for each system composition.

In Fig. 3.23, the frequency nadir fmin and ROCOF df/dtinit are shown
for a wind power penetration of 15 %. The dashed gray line represents
the system without wind turbines, the solid gray line is the system with
wind turbines but without synthetic inertia and the solid black line is for
the system with wind turbines equipped with the synthetic inertia strategy.
The system without wind turbines can be regarded as the reference situa-
tion. As expected, the frequency nadir is the lowest for the power system
which is dominated by the steam-based generation and increases with in-
creasing CCGT-levels. Also the ROCOF improves with an increasing share
of CCGTs in the power system.

Replacing 15 % of the generators by wind turbines without synthetic
inertia results in a minor change of the frequency nadir. Only for the power
systems with a high amount of steam-based generation, the frequency nadir
is slightly worsened due to the slower increase of the power output of these
power plants in case of a frequency dip. The ROCOF, on the other hand,
has increased compared to the reference case. This could be expected, since
the wind turbines replace conventional generation and cause a decrease of
the system inertia J . The difference is the smallest for systems with a high
share of CCGTs, as these power plants can increase their power output
faster and thus reduce the ROCOF.

When the wind turbines are equipped with the synthetic inertia strategy
and the control parameters are properly tuned, both frequency nadir and
ROCOF can be greatly improved. Especially the frequency response of
systems with a high share of steam-based generation can be enhanced. The
wind turbines with synthetic inertia react much faster than the steam-based
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Figure 3.23: Frequency nadir and ROCOF in function of the system
composition for a low wind power penetration.

generators resulting in an enhanced frequency response. As the CCGTs
already react fast on frequency dips, only little improvement can be obtained
by replacing part of these generators with wind turbines.

The frequency nadir and ROCOF for a wind power penetration of 50 %
are depicted in Fig. 3.24. When 50 % of the generation capacity is replaced
by wind turbines without synthetic inertia strategy, the inertial response
is clearly deteriorated as the frequency nadir decreases and the ROCOF
increases for all the system compositions. This is a major difference with
the first case, where there was only a minor impact on both the frequency
nadir and the ROCOF. Similar to the first case, the impact on the frequency
nadir and ROCOF is the highest for the systems with mainly steam-based
generation.

When the wind turbines are equipped with the synthetic inertia strat-
egy, however, both frequency nadir and ROCOF can be enhanced. The
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Figure 3.24: Frequency nadir and ROCOF in function of the system
composition for a high wind power penetration.

frequency nadir and ROCOF that can be obtained with the optimal param-
eter selection are almost equal for both cases (15 % and 50 % wind power).
This means that the inertial response can be as good for high wind power
penetrations as for low wind power penetrations.

Fig. 3.24 shows the need for wind turbines equipped with the synthetic
inertia strategy. The inertial response clearly deteriorates for an increasing
wind power penetration without the use of the synthetic inertia strategy.
Using wind turbines with SI, however, can enhance the frequency response
for different system compositions.

3.6.5 Conclusion

In this section, it was shown that the droop control strategy is a viable
alternative for the synthetic inertia strategy. The optimal parameter tuning
of the synthetic inertia strategy for wind turbines was investigated. First, it
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was shown that there exists quite a broad range of parameters that enhance
the frequency response, but that the optimal value for Kin is zero. This
means that no differentiation of the frequency is needed, which simplifies
the control system and makes it more robust to measurement noise. In this
way, the synthetic inertia strategy reduces to a fast droop control strategy.
Furthermore, the optimal parameter combination, which results in Kin = 0,
shows that mimicking the behavior of a synchronous machine (withKin 6= 0)
does not result in the optimal inertial response.

Second, it was shown that the optimal selection of the synthetic inertia
strategy strongly depends on the composition of the power system. For
power systems consisting of mainly fast reacting generators, a low value
for Kdroop (and Kin) is needed, whereas for slower power systems, a higher
value for Kdroop is desired. Furthermore, simulations show that only a
limited parameter range results in a better frequency response compared
to the case without wind turbines. All the parameter combinations outside
this range result in a deterioration of the frequency response. Care should
be taken when selecting the parameters for the synthetic inertia strategy
and droop control strategy, otherwise, the use of emulated inertial response
strategies may deteriorate the frequency response instead of improving it.

Third, an optimal parameter range for different wind power penetrations
was derived, which shows that the parameter tuning is more crucial for
higher wind power penetrations. Furthermore, for ‘fast’ power systems, the
range is much smaller than for ‘slow’ power systems. Due to the inherently
worse frequency response in ‘slow’ power systems, there is more room to
improve the frequency response by adding synthetic inertia to the system.
By applying some basic rules based to the sensitivity analysis for Kin and
Kdroop, it is possible to achieve an optimal parameter selection for every
power system composition.

Finally, the frequency response was investigated for a broad range of sys-
tem compositions. It was shown that the inertial response can be enhanced
the most for systems with a large share of steam-based generation. For these
systems, the replacement of the conventional generation results in a power
system that reacts faster on frequency changes, as the converter-connected
wind turbines can increase their power output faster than the steam-based
generators. This results in a reduced ROCOF and an increased frequency
nadir. For systems with many CCGTs, this effect is less pronounced as these
generators can change their power output quite fast. The simulations show
that the optimal parameter selection results in an inertial response that is
equally good for low and high wind power penetrations.
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3.7 Optimal parameter selection for the tem-
porary power surge

Similar to the synthetic inertia strategy, it is important to tune the param-
eters of the temporary power surge properly. If the overproduction step
∆POP is chosen too high and/or too long, fast depletion of the kinetic en-
ergy can occur. This can result in an unstable operation of the wind turbine.
If ∆POP is too low, poor emulated inertial response behavior is obtained
from the wind turbine. Furthermore, the transition to the underproduction
period tD, the depth ∆PUP and duration tUP of this period are important
parameters as well. If the power reference is decreased too fast after the
overproduction period, a second (undesired) frequency dip could occur in
the electric power system. The same holds for the depth of the recovery
period ∆PUP. The choice of the recovery strategy has an important impact
on the stability of the temporary power surge. Consequently, poor param-
eter tuning may result in a frequency response that is worse compared to
the case without emulated inertial response or without wind turbines at all
or even unstable operation of the wind turbine, as will be shown further in
this section.

The optimal parameter selection, which results in a higher frequency
nadir fmin and lower ROCOF df/dt than for the system without wind tur-
bines with emulated inertial response, depends strongly on the composition
of the power system. Both the present types of power plants as the pene-
tration of wind turbines in the power system have an important impact on
the frequency response, as was shown in § 3.6 [87]. Systems with mainly
gas turbines usually have a higher frequency nadir fmin and lower ROCOF
df/dt as these generators can react faster. The amount of wind turbines in
the system influences the systems inertia and, consequently, the frequency
response.

In this section, the influence of the parameter selection on the inertial
response capability and stability of the temporary power surge is investi-
gated for different system compositions. Different recovery strategies are
considered.

3.7.1 Simulation results

3.7.1.1 Electrical power system model and wind turbine model

The same electrical power system as in § 3.6.4.1 is considered. The most
important simulation parameters are listed in Table 3.5. Again, for ev-
ery system composition, the frequency nadir fmin and rate of change of
frequency df/dtinit in the first 2 s are calculated. The parameters ∆POP
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Param. Value Unit Param. Value Unit
Pt,nom 3.0 MW Pload 150 GW

fnom 50 Hz Pdisturb 3.0 GW

∆PUP 0.5 ·∆POP p.u. tD 5 s

Pacc 0.25 ·∆POP p.u. dP/dtmax 300.0 kW/s

With wind turbines
Pnuc 25 % Pccgt 0− 60 %

Pwind 15 % Psteam 60− 0 %

No wind turbines
Pnuc 25 % Pccgt 0− 75 %

Pwind 0 % Pwind 75− 0 %

Table 3.5: Simulation parameters for the temporary power surge strategies.

and tOP are varied as they have an important impact on the frequency re-
sponse (fmin and df/dtinit) immediately after the disturbance. The recovery
parameters are determined according to Table 3.5. Only a wind power pen-
etration of 15 % is considered as the influence of the wind power penetration
is quite similar as for the synthetic inertia strategy. Here, the influence of
the recovery strategy is of greater importance.

The frequency nadir and ROCOF values are compared with the values
obtained for the power system without wind turbines. The desired result is
a high frequency nadir and a low ROCOF as it is the objective to achieve
a frequency response with the temporary power surge which is as good or
even better than the case without wind turbines in the system.

In Figs. 3.25, 3.26 and 3.27 the frequency nadir fmin and ROCOF
df/dtinit for two extreme cases (60 % steam-based turbines vs. 60 % CCGTs,
both with 25 % nuclear and 15 % wind power) are shown to illustrate the
importance of correct parameter tuning. Three different recovery strategies
are compared in these figures: optimal speed recovery, constant underpro-
duction recovery and constant accelerating power recovery. The thick black
lines represent the values for fmin and df/dtinit for the equivalent power
system without wind turbines, whereas the contour plots represent the val-
ues for fmin and df/dtinit for the system with wind turbines equipped with
the temporary power surge for different values of ∆POP and tOP. Areas
denoted with a plus sign result in a better inertial response than the sys-
tem without wind turbines, a minus sign means that the inertial response is
worse. The white areas show parameter combinations that result in an un-
stable operation of the wind turbines (i.e., the wind turbines slow down and
stop operating). It is clear that both the recovery strategy and the system
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Figure 3.25: Frequency nadir and ROCOF in function of ∆POP and tOP for
the optimal speed recovery strategy.

composition have a huge impact on the frequency response, so the parame-
ter tuning and choice of recovery strategy are important. Both aspects are
discussed in detail in the following paragraphs.

3.7.1.2 Parameter selection in function of system composition

First, the influence of the system composition on the optimal parameter se-
lection is discussed. Considering the frequency nadir fmin, it can be noted
that the higher the penetration of steam-based generators is, the higher the
overproduction step ∆POP should be to obtain the best inertial response
(see Figs. 3.25, 3.26 and 3.27). When Fig. 3.25a and 3.25b are compared, it
can be seen that the optimal parameter combination resulting in the highest
frequency nadir has a low ∆POP for 60 % CCGTs (near zero). For 60 %
steam-based generation, a higher ∆POP is optimal. This also applies to
the two other recovery strategies. The reason is that in systems with a high
penetration of steam-based generators, the reaction on disturbances is quite
slow due to the larger thermal time constants of these type of generators [87].
Replacing these generators with fast-reacting wind turbines enhances this
response. In gas-based systems, the need for wind turbine support is less
crucial as these generators already react fast on disturbances. Secondly, the
dependence on the overproduction time tOP is quite limited: an overproduc-
tion time of about 7 seconds usually results in a good frequency response,
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Figure 3.26: Frequency nadir and ROCOF in function of ∆POP and tOP for
the constant underproduction recovery strategy.

but the sensitivity is low. However, the combination of both a high overpro-
duction step ∆POP and overproduction time tOP could result in instability
(shown by the white areas in Fig. 3.25) as too much kinetic energy is ex-
tracted from the wind turbine rotor. The wind turbine slows down and
eventually stops rotating, as is discussed in § 3.7.1.3.

In Figs. 3.25, 3.26 and 3.27, also the ROCOF is shown for the different
system compositions and recovery strategies. As expected, the ROCOF
decreases with increasing ∆POP. The more power is injected into the grid
immediately after the disturbance, the slower the frequency f will decrease
resulting in a lower ROCOF. As expected, the overproduction time tOP has
almost no influence on the ROCOF as df/dtinit is mainly determined by the
additional amount of power ∆POP that is injected in the first instants after
the disturbance. Only for very short overproduction periods (tOP = 1−2 s),
the ROCOF depends on tOP as the overproduction lasts not long enough to
limit the ROCOF. The ROCOF is higher for systems with mainly steam-
based generators as these generators only slowly adjust their power output
in case of a disturbance.

In order to obtain the desired inertial response, the frequency nadir
fmin should be as high as possible, whereas the ROCOF should be as low
as possible. As can be seen in Figs. 3.25a, 3.26a and 3.27a for 60 %
steam-based generation, the parameter combination which results in the
highest frequency nadir also results in a ROCOF that is lower than the
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Figure 3.27: Frequency nadir and ROCOF in function of ∆POP and tOP for
the constant accelerating power Pacc recovery strategy.

case without wind turbines. Consequently, no trade-off has to be made to
obtain the optimal inertial response as both frequency nadir and ROCOF
are enhanced compared to the case without wind turbines in the system.
However, for 60 % CCGTs in the power system (Figs. 3.25b, 3.26b and
3.27b), the optimal parameter combination for the frequency nadir results
in a slightly higher ROCOF than the case without wind turbines in the
system. Consequently, a trade-off has to be made. Here, the parameter
combination which maximizes the frequency nadir fmin is chosen as the
optimal solution, as the differences for the ROCOF are only very small (see
Section 3.7.1.4).

From this paragraph, the following can be concluded:

• The system composition has an important impact on the optimal pa-
rameter selection: a higher overproduction step ∆POP is needed for
systems with mainly steam-based generators.

• The ROCOF is mainly determined by the overproduction step ∆POP

and not by the overproduction time tOP.

• Sometimes, a trade-off has to be made between a slightly higher RO-
COF and a higher frequency nadir.
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3.7.1.3 Influence of recovery strategy on parameter selection

Besides the system composition, the choice of the recovery strategy also
has an important impact on the optimal parameter selection and frequency
response. It can be noted that the optimal speed recovery and constant
accelerating power recovery strategy show similar behavior concerning the
stable range: only the combination of a high ∆POP and a large tOP result
in unstable operation. This is clearly shown by the size of the white area
in Figs. 3.25a, 3.25b, 3.27a and 3.27b. The reason for the instability is the
fact that too much kinetic energy is extracted from the rotor, so the wind
turbine is exhausted and stops rotating. However, the optimal parameter
combination is far away from this unstable region, so this is not a problem.

For the constant underproduction recovery strategy in Figs. 3.26a and
3.26b, unstable operation is reached faster as instability can occur when the
underproduction step ∆PUP is chosen too small. This is shown in Fig. 3.28
for the underproduction step ∆PUP1. Initially, the wind turbine is oper-
ating in the MPP (A). Then, the power output is increased with ∆POP

(B). As the power output is higher than the power input Pt, kinetic energy
is extracted from the wind turbine inertia which causes the wind turbine
to slow down (C). When the overproduction period tOP is over, the power
output is decreased with ∆PUP1 (D). Here, the reference value Pref for the
power output is still higher than the power input Pt during the recovery
period, which means that the wind turbine will not recover but slows down
further (E1). For a larger underproduction step ∆PUP2, the power output
Pref decreases below the power input Pt (E2). This results in a recovery
of the wind turbine (first to F and then to A). Consequently, also the un-
derproduction step should be tuned according to the operating conditions
of the wind turbine for this recovery strategy. Furthermore, the optimal
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Figure 3.29: Frequency for ∆POP = 0.01 p.u., tOP = 7 s and 60 % CCGT.

parameter combination is very close to the unstable region, so instability
could indeed be a problem.

Furthermore, it is clear that the recovery strategy has an impact on the
exact optimal parameter combination as well, so the parameters tOP and
∆POP should be tuned together with the recovery strategy.

Concerning the ROCOF df/dtinit, the influence of the recovery strategy
is limited. As the ROCOF is only determined by the first few seconds of the
inertial response, the different recovery strategies all have the same ROCOF
for a certain combination of the control parameters tOP and ∆POP as can be
seen when the ROCOF is compared for the different strategies in Figs. 3.25,
3.26 and 3.27.

In Fig. 3.29, the frequency response is shown for the different recovery
strategies. It is important to notice that all the strategies result in two
frequency dips: a high one due the disturbance and counteracted by the
overproduction period and a low one, caused by the underproduction pe-
riod. The optimal speed recovery strategy performs the worst as the power
reference Pref drops significantly during the recovery period. This can be
seen in Fig. 3.28, where the optimal speed curve is shown by the dashed
line. For a given rotational speed Ω, the power reference Pref is indeed lower
than for the constant underproduction strategy.

Three major conclusions can be derived:

• The choice of the recovery strategy has an important impact on the
inertial response. The optimal speed and constant accelerating power
recovery strategy have only a limited chance of unstable operation,
whereas the constant underproduction power recovery is prone to in-
stability.

• The parameters tOP and ∆POP should be tuned together with the
recovery strategy.

• All the temporary power strategies result in a second frequency dip,
regardless of the recovery strategy. However, the optimal speed recov-
ery strategy performs the worst.
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Figure 3.30: Frequency nadir and ROCOF in function of the system
composition.

3.7.1.4 Optimal temporary power surge response for a varying
system composition

In Fig. 3.30, the frequency nadir and ROCOF for optimal parameter selec-
tion for the different recovery strategies (i.e., highest frequency nadir fmin)
are shown. As expected, the frequency nadir is higher and the ROCOF is
lower for systems with mainly CCGTs, as they respond faster on frequency
changes. When wind turbines without emulated inertial response are added
to the system, the frequency nadir decreases slightly and the ROCOF in-
creases compared to the case without wind turbines in the system (gray
curves). The black curves show that the temporary power surge is able to
enhance the frequency response compared to the case without wind turbines
for all the system compositions. The frequency response can be enhanced
most for systems with mainly steam-based generators, as wind turbines can
react faster than the units they replace.
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When the different recovery strategies are considered, the constant un-
derproduction strategy and the constant accelerating power strategy give
the best results. The frequency nadir fmin and ROCOF df/dtinit are en-
hanced the most. The optimal speed recovery strategy performs worse than
the other strategies, as the frequency nadir is much lower. Also the ROCOF
is higher for the optimal speed recovery, as the optimal parameter selection
results in a lower ∆POP (see Fig. 3.25a and 3.25b).

3.7.2 Conclusions

This section illustrates that the system composition has a huge impact on
the optimal parameter selection of the temporary power surge strategy.
Higher values for the overproduction step ∆POP are needed for power sys-
tems with mainly steam-based generators (i.e., ‘slow’ systems). The optimal
parameter selection for one system could be very suboptimal for another sys-
tem. Also, the recovery strategy has a tremendous impact on the optimal
inertial response as well as on the parameter selection. The optimal speed
recovery strategy results in a severe second frequency dip and consequently,
the worst frequency response of the three considered strategies. The con-
stant underproduction strategy results in a good inertial response, but might
lead to unstable operation. The constant accelerating power strategy seems
the most promising strategy as there is only little possibility of instabil-
ity. However, knowledge of the wind speed is necessary to use this strategy
as the wind speed is needed to keep the accelerating power Pacc constant.
Consequently, the constant accelerating power strategy is the best recovery
strategy, followed by the constant underproduction strategy. For the lat-
ter one, the parameters tOP and ∆POP should be properly tuned to avoid
instability.

3.8 Comparison between synthetic inertia and
temporary power surge

In the previous sections, the optimal parameter selection of the synthetic
inertia strategy and the temporary power surge were considered separately.
Here, a comparison between the inertial response behavior of both strategies
is made.

3.8.1 Frequency nadir and rate of change of frequency

When the frequency nadir fmin and the rate of change of frequency df/dtinit
are compared for the optimal parameters of both strategies, the results are
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quite similar as can be seen in Fig. 3.23 and Fig. 3.30.
Considering the frequency nadir, the temporary power surge with con-

stant accelerating power and constant underproduction recovery strategy
results in the highest frequency nadir, especially for low CCGT-percentages.
The synthetic inertia strategy has a slightly lower frequency nadir, whereas
the temporary power surge strategy with optimal speed recovery strategy
has the lowest frequency nadir. The differences, however, are small. For
high CCGT-percentages, all the emulated inertia strategies have the same
frequency nadir. It is important to note that both strategies result in an
enhanced frequency nadir compared to the cases without wind turbines or
with wind turbines without emulated inertial response in the system.

When the rate of change of frequency is considered, some differences
can be noted. The synthetic inertia strategy clearly results in the lowest
rate of change of frequency, as is desired. A quasi-constant ROCOF can be
obtained independent of the system composition. For the temporary power
surge, however, the ROCOF depends strongly on the recovery strategy as
the parameter selection that results in an enhanced frequency nadir might
have an negative impact on the rate of change of frequency. Besides the
temporary power surge with optimal speed recovery strategy, however, the
ROCOF can be enhanced by using the emulated inertial response. Even
for the optimal speed recovery strategy, the ROCOF is almost the same as
for the power system were no wind turbines were considered. The ROCOF
is clearly better than when the wind turbines were not equipped with the
temporary power surge strategy.

In conclusion, when the frequency nadir fmin and ROCOF df/dtinit are
considered, it is clearly beneficial to equip the wind turbines with an em-
ulated inertial response strategy. Both strategies give similar results con-
cerning the inertial response behavior. However, the parameter selection is
more difficult for the temporary power surge than for the synthetic inertia.

3.8.2 Risk of instability

When the parameters of the different emulated inertial response strategies
are tuned, care should be taken to avoid unstable operation of the wind
turbine (i.e., extracting too much kinetic energy from the wind turbine
which causes the wind turbine to slow down and eventually stop rotating).

For the synthetic inertia strategy, the risk of instability is very small.
Only for high wind power penetrations and a system consisting of mainly
‘slow’ generation, e.g., steam-based generators, there is a small change of
instability when both Kin and Kdroop are chosen very high (see the small
white area in Fig. 3.20). Furthermore, the optimal parameters are located
far away from the instability range (i.e., Kin ≈ 0), which further reduces
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the risk of unstable behavior.
The main reason for the stability of the synthetic inertia strategy is the

fact that the inertia and droop control loop are added to the maximum
power point tracker. As the maximum power point tracker keeps activated
during the inertial response, this provides a stabilizing effect on the control
of the wind turbine.

For the temporary power surge strategy, however, the risk of instability is
much larger (see Figs. 3.25, 3.26 and 3.27). There arises a risk of instability
for high values of both ∆POP and tOP. The power surge with optimal speed
recovery or constant accelerating power recovery have the lowest chance of
instability. Furthermore, the optimal parameter combination is far away
for the unstable area, which reduces the risk of unstable behavior. The
constant underproduction recovery strategy is prone to instability as the
optimal parameter combination is close to the large unstable area.

Contrary to the synthetic inertia strategy, the maximum power point
tracker is deactivated during the inertial response, so the stabilizing impact
is not present here. Consequently, for the temporary power surge, it is very
important to properly tune the control parameters and recovery strategy to
avoid unstable operation.

3.8.3 Distributed recovery of wind turbines

As the temporary power surge results in a second frequency dip due to the
recovery period, it is possible to allow a distributed recovery of the wind
turbines in the power system to mitigate this secondary frequency dip [78].
Instead of allowing a simultaneous start of the underproduction period of
all the wind turbines, a distributed recovery could be implemented. Due
to the structure of the optimal speed recovery strategy and the constant
accelerating power recovery strategy, it is not possible to alter the duration,
start and depth of the underproduction period. Therefore, it is not possible
to use the distributed recovery period without changing the type of recovery
period. Therefore, the distributed recovery strategy is only applicable for
the constant underproduction strategy. For the synthetic inertia strategy,
there is no secondary frequency dip, so no distributed recovery is needed.

Moreover, the distributed recovery of wind turbines in the power system
requires a certain coordination between the different turbines. This might
require communication between the different wind farms. As primary fre-
quency control and inertial response is an automatic (and necessarily rapid)
response of the generators in the power system, it should rely as less as pos-
sible on inter-unit communication. Therefore, in this work, only an optimal
parameter selection for all the wind turbines was assumed without the use
of a distributed recovery strategy.
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3.8.4 Advantages and disadvantages

Finally, now the optimal parameter selection for both strategies is discussed,
the advantages and disadvantages of both strategies are summarized. Both
strategies have the potential to enhance the frequency response by using the
kinetic energy in the rotor, which is an advantage. Additional energy yield
losses due to the suboptimal operation and additional torque variations arise
due to the use of both emulated response strategies. These disadvantages are
discussed in detail in Chapter 4. Here, some advantages and disadvantages
that are specific for both strategies are listed.

3.8.4.1 Synthetic inertia strategy

Advantages

• Simple control strategy: the power reference Pref is obtained as a
combination of MPPT value Pmppt and a synthetic inertial response
value. The synthetic inertial response reference can comprise a pure
inertial response part Pin, which imitates the response behavior of a
synchronous generator, and a droop part, which counteracts the initial
behavior of the MPPT. As the synthetic inertial response value and
the MPPT reference value are calculated independently, the synthetic
inertial response strategy can be added easily to existing and new
wind turbines.

• No differentiation of the grid frequency needed: as shown in
this work, the inertial response term Pin can be omitted to obtain
the optimal inertial response. Consequently, no differentiation of the
grid frequency is needed which might result in oscillations in the wind
turbine drive-train.

• Stable control strategy: as the MPPT is kept active during the
inertial response, it is very difficult to obtain unstable operation with
this strategy. Furthermore, the range of parameters that still enhance
the frequency response is quite large, which reduces the risk of bad
parameter selection.

• Conventional frequency behavior: as the additional power output
is a combination of inertial control and droop control, the frequency
behavior remains almost the same as in the conventional power sys-
tem.
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Disadvantages

• Accurate measurement of the grid frequency needed: as the
set-points of the wind turbine are determined by the grid frequency,
an accurate measurement is needed to apply this strategy.

3.8.4.2 Temporary power surge strategy

Advantages

• Simple control strategy: the power reference Pref is obtained as a
predefined function, which can be easily programmed into the control
system of the wind turbines.

• No accurate frequency measurement needed: contrary to the
synthetic inertia strategy, the additional power output is not depen-
dent on the grid frequency. To activate the temporary power surge
strategy, only a trigger based on the grid frequency (a certain thresh-
old that is exceeded) is needed. Therefore, a less accurate frequency
measurement can be used.

• Commercially available: some temporary power surge strategies
are already available, e.g., GE’s WindInertia and Enercon Inertia
Emulation [103,104].

Disadvantages

• Difficult parameter selection: as explained in § 3.7, the optimal
parameter selection depends strongly on the choice of the recovery
strategy. Furthermore, care has to be taken to avoid the unstable
parameter range, which is much more pronounced than in the syn-
thetic inertia strategy due to the deactivation of the MPPT during
the inertial response.

• Unknown frequency behavior: as the additional power output is
determined by a predefined function, it is very hard to predict the fre-
quency behavior of the entire power system. The frequency response
will be highly dependent on the amount of online wind turbines at
the instant of the frequency event. In the case of little wind turbines
in operation, the response will resemble the frequency response of the
present system. When many wind turbines participate in the inertial
response by means of a temporary power surge, the response will be
be completely different (e.g., a pronounced secondary frequency dip
might occur).
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3.9 Conclusion

In this chapter, emulated inertial response with variable-speed wind turbines
was discussed.

First, the need for inertia in the power system was clarified. Therefore,
the inertial response in a power system with conventional generators was
studied. Then, the inertial response behavior of wind turbines was investi-
gated. It was shown that variable-speed wind turbines such as FSCs and
DFIGs show no natural inertial response behavior due to the decoupling of
the grid frequency f and the rotational speed Ω of the wind turbines.

Second, the possibility to use wind turbines for inertial response en-
hancement were summarized. As wind turbines have a similar amount of
kinetic energy in their rotor inertia, they are perfectly suited to inject this
kinetic energy into the power system when needed. In order to obtain this,
an additional control loop has to be added in the wind turbine converter to
inject the appropriate amount of power at the right time.

Third, two wide-spread options in literature to emulate inertial response
with wind turbines are presented: the synthetic inertia strategy and the
temporary power surge. When these strategies are studied in literature,
they usually try to maximize the amount of kinetic energy that is injected
into the system. However, the optimal amount of kinetic energy injection
depends strongly on the system composition, as is explained in this chapter.

Therefore, in this work, a new method to determine the optimal parame-
ter selection is derived for both strategies for different system compositions.
It is shown that a correct parameter selection is important to obtain the
desired inertial response. Furthermore, it is not necessary to inject much
additional power, it just has to be injected at the right time in the right
amount. The synthetic inertia strategy seems the most promising as it is
the most stable emulation strategy. Obtaining the correct parameters for
the temporary power surge is much more difficult as the recovery strategy
has an important impact.

Another important outcome of this work, is that it makes no sense to
mimic the inertial response behavior of a conventional synchronous gener-
ator. The optimal parameter selection shows that the inertial term (which
mimics this behavior) can be omitted for the synthetic inertia strategy so it
reduces to a droop control strategy. Also with the temporary power surge,
it is possible to obtain a similar inertial response.



102 Chapter 3



4
Side-effects of inertial

response with wind
turbines

In the previous chapter, the optimal parameter selection for both emulated
inertial response strategies, i.e., synthetic inertia, and temporary power
surge, was discussed in order to obtain an enhanced frequency response
in the electric power system. However, providing emulated inertial response
with wind turbines also has some side-effects. First, the additional energy
yield losses due to the emulated inertial response are discussed. Contrary
to the results found in literature, realistic cases without exaggerating the
inertial response are discussed in this chapter. It is shown that the yield
losses are quite limited, which is an advantage. Second, the additional load
on the wind turbine drive-train due to the inertial response is discussed. A
new control algorithm to avoid these rapid torque variations is developed
in this PhD and presented in this chapter.

4.1 Energy yield losses due to emulated iner-
tial response

In this section, the energy yield losses due to emulated inertial response
are calculated for different situations. First, the reason for the energy yield

103
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Figure 4.1: Origin of the energy yield losses due to emulated inertial response.

losses is explained. Then, the losses are calculated for different scenarios for
both inertial response strategies. As discussed in Chapter 3, only operation
in the MPP before the disturbance is considered. If the wind turbines are
operating in deloaded mode before the disturbance, this would result in
continuous energy yield losses. The amount of losses then strongly depends
on the percentage of deloading. However, the same calculation method can
be used to calculate the energy yield losses in deloaded operation mode.

4.1.1 Origin of the energy yield losses

When wind turbines are operated in the maximum power point (MPP),
kinetic energy has to be extracted from the rotor to provide an emulated
inertial response. This results in operation below the MPP and therefore
energy yield losses.

The origin of the energy losses is explained for the temporary power surge
strategy with optimal speed recovery in Fig. 4.1a. A similar explanation can
be given for the synthetic inertia strategy or for the temporary power surge
strategy with another recovery strategy. Before the frequency disturbance,
the wind turbine is operating in the MPP (A). When the control loop is
triggered by a frequency dip, the power output Pref is increased with ∆POP,
so operating point B is reached. During the overproduction period tOP,
the turbine is decelerating until operating point C is reached. Then, the
overproduction period is ended and the power output Pref is decreased to
allow an acceleration of the wind turbine. The reference value Pref is again
determined by the MPPT (Pref = Pmppt) (D). The MPPT will drive the
wind turbine to the original operating point (A) to end the emulated inertial
response.

It is clear that during the inertial response the operating point is devi-
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ating from the maximum power point, which results in an energy yield loss.
This can be seen in Fig. 4.1a, where the mechanical input power Pt is slowly
decreasing when the turbine changes from point B to C, which means that
less energy is captured from the wind.

For the synthetic inertia strategy and the other recovery strategies, the
reasoning is the same, but the path ABCD of the operating points during
the frequency response will be different. An example of the operating point
path during the synthetic inertia strategy is shown in Fig. 4.1b.

In [91], the energy yield losses are calculated for wind turbines equipped
with the temporary power surge strategy. However, it is assumed that all the
kinetic energy is extracted from the rotor during the frequency disturbance.
This results in an extremely long recovery period and consequently very
high energy yield losses. This is an unrealistic case, as it may result in a
severe secondary frequency dip [67,82]. Furthermore, as shown in § 3.6 and
§ 3.7, it is not beneficial to exaggerate the additional power output during
the frequency dip. Therefore, here, the energy losses are calculated for more
realistic cases for the synthetic inertia strategy and the temporary power
surge strategy.

The energy yield losses per wind turbine per frequency event are given
by:

Eloss =

∫ t1

t0

(Pt,without(t)− Pt,with(t)) dt (4.1)

with t0 and t1 the start and end time of the inertial response and Pt,with

and Pt,without the mechanical power respectively with and without emulated
inertial response. The start time t0 is determined by the moment that the
inertial response starts, i.e., the moment that the frequency dip is detected
and the power output is increased. The end time t1 is the moment that the
power output of the wind turbine reaches again steady state operation in
the MPP after the inertial response has finished.

4.1.2 Energy yield losses for the synthetic inertia strat-
egy

In the following paragraphs, the energy yield losses per wind turbine per
frequency event for the synthetic inertia strategy are calculated. First, the
yield losses are calculated for the optimal parameters derived in § 3.6.4.8.
Second, the yield losses are calculated for non-optimal parameters to study
the effect of a non-optimal parameter selection on the energy yield losses.
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Figure 4.2: Energy yield losses per wind turbine per frequency event for the
optimal parameter selection of the synthetic inertia strategy for a
low wind power penetration (15 % wind power).

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
0

20

40

60

Percentage CCGT [%]

E
lo
ss
[W

h
]

 

 

Figure 4.3: Energy yield losses per wind turbine per frequency event for the
optimal parameter selection of the synthetic inertia strategy for a
high wind power penetration (50 % wind power).

4.1.2.1 Optimal parameter selection

For the simulations with the optimal parameter selection, the same situa-
tion as in § 3.6.4.8 is considered. The simulation parameters are listed in
Table 3.4. Two distinct scenarios are considered: a system with a low wind
power penetration (15 %) and a high wind power penetration (50 %).

The results for the low wind power penetration are shown in Fig. 4.2.
Here, the energy yield losses per frequency event for a single wind turbine
are calculated. It is immediately clear that the losses are very limited for the
optimal parameter selection. The losses are the highest for the system with
mainly steam-based generators as the optimal droop constant Kdroop is the
highest for these power systems. Consequently, the additional power output
is the highest for these systems and the suboptimal operation lasts longer
than for systems with mainly CCGTs which explains the higher energy yield
losses.

Similar results can be found for the high wind power penetration in
Fig. 4.3. Again, the losses decrease with increasing percentages of CCGTs.
Compared to the low wind power penetration case of Fig. 4.2, the energy
yield losses are lower when the penetration of wind turbines increases. This
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Figure 4.4: Electrical power system model.

is due to the lower optimal value for Kdroop for a higher wind power pene-
tration which results in lower energy yield losses.

Overall, it can be concluded that the use of the synthetic inertia strategy
with optimal parameter selection only results in very limited energy yield
losses. Consequently, the synthetic inertia strategy is perfectly suited to be
used in wind turbines without affecting the energy yield.

4.1.2.2 Non-optimal parameter selection

For the simulations of the non-optimal parameter selection of the synthetic
inertia strategy and the temporary power surge strategy, the power system
of Fig. 4.4 is used. Besides the nuclear, steam-based and CCGT plants, also
hydroelectric power plants are considered. The most important simulation
parameters are listed in Table 4.1. Again, a power system of 150 GW is
considered with a loss of 3 GW of production.

In this section, the energy yield losses per wind turbine per frequency
event are calculated for the synthetic inertia strategy for varying parameters
Kin and Kdroop. A wind power penetration of 15 % is considered. In order
to obtain the best inertial response, both parameters should be changed
independently as was shown in § 3.6. Here, only the energy yield losses are
of interest, so both parameters are altered together by multiplication with
a scaling factor α:

Kin = α ·Kin,n Kdroop = α ·Kdroop,n (4.2)

where Kin,n and Kdroop,n are listed in Table 4.1.
From Fig. 4.5 and 4.6, the effects of the parameter variation are im-

mediately clear. An increasing α results in a higher increase of electrical
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Param. Value Unit Param. Value Unit

Pt,nom 3.0 MW Pccgt 23 %

r 56 m Phydro 7 %

ρ 1.225 kg/m3 Psteam 30 %

v 10.0 m/s Pnuc 25 %

Kin,n 5.19 · 105 Ws/Hz Pwind 15 %

Kdroop,n 1.62 · 105 W/Hz Pdisturb 3.0 GW

∆POP,n 0.001 pu Pload 150.0 GW

tOP,n 1.0 s dP/dtmax 300.0 kW/s

∆PUP 0.5 ·∆POP p.u. tD 5 s

Pacc 0.25 ·∆POP p.u.

Table 4.1: Simulation parameters for § 4.1.2.2 and § 4.1.3.2.

power during the inertial response. Consequently, the rate of change of fre-
quency (ROCOF) df/dtinit decreases for increasing α as is expected when
more inertia is emulated. The frequency nadir fmin, however, behaves dif-
ferently. First, the minimum frequency is improved for increasing α. When
α is higher than 5, the minimum frequency starts to decrease again. The
reason for this behavior is an excessive power increase during the inertial re-
sponse. The excessive inertial response of the wind turbines causes a slower
response of the primary control of the conventional plants, which reduces
the minimum frequency, as was explained in the previous chapter.

The energy yield losses increase with increasing α and are very low for
all values of α. When α is 5, which gives the highest frequency nadir of
the simulated cases, an energy yield loss of only 26.4 Wh per wind turbine
is observed. Even for the worst parameter combination that is simulated
(α = 15), the energy yield losses are only 430 Wh, which is still very low.
Consequently, it can be concluded that the energy yield losses are very low
for the synthetic inertia strategy, even if the response is exaggerated (high
α) and non-optimal parameters are selected. Furthermore, from a system
point of view, it makes no sense to provide an excessive inertial response,
since it only worsens the frequency nadir fmin.

4.1.3 Energy yield losses for the temporary power
surge strategy

Similar to the synthetic inertia strategy, the energy yield losses per wind
turbine per frequency event are calculated for the temporary power surge



Side-effects of inertial response with wind turbines 109

0 2.5 5 7.5 10 12.5 15
49.64

49.66

49.68

49.7

49.72

α [-]

f
m
in

[H
z]

0 2.5 5 7.5 10 12.5 15
0

0.05

0.1

0.15

0.2

df
/
d
t i
n
it
[H

z/
s]— fmin

- - df/dtinit

0 2.5 5 7.5 10 12.5 15
0

200

400

600

α [-]

E
lo
ss

[W
h
]

Figure 4.5: Frequency nadir, ROCOF and energy yield losses per wind turbine
per frequency event for different non-optimal parameter selections
of the synthetic inertia strategy.
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Figure 4.6: Frequency variation for α = 0 (- -), α = 5 (—) and α = 10 (·−) for
the synthetic inertia strategy.

for both optimal parameter selection (derived in § 3.7) and non-optimal
parameters.

4.1.3.1 Optimal parameter selection

In Fig. 4.7, the simulation results for the optimal parameter selection for
the temporary power surge strategy are summarized. The three different
recovery strategies are considered. Similar to the synthetic inertia strat-
egy, the losses depend strongly on the system composition. The higher the
amount of CCGTs, the lower the energy yield losses are. For systems with
mainly gas turbines, the need for additional inertial response from the wind
turbines is lower, so the wind turbines only have to work in a suboptimal
operating point for a very limited amount of time. Consequently, the yield
losses are limited.
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Figure 4.7: Energy yield losses per wind turbine per frequency event for the
optimal parameter selection of the temporary power surge strategy
for a low wind power penetration.

However, there is a strong difference between the three recovery strate-
gies. The optimal speed recovery strategy results in the lowest energy yield
losses. This is due to the rapid re-acceleration to the optimal operating
point after the overproduction period. The constant accelerating power
strategy has the second lowest energy yield losses of the three strategies as
the recovery period is here longer than for the constant underproduction
strategy. However, for the two last strategies, the length of the underpro-
duction period can be affected by changing Pacc and ∆PUP. Shortening the
underproduction period results in lower energy yield losses, but increases
the risk of a severe second frequency dip (see § 3.7).

Similar to the synthetic inertia strategy, the temporary power surge
with optimal parameter selection results in only limited energy yield losses.
Therefore, it can also be used to enhance the frequency response without
affecting the energy yield of the wind turbine.

4.1.3.2 Non-optimal parameter selection

For the simulations of the non-optimal parameter selection for the tem-
porary power surge strategy, the same simulation model and simulation
procedure as in § 4.1.2.2 is used. The parameters ∆POP and tOP are scaled
with α:

∆POP = α ·∆POP,n tOP = α · tOP,n (4.3)

where ∆POP,n and tOP,n are listed in Table 4.1. For the constant under-
production recovery strategy and the constant accelerating power strategy,
also ∆PUP and Pacc are scaled with α according to Table 4.1.

The energy yield losses and frequency behavior for the temporary power
surge with optimal speed recovery strategy are shown in Figs. 4.8 and 4.9.
The ROCOF decreases only slightly for increasing α. Initially, for low α,
the frequency nadir is improved. For high values of α, the additional power
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Figure 4.8: Frequency nadir, ROCOF and energy yield losses per wind turbine
per frequency event for different non-optimal parameter selections
of the temporary power surge with optimal speed recovery.
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Figure 4.9: Frequency variation for α = 3 (- -), α = 8 (—) and α = 13 (·−) for
the temporary power surge with optimal recovery strategy.

output is too high, which results in a second, lower frequency dip, as can
be seen in Fig. 4.9. This second dip is caused by the recovery of the wind
turbines, as explained earlier.

The energy yield losses are lower compared to the synthetic inertia case
due to the very fast optimal speed recovery of the wind turbines after the
inertial response. This very fast recovery causes the second frequency dip
and complicates the parameter tuning. Again, excessive inertial response
has to be avoided as the energy yield losses increase for increasing α without
improving the frequency response.

In Figs. 4.10 and 4.11, the energy yield losses and frequency behavior
for the temporary power surge with constant underproduction recovery are
summarized. Again, the ROCOF decreases slightly with increasing α. The
frequency nadir fmin increases with increasing α. Contrary to the previ-
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Figure 4.10: Frequency nadir, ROCOF and energy yield losses per wind
turbine per frequency event for different non-optimal parameter
selections of the temporary power surge with constant
underproduction recovery.

0 10 20 30 40 50 60 70 80
49.6

49.7

49.8

49.9

50

50.1

Time t [s]

f
[H

z]

Figure 4.11: Frequency variation for α = 0 (- -), α = 5 (—) and α = 10 (·−)
for the temporary power surge with constant underproduction
recovery.

ous recovery strategy, the frequency nadir keeps increasing for increasing
α. However, if α is further increased, the inertial response strategy with
constant underproduction becomes unstable. As explained in § 3.7, the op-
timal parameter combination is indeed close to the unstable region, which
increases the risk of instability.

The energy yield losses are clearly higher for the constant underproduc-
tion strategy and are similar to the ones that are obtained for the synthetic
inertia strategy. Due to the slower recovery of the wind turbine for this
strategy, the wind turbine operates in a suboptimal operating point for a
longer amount of time, which explains the higher yield losses.

Finally, the results for the constant accelerating power strategy are
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Figure 4.12: Frequency nadir, ROCOF and energy yield losses per wind
turbine per frequency event for different non-optimal parameter
selections of the temporary power surge with constant
accelerating power recovery.
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Figure 4.13: Frequency variation for α = 2 (- -), α = 14 (—) and α = 19 (·−)
for the temporary power surge with constant accelerating power
recovery.

shown in Figs. 4.12 and 4.13. The behavior of this strategy is in between
the two previous strategies. The recovery step ∆PUP is usually steeper than
for the constant underproduction strategy but less pronounced than for the
optimal speed recovery. Consequently, the recovery time tUP is longer than
for the optimal speed strategy but shorter than for the constant underpro-
duction strategy. Consequently, the energy yield losses are also in between.
Again, the yield losses increase with increasing α, but are still low. Similar
to the optimal speed recovery strategy, the frequency nadir fmin improves
with increasing α, but rapidly decreases for very high values of α. Excessive
inertial response should be avoided.

Overall, for the three strategies, the energy yield losses are very low
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for all the parameter combinations. Dependent on the recovery strategy,
they are lower than or equal to the values obtained for the synthetic inertia
strategy.

4.1.4 Conclusion

In this section, the energy yield losses per wind turbine per frequency event
were calculated for the synthetic inertia strategy and the temporary power
surge strategy with different recovery strategies. Furthermore, the losses
were calculated for optimal and non-optimal parameter selection. For both
strategies and all the considered parameter combinations, the energy yield
losses are very small, which is the desired result.

The reason for these low losses is the shape of the Cp(λ)-curve. During
the inertial response, the change of rotational speed Ω is limited, because
excessive inertial response is usually avoided. As the Cp(λ)-curve is quite
flat around the MPP, the power coefficient only slightly deviates from its
optimal value, which explains the low losses. This means that emulated
inertial response can be provided with wind turbines with very little energy
yield losses and a negligible loss of revenue. Consequently, emulated inertial
response with wind turbines is a good way to support the grid in case of
frequency disturbances.

4.2 Torque variations due to emulated inertial
response

In this section, the impact of the emulated inertial response on the drive-
train dynamics is investigated. To emulate the inertial response, rapid power
variations are needed. This results in a fast variation of the load torque of
the wind turbine, which is undesired. Therefore, a control strategy which
mitigates these fast variations is presented.

4.2.1 Torque variations

In order to be able to provide emulated inertial response with wind turbines,
additional electrical power has to be injected into the grid immediately after
the disturbance. As the wind turbine is usually operating in the MPP, this
additional energy has to be extracted from an energy buffer in the wind
turbine, which is the total turbine inertia Jwt. The power controller of
the generator-side converter controls the power that is extracted from the
wind turbine rotor by changing the generator current Ig and consequently
changing the generator torque Tg. The fast changes in the reference power
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Figure 4.14: Example of the torque variation for the synthetic inertia strategy.

output Pref result in a rapidly varying generator torque, as is shown in
the following paragraphs. These rapid torque variations might result in
additional loading of the wind turbine drive-train and can excite mechanical
oscillations in the drive-train or even the tower [105–108]. The additional
loading and excitation of mechanical oscillations might result in a reduced
lifetime of the wind turbine, which is undesired [106–108]. Therefore, these
torque variations should be avoided as much as possible.

For the simulations in this section, the same simplified model for the
wind turbine rotor and generator is used. The converter model is expanded
to an averaged model of the generator-side converter, DC-bus and grid-side
converter. A single mass model for the wind turbine drive train is used. This
suffices to estimate the additional torque variations caused by the emulated
inertial response. However, in order to study the impact of these variations
on the drive train dynamics, mechanical oscillations, etc., a more detailed
multiple mass model should be used, but this is out of the scope of this
work.

4.2.1.1 Synthetic inertia

In Fig. 4.14, an example of the variation of the generator torque Tg and
the variation rate dTg/dt for the synthetic inertia strategy is shown. The
optimal parameters for a system with 60 % steam and low wind power
penetration (see § 3.6.4.4) are considered here, as this situation results in
the highest emulated inertial response of the different cases that were studied
in this work. The torque clearly increases due to the inertial response, but
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Figure 4.15: Example of the torque variation for the temporary power surge
with optimal speed recovery strategy.

remains below 1 p.u.. As explained earlier, the power and torque are always
below 1.1 p.u. for all the simulated cases.

However, when the rate of the torque variation dTg/dt is considered, a
sharp and steep peak can be noted immediately after the initiation of the
inertial response. This means that the generator torque Tg varies rapidly
due to the emulated inertial response. The power controller of the generator-
side converter is able to track the rapidly varying reference power Pref and
change the generator current Ig accordingly which causes the fast torque
variation. It is clear that the provision of synthetic inertia results in an
additional loading of the drive-train.

4.2.1.2 Temporary power surge

In Figs. 4.15, 4.16 and 4.17, the generator torque variations for the tem-
porary power surge with different recovery strategies are shown. Again, a
power system consisting of 60 % steam-based generation and a low wind
power penetration is considered. The optimal parameters for the different
temporary power surge strategies derived in § 3.7.1.2 are used.

The results are in line with the ones obtained in § 3.7.1.2. The lowest
inertial response is obtained for the temporary power surge with optimal
speed recovery, followed by the temporary power surge with constant ac-
celerating power and constant underproduction. Similar to the synthetic
inertia strategy, the power output remains well below 1 p.u.. The longer re-
covery periods for the constant underproduction and constant accelerating
power strategy are clearly visible in the variation of the generator torque
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Figure 4.16: Example of the torque variation for the temporary power surge
with constant underproduction recovery.
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Figure 4.17: Example of the torque variation for the temporary power surge
with constant accelerating power recovery.
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Tg.
However, when the torque variation rate dTg/dt is considered, the differ-

ences between the temporary power surges with different recovery strategies
are less pronounced. All the temporary power surges have a very sharp peak
in the torque variation rate dTg/dt immediately after the activation of the
emulated inertial response. The height of this peak is independent of the
amount of additional power output ∆POP, but is solely determined by the
fast increase rate of the power output immediately after the frequency dip.
Furthermore, the torque variation rate dTg/dt is higher for the temporary
power surge strategy than for the synthetic inertia strategy. This is due to
the steeper power increase for the temporary power surge compared to the
synthetic inertia strategy.

A second difference between both emulated inertial response strategies
is the smoother variation of the generator torque Tg for the synthetic inertia
strategy. This is inherent to the synthetic inertia strategy as the additional
power output varies proportional to the grid frequency f and the MPPT
is kept active during inertial response. For the temporary power surge, the
MPPT is deactivated and the power output is determined by a predefined
curve, which results in a less smooth variation of the generator torque Tg.

4.2.1.3 Conclusion

As shown in the previous paragraphs, both emulated inertial response strat-
egies result in a rapidly varying generator torque Tg. Especially the high
peaks in the torque variation rate dTg/dt immediately after the inertial
response should be noted. These rapid variations in the generator torque
result in an additional loading of the wind turbine drive-train. Therefore, in
the next sections, a control method is proposed to mitigate these undesired
torque variations.

4.2.2 DC-bus voltage modulation

In this section, a control strategy to mitigate the rapid torque variations,
i.e., the DC-bus voltage modulation strategy, is presented. First, the en-
ergy buffers in a wind turbine system are identified. Second, the operating
principle of the control strategy is explained.

4.2.2.1 Energy buffers

As discussed in § 4.2.1, the use of emulated response strategies such as the
synthetic inertia strategy or temporary power surge strategies results in
rapid torque variations that are caused by the sudden increase of the power
output after a frequency dip.
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In order to be able to increase the power output from a wind turbine
that is operating in the maximum power point, energy should be extracted
from an energy buffer. In the emulated inertial response strategies that
are presented here, the inertia Jwt of the wind turbine is used as the energy
buffer from which kinetic energy can be extracted by changing the rotational
speed Ω from Ω0 to Ω1 (with Ω1 < Ω0):

∆Ekin =
1

2
Jwt

(
Ω2

0 − Ω2
1

)
(4.4)

After the disturbance, the rotational speed Ω returns to Ω0 by allowing a
recovery period of the wind turbine. Then, kinetic energy is stored in the
inertia Jwt.

However, due to the configuration of modern wind turbines, there is also
a second energy buffer in the system: the DC-bus. The DC-bus consists of
capacitors Cdc that ensure a smooth operation of the back-to-back converter.
Similar to the inertia Jwt, energy can be extracted from the DC-bus. In a
capacitor C operating at a voltage V , the energy stored in the capacitor is
given by:

Ec =
1

2
CV 2 (4.5)

Consequently, by changing the voltage of the DC-bus Vdc from Vdc,0 to Vdc,1
(with Vdc,1 < Vdc,0), energy can be extracted from the DC-bus capacitor:

∆Ec =
1

2
Cdc

(
V 2
dc,0 − V 2

dc,1

)
(4.6)

More energy can be stored in the DC-bus by increasing the DC-bus voltage.
Considering the storage capacity of the DC-bus, a difference should be

made between the full-scale converter type and DFIG. In the full-scale con-
verter wind turbines, the generator-side converter and grid-side converter
are linked by means of a DC-bus. All the power that is produced by the
wind turbine has to pass through both power-electronic converters and the
DC-bus. For the doubly-fed induction generator wind turbines, there also
is a DC-bus that links both power-electronic converters, but only part of
the produced power passes through the rotor circuit of the DFIG and conse-
quently through the power-electronic converters and DC-bus. Consequently,
the rated power of the converters of the DFIG is lower and the DC-bus
capacitors are smaller compared to the full-scale converter wind turbines.
Consequently, the control strategy that is presented here is more suited for
FSCs than for DFIGs. Therefore, we will only discuss FSCs from here on
as they have the largest potential for mitigating the torque variations.
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Figure 4.18: Power flow in a full-scale converter wind turbine.

4.2.2.2 Overview of the control strategy

In Fig. 4.18, an overview of the power flows in a FSC wind turbine is pre-
sented. The operation principle of the complete system, which was shortly
described in § 2.2.2, is elaborated in more detail in order to explain the
DC-bus voltage modulation strategy.

In a conventional wind turbine without inertial response, the power out-
put of the wind turbine is maximized by means of the MPPT. The maximum
power point tracker provides the reference value Pref to the generator-side
converter. This converter controls the generator current Ig to achieve a
generator power Pg that equals Pref :

Pg = Pref (4.7)

This is usually the case, as the PI current controller has a high bandwidth.
If there was no inertia Jwt and a perfect MPPT was assumed, the wind
turbine power Pt would equal the generator power Pg, taking into account
the efficiency of the generator ηg:

Pg = ηg · Pt (4.8)

The generator efficiency ηg depends on the generator torque Tg and rota-
tional speed Ω [109]. In this idealized case, the MPPT is able to track the
maximum power point perfectly which would result in a constant TSR:

λ = λopt (4.9)

This implies that the rotational speed Ω follows the variations of the wind
speed v perfectly. However, in reality, the inertia Jwt is non-zero and the
MPPT is not perfect which means that the wind turbine will always be
operating around the MPP and the rotational speed Ω will be in the vicinity
of Ωopt. The lower the inertia Jwt and the better the MPPT performs, the
closer the MPP will be tracked.

The generator power Pg is then injected into the DC-bus by the generator-
side converter. When the losses of the converter are included, the power
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Figure 4.19: DC-bus voltage controller.

Pdc,in is injected in the DC-bus:

Pdc,in = ηrec · Pg (4.10)

with ηrec the efficiency of the rectifier, which is again dependent on the
operating point of the wind turbine (i.e., Tg and Ω) [109].

In order to balance the power Pdc,in that is injected in the DC-bus and
the power Pdc,out that is extracted from the DC-bus, the grid-side converter
is equipped with a DC-bus voltage controller. A schematic overview of the
bus voltage controller is given in Fig. 4.19. The bus voltage Vdc is controlled
to a set value Vdc,ref by changing the current Igrid that is injected in the grid.
The DC-bus voltage PI controller compares the measured DC-bus voltage
Vdc to the set-point value Vdc,ref . If Vdc is below its set-point, more power is
injected into the grid than there is injected into the bus. Consequently, the
grid current Igrid has to be lowered. If the voltage is above the set-point,
Igrid has to be increased. In this way, the DC-bus voltage is controlled
by balancing AC and DC power. In the conventional control strategy, a
constant DC-bus voltage set-point Vdc,ref is used. The DC-bus voltage Vdc
should not be too low in order to make sure that the injected current has
an acceptable total harmonic distortion (THD).

The grid-side converter injects the power Pgrid in the grid:

Pgrid = ηinv · Pdc,out (4.11)

where ηinv is the efficiency of the grid-side inverter [109]. By controlling the
phase angle of the injected grid current Igrid, the reactive power Qgrid can
be controlled to the desired set-point Qref . In the conventional operation of
a wind turbine, Qref is usually zero.

When the wind turbine is equipped with a standard emulated inertial
response strategy such as the synthetic inertia or the temporary power surge,
the active power reference value Pref is not always determined by the MPPT.
When a frequency disturbance occurs, Pin and Pdroop are added to Pmppt to
obtain the complete reference power Pref for the synthetic inertia strategy.
For the temporary power surge, the predefined power surge curve takes
over during the inertial response. This means that kinetic energy will first
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be extracted from the inertia Jwt and injected in the DC-bus. The bus
voltage controller will keep the DC-bus voltage constant and consequently
the additional power output will be injected in the grid. During the recovery
period, less energy will be injected into the DC-bus by the rectifier and
consequently the wind turbine will regain normal operation. Again, the
DC-bus voltage controller will keep the DC-bus voltage constant by lowering
the injected power in the grid. Consequently, the DC-bus voltage remains
constant and the inertial response power is transferred to the grid. The
wind turbine operates exactly the same as if no emulated inertial response
was used, except the power output is adapted.

Here, the DC-bus voltage modulation strategy is presented in order to
effectively use the second energy buffer that is present in the wind turbine
system. Instead of injecting only kinetic energy from the inertia Jwt in
the grid during the inertial response, also electrical energy stored in the
DC-bus capacitor Cdc can be injected in the grid. If the moments of the
energy injections are properly coordinated, this strategy can be used to limit
the torque variations by limiting Ekin. Additional power can be extracted
from the capacitors and injected in the grid by varying the DC-bus voltage.
The relationship between the additional power and the voltage variation is
derived next.

Considering Fig. 4.18, the power balance of the DC-bus is given by:

Pdc,out = Pdc,in − Pc (4.12)

which results in:
Cdc · Vdc

dVdc
dt

= Pdc,in − Pdc,out (4.13)

In normal operation, Pdc,in and Pdc,out are balanced so Vdc remains constant.
If we want to extract additional inertial response power Pincdc(t) from the
DC-bus, (4.13) reduces to:

Cdc · Vdc
dVdc
dt

= −Pincdc(t) (4.14)

By rearranging (4.14) we can obtain Vdc as a function of the desired addi-
tional inertial response power Pincdc(t):

Cdc ·
1

2

d

dt

(
V 2
dc

)
= −Pincdc(t) (4.15)

d

dt

(
V 2
dc

)
= −2Pincdc(t)

Cdc
(4.16)

V 2
dc =

∫ t2

t1

−2Pincdc(t)

Cdc
dt+ cst (4.17)
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The constant term can be determined by assuming that the DC-bus voltage
Vdc was the nominal set-value Vdc,nom before the disturbance. Consequently,
(4.17) reduces to:

V 2
dc =

∫ t2

t1

−2Pincdc(t)

Cdc
dt+ V 2

dc,nom (4.18)

Vdc =

√
−2
∫ t2
t1
Pincdc(t) dt+ CdcV 2

dc,nom

Cdc
(4.19)

where t1 and t2 represent the start and the end time of the inertial response
(t1 is considered as zero when the inertial response starts). Consequently,
by using (4.19), the set-point for the DC-bus voltage Vdc can be calculated
which results in an additional power output Pincdc(t) at time t.

In the next sections, this method is applied to both inertial response
strategies in order to limit the torque variations. By using an appropriate
time sequence for Pincdc(t), the torque variations can be limited.

4.2.3 Application of the DC-bus voltage modulation

In the previous section, the overall control principle of the DC-bus voltage
modulation strategy was presented. Here, the strategy will be applied to
the two emulated inertial response strategies. As the actual implementation
differs strongly for the two strategies, they are discussed separately. Simula-
tions are performed to show the advances of the DC-bus voltage modulation
strategy.

4.2.3.1 Application to the synthetic inertia strategy

From § 4.2.1.1, it is clear that the strongest torque variation occurs immedi-
ately after the frequency disturbance. Ideally, this initial and fast increase in
the power output is covered by additional power extracted from the DC-bus.
The desired power flow is as follows:

• Immediately after the disturbance, the DC-bus voltage modulation
strategy is activated. An additional power Pincdc is extracted from
the DC-bus by lowering the DC-bus voltage Vdc.

• Then the reference power Pref is slowly increased to extract kinetic
energy from the inertia Jwt. At the same time, the additional power
output Pincdc is slowly decreased until all the additional power is ex-
tracted from the inertia Jwt.

• During the recovery period, the wind turbine is brought back to the
optimal operating point by restoring the rotational speed Ω to the
optimal speed Ωopt and restoring Vdc to Vdc,ref .



124 Chapter 4

Unfortunately, it is hard to obtain this desired inertial response sequence
for the synthetic inertia as the power output during the inertial response
depends strongly on the rotational speed Ω. As can be seen in Fig. 4.20,
the power output during the inertial response depends on the power output
Pmppt of the maximum power point tracker. During the inertial response,
the rotational speed Ω decreases due to the injection of kinetic energy in
the grid. As Pmppt is a cubic function of the rotational speed Ω, this power
reference decreases with decreasing rotational speed. As explained in § 3.4,
the droop term Pdroop is mainly added to the synthetic inertial response
to counteract the behavior of this maximum power point tracker. Con-
sequently, if Pmppt would be removed from the inertial response reference
power Pref and replaced by a constant pre-disturbance power value, this
would result in an overreaction of the synthetic inertia strategy. This could
result in a fast depletion of the kinetic energy and unstable operation of
the wind turbine. Therefore, the MPPT is kept active during the inertial
response.

This behavior of the MPPT complicates the use of the suggested DC-
bus modulation sequence. If the additional power is initially only extracted
from the DC-bus, the rotational speed Ω remains constant (when a constant
wind speed v is assumed during the inertial response). If the conventional
calculation method for Pin and Pdroop is used, this would result in an ex-
cessive power output during the first seconds of the inertial response as the
MPPT results in a constant power output. The rotational speed Ω remains
unchanged as long as only energy from the DC-bus is extracted. Conse-
quently, the inertial response would differ strongly from the optimal inertial
response derived in § 3.4. Furthermore, it would be very difficult to obtain
a smooth transition to the injection of kinetic energy from the inertia Jwt

as then suddenly the MPPT starts to affect the inertial response.

From the above, it is clear that it is difficult to obtain a similar inertial
response as in § 3.4 by applying the desired inertial response sequence.
This makes it hard to compare the effect of the DC-bus voltage modulation
strategy on the torque variations. Therefore, an alternative approach is used
here for the synthetic inertia strategy. This approach results in a similar
additional power output while reducing the torque variations.

In Fig. 4.20, the control scheme for the synthetic inertia strategy with
DC-bus voltage modulation is shown. The total inertial response power
Pref,tot is calculated in the same way as for the conventional synthetic inertia
strategy. However, for the same operating conditions (i.e., wind speed v,
etc.), the power output will deviate slightly as the rotational speed variation
will be different due to the use of the DC-bus as a second energy buffer. The
total power reference Pref,tot is then scaled with KJ in order to obtain the
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Figure 4.20: Control loop of the synthetic inertia strategy with DC-bus
voltage modulation.
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Figure 4.21: Frequency variation for the synthetic inertia strategy.

reference value Pref for the generator-side converter. The additional power
Pincdc is calculated by scaling the difference of Pref,tot and a sample and
hold value (S/H) of Pmppt with KC. At the moment the synthetic inertia
strategy is activated, the MPPT power Pmppt is sampled and held constant
until the inertial response has ended. In this way, Pincdc is only non-zero
during the inertial response. In order to obtain a similar inertial response as
without the DC-bus voltage modulation strategy, KJ and KC are between
0 and 1 and their sum is 1. Here a value of 0.5 for KJ and KC is used. Then
the set-point for the DC-bus voltage Vdc,ref is calculated by applying (4.19).
Using this value as the set-point for the DC-bus voltage Vdc will result in
an additional power injection from the DC-bus into the grid. When the
inertial response has finished, the set-point for the DC-bus voltage Vdc,ref
is again determined by the nominal value and the power output Pref is
again determined by the maximum power point tracker. During the inertial
response, the wind turbine remains within the operational limits (i.e., [Ωmin

... Ωmax], [Vdc,min ... Vdc,max]). Next, some simulations are performed to
show the functioning of the DC-bus voltage modulation strategy.
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Figure 4.22: Power variations for the synthetic inertia strategy.

In Fig. 4.21, the frequency dip that occurs in the power system is shown.
This frequency variation is used as an input for the synthetic inertia strat-
egy. The additional power output due to the synthetic inertia strategy is
presented in Fig. 4.22. It is immediately clear that there is a negligible dif-
ference between the power output Pgrid for the conventional synthetic inertia
strategy and the synthetic inertia strategy with DC-bus voltage modulation.
Consequently, the resulting torque variations can be effectively compared.
As expected, the power PDC,in that is injected in the DC-bus is smaller for
the synthetic inertia with DC-bus voltage modulation as it is scaled with
KJ and part of the additional power is extracted from the DC-bus. Indeed,
Pincdc is non-zero for the DC-bus voltage modulation strategy and zero for
the conventional synthetic inertia strategy. When the inertial response has
ended, the power output Pgrid returns back to the pre-disturbance value.

When the behavior of the energy buffers is compared in Fig. 4.23, it can
be seen that for the conventional synthetic inertia strategy only energy is
extracted from the inertia Jwt. This results in a strongly varying rotational
speed Ω. The DC-bus voltage Vdc remains constant for the conventional
strategy, as the DC-bus voltage is kept constant by the DC-bus voltage
controller which balances AC and DC-power. For the SI with DC-bus volt-
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Figure 4.23: Variations of the rotational speed Ω and the DC-bus voltage Vdc

for the synthetic inertia strategy.
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Figure 4.24: Torque variations for the synthetic inertia strategy.

age modulation, energy is extracted from both the inertia Jwt and DC-bus
capacitors Cdc. This can be seen in the varying rotational speed Ω and DC-
bus voltage Vdc. The variation in the rotational speed Ω is indeed smaller
compared to the conventional case as part of the energy is extracted from
the DC-bus. After the inertial response has finished, the rotational speed
Ω and DC-bus voltage Vdc return to their pre-disturbance values.

Finally, in Fig. 4.24, the torque variations during the inertial response
are presented. First, it can be noted that the increase in generator torque Tg



128 Chapter 4

is much smaller for the synthetic inertia strategy with DC-bus voltage mod-
ulation than without the DC-bus voltage modulation. More importantly,
also the torque variation rate dTg/dt has decreased significantly when the
DC-bus voltage modulation is applied, which is the desired result.

In conclusion, the DC-bus voltage modulation strategy seems a promis-
ing strategy to reduce the torque variations dTg/dt for the synthetic inertia.
The power output remains equivalent to the conventional SI strategy, while
the torque variations are strongly reduced.

4.2.3.2 Application to the temporary power surge strategy

Here, the DC-bus modulation is applied to the temporary power surge strat-
egy. Considering the different recovery strategies, a similar problem as for
the synthetic inertia strategy arises: the power output depends on the max-
imum power point tracker, which makes it difficult to compare the torque
variations with and without the DC-bus voltage modulation strategy. For
the synthetic inertia strategy, the power output depends on the MPPT for
the complete inertial response period, whereas for the considered temporary
power surge strategies only the recovery period is affected:

• For the optimal speed recovery strategy, the power output during the
recovery period is determined by the MPPT and consequently depends
on the rotational speed Ω. The additional power output during the
overproduction period remains unaffected.

• For the constant accelerating power recovery, the power output during
the recovery period is determined by the wind turbine power Pt, which
depends on the rotational speed Ω. Again, the power output during
the overproduction period is unaffected.

• For the constant underproduction strategy, the power output does not
depend on the rotational speed Ω for the overproduction period. For
the underproduction period, the power output only depends on the
rotational speed Ω for the transition to normal operation at the end
of the underproduction period.

As the power output during the overproduction period does not depend
on the MPPT for all the temporary power surge strategies and the fastest
torque variations occur during the overproduction period, the results will
be similar for the different recovery strategies. Therefore, here, only the
temporary power surge with the constant underproduction recovery strategy
is considered.
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Figure 4.25: Control loop of the temporary power surge strategy with DC-bus
voltage modulation.

Contrary to the synthetic inertia strategy, for the temporary power surge
the desired power flow can be applied as the power output during the over-
production period does not depend on the rotational speed Ω:

1. Initially, inject only power from the DC-bus to limit fast torque vari-
ations.

2. Slowly increase the power extracted from the inertia while decreasing
the power output from the DC-bus.

3. Recovery from both the rotational speed Ω and DC-bus voltage Vdc.

In Fig. 4.25, the control scheme for the temporary power surge with
DC-bus voltage modulation is presented. The total inertial response power
Pref,tot that is desired for the inertial response, is given by one of the pre-
defined reference curves presented in § 3.5. A second curve is constructed
for the power Pincdc that has to be extracted from the DC-bus. By using
an appropriate shape for this power set-point, the torque variations can
be limited. This reference power is used as an input for the DC-bus volt-
age modulation strategy, which results in a set-point Vdc,ref for the DC-bus
voltage Vdc. The DC-bus power set-point Pincdc is then subtracted from
Pref,tot to obtain the power reference Pref for the generator-side converter.
By applying this control to the wind turbine, the same inertial response as
for the conventional temporary power surge is obtained, while reducing the
generator torque variations. This is shown in the following simulations.

Again, the same frequency event is used to trigger the additional power
output of the wind turbine (see Fig. 4.26). When the power output Pgrid of
the conventional temporary power surge strategy and the power surge with
DC-bus voltage modulation are compared, the similarities are immediately
clear. The additional power output during the overproduction period is the
same for both strategies. Also the behavior during the underproduction
period is quite similar. The underproduction period is slightly shorter for
the temporary power surge with DC-bus voltage modulation as the wind
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Figure 4.26: Frequency variation for the temporary power surge with constant
underproduction strategy.
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Figure 4.27: Power variations for the temporary power surge with constant
underproduction strategy.
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Figure 4.28: Variations of the rotational speed Ω and the DC-bus voltage Vdc

for the temporary power surge with constant underproduction
strategy.

turbine operates for a shorter period below the MPP which results in less
energy yield losses. The reference value for the additional power Pincdc

extracted from the DC-bus follows the desired sequence. First, the steep
power increase is completely covered by additional power from the DC-bus.
Then the additional power output from the DC-bus is slowly increased. As
the power reference Pref for the generator-side converter is calculated as
the difference between Pref,tot and Pincdc, this results in a slowly increasing
power PDC,in that is injected in the DC-bus. When the overproduction
period has finished, the recovery of both the rotational speed Ω and DC-
bus voltage Vdc starts.

The behavior of the energy buffers Jt and Cdc is similar for the temporary
power surge and the synthetic inertia strategy. For the temporary power
surge with DC-bus voltage modulation, energy is extracted from both the
inertia Jt and the DC-bus capacitors Cdc, whereas only energy from the
inertia is extracted for the conventional temporary power surge.

Finally, the variation of the generator torque Tg is summarized in Fig. 4.29.
It is clear that the variation of the torque is much smoother when the DC-
bus voltage modulation strategy is applied. Furthermore, the peak torque
is slightly lower for the temporary power surge with DC-bus voltage mod-
ulation. When the torque variation rate dTg/dt is considered, the benefits
of the DC-bus voltage modulation are clearly visible. The high torque vari-
ation rate immediately after the disturbance is reduced tremendously by
applying this strategy. Consequently, the application of the DC-bus voltage
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Figure 4.29: Torque variations for the temporary power surge with constant
underproduction strategy.

modulation to the temporary power surge strategy results in lower torque
variations without affecting its inertial response capability.

4.2.3.3 Size of the DC-bus capacitor

In order to effectively apply the DC-bus voltage modulation strategy, suffi-
cient energy should be stored in the DC-bus capacitor. For the simulations
in this section, the highest inertial response for all the considered system
compositions were considered. For both emulated inertial response strate-
gies, a substantial part of the energy was extracted from the DC-bus. For
a wind turbine with a rated power of 3 MW and a DC-bus voltage that
varies between 1150 V and 1000 V, a DC-bus capacitor of about 1 F is
needed. Consequently, additional capacitance should be added to the ex-
isting DC-bus to apply the DC bus voltage modulation strategy. However,
by further optimizing the extraction of energy from the DC-bus, a lower
capacitor value could be achieved.

4.2.4 Conclusion

In this section, the torque variations due to the emulated inertial response
were discussed. First, it was shown that the use of emulated inertial re-
sponse strategies such as the synthetic inertia strategy and the temporary
power surge strategy results in very fast variations of the generator torque.
This induces additional loading of the wind turbine drive-train, which is
undesired. Then, the DC-bus voltage modulation strategy was presented



Side-effects of inertial response with wind turbines 133

in order to limit these torque variations. It was shown that the DC-bus
voltage modulation strategy is able to reduce the torque variations for both
emulated inertial response strategies.

4.3 Conclusion

In this chapter, the negative side-effects of the emulated inertial response
with wind turbines were discussed.

First, the energy yield losses due to the emulated inertial response were
calculated for optimal and non-optimal parameter selections. Both inertial
response strategies were considered. The energy yield losses are very low
for all the considered cases, which is the desired result. The reason for the
low energy yield losses is the shape of the Cp(λ)-curve, which is quite flat
around the top and the limited variations of the rotational speed Ω that are
needed to obtain the desired inertial response.

Second, the additional torque variations due to the emulated inertial
response were considered. It was shown that the emulated inertial response
strategies result in a steep increase in the generator torque immediately
after the disturbance. These fast variations may result in additional loading
of the wind turbine drive-train, which is undesired. Therefore, the DC-
bus voltage modulation strategy was developed in this PhD. This strategy
reduces the heavy torque variations by using the storage capacity of the
DC-link. Simulations show that this strategy can be successfully applied on
both inertial response strategies.

In conclusion, two important side-effects of the emulated inertial re-
sponse with wind turbines were investigated. It was shown that the nega-
tive effects are either quite limited (energy yield losses) or can be effectively
mitigated by introducing proper control strategies in the wind turbine con-
trols (torque variations). Consequently, the negative effects of the inertial
response do not outweigh its positive effects, i.e., a better integration of
wind turbines in the power system. By adding the DC-bus voltage mod-
ulation strategy to the emulated inertial response strategies, a better grid
integration of wind turbines could be achieved, while limiting the impact
on the wind turbine drive-train dynamics.
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5
Primary frequency
control with wind

turbines

In this chapter, first, an overview of primary frequency control with wind
turbines is given. The deloaded operation of wind turbines to provide posi-
tive reserves is explained and different deloading strategies are presented. A
new algorithm to determine the power reference values for constant power
control and balance control is derived in this work. Then, a comparison
is made between different control strategies to provide positive primary
reserves with wind turbines. Finally, the adaptive droop control method
is developed, which is a new method that allows a fair power sharing of
the primary control action between different wind turbines in case of over-
frequency events.

5.1 Primary frequency control

In this section, primary control with wind turbines is discussed. First,
a short introduction is given and the control strategy is presented. Then,
deloaded operation of wind turbines is discussed, together with the different
deloading power references.

135
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5.1.1 Introduction

At any given point in time, the amount of electricity that is produced equals
the amount that is being consumed. This balance guarantees a stable op-
eration of the electricity grid at the rated frequency fnom. When there is a
sudden disturbance in the grid (such as a drop in the electricity production
or consumption), frequency deviations occur. To restore the frequency to
its nominal value, the input of the generators has to be rapidly increased or
decreased by means of the frequency control. This frequency regulation is
achieved in three stages, of which the primary control is the first, automated
one. In order to provide primary control, active power reserves have to be
maintained at any point in time, which are often provided by conventional
generators operating below their maximum power output.

As long as the wind power penetration is rather low, the necessary
amount of primary control reserves can be provided by conventional power
plants. However, when the penetration of wind turbines increases and they
start to replace conventional power plants when they are taken out of ser-
vice, this has a negative impact on the amount of available power reserves.
This could endanger the proper functioning of the electric power system.
A possible solution is to provide power reserves with wind turbines so they
can participate in the balancing of the power system. Furthermore, by
participating in the reserves market optimally, wind turbines can obtain a
remuneration for these services and make profit, as is shown in [110,111].

5.1.2 Control strategy

Primary control with wind turbines is achieved by adding an additional con-
trol loop to the wind turbine controller. Similar to the primary controller in
a conventional power plant, a droop controller is used in the wind turbines.
The control scheme is shown in Fig. 5.1. Consequently, the total reference
power Pref is given by:

Pref = Pref,0 + ∆Pprim (5.1)

where ∆Pprim is obtained as [42]:

∆Pprim = Kprim (fnom − f) (5.2)

The pre-disturbance power output Pref,0 depends on the operating strategy
of the wind turbine, i.e., operation in the MPP or deloaded operation. The
choice of this operating strategy depends on the desired primary control
capability of the wind turbine, which is determined by the P/f -droop char-
acteristic. In Fig. 5.2, two different P/f -droop characteristics are shown.
The factor Kprim is determined as the slope of this characteristic.
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Figure 5.2: P/f -droop characteristics.

If the asymmetric characteristic of Fig. 5.2b is used, only primary con-
trol in case of over-frequency events can be provided. The symmetric char-
acteristic (Fig. 5.2a) enables the provision of complete primary frequency
control, both in over- and under-frequency events. When the frequency ex-
ceeds the nominal frequency fnom, the power output of the wind turbine
is decreased (both characteristics). When the frequency is lower than the
nominal frequency fnom, the power output is increased (only for the sym-
metric characteristic). A dead band can be applied to prevent a frequency
response from the wind turbine when the frequency deviation is small.

Decreasing the power output of the wind turbine is always possible by
using either speed control or pitch control, so the asymmetric characteristic
can be used on any wind turbine. Therefore, Pref,0 is determined by the
maximum power point tracker Pmppt for the asymmetric droop curve. In
order to obtain the complete primary control with the symmetric character-
istic, the wind turbine has to be operated in deloaded mode. The deloaded
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operation was shortly introduced in § 2.3.1.2. Here, a more extensive dis-
cussion will be presented. Another option is to include a storage facility
(whether or not in the wind farm itself) to provide additional power in case
of a frequency dip, but this is beyond the scope of this study.

Consequently, two distinct types of power reserves are needed to assist
in primary frequency control:

1. Negative reserves: When there is a decrease in electricity consump-
tion, the generation has to be decreased. The power output of wind
turbines can be lowered quite easily by reducing the power coefficient
Cp. Negative reserves can be provided anytime, which results in a
temporary lower production.

2. Positive reserves: When there is an increase in electricity consump-
tion, the generation has to be increased. If the turbine is operating in
the MPP, the power production cannot be regulated upwards. Pro-
viding a positive power reserve with wind turbines implies that the
wind turbine has to be operated suboptimally, which means a lower
power production during normal operation.

The power reserve Preserve of a wind turbine can be calculated as [90,112]:

Preserve = ηwt · (Pmax − Pt) (5.3)

with:

Pmax =
1

2
ρπr2v3 · Cp,max (5.4)

and ηwt the efficiency of the wind turbine system given by:

ηwt = ηg · ηrec · ηinv (5.5)

As the provision of positive reserves with wind turbine is clearly a chal-
lenging issue, this will be considered in the next paragraphs.

5.1.3 Deloaded operation of wind turbines

Complete primary frequency control with wind turbines is only possible if
a power reserve is maintained at any point in time. To obtain a power
reserve, the wind turbine has to be operated below the maximum power
point, i.e. the deloaded operation mode. Deloaded operation is divided
into two different methods: pitch control and speed control [80, 113]. Both
methods are shown in Fig. 5.3.
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5.1.3.1 Pitch control

This control strategy makes use of the pitch mechanism in wind turbines.
Nowadays, wind turbines are usually operated to extract the maximum
wind power. This implies operation at the minimum pitch angle, as can be
seen in Fig. 5.3a. Only for wind speeds above the nominal wind speed, the
power output of the wind turbine is limited to the rated power by means
of pitch control. Indeed, increasing the pitch angle results in a lower power
coefficient Cp and consequently a lower power yield for the wind turbine.

However, pitch control can also be used to obtain a power reserve for the
provision of primary control with wind turbines. During normal operation,
an increased pitch angle is used to obtain deloaded operation. In this way,
the power output of the wind turbine is limited to a value lower than the
maximum power output for the given wind speed. The resulting power
reserve can be delivered by decreasing the pitch angle so that the turbine
can extract more power from the wind in case of a frequency dip. Since
the deloading is obtained by pitching the turbine blades, the turbine can be
operated in the maximum power point of the deloaded curve. The optimal
speed controller of the wind turbine can be used to track this maximum.

The main advantage of pitch control is its simplicity: the optimal speed
controller can still be used, only the blades have to be pitched. Further-
more, the wind turbine can operate in deloaded mode without the need for
an accurate measurement of the wind speed. When this strategy is used,
measures should be taken to avoid excessive pitch control actions in case of
small frequency deviations. A dead band or a filter on the frequency mea-
surement or the rotational speed measurement could be added to avoid this.
However, pitch control will still result in additional pitch control actions in
order to deload the wind turbine, which will cause more wear of the pitch
mechanism. Furthermore, the response of pitch control is slower than for
speed control due to delays in the actuation of the pitch mechanism [113].
This limits the use of pitch control in inertial response strategies. This is
less a problem for the provision of primary reserves, since this occurs on a
longer timescale than the inertial response.

5.1.3.2 Speed control

Another way to deload a wind turbine, is by means of rotational speed
control. From Fig. 5.3b, it is clear that there exists an optimal rotational
speed Ωopt for every wind speed. This optimal rotational speed Ωopt results
in the maximum power output for the given wind speed v. However, if the
turbine operates at a lower or higher rotational speed, the power coefficient
Cp decreases and the power output is lower. This behavior is used in the



140 Chapter 5

0 0.5 1 1.5 2 2.5 3
0

1

2

3

4

5

6
x 10

6

β=00

β=50

β=100

β=150

β=200

β=250

v = 13m
s

Ω [rad/s]

P
t
[W

]

(a) Pitch control.

0 0.5 1 1.5 2 2.5 3
0

1

2

3

4

5

6
x 10

6

v=6m
s

v=7m
s

v=8m
s

v=9m
s

v=10m
s

v=11m
s

v=12m
s

v=13m
s

β = 00

→Pmppt

← Pdel

Ω [rad/s]

P
t
[W

]

(b) Speed control.

Figure 5.3: Deloaded operation of wind turbines.

speed control strategy.
The rotational speed Ω of the wind turbine is controlled by means of

the power electronic converter. For a given pitch angle β, the maximum
power point reference curve Pmppt is a cubic function of the rotational speed
Ω [37, 114]:

Pmppt =
1

2
ρπr5

Cp,max

λ3opt
· Ω3 (5.6)

= KmpptΩ
3 (5.7)

When the power output of the converter is controlled according to this ref-
erence value, the maximum power is extracted from the wind. If, however,
a suboptimal reference curve is used in the power electronic converter, the
rotational speed Ω will be altered and less power will be extracted from the
wind. According to Fig. 5.3b, it is possible to shift the maximum power
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point curve Pmppt to the left, which results in a lower rotational speed Ω

or to the right, towards a higher rotational speed Ω. Shifting the reference
curve to the left may result in stability problems [80,113], so deloading via
underspeeding will be ignored. The reason for these stability problems is
illustrated in Fig. 5.4. To obtain a stable operation of the wind turbine
in steady state, the tip-speed ratio λ should be higher than the one corre-
sponding to the maximum of the torque coefficient Ct. For all the tip-speed
ratios to the right of the top of the Ct-curve, an increasing rotational speed
Ω results in a decreasing wind turbine torque Tt and vice versa. For a given
load torque Tg, a small disturbance from the equilibrium point will always
result in a stabilizing effect of the wind turbine torque. If the rotational
speed slightly increases, the wind turbine torque will decrease, which re-
sults in a torque deficit (the driving torque is smaller than the load torque).
This causes the wind turbine to slow down again. The opposite holds for
a small decrease in the rotational speed Ω as the wind turbine torque will
increase, causing the wind turbine to accelerate to the equilibrium point
again. For all values of λ to the left of the top, this stabilizing effect is
not present as a decreasing rotational speed Ω results in a decreasing wind
turbine torque Tt, which is unstable behavior. Transiently, it is allowed
to operate at a lower tip-speed ratio λ for a short time. However, if the
tip-speed ratio λ is too low for a longer time, the wind turbine will stall,
which has to be avoided. In Fig. 5.4, the stable part of the Cp is highlighted
in bold. It is immediately clear that the risk of stability problems is much
higher for underspeeding than for overspeeding. Therefore, only speed con-
trol by means of over-speeding will be considered. An example of a shifted,
deloaded, reference curve Pdel is given in Fig. 5.3b. When this curve is used
to obtain the power reference Pref for the power electronic converter, the
wind turbine operates in deloaded mode and a power reserve is available at
any point in time.

It is important to note that every wind turbine has a maximum rota-
tional speed Ωmax. This maximum rotational speed may limit the applica-
bility of deloading via speed control when the desired rotational speed to
obtain a power reserve is higher than the maximum rotational speed Ωmax.
Therefore, three different wind speed regimes can be identified:

• low wind speed: deloading can be achieved by speed control alone

• medium wind speed: deloading is achieved by a coordinated use of
speed and pitch control

• high wind speed (above the nominal wind speed): deloading
can only be achieved by pitch control, since the desired rotational
speed is always higher than the maximum rotational speed
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The main advantage of speed control is that the power output of the
wind turbine can be increased or decreased very fast due to the converter
control. Furthermore, since no pitching actions are needed (except for high
wind speeds), it will cause no additional wear of the pitching mechanism.
On the other hand, since the wind turbine is operated at a higher rota-
tional speed Ω, this results in higher mechanical stresses due to centrifugal
forces. Furthermore, an accurate measurement of the wind speed and a
good knowledge of the Cp(λ)-curve is needed to obtain a reliable deloaded
operation, which is a disadvantage of this strategy.

5.1.3.3 Combined speed and pitch control

From the previous sections, it is clear that both methods have advantages
and disadvantages. In order to achieve a better performance, a combination
of both speed and pitch control can be used to obtain the desired power
reserve at any point in time. In [113], it is shown that a smart combination
of both strategies can result in a better performance than the individual
controllers.

5.1.4 Deloading power references

In the previous section, two different methods were presented to decrease
the power output of a wind turbine and obtain a deloaded operation: pitch
control and speed control. In this section, different power references for
deloaded operation will be presented. These deloaded power references are
then used to control the power output of the wind turbine by using either
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variable-speed wind turbine.

of the presented methods. An overview of the different reference curves is
given in Fig. 5.5. Since all of these reference curves ensure the availability
of a certain power reserve, it is possible to increase the power production in
case of a frequency dip and provide primary control.

5.1.4.1 Available wind power

The upper curve Pmppt of Fig. 5.5 shows the maximum power that can be
produced by the wind turbine by using a maximum power point tracker. If
the power exceeds the rated power of the wind turbine, the power output is
curtailed by pitching the turbine blades. This curve is not a deloaded refer-
ence curve, but is shown for comparison of the different deloaded reference
curves.

5.1.4.2 Constant power control

When constant power control is applied, a constant power reference Ppcst is
used for a predefined time interval (see the dash-dotted curve in Fig. 5.5)
[88,115]. The power reference is kept constant for a predefined period, after
which a new power reference can be chosen for the next time interval. A
prediction of the wind speed v is needed to determine the power reference
Ppcst. This reference value can only be tracked properly by means of speed
control. It is immediately clear that this control strategy results in a non-
constant power reserve. The selection of the constant power reference value
is crucial, as it determines the operational behavior of the wind turbine. If
the reference power is chosen too low, the power output of the wind turbine
is decreased too much. A reference value that is too high results in unstable
behavior of the wind turbine as not enough power is available from the
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wind and consequently the wind turbine starts to slow down unacceptably.
Therefore, in § 5.2.3.1, an algorithm to obtain the optimal reference value
for the constant power control strategy is derived. Furthermore, in § 5.2.4,
it is shown that this strategy has the ability to provide power reserves with
wind turbines, especially when they are aggregated in wind farms [115].

5.1.4.3 Balance control

Balance control is a special case of constant power control. When balance
control is applied, the reference curve Pbalance is chosen below the available
power to obtain a power reserve at any point in time [42,115–117]. Similar
to the constant power control, the power reference is kept constant for a
predefined period, after which a new power reference can be chosen for the
next time interval. Again, this control strategy results in a non-constant
power reserve.

5.1.4.4 Delta control

For delta control, the power output Pdelta of the wind turbine is reduced by
a predefined set-point compared to the maximal available power Pmppt (e.g.
100 kW). In this way, a constant power reserve is available at any point
in time which can be used in the primary frequency control [42, 116, 117].
Delta control can be achieved by using speed control, pitch control or a
combination of both strategies.

5.1.4.5 Percentage control

A commonly used deloading strategy is percentage control [43,80,89,90,113].
Percentage control is achieved by using a power reference curve which is
reduced with a fixed percentage compared to the maximum power point
curve. The Pdel-curve in Fig. 5.3b is an example of percentage control by
means of speed control. From Fig. 5.5, it is clear that the power reserve is
not constant, but depends on the available power. For high wind speeds,
the power reserve is higher than for low wind speeds. This is beneficial since
higher power reserves are needed in case of high wind power production. If
the Cp(λ)-curve of the wind turbine is known, it is possible to determine
the reference curve for percentage control. Otherwise, it may be difficult to
obtain the desired deloading percentage.

5.1.5 Improvements of the primary controller

In [89], a slightly modified primary control strategy is presented. Percentage
control is used as power reference and the turbines are deloaded by means
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of speed control (Pdel in Fig. 5.3b). When a frequency dip occurs, the
output power of the wind turbine is increased by decreasing the rotational
speed Ω. However, since the turbine is slowed down, an amount of kinetic
energy from the rotor is injected during the disturbance. If this kinetic
energy is taken into account, percentage control that is achieved by means
of speed control, results in a higher power reserve for certain operating
points. Therefore, another power reference is suggested which takes the
additional kinetic energy into account. This results in a reference curve
that is slightly higher than Pdel in Fig. 5.3b for certain rotational speeds
Ω. Using this modified power reference results in a lower energy loss due to
deloading. However, the difference is small.

In [90], another modification of the primary controller is investigated.
Again, percentage control is used to obtain a power reserve. A wind farm
is considered where all the turbines are equipped with a primary droop
controller. The droop constant of the different turbines is not fixed, but
depends on the power reserve of the considered wind turbine. As percentage
control is used, the turbines that are operating at a (locally) higher wind
speed v, have a higher power reserve that can be used to assist in the
primary control. However, this is a complex strategy with only a very
limited enhancement of the primary control results.

5.1.6 Conclusion

From this section, it can be concluded that wind turbines can assist in
the primary frequency control if an additional control loop is added to the
wind turbine controller. Decreasing the power output in case of an over-
frequency event is always possible, whereas increasing the power output
has to be achieved by deloading the wind turbines or by including storage.
The behavior of the droop controller is equivalent to the traditional droop
controller in conventional power plants. It should be noted, however, that
the amount of reserves depends strongly on the wind speed. For high wind
speeds, the power reserves may be high, but for low wind speeds it may
be impossible to provide any reserves. This is not really a problem, since
wind turbines should only assist in the primary control for a high wind
power penetration. For low wind speeds, the share of wind turbines in
the total production is lower and conventional power plants are needed to
cover the load. These power plants can maintain enough reserves to provide
the frequency control. For high wind speeds, on the other hand, it may be
beneficial to assist in the primary control. Sometimes, limits are imposed on
the maximum amount of wind power that may be injected into the system
to prevent stability problems. If wind turbines participate actively in the
frequency control, this may relax those limitations [42]. The energy that is
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lost due to the deloaded operation of the wind turbine should be considered
as the main drawback of primary control with wind turbines. Storage could
be a solution to minimize the lost energy, but might be expensive. Therefore,
in the next section, the provision of active power reserves with different
control strategies is discussed. Using these strategies allows wind turbines
to participate in the primary frequency control during a frequency dip. In
the last section of this chapter, a new control algorithm that allows equal
power sharing during over-frequency events is presented.

5.2 Comparison of the deloading strategies

In this section, the different control strategies to provide active power re-
serves with wind turbines are compared. First, the different control strate-
gies to obtain deloaded operation with wind turbines are presented. Then,
the selection of the control parameters for the different strategies is dis-
cussed. For the constant power control strategy, the choice of the reference
power is crucial, so an optimization algorithm to determine the power refer-
ence is developed [115]. Finally, the ability to maintain active power reserves
with a single wind turbine and a wind farm is shown by means of simula-
tions. The different control strategies are compared to find the strategy
that is best suited to maintain active power reserves.

5.2.1 Power control strategies

In Fig. 5.6, the different power control strategies that can be used to de-
termine Pref are shown as dashed lines [88, 90, 115, 118]. The solid lines
represent the wind power at different wind speeds v for a fixed pitch an-
gle β. As pitch control is not fast enough to follow the rapid wind speed
variations, the pitch angle β is considered zero here. In this section, the
following power control strategies are considered: maximum power point
tracking Pmppt, constant power control Ppcst, percentage control Pdel, lin-
ear slope control Plsc and delta control Pdelta. As already explained, the
balance control strategy Pbalance can be seen as a special case of the con-
stant power control strategy and is therefore not discussed separately:

1. Maximum Power Point Tracking (MPPT, Pmppt): For each wind
speed v, there exists a TSR and consequently a rotational speed
Ωopt for which the acquired wind power reaches a maximum. The
curve that passes through these maxima, is a cubic function of Ω (see
eq. (5.7)). When Pmppt is used as reference power Pref , the maximum
power is acquired.
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Figure 5.6: Illustration of different control strategies. Solid lines: wind power
curves, dashed lines: control strategies.

2. Constant power control (PCST, Ppcst): In the constant power strat-
egy, the generator is loaded with a constant power Pref = Ppcst for a
certain period of time (e.g., 550 s in this section). The choice of this
reference power is difficult, as it depends on the wind speed profile
during the time interval of interest. If the reference value is too high,
the turbine will slow down too much. Conversely, if the reference is
too low, the turbine will accelerate unacceptably. Thus, the better the
wind speed profile can be predicted, the better this strategy works.
In the following paragraphs, a method to obtain the optimal value for
Ppcst is proposed.

3. Percentage control (DEL, Pdel): By shifting the operating point to
the right of the maximum power point, the wind turbine is deloaded
by a certain percentage. This is achieved by shifting the rotor speed
from Ωopt to the deloaded speed Ωdel. The deloaded reference power
Pdel is given by [89,90,118]:

Pdel = KdelΩ
3 (5.8)

By using Pdel as reference power, a power margin, which is a frac-
tion (e.g. 80 %) of the maximum available power, is maintained at
all times. Shifting the reference power to the right has two advan-
tages compared to shifting it to the left. Firstly, the wind turbine is
continuously operating on the stable part of the Cp-curve. Secondly,
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kinetic energy can be immediately injected into the grid when the
power output of the wind turbine has to be increased. A disadvan-
tage is that the power losses in the generator and converter might
increase as the mechanical losses and iron losses are higher. However,
the Joule losses decrease for increasing rotational speeds. The calcu-
lation of these losses is an important topic, but out of the scope for
this work [109].

4. Linear slope control (LSC, Plsc): In general, linear slope control has
the following reference power Plsc [88]:

Plsc = Plsc,0 + TcstΩ (5.9)

When Plsc,0 = 0, the linear slope control strategy reduces to the con-
stant torque strategy. In order to obtain a power reserve at any point
in time, a negative Plsc,0 is chosen in Fig. 5.6.

5. Delta control strategy (DELTA, Pdelta): For the delta control strategy,
a constant power margin ∆Pdelta compared to the the maximum power
point tracker is maintained:

Pdelta = Pmppt −∆Pdelta (5.10)

This results in a polynomial expression for Pdelta in function of Ω:

Pdelta = Pdelta,3Ω3 + Pdelta,2Ω2 + Pdelta,1Ω + Pdelta,0 (5.11)

which can be obtained by solving Pt = Pdelta for the rotational speed
Ω for different wind speeds v and fitting a curve through these values.

5.2.2 Reference tracking

The system dynamics are described by Newton’s equation of motion:

Jwt
dΩ

dt
= Tt − Tg (5.12)

where Jwt is the total inertia of the system, Tt is the turbine torque and Tg
is the generator torque. Here, it is assumed that the converter is able to
control the power of the generator Pg perfectly, i.e., Pg = Pref due to the
high bandwidth of the controllers. Consequently, (5.12) can also be written
as follows:

JwtΩ
dΩ

dt
= Pt − Pref (5.13)

The intersection of a solid line (wind power at a given wind speed v) with
a dashed line (chosen reference strategy) in Fig. 5.6 defines the equilibrium



Primary frequency control with wind turbines 149

operating point. Intersections to the right of the maximum power point are
certainly stable operating points. Usually, the fluctuations in the wind speed
are too fast to settle an equilibrium. According to (5.13), the acceleration
and deceleration of the generator make sure the power reference Pref will be
tracked.

5.2.3 Selection of the control parameters

For the different control strategies, the control parameters Ppcst, Kdel, etc.
should be properly tuned. Especially for the constant power control strat-
egy, it is important to choose the correct reference power, as is shown next.
Therefore, an optimization algorithm is developed to find the optimal ref-
erence power for the constant power control strategy.

5.2.3.1 Selection of the optimal reference power for the constant
power control strategy

Problem statement

The choice of the reference power for constant power control is difficult.
When the reference power Pref is chosen, the following conditions must be
satisfied:

• The wind speed profile has to be predicted as accurately as possible
for the time interval of interest.

• The wind turbine can provide power reserves.

• The rotational speed Ω has to be within the speed limits: Ωmin <

Ω < Ωmax. In this way, the operating range of the wind turbine is
respected.

• The turbine power Pt satisfies: Pt > 0.

All these conditions result in a range of possible power references: Pref,min <

Pref < Pref,max. The choice of Pref with respect to these boundaries is
determined by the accuracy of the wind speed prediction. If the prediction
is accurate, Pref can be chosen close to these boundaries, otherwise, safety
margins should be respected.

Finding the range of reference values Pref that satisfy all these conditions
can be achieved by the algorithm described in the remainder of this section.

Optimization algorithm

The aim of the optimization algorithm is to find the range of possible



150 Chapter 5

reference values Pref for which the listed conditions are satisfied. In sec-
tion 5.2.4.1, simulations are used to determine which reference power is
optimal to provide power reserves.

A schematic overview of the optimization algorithm is shown in Fig. 5.7.
The iterative process starts with:

• Pref = 0

• Ωstart =
vλopt

r

with λopt the TSR that maximizes Cp(λ). This choice for Ωstart corresponds
to a wind turbine delivering the maximum power before the constant power
control is enabled. The (predicted) wind speed v(t) during the time interval
of interest is needed to calculate the reference value. Furthermore, the
operating range of the wind turbine, [Ωmin, Ωmax], is specified. Then, Ω(t)

is calculated for the given time interval by solving (5.13). As the initial
value of the reference power Pref is zero, the turbine will accelerate and
exceed the upper speed limit Ωmax. Consequently, the reference value Pref

is increased with ∆P and the calculations are repeated until Ω(t) is within
the operating limits. The choice of ∆P is a trade-off between speed and
accuracy. The higher the value of ∆P , the faster the reference value is
found, but the less accurate the solution is. The minimum power reference
Pref,min is found as the lowest value for Pref for which Ω(t) > Ωmin and
Pt > 0. To find the maximum power reference Pref,max, the reference value
Pref is further increased with ∆P until the minimum of Ω(t) falls below the
lower speed limit Ωmin. The iterative process is stopped and the reference
value is decreased with ∆P to give the maximum power reference Pref,max

for which a stable operating point was achieved. Finally, the calculations
are done one last time with Pref,max and it is verified whether Ω(t) is indeed
in the operating range. If this is the case, the power reference value Pref,max

is obtained. Otherwise, no power reference value can be found for the given
wind speed sample v(t) and operating range [Ωmin, Ωmax]. In this case, the
time interval for which a constant Pref is maintained has to be shortened
until a solution can be found.

In § 5.2.4.1, two reference values in the reference range are used to
investigate the reserve capabilities of wind turbines under constant power
control and balance control. It is assumed that the wind speed can be
accurately predicted for the considered time interval, such that no safety
margin with respect to the upper and lower power limits Pref,min and Pref,max

has to be maintained.
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Figure 5.7: Schematic overview of the optimization algorithm.

5.2.3.2 Selection of the control parameters for the other strate-
gies

The control parameters of the three other strategies, i.e., linear slope control,
percentage control and delta control, are tuned to obtain the same average
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Parameter Value Unit Parameter Value Unit

Prated 3.0 MW Ωnom 1.45 rad
s

r 56 m ρ 1.225 kg
m3

J 1.24 · 107 kgm2 ∆P 100.0 W

Cp,max 0.4412 − λopt 6.908 −
Ωmin 0.85 rad

s Ωmax 2.0 rad
s

Kmppt 1.4185 MWs3

rad3 Kdel 0.5559 MWs3

rad3

Plsc,0 −2.3163 MW Tcst 2.725 MWs
rad

Ppcst 1.1108 MW ∆Pdelta 0.31 MW

Pdelta,0 −0.8545 MW Pdelta,1 0.7206 MWs
rad

Pdelta,2 −1.4208 MWs2

rad2 Pdelta,3 1.6574 MWs3

rad3

Table 5.1: Simulation parameters for the comparison of the different power
control strategies.

power production and consequently the same average power reserve as for
the constant power control. Also the energy yield reduction is the same for
all the strategies. In this way, it is possible to compare the behavior of the
different strategies. For the percentage control, this results in a deloading of
22 % compared to the maximum power point tracking. For the linear slope
control, Plsc,0 has a negative value to ensure a stable operating point for a
broad range of wind speeds. For the delta control strategy, a power margin
∆Pdelta of 0.31 MW is selected, as this is the average power reserve for the
constant power control for a single wind turbine in § 5.2.4.1. The values for
these parameters are summarized in Table 5.1. Further optimization of the
parameter selection could be investigated in the future.

5.2.4 Simulation results

In this section, the simulation results are summarized. Firstly, the constant
power control and balance control on a single wind turbine are compared to
determine the differences between these related strategies. Secondly, a single
wind turbine equipped with the different control strategies is considered.
Thirdly, the same control strategies are used in a wind farm. The parameters
used in the simulations are listed in Table 5.1.
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Figure 5.8: Simulated wind speed sample.

5.2.4.1 Constant power control and balance control on a single
wind turbine

The wind speed sample used for the simulations is shown in Fig. 5.8. A
wind model is used to simulate this wind sample. First, the simulations
are conducted for the constant power control strategy, which corresponds
with the maximum reference value Pref = Pref,max = Ppcst obtained with
the algorithm developed in section 5.2.3.1. The results of this simulation
are shown in Fig. 5.9.

The maximum reference value Pref,max corresponding to the wind speed
profile of Fig. 5.8 is 1.1108 MW. This corresponds quite well to the mean
value of the wind power Pt,avg = 1.1110 MW, as may be noted in Fig. 5.9.
This is in line with the expectations, since it indicates the balance between
the energy delivered by the turbine and the energy extracted by the gener-
ator. As a result, the rotational speed Ω oscillates around the mean value
of 1.24 rad/s. The minimum reference value Pref,min is 0.8906 MW. The
simulation shows the capability of the wind turbine to provide power re-
serves when constant power control is applied. An average power reserve
Preserve,avg of about 0.31 MW is available. The maximum power reserve
is 1.06 MW, while the minimum is approximately 0 MW. These minima
correspond to the maxima of the Cp curve, which means that the wind tur-
bine already delivers the maximum power. Consequently, using Ppcst as the
reference value allows to retain a power reserve during the majority of the
time, however, there are some periods with very low power reserves.

It is interesting to compare the power output of the constant power
strategy and the MPPT strategy.

Ppcst = 1.1108 MW↔





Pmppt,avg= 1.423 MW

Pmppt,min= 0.878 MW

Pmppt,max= 2.08 MW

With constant power control, the wind turbine generates on average about
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Figure 5.9: Simulation for the constant power control strategy (Pref = Ppcst).

22 % less power for the given wind profile compared with MPPT, i.e,
1.1108 MW vs. 1.423 MW, which is a disadvantage. However, the use
of constant power control makes it possible to maintain power reserves.
Moreover, the power output is constant, where it fluctuates highly with the
MPPT strategy, as indicated by Pmppt,min and Pmppt,max. As expected, the
rotational speed Ω varies more when applying the constant power control:

Ωpcst,min = 0.8501 rad/s↔ Ωmppt,min = 0.8522 rad/s

Ωpcst,max = 1.5307 rad/s↔ Ωmppt,max = 1.1361 rad/s
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Figure 5.10: Simulation for the balance control strategy (Pref = Pbalance).

In the following, it is examined whether balance control could make
it possible to maintain a power reserve at any point in time. Again, the
wind profile presented in Fig. 5.8 is used in the simulations. Instead of
Pref,max = Ppcst as the power reference, a lower reference value is used:
Pref = Pbalance = 0.9 MW. The results are summarized in Fig. 5.10.

The behavior is quite similar as in the previous case. As expected, the
reference power and the average wind power are balanced and the average
rotational speed is slightly higher Ωavg = 1.33 rad/s. Now, the average
generated power is about 37 % lower than with the MPPT strategy.

Considering the ability to provide power reserves, there are some dif-
ferences. First, the average power reserve is higher: 0.530 MW instead of
0.31 MW. Also the maximum power reserve is higher. However, the most
interesting difference is found for the minimum power reserve. The min-
imum power reserve is 24.5 kW for balance control, whereas it was zero
for constant power control. This indicates that it is possible to maintain a
power reserve at any point in time by lowering the reference value. However,
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Parameter MPPT PCST LSC DEL DELTA Unit

Pavg 1.4232 1.1108 1.1156 1.1169 1.1151 MW

Pmin 0.8779 1.1108 0.6529 0.6951 0.3676 MW

Pmax 2.0803 1.1108 1.5870 1.6195 2.2789 MW

Ωavg 0.9985 1.2468 1.2594 1.2587 1.2610 rad
s

Ωmin 0.8522 0.8501 1.0896 1.0773 1.1590 rad
s

Ωmax 1.1361 1.5307 1.4324 1.4282 1.3521 rad
s

Preserve,avg 0 0.3121 0.3156 0.3143 0.3172 MW

Preserve,min 0 ≈ 0 0.0510 0.0482 0.0117 MW

Preserve,max 0 1.0655 0.6847 0.6723 0.6103 MW

Table 5.2: Simulation results for the comparison of the different power control
strategies.

lowering the reference value with more than 0.2 MW results in a minimum
power reserve of only 24.5 kW. Consequently, for the wind speed sample of
Fig. 5.8, lowering the reference value strongly affects the average power re-
serve, but only has a minor effect on the minimum power reserve. When the
simulations are repeated with other wind speed profiles, the same conclu-
sions can be drawn. This suggests that lowering the reference value Pref and
using balance control instead of constant power control is not a sustainable
way to ensure a minimum power reserve.

In summary, using constant power control makes it possible to maintain
a power reserve during most of the time. The use of a lower reference
value in balance control does not significantly alter the minimum power
reference. Therefore, in the next paragraphs, only constant power control
will be considered.

5.2.4.2 Comparison of the deloaded power control strategies on
a single wind turbine

The same wind speed sample (Fig. 5.8) that is used for constant power
control and balance control is used for the simulations in this section. Wind
turbines equipped with the MPPT strategy are not able to maintain power
reserves as they are already maximizing the energy yield. However, the
maximum power point tracking results can be used to compare the results
of the other strategies. Some interesting operational parameters during the
given wind speed sample are shown in Table 5.2 for the different strategies.

The simulation results are shown in Figs. 5.9, 5.11, 5.12 and 5.13, where
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Figure 5.11: Simulation for the linear slope control strategy (Pref = Plsc).

the active power reference Pref , the power reserves Preserve and the rotational
speed Ω are shown for the considered wind speed pattern and the different
control strategies.

Firstly, it can be noted that the rotational speed Ω remains within the
operational limits (Ωmin and Ωmax) for all the different control strategies.
As the power reserves are obtained by increasing the rotational speed Ω

(and thus decreasing the value of Cp), the average rotational speed Ωavg is
higher for the considered strategies than for the MPPT strategy:

Ωpcst,avg ≈ Ωlsc,avg ≈ Ωdel,avg ≈ Ωdelta,avg ≈ 1.25 rad/s

↔ Ωmppt,avg = 0.9985 rad/s

Furthermore, there is a clear difference in the fluctuations of the rotational
speed Ω for the different control strategies. The smallest fluctuations can be
found for the MPPT strategy (see Ωmppt,min and Ωmppt,max in Table 5.2),
closely followed by delta control. The fluctuations are larger for the constant
power control, linear slope control and percentage control as can be seen
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Figure 5.12: Simulation for the percentage control strategy (Pref = Pdel).

in Figs. 5.9, 5.11, 5.12, 5.13 and in Table 5.2. For linear slope control and
percentage control, the minimum rotational speed Ωmin is approximately
1.08 rad/s, whereas the maximum rotational speed Ωmax is 1.43 rad/s for
both strategies. The largest fluctuations in the rotational speed can be
found for constant power control: Ωpcst,min = 0.8501 rad/s and Ωpcst,max =

1.5307 rad/s. Summarized:

• Constant power control gives the highest fluctuations in the rotational
speed Ω.

• Delta control gives the lowest fluctuations in the rotational speed Ω,
linear slope control and percentage control are in between.

A higher rotational speed Ω results in more wear of the drive-train compo-
nents, so this is a disadvantage of the constant power control.

The opposite holds for the active power output of the wind turbines: the
power output is constant for the constant power control strategy, whereas
it fluctuates the most for the MPPT strategy and delta control. As delta
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Figure 5.13: Simulation for the delta control strategy (Pref = Pdelta).

control tries to maintain a constant power reserve compared to the max-
imum power point tracking strategy, their behavior is quite similar. The
linear slope control and percentage control are in between. The smoother
the active power reference is, the more the rotational speed Ω fluctuates as
the turbine inertia Jwt acts as an energy buffer. For the MPPT, on the one
hand, the rotational speed Ω varies only slightly as it tries to operate in the
maximum power point as much as possible. For the constant power control,
on the other hand, the power output is constant, so all the variations are
reflected in the rotational speed Ω. Consequently:

• Constant power control has a constant power output.

• Delta control gives the highest variations in the power output, linear
slope control and percentage control are in between.

From the perspective of the BRP, constant power control is very attractive
as the power output is constant for a given period of time (e.g., 15 min),
which facilitates the balancing of the portfolio. However, a good wind speed
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prediction is needed to use the constant power control strategy, which is a
disadvantage of this control strategy. Furthermore, contrary to the other
control strategies, a fairly large deloading of the wind turbine is needed to
obtain a stable operation.

Concerning the active power reserves Preserve, the differences are clear.
With constant power control, it is possible to maintain power reserves most
of the time as can be seen in Fig. 5.9. The average power reserve is 0.31 MW.
However, during some time intervals there are no power reserves available.
The maximum available power reserve is 1.06 MW, whereas the minimum
reserve is approximately 0 MW. A possible solution is to decrease the value
of the constant power reference value and use balance control, so power
reserves are available at any point in time. However, this only results in
a limited increase of the minimum power reserves as shown in § 5.2.4.1.
Furthermore, it results in additional energy yield losses, which is undesired.

For the linear slope control strategy, the percentage control strategy and
the delta control strategy, the results are quite similar, as can be seen in
Figs. 5.11, 5.12 and 5.13. The average power reserve is the same as for
the constant power control strategy: Preserve ≈ 0.31 MW. However, now
there are power reserves available for the complete time interval. Further-
more, the amount of power reserves is much more constant: the maximum
available power reserves are 0.68 MW for linear slope control, 0.67 MW for
percentage control and 0.61 MW for delta control. The minimum available
power reserves are 0.051 MW for linear slope control, 0.049 MW for per-
centage control and 0.012 MW for delta control. These periods with very
low power reserves are very short and occur only rarely, which makes all
three strategies suitable to provide power reserves.

In conclusion, when only a single wind turbine is considered, linear slope
control, percentage control and delta control are the most suitable strategies
to provide power reserves.

5.2.4.3 Comparison of the deloaded power control strategies in
a wind farm

The model of the wind farm consists of N randomly positioned wind tur-
bines. It is assumed that no wind turbine falls in the wake of another wind
turbine and that each wind turbine experiences the same wind profile, but
with some time delays. These delays are associated with the time needed
for the wind to transverse the distance between the different wind turbines
of the farm [119]. The time delays are simulated by taking a random sample
of 550 s of the wind speed profile in Fig. 5.14 for each wind turbine. The
same samples are used for all the different control strategies.

In Figs. 5.15, 5.16, 5.17 and 5.18, the results for wind farms of different
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Figure 5.14: Wind speed sample in wind farm.

sizes are presented. Fig. 5.15 shows the results of the power reserve for con-
stant power control. For each individual wind turbine, the constant power
control value Ppcst = Pref,max is calculated with the presented algorithm.
As every wind turbine has a slightly different wind profile, Ppcst will be
different for every wind turbine in the wind farm. The total power reserve
for the complete wind farm is obtained by summing the power reserves of
the individual wind turbines. It is immediately clear that the aggregation
of several wind turbines in a wind farm results in an increased ability to
maintain power reserves. Already for the small wind farm (N = 5), power
reserves are available at any point in time due to the smoothing effect of the
wind farm. For the bigger wind farms (N = 10 and N = 25), the available
power reserves are smoother, but there still is an important fluctuation in
the amount of power reserves during the considered time frame.

Again, similar results are obtained for linear slope control and percentage
control (see Figs. 5.16 and 5.17). Contrary to the constant power control
strategy, the power reserves are already much smoother for the small wind
farm (N = 5). The percentage control strategy performs slightly better
than the linear slope control strategy as the fluctuations in the power reserve
are smaller. The minimum power reserve is the same for both strategies:
Preserve,min ≈ 1.25 MW, whereas the maximum power reserve is higher for
the linear slope control:

Preserve,max,lsc = 3.07 MW↔ Preserve,max,del = 2.88 MW

However, for bigger wind farms, no differences can be observed for both
strategies. A quite constant power reserve of 9.7 MW can be maintained
during the considered time interval for a wind farm consisting of 25 wind
turbines. The power reserves fluctuate between 7.9 MW and 11 MW for
both control strategies.

When the results for delta control are compared to the other strategies,
it is immediately clear that it performs better than the other strategies as
the power reserves are the most constant for this strategy (see Fig. 5.18). Al-
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(a) N = 5, Ptot = 7.10 MW
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(b) N = 10, Ptot = 14.20 MW
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(c) N = 25, Ptot = 34.07 MW

Figure 5.15: Power reserves in wind farms of different size equipped with
constant power control.

ready for a small wind farm consisting of only 5 wind turbines, the available
power reserves are much smoother than for the other three strategies. The
reserves Preserve fluctuate between 1.45 MW and 2.55 MW, which is much
more constant than for the other strategies. Also, for the medium (N = 10)
and large wind farm (N = 25), the results are better. For 25 wind turbines,
the reserves Preserve fluctuate between 8.85 MW and 11 MW. However,
for larger wind farms, the differences between delta control and the other
control strategies become less clear due to the smoothing effect of the wind
farm.
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Figure 5.16: Power reserves in wind farms of different size equipped with
linear slope control.

5.2.5 Conclusion

In this section, the provision of power reserves with wind turbines was in-
vestigated for four different control strategies.

First, the different control strategies to provide active power reserves
with wind turbines were presented. An optimization algorithm to obtain
the power reference for the constant power control was developed. Then,
the parameters of the other control strategies were tuned to obtain the same
average power reserve in order to be able to compare the performance of
the different strategies.

Second, the different strategies were applied to a single wind turbine to
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Figure 5.17: Power reserves in wind farms of different size equipped with
percentage control.

determine their ability to maintain power reserves. It was shown that all the
strategies have the ability to provide reserves. However, the constant power
control strategy is not able to provide a power reserve for the complete
time interval as there are periods with zero power reserves. As shown in
§ 5.2.4.1, lowering the constant reference value by means of balance control
is an option, but this results in additional energy yield losses, which is
undesired. Furthermore, it only results in a limited increase in the minimum
power reserves. Therefore, balance control was not further investigated in
this section. Linear slope control, percentage control and delta control give
better results as they are able to always maintain a power reserve.

Third, wind farms were considered to identify the ability to provide
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Figure 5.18: Power reserves in wind farms of different size equipped with delta
control.

power reserves. Now, the difference between the different control strategies
is less pronounced, but linear slope control, percentage control and delta
control perform much better than constant power control, especially for
smaller wind farms. Of these three strategies, delta control performs the
best as the power reserves fluctuate the least and the minimum value for the
power reserves is the highest. The difference between the strategies becomes
smaller for larger wind farms.

Considering the implementation complexity of the different control strat-
egies, there are some differences between the considered strategies. For con-
stant power control and balance control the prediction of the wind speed
is crucial. The better this prediction is, the closer the reference value can
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be chosen to the maximum value. The need for an accurate wind speed
prediction complicates the use of these strategies. For the linear slope con-
trol, the optimal parameters should be tuned according to the wind speed
v, which is a disadvantage of this strategy. The reference power for percent-
age control and delta control can be calculated if the MPP-curve is known.
As this curve is usually available to perform MPPT in normal operation,
the implementation of these strategies is less complex than for the other
strategies.

Overall, delta control is the most suitable to maintain power reserves
with wind turbines as the use of this strategy result in the most constant
power reserves. Percentage control is the second best option. For both
delta control and percentage control, the control parameters can be derived
independently of the wind speed, which is an advantage. Despite a sim-
ilar power reserve behavior as the percentage control strategy, the linear
slope control strategy is less suited to provide power reserves as the control
parameters strongly depend on the wind speed, which is a disadvantage.
Finally, considering the large fluctuations in the power reserves, constant
power control can only be used for very large wind farms.

5.3 Adaptive droop control

In the previous sections, the provision of power reserves to cope with under-
frequency events was explained. In this section, over-frequency events are
considered. A control strategy to decrease the power output in case of an
over-frequency event, i.e., adaptive droop control, is presented. Adaptive
droop control allows to share the power equally between wind turbines with
a different power output - contrary to the fixed droop control.

First, the control strategy is presented together with an estimation
method of the maximum power point. Second, the simulation results are
summarized.

5.3.1 Droop control strategies

In the following paragraphs, the two different droop control strategies of
Fig. 5.19 are discussed: fixed droop control and adaptive droop control.
Furthermore, the operating principle of both strategies is compared.

5.3.1.1 Fixed droop control

First, the conventional fixed droop control strategy is presented. The ref-
erence power Pref of the wind turbine is given by the following expression
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Figure 5.19: Fixed versus adaptive droop control.

(see Fig. 5.19a):

Pref =





Pmppt f ≤ ftr
P ∗mpp −

(
P ∗mpp − Pmppt

)
fdb−f
fdb−ftr ftr < f ≤ fdb

P ∗mpp −Kprim (f − fdb) fdb < f & Pref > Pmin

Pmin else

(5.14)

where Pmppt is the reference power determined by the maximum power
point tracker (MPPT), P ∗mpp is the estimated maximum available power (see
§ 5.3.2), f is the measured grid frequency, ftr is the transition frequency
band and fdb is the frequency dead band. The power-electronic converter
controls the output power of the wind turbine according to this reference
power.

As long as the grid frequency f is below the transition frequency band
ftr, the power output is determined by the MPPT. Here, power control is
used, so Pmppt is calculated as a function of the rotational speed Ω. Of
course, the fixed droop control strategy can also be used with other MPPT
strategies such as perturb and observe (P&O) or TSR control [29].

When the frequency f is between ftr and fdb, the transition between
the MPPT and the estimated power P ∗mpp is made. The influence of the
MPPT on Pref is gradually decreased while the estimated power takes over.
If the estimation is not completely accurate, this transition band ensures
a smooth operation of the control strategy. If the frequency f is above
fdb and the reference power is above the minimum power output Pmin, the
reference power Pref is determined by the fixed droop curve which depends
on the droop constant Kprim and the deviation of the grid frequency from
the dead band value fdb. When the grid frequency is so high that the
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reference power would fall below Pmin, the power output remains fixed at
the minimum power output value Pmin.

5.3.1.2 Adaptive droop control

Second, the mathematical formulation of the adaptive droop control strat-
egy is provided. The reference power Pref of the wind turbine is given by
the following expression (see Fig. 5.19b):

Pref =





Pmppt f ≤ ftr
P ∗mpp −

(
P ∗mpp − Pmppt

)
fdb−f
fdb−ftr ftr < f ≤ fdb

P ∗mpp − P ∗mpp
f−fdb

fmax−fdb
fdb < f ≤ fmax

Pmin f > fmax

(5.15)

where fmax is the maximum grid frequency. Again, the power output of the
wind turbine is controlled to this reference value by means of the power-
electronic converter.

As long as the grid frequency f is below the transition frequency band
ftr, the power output is determined by the MPPT. When the frequency f is
between ftr and fdb, the transition between the MPPT and the estimated
power P ∗mpp is made. The influence of the MPPT on Pref is gradually de-
creased while the estimated power takes over. If the frequency f is between
fdb and fmax, the reference power Pref is determined by the adaptive droop
curve, as explained in section 5.3.1.3. Finally, the power output of the wind
turbine reaches Pmin when the grid frequency f exceeds its maximum value.

In order to obtain operation below the MPP, which is needed to decrease
the power output of the wind turbine, speed control is used for both droop
control strategies in this section.

5.3.1.3 Theoretical analysis

In Fig. 5.19a, the fixed droop control strategy is shown. The droop curve is
determined by the value of the droop constant Kprim, which is independent
of the actual power output Pmpp of the wind turbine. Consequently, for a
certain deviation of the grid frequency ∆f , the power output of the wind
turbine is reduced with a fixed amount of power Kprim∆f , given that the
power output is well above Pmin. For a high wind speed, the MPPT results
in a power output Pmpp,1. When the frequency increases above fdb, indi-
cated by the dashed line in Fig. 5.19a, the power output of the wind turbine
is decreased to point A by the fixed droop control strategy. For a low wind
speed, a power output Pmpp,2 is obtained, which results in operating point
B for the same frequency increase. Consequently, the power output of the
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wind turbine is decreased proportionally to the frequency deviation without
taking into account the actual power output. Only for very low wind speeds,
the decrease in power output is limited by the minimum power Pmin.

In Fig. 5.19b, the adaptive droop control strategy is presented. Here,
the droop curve is determined by the actual power output Pmpp instead of
the fixed droop constant Kprim. For a high wind speed v, the power output
is Pmpp,1. When the frequency increases above fdb indicated by the dashed
line, the power output of the wind turbine is reduced to point B. For a lower
wind speed, the power output is given by Pmpp,2, which results in operating
point A for the same frequency deviation. However, the power reduction
is smaller for the lower wind speed than for the higher wind speed, as the
droop constant Kprim is variable and given by:

Kprim,adapt =
P ∗mpp

fmax − fdb
(5.16)

This results in an equal percentage decrease of the power output of wind
turbines with different wind speed conditions. Contrary to the fixed droop
control, the adaptive droop control strategy makes it possible to estab-
lish equal power sharing between remote wind farms (with different wind
speeds). In this way, wind turbines assist in the primary control according
to their actual power output.

In order to be able to apply the fixed droop control strategy and the
adaptive droop control strategy, knowledge of the maximum available power
Pmpp is essential. If a wind speed measurement is available, the measured
wind speed can be used to calculate Pmpp. However, the wind speed speed
measurement is often not so accurate due to the placement of the anemome-
ter at the top of the nacelle, behind the wind turbine rotor. Therefore, Pmpp

can also be estimated, which is described in § 5.3.2.

5.3.2 Estimation of the maximum power point

For the droop control strategies presented in this section, knowledge of the
available wind power is crucial, especially when the wind turbine is operating
below the MPP. Therefore, an estimation algorithm is proposed.

First, the operating principle of the wind speed and maximum power
point estimation algorithm is presented. Then, simulation results of the
wind speed estimation are presented.

5.3.2.1 Estimation algorithm

In order to determine the maximum available power for every operating
condition, the wind speed v has to be known. On medium and large wind
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turbines, usually, an anemometer is placed on top of the nacelle to measure
the wind speed. Since the wind speed is measured behind the wind tur-
bine rotor where the wind is quite turbulent, this measurement often has
limited accuracy. Short-term wind speed forecasts or LIDAR measurements
could be combined with the wind speed measurements of the anemometer to
enhance the accuracy. However, the higher cost associated with these meth-
ods, limits its applicability to wind turbines in a wind farm. On small wind
turbines, the anemometer is sometimes omitted to reduce investment costs.
Therefore, it is useful to estimate the wind speed by measuring operational
parameters such as the rotational speed Ω and the power output of the wind
turbine. In literature, different strategies exist to estimate the wind speed
accurately [120–123]. Here, an estimation method based on measurements
of the rotational speed Ω and the generator power Pg is developed. The
method is simple, which is an advantage, but less accurate compared to
more advanced estimation algorithms. As shown further (§ 5.3.2.2), the ac-
curacy is sufficient to use the estimation in the adaptive P/f droop control
strategy.

The rotational speed Ω can be determined by measuring the frequency
fg of the generator currents [124] or by means of an encoder or resolver.
The generator power Pg is calculated by measuring the generator current
Ig and line-to-neutral voltage Vg with a high sampling frequency fs (e.g.
16 kHz). The generator power Pg is then given by

Pg =
1

Ns

Ns∑

n=1

3∑

i=1

vg,i(n) · ig,i(n) (5.17)

where vg,i(n) and ig,i(n) are the sampled generator voltages and currents
of the three phases and Ns is the integer number of samples in one period
of the generator current:

Ns =

∥∥∥∥
fs
fg

∥∥∥∥ (5.18)

Both Pg and Ω can be measured with high accuracy.
However, in order to determine the wind speed v, the wind turbine power

Pt has to be known. In steady-state, the turbine power Pt can be calculated
from the generator power Pg:

Pt =
Pg

ηg
(5.19)

where ηg is the generator efficiency. The generator efficiency ηg depends
on the generator torque Tg and the rotational speed Ω and can be deter-
mined by off-line measurements or simulations to obtain a two-dimensional
efficiency map in function of Tg and Ω.
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As explained in § 2.2.2, the following equation is known to be a good
representation of the wind turbine power (see (2.13)):

Pt =
1

2
ρπr2v3 · Cp(λ, β) (5.20)

where Cp(λ, β) is determined by (2.15) and (2.16). There are also other
polynomial expressions for Cp available which can be fitted to manufacturer
data [34].

Considering (5.20), (2.14) and Cp(λ, β), the wind speed v can be calcu-
lated if the wind turbine power Pt and rotational speed Ω are known. The
rotational speed Ω is measured and the wind turbine power Pt is approxi-
mated by (5.19). The calculation of Pt from Pg is only valid in steady-state
operation. In order to obtain a correct value for Pt in varying wind condi-
tions, the wind turbine dynamics should be taken into account when calcu-
lating the wind turbine power Pt from the generator power Pg [120–123].
However, as the focus of this section is on the comparison between the differ-
ent droop control strategies, using (5.19) for the wind turbine power results
in sufficient accuracy.

As the power coefficient Cp is often a non-linear function of λ (and thus
v), it might be impossible to find a closed form analytical expression to
calculate v. Therefore, an iterative procedure is used to estimate v (see
Fig. 5.20). Every ∆t seconds, the wind speed estimation algorithm is exe-
cuted. Firstly, Pg and Ω are measured. Secondly, the initial speed of the
algorithm vi is calculated, which is an underestimation of the actual wind
speed. Also, the error band [Pw,min, Pw,max] for the power estimation is de-
fined. Then the iterative process is started: the temporary estimation of the
wind speed vw and the measured rotational speed Ω are used to calculate
the power coefficient Cp and the temporary estimation of the wind power
Pw. Then, it is checked if Pw is inside the error band [Pw,min, Pw,max]. If
this is the case, it means that vw is a good estimation of the wind speed v∗.
Otherwise, the temporary wind speed vw is raised with ∆vw and the process
is repeated until v∗ is found. The choice of ∆vw is a trade-off between accu-
racy and speed: the smaller ∆vw, the slower the estimation process is. The
parameter ∆P has to be tuned together with ∆vw to ensure convergence of
the algorithm. The smaller ∆vw is chosen, the smaller ∆P should be.

When the estimated wind speed v∗ is known, the maximum available
wind power P ∗mpp can be easily calculated:

P ∗mpp =
1

2
ρπr2Cp,max · v∗3 (5.21)

This estimated power P ∗mpp can be used as Pmpp in the droop control strat-
egies.
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Figure 5.20: Wind speed estimation flowchart.
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Figure 5.21: Variable wind speed pattern: wind speed estimation results.

5.3.2.2 Results of the estimation algorithm

In Fig. 5.21, the results of the wind speed estimation algorithm are shown.
The parameters that are used for the simulations are given in Table 5.3.

The real wind speed v is denoted by the dashed line, whereas the esti-
mated wind speed v∗ is represented by the solid line. It can be concluded
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Param. Value Unit Param. Value Unit
Pnom 3.0 MW ∆P 1000 W

r 56 m ∆vw 1 · 10−3 m/s

ρ 1.225 kg/m3 ∆t 0.1 s

Jwt 1.24 · 107 kg ·m2 Cp,max 0.4412 −
fnom 50 Hz ftr 1.00025 pu

fdb 1.0003 pu fmax 1.04 pu

Kprim 0.45 MW/Hz

Table 5.3: Simulation parameters for the fixed droop control and adaptive
droop control.
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Figure 5.22: Incorrect power coefficient Cp for the sensitivity analysis.

that the simple estimation algorithm is able to estimate the wind speed quite
accurately, but some delay between the real wind speed and the estimated
wind speed can be noted.

Second, the results of the sensitivity analysis are presented. Two cases
are considered and compared to the original case:

1. with an incorrect power coefficient Cp, shown in Fig. 5.22

2. with an incorrect efficiency ηg (estimated 10 % too high)

As explained in section 5.3.2.1, both Cp and ηg have an important impact
on the estimation of the MPP.

In Fig. 5.23, the results are depicted. As expected, the estimation of the
wind speed v is affected by the incorrect parameters. Due to the incorrect
power coefficient or generator efficiency, the wind speed is underestimated.
However, as the MPPT is used during normal operation, the incorrect wind
speed estimation only affects the power output of the wind turbine when the
droop control is activated. Due to the transition band, the transition from
MPPT to droop control is smooth, so the incorrect wind speed estimation
has little impact on the behavior of the droop control strategies. It will
affect the decrease in power output as the maximum available power Pmpp
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Figure 5.23: Sensitivity analysis.

is estimated incorrectly. Therefore, the actual decrease in power output
might be higher or lower compared to the case with the correct estimation.
Also, if some wind turbines have a correct estimation while others have not,
the equal power sharing capability will be affected.

5.3.3 Simulation results

In Fig. 5.24, the simulation results for the fixed droop control and adaptive
droop control are summarized. The simulation parameters are given in
Table 5.3. In the power system of § 3.6.4, instead of a loss of generation of
3 GW, a load loss of 3 GW is simulated. This results in the over-frequency
behavior of Fig. 5.24.

In the simulations, two wind turbines are considered: one wind turbine,
operating at a wind speed of 9 m/s (WT 1) and one wind turbine operating
at a higher wind speed of 10 m/s (WT 2). Considering the estimation of
the wind speed v, it is clear that the algorithm is able to track the wind
speed correctly with a transient immediately after the frequency rise. The
tracking results for the fixed droop control and adaptive droop control are
quite similar.

When the power output Pg is considered for the fixed droop control, the
decrease in power output is the same for both wind turbines. This results in
a different droop ratio Pg/Pmpp for both wind turbines. The relative change
in the output power is the highest for wind turbine 1, which operates under
the lowest wind speed v. Consequently, for a given frequency change, the
higher the power output of the wind turbine, the lower the droop ratio
Pg/Pmpp will be. This is also reflected in the change of the rotational speed
Ω, which is similar for both wind turbines.

When the adaptive droop control is considered, it is clear that the power
decrease depends strongly on the operating point of the wind turbine. The
wind turbine with the highest power output has the highest contribution in
the primary frequency control. When the droop ratio Pg/Pmpp is compared
for both wind turbines, the difference is much smaller due to the use of
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Figure 5.24: Equal power sharing results: - - = real v and maximum available
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control.

adaptive droop control. The small difference in Pg/Pmpp is due to wind
speed prediction errors. Consequently, both wind turbines participate in
the primary frequency control dependent on their operating point, which
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results in a more equal power sharing. This is also visible in the rotational
speed Ω, which changes much more for the wind turbine with the highest
power output.

5.3.4 Conclusion

In this section, two droop control strategies to cope with over-frequency
events were compared: fixed droop control and adaptive droop control.
For both strategies, knowledge of the MPP is needed, so a simple wind
speed estimation algorithm was developed. It was shown that both control
strategies decrease the power output of the wind turbines after the event.
For the conventional, fixed droop control, the decrease in power output
is independent of the operating point. For the adaptive droop control, the
droop action depends on the actual power output of the wind turbine, which
results in a more equal participation of the wind turbines in the primary
frequency control.

5.4 Conclusion

In this chapter, primary frequency control with wind turbines was discussed.
First, an overview of primary frequency control with wind turbines was

presented. The overall control strategy was discussed and the different
options to deload wind turbines were discussed. Furthermore, control strat-
egies to allow continuous deloading of wind turbines were given.

Second, the different deloading control strategies were compared. For
one of the considered strategies, i.e., constant power control, the choice
of the power reference Pref is crucial in order to provide active power re-
serves. Therefore, an optimization algorithm was developed in this work to
determine the range of possible constant power references for a given time
interval. It was shown that all the presented strategies are able to provide
active power reserves, but there are large differences between the different
strategies. Delta control gives the best results as the power reserves were
the most constant for this control strategy. However, there are still some
periods in time with very low power reserves. Consequently, the aggrega-
tion of several wind turbines in a wind farm was considered. Due to the
smoothing effect of the wind farm, the differences between the different con-
trol strategies become less pronounced. However, delta control still results
in the most constant power reserves.

Finally, a new primary frequency control strategy, called adaptive droop
control was developed to cope with over-frequency events in the electrical
grid. By using a variable droop constant which depends on the actual power
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output of the wind turbine, it is possible to obtain more equal power sharing
between wind turbines under different wind speed conditions.
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6
Conclusions and further

research opportunities

In this chapter, the main conclusions from this dissertation are summarized.
Also, some opportunities for further research are listed.

6.1 Conclusions

The goal of this research was to investigate the possibilities to provide ancil-
lary services with wind turbines. The different ancillary services that can be
provided with wind turbines were listed, but the focus was on the provision
of frequency control with wind turbines.

In chapter 2, an overview of the different ancillary services that are
needed in the power system was given. Frequency control and voltage con-
trol are well known and important services as they are essential for the
proper functioning of the electric grid. Furthermore, congestion manage-
ment and the improvement of power quality issues enhance the reliability
and availability of the power supply. Black start is a service that is only
needed in case of a severe incident in the power system. Then, the different
types of wind turbines are discussed together with the wind turbine model
that is used during the simulations. Finally, the ancillary services that can
be (partly) provided by wind turbines are discussed. As the modern wind
turbines are equipped with a power-electronic converter, they are perfectly
suited to provide a variety of ancillary services. It is clear that frequency
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control, voltage control and the enhancement of the power quality are pos-
sible services for wind turbines.

The main topic of this research was discussed in chapter 3: emulated
inertial response with variable-speed wind turbines. First, the need for suffi-
cient inertia in the power system was clarified. A low system inertia results
in a high rate of change of frequency and a low frequency nadir, which
complicates the frequency control. When variable-speed wind turbines are
connected to the grid, the total amount of synchronously coupled inertia
decreases due to the decoupling of the rotational speed of the wind turbine
and the grid frequency. Consequently, variable-speed wind turbines such
as FSCs and DFIGs show almost no inertial response in case of a distur-
bance. For high wind power penetrations (or other converter-coupled energy
sources, e.g., PV panels), this could endanger the proper functioning of the
system.

To overcome this problem, wind turbines could assist in the inertial
response by adding an additional control loop to the power-electronic con-
verter. As wind turbines have a similar amount of inertia as conventional
directly-coupled synchronous generators, the kinetic energy in this energy
buffer could be used to increase the power output during a frequency dip.
The grid frequency is continuously monitored and when a frequency distur-
bance occurs, the power output of the wind turbine is altered to emulate
inertial response behavior. In literature, two typical control strategies are
available: the synthetic inertia strategy, which mimics the behavior of a
synchronous generator and the temporary power surge, which increases the
power output according to a predefined reference curve.

In order to obtain the desired inertial response after a disturbance, it is
important to tune the parameters of the emulated inertial response strat-
egies. As was showed in this work, the optimal parameter selection de-
pends strongly on the system composition. Also, the recovery strategy has
a huge impact on the inertial response behavior of the temporary power
surge. Furthermore, it is important not to exaggerate the additional power
output. Excessive overproduction results in a longer and deeper recovery
period, which could cause a second, undesired frequency dip. When the syn-
thetic inertia strategy and temporary power surge strategy are compared,
it can be concluded that synthetic inertia is the most promising as it is the
most stable emulation strategy and the sensitivity for incorrect parameters
is lower than for the temporary power surge.

Chapter 4 discussed the disadvantages of emulated inertial response with
wind turbines. First, the energy yield losses due to emulated inertial re-
sponse were calculated for optimal and non-optimal parameter selections.
It can be concluded that the energy yield losses are very low for all the
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considered cases. This is due to the flat shape of the power coefficient curve
around the top and the limited variations in the rotational speed that are
needed to obtain the optimal inertial response.

Second, the additional torque variations due to the emulated inertial
response were considered. As the power output is strongly increased im-
mediately after a disturbance is observed in the grid, a steep increase in
the generator torque occurs. These fast variations may result in additional
loading of the wind turbine drive-train, which is undesired. Therefore, the
DC-bus voltage modulation strategy was developed in this research. This
strategy reduces the heavy torque variations by using the storage capacity
of the DC-link. By adapting the control strategy, it can be effectively used
for both considered emulated inertial response strategies. The total inertial
response obtained from the wind turbine remains unaffected, so it can be
perfectly combined with the findings of chapter 3.

Consequently, it can be concluded that the negative effects of inertial
response with wind turbines are either quite limited (energy yield losses)
or can be effectively mitigated by using proper control strategies in the
wind turbine control (torque variations). Consequently, the disadvantages
associated with emulated inertial response do not outweigh the positive
effect it has on the integration of variable-speed wind turbines in the power
system.

In the final chapter of this dissertation, primary frequency control with
wind turbines was discussed. First, an overview of the overall control strat-
egy was given. As primary frequency control with wind turbines requires
operation of the wind turbines below the maximum power point, different
options to deload wind turbines were discussed. A comparison of the differ-
ent deloaded power control strategies showed that a broad range of power
control strategies can be used to provide power reserves. However, the delta
control strategy, which aims to maintain a fixed power reserve, performs the
best. If the control strategies are applied to the wind farm level, the differ-
ences between the different control strategies are almost negligible due to
the smoothing effect. However, delta control still performs the best of all
the control strategies.

Finally, the adaptive droop control strategy was developed to cope with
over-frequency events in the electrical grid. For this control strategy, a
variable droop constant dependent on the actual power output of the wind
turbine is used instead of the conventional fixed droop constant. In this
way, this strategy allows a much more equal power sharing between remote
wind farms under different wind speed conditions.
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6.2 Further research opportunities

During this research, some other interesting research paths that were out
of the scope of this PhD were identified. The most important ones are
summarized here.

6.2.1 Automatic optimal control parameter selection
for the emulated inertial response strategies

In chapter 3, the importance of the optimal parameter selection for the
emulated inertial response strategies was shown. The optimal parameter
selection was performed manually, but could be automated in the future.
By applying a cost function with penalties for a low frequency nadir, a high
ROCOF, a double frequency dip, etc., an optimization algorithm can be
used to find the optimal parameters for different system compositions.

The selection of the best suited optimization algorithm, together with
the decision for on-line or off-line optimization of the control parameters
could be an interesting research topic.

6.2.2 Influence of large-scale wind turbine integration
on system stability

As was shown in this dissertation, large-scale integration of wind turbines in
the power system results in a decrease of the synchronously-coupled inertia.
Besides the influence on the inertial response behavior after a frequency
disturbance, a lower system inertia also has an impact on the transient
stability of the power system after a fault in the power system.

In the case of conventional directly-coupled synchronous generators, ba-
sic insights in the transient stability could be gained by using the swing-
equation and the equal-area condition. However, when variable-speed wind
turbines are connected to the power system, the analysis becomes much
more complicated due to the presence of the power-electronic converter.
Consequently, in literature, simulations are performed to investigate the in-
fluence of variable-speed wind turbines on the transient stability [125–131].
The simulations show that variable-speed wind turbines could have both
a negative as a positive impact on the system stability, dependent on the
type of wind turbine and the place of the connection point in the network.
Therefore, it is difficult to make general statements about the influence of
wind turbines on the system stability.

Furthermore, when the wind turbines are equipped with additional con-
trol loops, such as an inertial response control loop or grid voltage control
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loops, this might alter the behavior in case of a system fault. Therefore, it
might be interesting to study these effects in the future.

6.2.3 Impact of ancillary service provision on the life-
time of wind turbines

When wind turbines start to provide ancillary services such as emulated
inertial response, frequency control, voltage control, etc., this might affect
the lifetime of the wind turbines. For example, due to the additional torque
variations on the wind turbine shaft due to emulated inertial response, this
might result in a faster wear of the drive-train. Deloading of the wind tur-
bines by means of speed control results in an increased rotational speed.
Continuously operating at a higher rotational speed might affect the life-
time of the bearings and other components in the drive-train. When wind
turbines inject reactive power in the grid to assist in the voltage control,
higher currents are injected, which has an influence on the power-electronic
converter.

Consequently, it is interesting to investigate the impact of the different
ancillary services on the lifetime of the wind turbines. This makes it possible
to estimate the costs of providing ancillary services with wind turbines. For
example, in order to effectively use the DC-bus voltage modulation strategy,
a larger DC-bus capacitor is needed. When the impact of the emulated
inertial response on the lifetime of the different wind turbine components
is known, it can be determined if it is feasible to invest in additional DC-
bus capacitors to reduce the torque variations. Also, the needed amount of
additional capacitors to achieve the most cost-optimal configuration could
be determined.

6.2.4 Field implementation and testing of emulated in-
ertial response and primary frequency control

In this work, it was shown theoretically and by means of simulations that
wind turbines can effectively assist in the provision of ancillary services such
as emulated inertial response and primary frequency control. A next step
is the practical field implementation of these services in a wind farm. The
frequency response of the wind turbines in case of a disturbance can be
monitored to validate the participation of wind turbines in the frequency
control. This way, it can be investigated if wind turbines are technically
able to assist in the provision of these services.

Furthermore, a practical field trial is an ideal test case to investigate the
market participation of wind turbines in the ancillary services markets. Also
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the impact of the wind speed variability on the availability of ancillary ser-
vices such as emulated inertial response and primary frequency control can
be investigated. The possibility to use additional measurements or short-
term predictions to reduce the uncertainty might be considered. Therefore,
it could be interesting to study new or adapted market schemes to allow
participation of wind turbines in the different ancillary services markets.
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A
Power plant models

The different power plant models that are used in the simulations are briefly
presented in this appendix [71,97–102].

A.1 Steam-based generators

Parameter Value Unit Parameter Value Unit

Tsr 0.1 s Tsm 0.3 s

Tch 0.3 s Trh 10.0 s

Tco 0.4 s Fhp 0.3 −
Fip 0.4 − Flp 0.3 −

Rsteam 0.05 % Hsteam 4.2 s

Ṗsteam,up 0.1 pu/s Ṗsteam,down −0.1 pu/s

Psteam,max 1 pu Psteam,min 0 pu

Table A.1: Parameters for the steam-based generator model.
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A.2 Hydro generators

Parameter Value Unit Parameter Value Unit

Ks,hydro 5 − Tp,hydro 0.04 s

Tr,hydro 5.0 s δhydro 0.3 −
σhydro 0.05 − Tg,hydro 0.2 s

Tw,hydro 1.4 − At 1.0 −
Hhydro 4.2 s

Ṗhydro,up 0.1 pu/s Ṗhydro,down −0.1 pu/s

Phydro,max 1 pu Phydro,min 0 pu

Table A.2: Parameters for the hydro generator model.

A.3 Combined cycle gas turbines

Parameter Value Unit Parameter Value Unit

Tg,ccgt 0.05 s Tv,ccgt 0.05 s

Tf,ccgt 0.4 s Tcd,ccgt 0.2 s

Tigv 3 s TDcr 0.01 s

TDte 0.04 s Tr 541 oC

Ta 30 oC

Rccgt 0.04 % Hccgt 4.2 s

igvmax 1 pu igvmin 0.46 pu

Pccgt,max 1 pu Pccgt,min 0 pu

Table A.3: Parameters for the CCGT model.

T = 1.3 · (Wf − 0.23) + 0.5 ·
(

1− f

fnom

)
(A.1)

Tx =

(
Tr − 390 · (1−Wf) + 306 ·

(
1− f

fnom

)
+ 1.94 · (igvmax − igv)

)

·
(

1

1 + 0.005 · (15− Ta)

)
(A.2)
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Wx =
f

fnom
· |igv|0.257 · 288

Ta + 273
; (A.3)
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