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Abstract

As the share of inverter connected generation increases in power systems, grid operators worldwide
increase their demand for system services by wind turbines. One of these services, grid frequency
control, is very challenging for wind turbines, as it requires a change of the active power of the wind
turbine. Furthermore, wind turbines are curtailed when the grid capacity is not sufficient to transport
the produced power: the so-called feed-in management. Hence, the control of the wind turbines has
to cope with the needs of the grid. Thus, the wind turbines are exposed to an additional external
excitation in addition to the prevailing wind conditions.

In this thesis, the influence of the providing these services on the wind turbine is analysed. The analysis
is based on time domain simulations of the wind turbine. The models were partly developed in this
project. Additionally, a focus is laid on analysing data to derive realistic scenarios of the grid signals. As
some of these signals were not available, several measurement had to be set up and maintained during
the project.

In a research project with the wind turbine manufacturer Suzlon Energy, a controller for providing
inertial response continuously was developed. In contrast to the state-of-the-art, the magnitude of the
inertial response is scaled with the operating point of the wind turbine in order to provide this service
reliably and at the same time to use the full potential of the wind turbine in strong wind conditions.
This controller is tested with grid frequency scenarios from Europe and India to identify the
consequences for the energy yield and the mechanical loads of the wind turbine. It is shown, that
neither the energy yield nor the loads are affected significantly.

During the research project, a grid islanding and eventually a blackout occurred in Flensburg. The local
grid operator provided data of the grid situation for the day of the blackout. This data allowed to
analyse the cause of the blackout and to develop fictive scenarios how wind turbines could have helped
to stabilize the islanded grid. In the analysed scenarios it was shown, that wind turbines equipped with
an inertial response and a fast frequency response controller could have stabilized the islanded grid
making a blackout less likely. However, the wind turbines were also at risk of running in overspeed, as
they had to reduce their power drastically when stabilizing the grid.

As a consequence of the overspeed problems, a feedforward loop for the pitch control was added to
the grid frequency support controller. It modifies the pitch angle signal from the feedback controller
by a signal depending on the pitch sensitivity and the magnitude of the power change for grid
frequency support. The proposed controller achieved to reduce the overspeed significantly.

In addition to the grid frequency support, a controller for continuous feed-in management was
developed at the institute. It was tested with a fictive case of a weak grid connection, which was
designed based on measurements at the campus in Flensburg. In comparison to the state-of-the-art
feed-in management, the controller allowed a higher energy yield of the wind turbine and a better
utilization of the grid components. The loads of the wind turbine were only slightly increased. Finally,
it is also shown, that feed-in management and inertial response can be provided by a wind turbine at
the same time, as the excitations and the wind turbine response are largely decoupled in the frequency
domain.

It is concluded that wind turbines can provide system services to a larger extend than today without
suffering from unduly harm for its mechanical loads and its energy yield.
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1 Introduction

Power systems around the world are being decarbonised to help fulfilling the goals of the Paris
agreement [1]. In 2021, wind turbines (WTs) with a total power of 91 GW were installed [2]. Today,
renewable energy produced by photovoltaic (PV) power plants and WTs not only helps to avoid CO;
emissions, but is also cheaper than energy from new conventional power plants [2].

PV power plants and modern WTs and are connected via power electronics. They are commonly
referred to as inverter-connected generation (ICG). Unlike synchronously connected generators, they
do not inherently contribute to the system inertia, which helps to stabilize the grid frequency.
Additionally, they are often located in remote areas with relatively weak grid connections [3], [4].
Hence, grid operators in grids with large amounts of ICG face new challenges, which have to be solved
[5]. These challenges include ensuring the power system stability even when the power production in
the grid is dominated by ICG. In such situations, WTs can no longer only be controlled based on the
prevailing wind, but have to take the needs of the grid into account. Especially, when such control
leads to changes of the active power of the WT, these grid services can have a strong influence on the
WT. Two grid services, which require such a change of the active power, are grid frequency support
and feed-in management (FIM).

In this thesis, the implications of providing these services with WTs are analysed. The focus is on grid
frequency support with WTs. The thesis aims to answer the following research question:

What implication does the provision of grid support have on the WT, especially on its mechanical loads?
During the research, the above question was broken down into the following sub-questions:

In which form should frequency support and FIM be provided in a future power system?
What are reasonable scenarios to be considered when evaluating load changes by grid support
with WTs?

3. What are the economic consequences of providing grid support with WTs?

The rest of this thesis is structured as follows: the foundations of power system stability and WT
dynamics are given in chapter 2. This chapter also contains the literature review. In chapter 3, the used
simulation models and relevant measurement systems are briefly introduced. A brief overview of the
publications used in this thesis and there relation to one another is given in chapter 4. The publications
are presented in detail in chapter 5 (frequency support), chapter 6 (FIM), and chapter 7 (combination
of frequency support and FIM). Chapter 8 discusses the results and the limitations of the research.
Finally, a conclusion is drawn and an outlook is given in chapter 9.
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2 Foundations

In this chapter, the foundations of power system stability and wind turbine dynamics are briefly
explained. Furthermore, a literature review on the grid frequency support with WTs is given.

2.1 Power system stability

A major task in alternating current (AC) power systems is to keep the grid frequency stable. The grid
frequency is system wide property of the power system. The transmission system operators (TSOs) are
usually responsible for its stability. The TSOs define services traded on a market and define
requirements for power plants in the so-called grid codes. An example for a market based solution are
the control energy services defined by the ENTSO-E [6]. A typical requirement is the frequency range
during which generators have to remain connected to the grid [7].

In AC grids, energy is not stored. Hence, power generation (by power plants and imports) and power
consumption (by loads, losses and exports) have to be balanced at any time. Occurring imbalances are
compensated by the changes of the kinetic energy stored in the rotating masses of directly connected
synchronous generators, which are typically used in conventional power plants [8]. The mechanical
speed of these generators varies in a small band and defines the grid frequency. During a power
imbalance in the grid, an imbalance between the electrical and mechanical power of the generator
occurs: the generator speed and therefore also the grid frequency changes. This behaviour of a
synchronously connected generator is called inertial response (IR). For a single generator, it can be
expressed with help of the equation (1):

(Swgen _ Pmech - Pelec (1)

ot Wgen * ]gen

Where wgen is the mechanical speed of the generator, Pmech its mechanical power, P its electrical
power and Jgen its mass moment of inertia.

On a system’s level, the magnitude of the frequency change at a given power imbalance is determined
by the inherent inertia of all synchronously connected rotating masses, the so-called system inertia. It
is often expressed in the form of the inertia constant, Hsys. 80 % - 90 % of the system inertia is provided
by generators, the remaining part by loads, which are run by directly connected synchronous machines
[9], [10]. Mathematically, small changes of the angular grid frequency, wgrig, can be described by
equation (2):

6wgrid _ Pgen - Pload
ot Wyrid ']sys

(2)

Where Pgen is the sum of all generated and imported power, Pioag the sum of all consumed, lost and
exported power, and Jss the system inertia.

If the grid frequency, fgiq, deviates significantly from its nominal value, the aforementioned control
energy services are activated. These services are typically ordered by the allowed time for their
activation, from services reacting within seconds, primary frequency control (PFC), to those with an
activation time of several minutes, i.e. tertiary control reserve. This thesis deals with services with an
even shorter activation time: the supply of synthetic inertia (SI) and fast frequency response (FFR) with
WTs [11]. As these services are not inherently supplied by ICGs, their inverter must be controlled
accordingly.
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In addition to these generation side services, the grid frequency is also automatically stabilized by the
self-regulation of the loads [12]. The power consumption of some loads decrease when the grid
frequency drops and thus have a dampening effect on changes of the grid frequency. This dampening
effect is in the range of 1 %/Hz — 2 %/Hz and is neither in the short term nor in the long term constant
[13]. Its magnitude varies significantly in various publications and is expected to decrease in the future
[14]. When larger changes of the grid frequency are possible, a dampening term needs to be added to
equation (2) in order to assess the full dynamics of the grid frequency leading to equation (3):

6wgrid . Pgen = Proqa + ks * (wgrid - wnom) * Proga (3)
ot Wgrid ']Sys

Where ksg is the dampening term from self-regulation of the loads and wnom the nominal grid
frequency.

The behaviour of the electrical grid during a disturbance is shown in Figure 1. With the chosen
parameter (Pgisturbance = -3 GW, Pioag = 180 GW, Hsys = 3 s, ksg = 1 %/Hz), the grid frequency reaches is
nadir (49.3 Hz) approximately 10 s after the disturbance.

Once the grid frequency starts to fall, the self-regulation of the loads reduces the power imbalance.
After a short delay, the PFC also ramps up. Both effects reduce the needed IR from the generators, and
therefore the change of their mechanical speed and the associated rate of change of frequency
(ROCOF).
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Figure 1 Simplified behaviour of the grid frequency (top, blue), the ROCOF (top, red), the inertial response (bottom,
blue), the self-regulation (bottom, red) and the PFC (bottom, yellow) during the ENTSO-E reference case [6].
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As argued in publication 1 [15] grid frequency control must fulfil two targets:

1. The grid frequency must be kept within a certain band around the nominal frequency in order
to avoid load shedding and shutdowns of generators; in Germany the thresholds are 49.0 and
51.5 Hz respectively [16]. In the case shown in Figure 1 the threshold is achieved as the
frequency nadir is reached at 49.3 Hz.

2. The ROCOF must be kept under a certain threshold, e.g. 2 Hz/s, as otherwise ROCOF relay
trigger and parts of the power systems are disconnected [7]. As the Central European grid is
very large, it can withstand the loss of larger power plants easily. The ENTSO-E reference case
assumes the loss of two large nuclear power plants with a total generation of 3 GW. Due to
the large size of the power system, this only results in a small power imbalance of 1.67 % of
the connected load. Hence, the ROCOF in the Central European grid is even during a serious
disturbance as shown in Figure 1 very small.

In addition to the system wide frequency stability issue, local stability issues may arise in an AC power
system with high penetration of WTs. As stated above, WTs are often installed in remote location with
a weak grid connection [3], [4]. This may cause overloading of single grid components (lines,
transformer, etc.), leading to voltage stability issues or thermal overloading of these components. In
such cases, the local grid operator secures the stability of the affected grid via FIM, i.e. the power
production of WTs and other generators connected to grid are curtailed [17].

2.1.1 Inertial and fast frequency response from renewables

As the share of ICG in the power systems increases, conventional power plants are being replaced and
eventually phased out [18], [19]. The resulting decrease of the system inertia is well documented by
the TSOs of various synchronous areas, e.g. by the Electric Reliability Council of Texas (ERCOT) [20] or
by various European TSOs [18]. This leads to a higher variability of the grid frequency and eventually a
failure of the classic frequency stabilisation mechanisms [21], [22]. In order to avoid such situations,
TSOs worldwide take different measures to stabilize the grid frequency [5]. Among these measure are
the use of synchronous condensers e.g. by Energienet in Danmark [5], the definition of new frequency
support services e.g. in the Nordic power system [14], and also stricter requirements for the
connection of WTs. Some of the requirements are described in detail in chapter 2.3.1. Here, two of the
most common services (Sl and FFR) are shortly introduced.

Sl requirements can be formulated as the emulation of the IR of a synchronous generator [11], i.e. a
power change proportional to the ROCOF. By contrast FFR is a fast version of the well-known PFC, i.e.
a power change proportional to the deviation of the grid frequency [11]. Both services can reduce the
ROCOF and the frequency nadir shortly after a sudden loss of a generator and thereby buy time for the
traditional frequency response to react. This helps to reduce, delay and eventually avoid under-
frequency load shedding [23]. As shown in publication 1 [15], it is not economically feasible to provide
these services by dedicated storage units providing solely inertia services. However, these services can
also be supplied by WTs. In this case, the additional power is typically provided by tapping the kinetic
energy stored in the rotation of the WT rotor. The reduced speed leads to a reduction of the
aerodynamic efficiency of the WTs and a further decrease of the rotational speed. Therefore, the WTs
usually have a period of reduced power production after providing frequency support, the recovery
period. The recovery period helps to restore the optimal rotational speed of the WT. During the
recovery period, the reduced power infeed may prolong the under frequency event [23], [24]. Thus a
coordinated response of different frequency control services is needed [23], which requires a
predictable response of the WTs. If the recovery periods of the WTs were to be avoided, the WTs would
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have to be curtailed before the frequency event. This is more important for FFR, as a negative
frequency deviation lasts longer than a negative ROCOF and thus more energy is drawn from the WT
rotor. Despite these problems, frequency support with WTs seems to be one of the cheapest methods
to increase the frequency stability in future power systems [25], [26] and is therefore very likely to be
demanded by many TSOs.

Sl and FFR require an exact measurement of the grid frequency, which is not an easy task. During a
disturbance, even the location of the measurement in relation to the location of the disturbance leads
to significantly different results [14]. Furthermore, the ideal averaging time of the measurements for
different grid services is not clear yet [27], [28].

2.1.2 Feed-in management

Wind power has historically been installed in remote areas with a weak grid connection [3], [4]. This
may lead to curtailment of wind power when the construction time of wind turbines is quicker than of
the grid infrastructure [5]. Such an effect has led to a strong curtailment of wind energy in Germany
[29] and especially in Schleswig-Holstein [30]. In the years 2015 - 2018 between 3,300 GWh and 4,818
GWh wind energy were curtailed [31], which was roughly of 5 % of the produced wind energy in
Germany. In addition to the significant costs of several 100 million € [29], this has caused additional
2.1 MT of CO2 emissions in Germany in 2016 [29].

Curtailment of renewables in Germany increased sharply in the years before 2018 [31] but was
expected to go down as the grid gets strengthened. However, a recent study claims that even in 2030
curtailment of wind power may be needed to stabilize the grid [32]. Curtailment of renewables is not
specific to Germany, but actually occurs worldwide whenever the development of the grid cannot cope
with the increase of newly installed renewables [5], [33]. One example is the British power system,
where 5.6 % of the metered wind energy was curtailed in 2016 [29].

In addition to the typical time delay between wind power installation and grid expansion, it might also
be economically beneficial to allow some level of curtailment [33]. A study by Agora Energiewende
[34] claims that 30 % of the grid expansion costs can be saved when 2 % of the available energy
production of a PV plant is to be curtailment (and thus increases the generation costs). Similar effects
can occur on a larger scale, if cross-border transmission capacities are not expanded. A report of the
European transmission system operators (ENTSO-E) from 2020 shows that a reasonable expansion of
these transmission capacities can significantly decrease the system costs and reduce CO, emissions
from the energy sector [35].

Nevertheless, curtailment of wind power might also be needed in certain times of the year when the
production of renewables exceeds the load [34] or when previously curtailed WTs are used to provide
control power for frequency support [36]. However, this is mainly independent of the local and
regional grid utilization and therefore not within the scope of this thesis.

The effect of different FIM strategies on the curtailment of WTs is not easy to assess as it strongly
depends on the local and regional grid situation. Especially, the structure of the distribution grids has
a strong influence and varies significantly [37]. Larscheid et al. [37] address this problem by creating a
high number artificial distribution grids and analysing the effect of different FIM strategies on the
curtailment of wind and PV power. The authors show that a FIM based on power flow predictions can
drastically decrease the need for curtailment of wind turbines and thus reduces the curtailed energy
roughly by a factor of ten. However, curtailment can also be caused the technical and organisational
interface between transmission system and distribution system. Such curtailments accounted for
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roughly 50 % of the curtailed renewable energy [38]. As the number of the technical bottlenecks is
limited, their state might actually be measured and the measurements can be used for a continuous
FIM as proposed in publication 6 [39]. Thereby, even less wind energy may be curtailed and CO;
emissions may be reduced.

Due to the regional importance of FIM in Schleswig-Holstein, this work focuses on improving the state-
of-art in Germany in 2016. Feed-in management is typically imposed by the distribution system
operators (DSOs). Until today the DSOs curtail WTs in three steps to 60 %, 30 % or 0 % of their rated
power [40]. The curtailment signal was valid for ten-minute intervals in 2016 [41]. This has been
changed to one-minute intervals today [40].

2.2 Wind turbine dynamics

The components, the structure and the dynamics of different WT types are not discussed here in detail,
but can be found in the standard literature on WTs, e.g. Manwell et al. [42], Hau [43], Gasch and Twele
[44] or Heier [45].

WTs are exposed to various excitations, mainly caused by the wind, the rotation of the WT and its
weight. Excitations cause loads of the WT and its components, which are typically classified as either
extreme or fatigue loads [44]. Extreme loads cause the failure of a component after a single or a few
occurrences, while fatigue loads stress the components by the a large number of occurrences over the
lifetime of a WT. Grid support is an additional source of excitations for the WTs, which might have to
be considered in the design of the WTs. Gasch and Twele [44] categorise traditional excitations of WTs
by their temporal behaviour. These categories can also be used to categorize excitations caused by
grid support.

1. Constant (quasi-static) excitations: examples are gravitational forces of the nacelle and the
tower. By contrast, gravitational forces of the blades are an example for a periodic excitation
of these components.

2. Periodic excitations: these excitations are very important when looking at possible resonance
effects with the eigenfrequencies of the WT. The period of these excitations is usually
somehow connected to the rotational speed of the WT. Typical examples are mass or
aerodynamic imbalances of the WT rotor, which cause an excitation with a frequency of one
time per revolution (1p). Tower blockage effect and vertical wind speed variations occur with
a frequency of three times per revolution (3p). Periodic excitations may also be caused by
excitations from the grid when the WT supports the grid (e.g. IR during grid frequency
oscillations).

3. Stochastic excitations: The most prominent stochastic excitation for WTs is the turbulent
wind. These may affect the whole rotor plane but also only parts of the plane. In the latter
case, the turbulence also leads to a temporary periodic excitation whenever a blades sweeps
through a gusty part of the rotor plane. These turbulence-induced excitations are typically
dampened by the rotational sampling and by the aerodynamic damping. The high number of
stochastic excitations, which a WT experiences during its lifetime, makes turbulence very
important for fatigue loads. A WT supporting the electrical grid continuously as proposed in
this thesis, may in addition be excited by stochastic changes of the grid frequency and grid
voltage (e.g. caused by (dis-)connection of major consumers). Hence, it is important to analyse
the effect of these additional excitations on the lifetime of the WT and its components.

4. Transient excitations: Transient excitations typically occur during the manoeuvres (e.g.
emergency stops), disturbances or during extreme situations like drastic changes of the wind
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speed or the wind direction. An important transient excitation from the grid side are low-
voltage-ride-through events, during which WTs need to be able to withstand a brief (several
ms) disruption of the grid voltage. When supporting the grid, drastic changes of the grid
frequency (e.g. after a grid islanding) may also cause a transient excitation to the WT.

An example for a mass imbalance in the rotor occurred at the WT (Enercon E30) on the campus in
Flensburg. The E30 stopped regularly due to high lateral tower movements, especially in low wind. At
these wind speeds, the rotational speed is close to the resonance speed of the tower (27.6 RPM). In a
project in collaboration with DNV-GL the E30 and the nearby met mast were equipped with a
measurement system [46]. In a conference paper [47], it was shown that periods of high tower
accelerations coincided with rotational speeds close to the eigenfrequency of the tower (see Figure 2).
The high tower accelerations are also visible in the frequency spectrum of the rotational speed and
power of the E30 [47]. Based on the measurements and with help of the simulation model developed
in the project, the mass imbalance was estimated to be 53 kgm [46]. Three years later, BerlinWind
balanced the E30 after determining the imbalance to 52 kgm [48]: a strong indicator for the accuracy
of the used model. The balancing reduced the lateral tower head accelerations by 86 %, when the E30
operates close to the eigenfrequency of the tower according to the report by BerlinWind [48].
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Figure 2 Relative frequency of the standard deviation of tower head accelerations (bin width 0.05 m/s?) vs.
rotational speed (bins width 0.5 RPM). The average value of the rotational speed and the standard deviation of
the tower acceleration are computed for 2 s periods (appr. one revolution). The first tower eigenfrequency is equal
to 27.6 RPM.

The installed measurement equipment allows a comparison of the WT behaviour with and without the
mass imbalance. By comparing frequency spectra of the rotational speed, the theoretically described
excitations are shown: Figure 3 (a) & (c) show the power spectral density estimates (PSDs) of the
rotational speed at two different operating points described by the histograms in Figure 3 (b) & (d)
before the rotor was balanced. The PSDs shows the major excitations resulting from the dominant
rotational speed (1p, marked with ‘A’) and its multiples 3p (‘C’) and 6p (‘E’). They also show a very
dominant peak at the 1% eigenfrequency of the tower (‘B’) very likely caused by the mass imbalance of
the rotor. In addition, the PSDs also show the assumed eigenfrequency of the mechanical drive train
(‘G’). However, point ‘G’ might also be a combined eigenfrequency of the drive train and the blades as
it changes slightly with the operating point. In lower part load operation the dominant edgewise
eigenfrequency of the blades (see ‘D’ in Figure 3 (a)) is also visible.
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Figure 4 (a) shows the PSD and Figure 4 (b) the corresponding histogram after the rotor is balanced.
The operating point is very similar to the one shown in Figure 3 (a). As before the periodic excitations
result from the dominant rotational speed (1p, ‘A’) and its multiples (3p,’C’,’6p,’E’) and have a similar
magnitude as in the PSD shown in Figure 3 (a). By contrast, the amplitude of the spectrum at the 1°
eigenfrequency of the tower (‘B’) is approximately 100 times smaller after the rotor is balanced. This
shows the positive effect of balancing the rotor not only on the tower but also on the drive train. As

before, the eigenfrequencies of the blade (‘F’) and the drive train (‘G’) are also prominently visible yet
slightly reduced in magnitude.
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(c) (d)
Figure 3 Power spectral density estimates of the rotational speed (a & c) and histograms (b & d) of the rotational
speed for two operating points: upper figures close to the 1% eigenfrequency of the tower, lower figures at upper
part load and full load. Markers in the frequency spectrum are described in the text. Spectra are calculated for
intervals of 262 s and are averaged over 37,000 s (a) and 15,000 s (c).
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(a) (b)
Figure 4 Power spectral density estimate of the rotational speed (a) and histogram (b) of the rotational speed for
lower part load after the mass imbalance in the blades has been removed: Markers in the frequency spectrum
are described in the text. Spectrum is calculated for intervals of 262 s and averaged over 33,000 s.

2.3 Literature review

The literature review focuses on the requirements for grid frequency support by wind turbines (see
chapter 2.3.1), control schemes from original equipment manufacturer (OEMs) and from academia to
fulfil these requirements. Furthermore, studies quantifying mechanical loads from grid frequency
support are analysed (chapter 2.3.2). In combination, these chapters describe the status-quo for
frequency support with WTs. The status-quo for FIM is already described in chapter 2.1.2.

2.3.1 Grid code requirements for frequency support by wind turbines

The requirements for WTs for the connection in electrical grids change constantly. This chapter is based
on a review of selected grid codes in 2016 [49] and their updates until 2020. The analysed grid codes
are issued by Hydro-Quebec (Quebec, Canada) [50], [51], EirGrid (Ireland) [52], [53], Red Electrica
(Spain) [54] and the Central Electrical Authority of India [55]. Furthermore, the results of a working
group of National Grid (GB) were considered [56]. These publications were chosen, as these TSOs are
known for demanding Sl and/or FFR by WTs. The four grids are characterised by a small size with high
shares of ICG (Quebec and Ireland), weak grid connections (India) or a large share of ICG with weak
connections to the rest of the Central European Synchronous Area (Spain). Hence, all of these grids are
likely to experience strong frequency excursions during power imbalances in the grid.

TSOs typically tailor the requirements for the grid connection of WTs to the specific needs in their grid
[5]. Hence, in the six analysed documents of grid operators, there is wide variety of frequency support
requirements for WTs. The requirements can be sorted in three categories:

1. The WTs have to increase their power output by a predefined value for a specified time once
a certain frequency threshold [51], [55] or ROCOF threshold [56] is violated. These
requirements can be categorised as special forms of FFR and SI. However, they lack the typical
proportionality of the power change to the frequency deviation (droop characteristic) of
traditional PFC and the ROCOF proportionality of an IR. In the Quebecois grid, the power
output has to be increased by 10 % of the pre-event power output within a second and has to
be hold constant for ten seconds. Afterwards, a power reduction during the recovery period is
allowed
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2. Inlreland, the WTs have to adjust their power output with respect to the frequency deviation
with following a droop characteristic defined by the Irish TSO [53]. In addition, the TSO can
send power setpoint values directly to the control system of the WT. This requirement can also
be characterised as FFR.

3. The WTs have to emulated the IR of a synchronous generator with an inertia constant defined
by the TSO [50], [54]. These requirements can be characterised as Sl, although they only have
to be provided during a limited operating range of the WT, e.g. only if the actual power of the
WT exceeds 25 % of rated power.

The requirements of category two and three have the advantage that they are very close to the
traditional methods for supporting the grid frequency. Hence, they are not as grid specific as the
requirements in category one. Therefore, they allow a more generalized approach to analyse the effect
of these grid services on the WTs. By contrast, the requirements of the first category can be tailored
best to the specific needs of a grid operator. Therefore, they might perform better than the traditional
methods in the specific grids but have to be adopted to the specific grids.

The allowed time for a WT to react to changes of the grid frequency is not well defined. A guideline for
measurements of the grid frequency and the calculation of the ROCOF was not available until 2018
[28]. The ENTSO-E publication mentioned up to 1000 ms averaging time for ROCOF measurements
during system stability studies. This value seems to be very high compared to another study by the
ENTSO-E, which defines allowed reaction time during frequency excursions to less than 100 ms [57].
One of the most challenging situations for a power grid is the frequency stabilization after a severe
event [58]. Severe events could be islanding of small parts of the grid (e.g. Flensburg in 2019,
publication 5 [59]), larger parts of the grid (e.g. the Iberian peninsula in 2021, [60]) or even splits of
extended power systems (e.g. South-eastern Europe in 2021, [61]). Such events can cause large power
imbalances up to 40 % of the generated power in an islanded grid [57], which causes very high ROCOFs
up to 3 Hz/s [57]. Hence, WT have to provide IR in these situations much faster than the mentioned
1000 ms to keep the grid frequency even within its most extreme stability limits (47.5 Hz - 51.5 Hz).
Therefore, the proposed filtering by ENTSO-E is omitted during most of the studies. As this increases
the magnitude and variability of the frequency response of the WT, the simulation results can be
regarded as a worst case for the WT.

2.3.2 Frequency support methods with wind turbines and resulting mechanical loads

There is a wide variety of publications, addressing the need for frequency support by WTs. In general,
the control mechanism mainly follow the requirements of the TSOs. WT manufacturer and sometimes
TSOs publish results for grid specific controller, e.g. Enercon [62] and Hydro-Quebec [24] for parts of
the Canadian grid. By contrast, academia tries to develop functionalities, which work in various grids
e.g. a working group at NREL and University of Colorado [63]—[66]. Early research on IR with WTs was
published by Holdsworth et al. in 2004 [67], by Morren et al. in 2006 [68] and by Ramtharan et al. in
2007 [69]. An excellent overview of the development in the field of IR and FFR with WTs in recent years
is given by Fernandez-Guillamén et al. [19]. The authors sort the publications based on the used control
strategies: some adjust the power output proportionally to the ROCOF (i.e. IR) [70]-[74], others to the
deviation of the grid frequency (i.e. FFC) [70], [72], [75], [76], and some also on combination of both
(typically with two control loops) [70], [74], [77], [78]. From these publications only Hwang et al. [77]
also focus on the dynamics of the WT in different operating points. The authors use a similar control
approach as this thesis by scaling the frequency response with the operating point of the WT to avoid
a high deceleration of the WT.
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When WTs need to be curtailed in part load operation, it can be achieved by an increase of the pitch
angle [79]-[81] or letting the WT run at super-optimal rotational speed [82]-[85]. For the WT on the
campus in Flensburg, Enercon uses a combination of both strategies by alternating the speed setpoint
for curtailment below approximately 75 % of rated power [46]. However, the WT will always run at
super-optimal speed, which allows stabilising the power output during negative gusts. Theoretically,
sub-optimal rotor speed is another option to curtail the WT, but that would require a transient
decrease of the electrical power before it could be increased. Hence, this strategy is not suitable for
frequency support.

The analysis of structural loads induced by grid services are today typically limited to grid faults, most
importantly low-voltage ride through events. Such events lead to high mechanical stress for the drive
train of the WT as the electrical torque changes abruptly [86], [87]. Hence, they are considered in the
load calculations of WTs. By contrast, there is little research on the consequences of frequency support
or FIM. As these services often require a reduction of the active power, Fleming et al. [88] compared
different derating strategies, and calculated the effect on the mechanical loads. However, the study
did not consider any dynamics during transients, as the WT remains in de-rated operation during the
entire simulation time. Wang et al. [89] studied the effect of different IR control methods for two
different predefined frequency scenarios at two different wind speeds. The most comprehensive
report so far was published by Fischer et al. [90]. They researched the interactions between the supply
of various grid services and structural loading of the WT. However, they mainly work with scenarios
from the Central European grid, which is very stiff compared to other grids and therefore not very
challenging for IR.
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3 Simulation models and measurement systems

This chapter briefly introduces the models used for most publications (chapter 3.1 to 3.3) and
measurement systems, which were used to develop the scenarios (chapter 3.4).

3.1 Model of the wind turbine

For the main part of this thesis, the so-called 1 eigenmodes simulation model was used to simulate
the WTs. It was developed by Clemens Jauch and is documented in detail in a technical report [91]. In
this thesis, a brief overview of the most important submodels is given. The model was implemented in
Matlab/Simulink by the author and compared to an independent implementation by Clemens Jauch.

The main idea is to model the most important dynamics (i.e. the first eigenmodes) of the main
components of a WT (blades, drive train and tower). As shown in the power spectra in Figure 3 and
Figure 4 the dynamic of the rotational speed is dominated by the periodic excitations and the
eigenmodes of the affected components. Hence, the model allows a reasonable representation of the
wind turbine dynamics while saving computational time compared to more detailed models like FAST
[92] or FLEX 5 [93] making it a good tool for controller development. The following description of the
1%t eigenmodes model is based on the technical report mentioned above [91].

The model of the blades and the drive train is shown in Figure 5. There are eight degrees of freedom:
each blade can move in inplane and out-of-plane direction. The aggregated hub mass and the
aggregated high-speed-shaft mass can rotate around the main rotation axis of the WT. Each of the
blades is divided into two lump masses. The outer masses are located at the centre of gravity of each
blade represented by the inertia J_blade_SI_var in Figure 5. The inner masses of the blades and the
mass of the hub are combined into one lump mass represented by a combined inertia. The outer and
the inner masses are connected via two spring-damper-systems, one in inplane direction and one in
out-of-plane direction. The mechanical drive train is represented by a spring-damper-system
connecting the hub and blade root inertia with the inertia of the high-speed shaft via an ideal
transmission. The high-speed shaft inertia consists mainly of the inertia of rotor of the generator.
Hence, the dynamics of the four systems can be expressed by equations similar to (4).

J 0 =Taee — kdamp CAw — kspring Nz (4)

Where J is the inertia of the lumped mass, W is the angular acceleration of the lumped mass, T the
accelerating torque, kqamp the damping coefficient, Aw the speed difference between the considered
mass and the next mass, kspring the spring coefficient, and ¢ the angular twist between the considered
mass and the next mass.
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Figure 5 Combined rotor and drive train model of the 1°t eigenmodes mode. Figure by Jauch taken from [91].

The aerodynamics in the model are represented by two-dimensional look-up tables of thrust and
torque coefficients [91]. The inputs to the look-up tables are the pitch angle and the tip speed ratio.
The aerodynamic torque is generated in the outer lumped mass of each blade. By contrast, the thrust
force acts partly on the outer lumped mass bending the blade in out-of-plane direction, and partly on
hub. Therefore, the latter part of the thrust force bends directly the tower and has no influence on the
blades.

The tower is modelled as a single mass at hub height, which is connected to the ground via a system
of spring and damper. The tower head mass has two degrees of freedom: it can move in wind direction
and perpendicular to it.

The pitch drive is modelled as a PT1 element with a limited slew rate. The input to the pitch drive
model is the control signal of the speed controller. Thus, the acceleration of the pitch drive is neglected
but the pitch speed is limited.

The generator-converter unit is also modelled as PT1 element modifying the output signal of the power
controller. Compared to the model of the pitch drive, it has a much smaller time constant and no
limitation to the slew rate. Therefore, power changes can be realized much faster than changes of the
pitch angle. The use of PT1 elements for the electrical parts is reasonable, as the electro-magnetic
dynamics are much faster than the dynamics of the mechanical components and can therefore be
neglected in most situations.

In addition to the work by the author, this thesis also presents some results provided by the industry
partner Suzlon Energy. They used the aero-elastic model Flex 5 [93] to calculate load changes and
verified the intended controller behaviour of the variable inertia controller.

3.2 Model of the wind turbine control

The WT controller consists of baseline controller for the pitch angle (speed controller) and the
generator power (power controller). A simplified block diagram of the modelled control system is
depicted in Figure 6.
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Figure 6 Simplified block diagram of the modelled control system in the 1st eigenmodes model

The speed controller is depicted in the bottom left part of Figure 6. It consists of a Pl controller for the
pitch angle and a limitation of the output signal. While the maximum pitch angle is constantly 90°, the
minimum pitch angle may depend on the actual wind speed and is determined in a look-up table. The
inputs to the controller are a typically constant reference speed and the measured generator speed.
The measurement of the generator speed is modelled by a PT1 element. The controller gains are
scheduled to account for the varying pitch sensitivity in different operating points.

The power controller is depicted in the upper left part of Figure 6. It consists of a look-up table, which
chooses the demanded power for the current generator speed, Popt. Popt and the current generator
power, Pwr, are the inputs to the Pl power controller, which determines the power setpoint for the
generator converter model. An option for an external power reference is also modelled in the power
controller but omitted in Figure 6 for the sake of simplicity. The external power reference can e.g. be
used to simulate the effects of a FIM signal from the grid operator. The implementation of the
applicable grid support controller into the control system are described in chapter 5 to 7.

3.3  Wind model

The wind model of the 1°* eigenmodes model calculates wind speed signals for the three blades
separately and an additional signal for the wind at hub height. The model is described in detail in [91].
Here only a brief summary based on [91] is given. The calculation of the wind speed, perceived by the
blades, consist of four components:

An ambient, turbulent wind speed signal at hub height.
Vertical wind shear: The ambient wind at hub height is modified for each blade individually to
account for the vertical wind shear in the actual position of the blade (the position of the outer
lumped mass as described in chapter 3).

3. The tower blockage: Whenever a blade is close to the tower, the wind speed of the blade is
reduced. The speed reduction is faded in and faded out, reaching its maximum when the blade
is directly in front of the tower.
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4. Interference with tower and blade motion. The wind speed signals calculated in step 1-3 are
overlaid with the tower (in wind direction) and blade (out-of-plane) motions.

3.4 Relevant measurement systems and data analysis
One focus of this PhD project is to work with realistic scenarios based on real-world data. Therefore,
the most important sources of the used data are summarized in this chapter.

3.4.1 Grid frequency measurements

The effect of the grid frequency support largely depends on the analysed grid frequency scenarios.
There are two types of grid frequency scenarios, which were simulated: frequency scenarios derived
from measured data in Europe and India as well as a standardised test scenario (i.e. the ENTSO-E
reference case [6]).

Within a synchronous area, the grid frequency is almost identical in the whole grid. Its dynamics largely
depend on the analysed grid. Hence, geographically smaller grids and grids without strong AC
interconnections among itself or to neighbouring grid, are more likely to exhibit strong variations of
the grid frequency. This effect is especially strong, when a large amount of ICG (e.g. modern WTs) are
connected to the grid and replace generation of conventional power plants. By contrast, the Central
European Grid is highly interconnected, stretches almost over the entire continent and has high share
of synchronously connected generator in conventional power plants providing much inherent inertia
(e.g. nuclear in France, coal in Germany and Poland, hydro in Spain). Hence, its grid frequency varies
very little. At the start of the PhD project, there was very little publically shared data of the grid
frequency in Europe or in fact anywhere in the world. The available data was not sufficient for
simulations of the dynamic response in terms of precision and time resolution. On the upside, the
power production in the Central European grid was well documented down to the level of single power
plants at any hourly interval [94]. Hence, it was possible to set up a measurement campaign for the
grid frequency in the Central European grid [95] and analyse the correlation between load levels,
shares of renewable power on the generation and the ROCOF [96]. The idea was to derive a correlation
between the generation mix and the ROCOF, which allows estimating the behaviour in more volatile
(future) grid. However, the results show a relatively weak correlation between the ROCOF and the
share of ICG. One explanation for this effect is that power plants provide their full inertia as long as
they are connected to the grid, i.e. independently of their operating point. Hence, the data was not
extrapolated to generate scenarios for the grid frequency behaviour in a grid dominated by ICG.

However, Suzlon Energy was able to provide high-quality measurements recorded in one of their
Indian wind farms. As the Indian grid is very weak compared to the Central European, the grid
frequency data shows much more variability and much higher ROCOFs. Therefore, the data can be
used to estimate the effect of IR on the WT in a challenging grid, comparable to the situation in a
(future) grid with less inherent inertia. An analysis of the Indian data showed that there are often
abrupt changes of the grid frequency, which are called events hereafter. Providing inertial response
during these events causes high mechanical loads to some components of the WT [49]. Furthermore,
there are extended periods during which the grid frequency oscillates. When these oscillations occur
with at specific periods, they may excite WT components to critical oscillations. By contrast, the study
also revealed that the normal behaviour of the grid frequency on a typical day did not cause significant
harm to the WT. Hence, the data was once more analysed with a focus on the frequency events and
periods of grid frequency oscillations. From this analysis, the scenarios used in publication 3 were
derived.
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In addition, data from a measurement campaign in Ireland was used [97]. As the Irish power system is
only connected via HVDC links to other power system, it is a good example for a small grid with
occasionally high shares of ICG and thus little inherent inertia.

As a side effect, the measurement campaign in Flensburg revealed market-induced hourly and quarter-
hourly regular patterns of the grid frequency. One example is shown in Figure 7: in the morning, the
grid frequency regularly exceeds 50 Hz so much, that PFC is activated.
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Figure 7 Changes of the grid frequency in Flensburg on the hour, 6 a.m., for various days used in [98]

Such grid frequency patterns occur very regularly and can cause significant deviation of the grid
frequency from 50 Hz. Hence, they should be analysed to understand its significance for the supply of
IR by WTs. However, an analysis of the data reveals that, these changes occur at small ROCOFs. In a
conference paper [98] it was shown, that Sl supply during these frequency patters do not cause high
power variations and have no significant affect on the energy yield of the WT. Therefore, the regular
patterns in Central European grid frequency can be ignored for the further analysis of the controller
evaluation.

3.4.2 Wind data

Several publications use data from the met mast on the campus in Flensburg. During a previous
research project, the met mast was equipped with three Thies ultra-sonic anemometers, metrological
sensors and a new data logger. The measurement system is described in detail in the report of the
project [46].

Additionally, data published by the German Weather Service [99] were used in publication 5 [59] due
to a downtime of the measurement system on campus caused by maintenance.

3.4.3 Other grid data

For publication 6 [39]and 7 [100], power measurements recorded at the point of common coupling of
the campus Flensburg were used. The measurements were read via a Modbus connection from a
standard measurement device [101], which has already been installed at the grid connection point.

The publications also used power measurements of the E30 recorded with the measurement system
described in [46].

For the analysis of the blackout in Flensburg, the Stadtwerke Flensburg provided data from their SCADA
system. The data mainly consisted of RMS values for voltage and current at the power station and



Simulation models and measurement systems 17

important grid nodes as well as frequency measurements at the power station. This data was analysed,
aggregated, and combined with frequency measurements at WETI to derive the scenarios for
publication 5.
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4 Research overview

For this dissertation, research was conducted related to FIM and grid frequency support. While both
grid services deal with different aspects of operating an electrical grid, they both lead to changes of
the active power of the WT. Hence, the effects on the WT operation are comparable: the control of
the WT is partly decoupled from the available power in the wind. Figure 8 lists the peer-reviewed
journal papers published during this dissertation project and shows how they are related. The
publications are not numbered chronologically but with respect to the researched field. The author is
the main author of publication 2 -5. The contribution of each author is documented in the respective
publications.

Publication 1, [15], assesses the importance for Sl provision in the (future) grid in continental Europe,
and quantifies the needed supply of SI. Furthermore, the economic value is estimated by
comparing the provision costs with different storage technologies.

Publication 2, [102], introduces the variable H controller as a new concept of providing synthetic
inertia with WTs and compares it to a classic approach. The variable H controller seeks to
balance the interests of WT manufacturers, WT operators and the grid operators. The general
idea is that WTs provide Sl continuously depending on their current operating point.

Publication 3, [103], quantifies the effect of providing Sl on the mechanical loads of a state-of-the-art
WT. Itis also written in collaboration with Suzlon Energy and extends the findings of a common
research project [49]. This study analysis the effect of grid frequency scenarios carefully
derived from high-quality measurements of the Indian grid frequency. It also looks at the
effects of using a standard measurement system in comparison to the high quality data.

Publication 4, [59], analyses the capabilities of grid frequency support by WTs in case of grid islanding.
The case study is based on measurements conducted during the black out in Flensburgin 2019.
In addition to the aforementioned variable H controller, a FFR controller is used to stabilise the
grid with help of WTs.

Publication 5, [104], extends the frequency support controller used in publication 4 by a feedforward
loop. It is designed to avoid overspeed situations of the WT, which can occur during extreme
grid events. The publication analyses the effect of this additional control loop on the
accelerations of the most affected WT components and on its energy yield.

Publication 6, [39], introduces continuous FIM and compares it to the classical German FIM strategy
in terms of the grid utilization, WT dynamics and its energy yield. The case study is designed
based on measurements carried out at the campus in Flensburg and seeks to model a weak
grid connection, which commonly occurs in Schleswig-Holstein and other remote areas.

Publication 7, [100], extends publication 6 by simultaneously and continuously providing Sl and FIM.
Consequently, the case study is extended by a measurement of the grid frequency and the
corresponding IR of the WT. In addition to the time-domain simulations of the study case, it
interaction of both grid services is also analysed in the frequency domain.

Additionally, Table 1 gives an overview of the models, the controller and the scenarios of the
simulations used in the publications 2-6.
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Feed-in management Frequency support

Publication 7

Purpose: assessment of simultaneous feed-in
management and inertia provision

Method: (a) Simulation of case study based on real
measurements, (b) frequency-domain analysis

Key findings: simultaneous feed-in management and
inertia provision is (a) beneficial for the grid and (b)
largely decoupled in the frequency domain

Publication 2

Purpose: Introduction of variable H controller for

inertia provision

Method: Simulation of controller behavior for different

grid situations

Key findings: variable H control allows reliable inertia
Publication 6 provision with small effects on the energy yield

Purpose: assessment of A
continuous feed-in

management
Method: Simulation of case Publication 1

study based on real Purpose: assessment of inertia in the Central European

measurements power system

Key findings: Continuous FIM Method: Literature review, data analysis &
increases the energy yield & quantification of costs

grid uFiIization while having Key findings: (a) Providing inertia may be very costly (b)
small impact on the WT provision synthetic inertia should be traded in kgm?

Figure 8 Overview of the peer-reviewed publications used in this dissertation and their relationship

Publication 3

Purpose: assessment of mechanical loads due to
inertia provision

Method: Simulation of WT loads for grid scenarios
based on real measurements

Key findings: (a) small increases of fatigue loads of
the drive train (b) parts of the drive train may need
to be strengthened to a handle torque peaks

Publication 4

Purpose: Contribution of WTs in avoiding blackouts
Method: Simulation of case study based on real
measurements

Key findings: (a) WTs can significantly help stabilizing
an islanded grid (b) frequency support may cause
overspeed situations

Publication 5

Purpose: design of a feedforward pitch angle signal
during frequency support

Method: Simulation of controller behavior for
different grid situations

Key findings: (a) overspeed can be reduced, (b)
minimal effect on the energy yield
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Table 1 Overview of the used models, controller, parameter and scenarios for the peer-reviewed publications with WT simulations

ind turbine . . . . .
Wind turb WT WT
No . Grid support controller Database grid scenarios Wind scenarios
& wind model controller parameter
o Suzlon ENTSO-E reference case
1% eigenmodes Suzlon state . .
2 ) DFIG WT Inertial response Measurements Suzlon 3 wind speeds, 2 turbulence seeds
model machine
2.x MW Measurements WETI
Suzlon
Suzlon state . .
3 Flex 5 hi DFIG WT Inertial response Measurements Suzlon 5 wind speeds, 5 turbulence seeds
machine
3.x MW
. . . time trace based on scaled
1°*' eigenmodes Baseline Inertial response Measurements WETI and
4 NREL 5M measurements
model controller Fast frequency response  Stadtwerke Flensburg
10 turbulence seeds
. Measurements WETI and
- . Inertial response
1% eigenmodes Baseline Stadtwerke Flensburg .
5 NREL 5M Fast frequency response 6 wind speeds, 20 turbulence seeds
model controller ] i ENTSO-E reference case
Pitch angle adjustment
Measurement Ireland
1*t eigenmodes Baseline . 24 h time trace based on scaled
6 NREL 5M Feed-in management Measurements WETI .
model controller measurement with offsets
1%t eigenmodes  Baseline Inertial response 24 h time trace based on scaled
7 NREL 5M . Measurements WETI .
model controller Feed-in management measurement with offsets
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5 Frequency support with wind turbines

This chapter summarizes the publications 1-5. It describes the models and the controller used in the
publications, the simulated scenarios and the results of the studies. Henning Thiesen is the main author
for this publication.

5.1 Publication 1

Publication 1 [15] assesses and quantifies the need for Sl in the electrical grid covering most of
continental Europe, i.e. the European Continental Synchronous Area (ECSA). In the publication, it is
shown that the inherent inertia in the power systems tends to decline due to the phase out of
conventional power plants and the tendency to connect rotating loads via power electronics. In the
publication it is assumed, that the current, proven system of frequency support as outlined in chapter
2.1 should be preserved. In combination with the decline of inherent inertia, this leads to an increasing
need for synthetic inertia or a similar service in a future power system. Such a service has to help the
grid operator to fulfil both targets of the grid frequency control stated in chapter 2.1. Inherent inertia
automatically exchanges power with grid whenever the grid frequency changes. As it is a measure of
the kinetic energy, En, stored in the directly connected rotating masses, the power can be expressed
by the change of the stored energy with respect to time (see equation (5)):

p _ 5Ekin _ . . Swgrid
inertia = T_ Sys " Wgrid T (5)

The energy provided by inertia over a certain time can then be obtained by integrating equation (5).
The power and the energy aspect of inertia help to fulfil the two targets for frequency control outlined
in chapter 2.1. Hence, it is reasonable to require a certain inertia rather than a specific power or a
specific energy, if inertia is to be emulated. Otherwise, one target of frequency control is neglected.

In the publication, it is argued that inertia provision in a future power system should rather be a
tradeable commodity or a payed service than a requirement. Some generation types (e.g. PV power
plants) have no inherent energy storage comparable to the rotating rotor of a WT and thus additional
storage units or curtailment to provide IR. Hence, unlike today inertia will have a certain value in a
future power system. The publication is a first attempt to quantify this value of inertia. For the example
of the ECSA, the needed amount of inertia is a future system is quantified to be 3.11 - 10° kgm? by
using simulations of the grid frequency during for the ENTSO-E reference incident [6]. This value is
combined with the frequency thresholds, for which generators have to remain connected to the grid,
to estimate the needed power and energy of a storage system to provide inertia. As inherent inertia
provides large amounts of power but only for a very short time, the storage system requires a high
rated power (Ps; = 12.65 GW) but comparable little energy (Esi = 6.75 MWh).

The cost of the energy storage system are compared for five technologies: three different batteries
types (lead-acid, lithium-ion and sodium sulphur), super capacitors and synchronously connected
flywheels. Based on a literature review, the costs (e.g. investment costs, operation and maintenance)
and the lifetime of the storage system as well as the needed power electronics are estimated. Based
on this data, the net present value (NPV) can be calculated for each storage system using equation (6).
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Where liis the initial investment, C; the cash flow at time t, r the discount rate, and T the assessed
period.

The cost per provided unit of inertia is also calculated, by introducing the levelised cost of inertia
(LCOI). The calculation follows the approach of calculating the levelised cost of energy. In doing so, the
overall costs of the storage systems are allocated to the inertia provision per year over the assessed
period.

Table 2 Data and result table for the economic evaluation

Lead Sodium Super
Li-1 Flywheel
Acid I-lon Sulphur Capacitor ywhee
Data used for calculation
Cost Storage (Power) (€/kW) 175 175 175 15 300
Cost Power (€/kW) 155 155 155 270 -
Electronics
C t
ost Storage (€/kWh) 175 550 600 15,000 1,000
(Capacity)
Operation &
Maintenance (€/(kW-years)) 11.50 9 18 4 4
Life Time years 10 20 20 12 20
Results
NPV (billion €) 11.8 8.82 10.6 8.24 7.19
LCOI (€/(kg-m?-year)) 275 206 247 192 167

Table 2 shows the data used for the economic assessment and the results of the NPV and the LCOI. A
flywheel storage system proved to be the cheapest option for inertia provision under the assumptions
of the study. However, the annual price of 167.64 €/(kgm?-year) is very high. Therefore, an inertia
provision with a storage system dedicated solely for this purpose is not recommended.

The publication is connected to the other publications in the field of frequency support by showing
and quantifying the need for and the value of Sl in Central Europe. Furthermore, it shows that defining
a specific amount of inertia is a reasonable way of the covering the power and the energy aspect of
inherent inertia.
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5.2 Publication 2

Publication 2 [102] is an extension of a paper originally published at the Wind Integration Workshop in
Berlin in 2017 [105]. After the workshop, the authors received an invitation to publish an extended
and peer-reviewed version in IET Renewable Power Generation. The purpose and the main
contribution of this paper is to introduce the idea of a variable H controller, which is described in detail
in chapter 5.2.2.

5.2.1 Simulation model, control system and parameter

The 1% eigenmodes model described in chapter 3 is used for the WT simulation in publication 2. The
parameter represent a Suzlon 2.x MW DFIG WT. The Suzlon state machine is used as control system of
the WT and linked to the 1% eigenmodes model in Matlab/Simulink. The interface is described in detail
in the report of the research project [49]. As drive train and tower dampening is deactivated, the power
and speed control is similar to the one used in the 1% eigenmodes model (see Figure 6).

5.2.2 Controller grid support

As stated in chapter 2.3.1 inertial response with WTs is demanded by an increasing number of TSOs.
The definition of a specific amount of inertia is a reasonable way of demanding inertial response as
shown in chapter 5.1. In order to account for different sizes of the power plants, it is typically expressed
as an inertia constant, H. The inertia constant is defined as the theoretical time a power plant can
provide its rated (apparent) power, Srateq, SOlely from its rotational kinetic energy at rated speed [8]. It
can be calculated using equation (7).

Epin g
— =05 -]
Srated Srated

H = (7)

For the sake of simplicity, it can be assumed that Srated = Prated. Rearranging equation (7) and combining
it with equation (3), the power injection from a synchronously connected generator can be expressed
with help of the inertia constant. Furthermore, the angular velocity is replaced by the frequency as the
term 2m can be removed from the fraction, leading to equation (8).
ROCOF
Pir=—2 H"Prgteqa —F7— (8)
fgrid

The concept of a fixed inertia constant makes sense for a conventional power plant, as these typically
use directly connected, synchronous generators. Such generators operates in a very narrow speed
band around rated speed. Even during extreme scenarios, the generator speed varies by less than 5 %.
By contrast, variable speed WTs can vary their speed by at least 40 % (doubly fed induction generators,
[102]) or even more than 60 % (full converter WTs [46]). Hence, the stored kinetic energy varies with
the operating point of the WT. This makes it difficult to supply the same amount of IR over the full
operating range. However, when WTs operate in part load operation, they need to provide less IR
compared to the operation in full load. As argued in the conference paper [105], the grid needs a
specific amount of inertia to be stable. When operating in part load WTs only provide a share of the
power production to the grid and therefore only need to provide a share of the needed inertia.
Consequently, the concept of a variable H controller for the provision of synthetic inertia with WTs was
developed.

The concept of the variable H controller ensures a reliable reaction of the WT during IR, regardless of
the operating point. A study conducted for the Australian Electricity Market Operator from 2017 backs
this approach by stating that a reliable provision of IR by WTs is more important than mimicking the IR
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of a SG exactly [106]. In the same study, WT OEMs state that the capability to provide IR varies ‘roughly
linearly with the power level’. This is very similar to the general idea of the variable H controller of
scaling the inertia constant demanded by the TSO with the available kinetic energy stored in the WT
drive train. The available energy is defined by the differences in kinetic energy between the current
rotational speed of the generator, wgen, and the cut-in rotational speed, weut-in, at which the WT starts
to produce power:

Hygr 05 Jwr- (wgen ~ Wye—in)

2 (9)

- . . 2 —
Hdem 0.5 ]WT (wrated Weyt—in

Figure 9 shows the effect of the variable H concept on the inertial response of the WT: the WT provides
very little inertial response at lower part load operation when there is little kinetic energy stored. By
contrast, it has to provide the full inertial response when a lot of kinetic energy is stored. The figure
also shows values for rotational speeds above rated speed for the transient operation in overspeed.
This logic works as long as the demanded inertia constant in the same range as the (hidden) inertia of
the WT. For WTs in the 2-3 MW class inertia constants of 5 s to 6 s have been reported [19]. The
tendency to use longer rotor blades for the same power rating (especially on low wind speed sites)
[107] should increase the (hidden) inertia of the WT further. Therefore, it is likely that more kinetic
energy is available for frequency support in the future.

Today, some grid operators define power thresholds below which the WTs does not have to provide
IR at all [51]. When looking at the reliability of the IR, it seems beneficial to scale the response over the
full operating range than defining on/off thresholds. Furthermore, the IR is sometimes only activated
once a certain ROCOF or grid frequency threshold is violated [51], [56]. This seems to work well in the
current situation with only a moderate reduction of the inherent inertia. However, as the power
systems strive towards 100 % renewables, inherent inertia will be reduced dramatically. Hence, even
small power imbalances in the grid may lead to strong frequency excursions and to frequent violations
of such thresholds. In order to reduce any frequency excursions, it is proposed to provide synthetic
inertia continuously.
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Figure 9 Comparison of the normalised variable and fixed inertia constants, i.e. the strength of the inertial
response, for the full operating range of a DFIG WT [102].
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The variable H controller is implemented in the power controller of the WT (see Figure 10 and Figure
11). The power for IR, Py, is added to the output of the power-vs-speed characteristic of the WT, Pgpt,
to create a modified reference value, Pr.s, for the Pl controller. Hence, the WT will leave its optimal
operating point for steady-state operation because of the IR. The IR is calculated using equations (8)
and (9). Hence, there are three inputs to the calculation: the demanded inertia constant, Hgem, Specified
by the TSO, the grid frequency measured at the WT and the measured generator speed.

As there were concerns, on whether the provision of IR may cause oscillations of WT components, the
accelerations of the most important WT components were also used in the control concept. If the
accelerations of these components had exceeded a certain threshold, the Pr signal would have been
dampened. The outputs of the LUTs in Figure 11 vary between 0 and 1 depending on the RMS value of
the corresponding acceleration signals. However, the simulations have shown that these precautions
were not necessary. Hence, this part of the controller is omitted in future publications.

Furthermore, the minimum pitch angle table has been extended by also considering the actual
generator speed. The idea was to keep a constant angle of attack in part load operation even though
the WT leaves its optimal operating point. However, as the simulations have shown that the gain of
the energy yield was minimal, the concept was also dropped to reduce the pitch activity of the WT.
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Figure 10 Implementation of the inertial response into the control system of the WT
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Figure 11 Content of the inertial response block in Figure 10.

5.2.3 Analysed scenarios

All simulations used in the publication compare the behaviour of a WT providing IR with the variable
H controller, to one with a fixed H controller (using equation (7)) and to one without IR. The inertia
constant demanded by the grid operator, Hgem, is set to 6 s, which is a typical value for some
conventional power plants [8], [19] and some WTs [19].

In the publication, the behaviour of the WT providing IR is shown for two scenarios of the grid
frequency and different wind speed scenarios:

a) The well-known ENTSO-E reference case [6] is used show the general behaviour of the
controller. It is shown for three time traces of the wind speed in part load operation, one at
lower part load with a low turbulence intensity (TI = 0.08) and two at higher part load; one
with a low Tl and one with a high Tl (0.1 and 0.2). For the latter TI, the time traces of grid
frequency and the wind speed have been aligned such that the WT needs to provide additional
power at the end of a negative gust.

b) A measurement of the Indian grid frequency as discussed in chapter 3.4 is used to analyse the
energy losses in part load operation. To cover the typical variations of the grid frequency
during the day, a 24-hour long time trace of the grid frequency is used. The average wind speed
during the simulation is constant at 8 m/s and at a low TI (0.1).

5.2.4 Results

The results of the simulation show, that a variable H controller allows the WT to provide Sl reliably
even during challenging scenarios. A coinciding negative gust may decrease the aerodynamic power,
while the WT has to provide additional electrical power for frequency support. Hence, the drive train
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is strongly decelerated. Simulations have shown that a WT equipped with a fixed H may drop out of
power production when the generator speed falls below the cut-in speed for too long. The exact
behaviour of the WT depends on the used state machine. Figure 12 shows the simulation results with
the Suzlon controller in lower part load. The WT with the fixed H controller drops out of power
production soon after the start of the frequency event (at t = 20 s). Thus, not only the IR is lost, but
also the normal power production of the WT. The WT with the variable H controller hardly provides
inertia in this situation but remains connected to the grid. As argued above the WT does not have to
support the grid strongly in this operating point but it has to remain connected.
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Figure 12 Simulation results for lower part load. Comparison of the pitch angle (a), the generator speed (b), and
the generator power (b) for the variable H controller (dash—dotted lines), the fixed H controller (dotted lines), and
without providing IR (solid lines). In (d) the power differences are given for the variable H controller (dash—dotted
line), fixed H controller (dotted line), and the theoretical value for a synchronous generator with H = 6 s (solid
line, according to (7)).

Figure 13 shows the simulation results for the upper part load and low Tl scenario. After the frequency
eventatt=20s, the power increase for the fixed H controller is slightly higher than the for the variable
H controller (see Figure 13 (c) and (d)). However, the generator speed remains higher for the variable
H controller (see Figure 13 (b)) and thus the power deficit in the recovery phase of the generator speed
(starting at t = 28 s) is smaller. Hence, both controller provide approximately the same amount of
energy within in the first 20 s after the frequency event. This makes the performance of both
controllers in terms of grid support is very similar in this operating point.
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Figure 13 Simulation results for upper part load and low TI. Comparison of the pitch angle (a), the generator speed
(b), and the generator power (b) for the variable H controller (dash—dotted lines), the fixed H controller (dotted
lines), and without providing IR (solid lines). In (d) the power differences are given for the variable H controller
(dash—dotted line), fixed H controller (dotted line), and the theoretical value for a synchronous generator with H
= 6 s (solid line, according to (7)).

In addition to the behaviour of the controller during grid events, it also important that the energy yield
of the WT does decrease unduly during normal operation. For this purpose, a 24 h simulation as
defined in chapter 5.2.3 was chosen. The provision of IR reduces the energy yield of the WT by
approximately 0.3 % for both tested controller (see Figure 14 (a)). The losses are relatively small
considering that the power adjustments for Sl vary between + 0.1 pu due to the high volatility of the
Indian grid frequency.
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Figure 14 Simulation results for the quantification of the energy losses. (a) Comparison of the energy production
in the reference case (no Sl), with constant H control, and variable H control, (b) Histogram of the power
adjustments for Sl of the fixed and variable H controller compared to the theoretical power adjustment of a
synchronous generator with H=6's.
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5.3 Publication 3

Towards the end of the research project of Suzlon Energy and when writing the final report [49], it
became clear that the influence on the mechanical load heavily depend on the simulated grid
frequency scenarios. Furthermore, there was a significant lack of scientific literature dealing with the
effect of grid support on mechanical loads of WTs. Consequently, the Indian grid frequency data was
analysed in detail. Detailed scenarios were derived and were tested for a state-of-the-art Suzlon WT
(3.x MW). These simulations were supplemented with hardware-in-the-loop tests to look at the effects
of the used frequency measurement system in the WT. An overview of the methodology used in
publication 3 [103] is depicted in Figure 15.
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Figure 15 Overview of the methodology used in publication 3.

5.3.1 Simulation model, control system and parameter

All simulations for this publication have been conducted by Suzlon using Flex 5 [93] with a second-
order model of the generator-converter unit. The parameter of the simulation model represent a state-
of-the-art 3.x MW DFIG WT.

Suzlon’s state machine including drive train and tower damper is used for the control. A simplified
version is shown in Figure 16, which does not depict the drive train and tower damper. It is extended
by the variable H controller as described in chapter 5.3.2. The control system is implemented in
Matlab/Simulink and exchanges data with the Flex5 model.

5.3.2 Controller grid support

The basic variable H controller as depicted in Figure 17 is used in this publication. Its implementation
in the control system is shown in Figure 16. Compared to the controller introduced in publication 2,
some the variable H controller was changed as listed below. These changes are partly requested by the
Suzlon and partly the result of the previous research:

1. The magnitude of the IR is limited to + 30 % of the rated power as TSOs typically define
thresholds for its magnitude [51], [56]. The chosen magnitude exceeds these thresholds and
also the current capabilities of WTs [106] to consider the possibility of more challenging
requirements in the future.

2. The maximum power is limited to 123 % of rated power and the maximum torque to 107 % of
rated torque to protect the electrical and the mechanical part of the drive train. These
limitations are depicted as a speed depending maximum power in Figure 16.
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3. The monitoring of the accelerations of the WT components have been excluded from the
controller as they have not critical thresholds in any simulations conducted in the research
project with Suzlon [49].

4. The two-dimensional minimum pitch angle table has also been excluded as the minimal gain
in energy yield did not justify the increased pitch activity [49].

5. The grid frequency is filtered with a 10 Hz low-pass filter following recommendations by
ENTSO-E [28].
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Figure 16 Implementation of the inertial response into the control system of the WT
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Figure 17 Content of the inertial response block in Figure 16.

5.3.3 Analysed scenarios

The research project with Suzlon has shown that the provision of IR with WTs does not lead to
significant changes of the mechanical loads during most of the time [49]. However, grid situations were
identified for which the loads of some WT components could be strongly affected:

1. Oscillations of the grid frequency: when the grid frequency oscillates, the power setpoint for
IR also oscillates and creates periodic excitations of the WT. Such oscillations can be critical if
they occur with a frequency close to the eigenfrequency of a WT component, as it may cause
resonance.
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2. Abrupt changes of the grid frequency: the measurements revealed some abrupt changes of
the Indian grid frequency called frequency events hereafter (see Figure 18). Most of these
changes followed a regular pattern, which is likely be caused by the measurement system.
However, there were also some irregular frequency events, which are likely to be measured
with other measurement systems, too.

In order to quantify the effects of both situations, 21 scenarios of the grid frequency were defined in
terms of magnitude and likelihood of occurrence. In addition, 6 of these scenarios were tested on
hardware-in-the-loop test bench to analyse the effect of the measurement system on the IR of the WT.
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Figure 18 Example for an event of the grid frequency.

The simulated wind speeds allow extrapolating the results to the full operation range. The turbulence
intensity is set to 0.17 at 15 m/s. The mechanicals loads at the different wind speeds are weighted
based on a Weibull distribution to represent a site with an average wind speed of 7.3 m/s at hub height.

This implies that the grid frequency scenarios are assumed to be independent on the prevailing wind
conditions.

Two cases for the inertia constant demanded by the grid operator, Hgem, are tested: 6 s and 12 s. The
results are compared to the behaviour of a WT, which does not supply IR. For the load analysis, 10E7
load cycles are assumed which represent 20 years lifetime of the WT. The load analysis is only carried
out for normal operation (design load case 1.2 [108]).

5.3.4 Results

The hardware-in-the-loop tests reveal that the resolution and the measurement frequency of the
standard measurement equipment is not high enough to measure the grid frequency accurately in all
scenarios. Figure 19 show the differences of the WT reaction to a fast oscillation of the grid frequency
(scenario 2 in [103]) depending on the used measurement system (high quality and standard
measurement system in blue and red, respectively). Figure 19 (b) shows the differences of the power
offset S, i.e. PIR, caused by the limitations of the standard measurement system. The power offset
calculated with the standard measurement system does not follow the expected oscillating pattern,
but changes almost arbitrarily between £ 0.19 pu. However, when looking at the generator power
(Figure 19 (c)) and the generator speed (Figure 19 (d)), the differences are highly reduced by the
reactions of the generator-converter unit and the physical inertia of the drive train. The effect of the
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measurement system on the changes of the mechanical loads is estimated by comparing the
accelerations of the tower head and the drive train. These components were chosen, as they were
most affected by IR provision in the simulations during the research project [49]. The drive train is
directly affected through the changing generator torque, and the tower indirectly through the
changing aerodynamic thrust. The results of the comparison are listed in Table 3 and are discussed in
detail in the publication. The main results are that the drive train is much more affected than the tower
and that the standard measurement systems leads to smaller increases of the accelerations than the
high quality measurement system for most scenarios.
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Figure 19 WTG reaction to a fast oscillation of the grid frequency. The figure shows the results for the measured
frequency (blue) and the Hil frequency. (a) Wind speed, (b) power offset for Sl provision, (c) generator power and
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Table 3 Change of the standard deviation of the analysed acceleration signals for six scenarios. Scenario
description is given in the publication.

Tower head acceleration Tower head acceleration Drive train acceleration
Scenario (fore-aft) (side-side)
number  Measured HiL Measured HiL Measured HiL
frequency  frequency frequency frequency frequency  frequency
1 -6.7% 29% 29% 2.7% 3.5% 8.8%
2 32% 0.1% 1.7% 0.8% 133.6 % 86.1%
4 18.1% -0.2% 6.9 % 0.3% 204.1 % 57.2%
7 0.8% 3.6% 9.5% 13.0% 308.1% 222.4%
8 4.9% -0.9% 57% 4.4% 202.7 % 232.9%

10 25% -0.7% 6.7 % 6.7 % 2543 % 253.2%
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In order to calculate the effect of Sl provision on the WT, the simulation results of all scenarios defined

in chapter 5.3.3 are used. For each sensor in Flex5, the damage equivalent loads (DELs) of the
frequency support case are divided by the damage equivalent loads of the reference case without
frequency support. These calculations are performed by Suzlon for various Woehler line exponents as
these exponents are material depending (e.g. 4 is the relevant coefficient for steel towers while 10 is
used for concrete towers). Although a very high Hgem is tested, the load increases shown in Table 4 are
0.65 % or smaller for tower and the drive train (indicated by the main bearing). For all other
components, the increases were even below 0.1 % . As the changes are below well 1 %, it can be
concluded that the components do not have strengthened to account for the additional fatigue loads
caused by Sl provision. However, the simulations revealed that the WT has problems to provide the
full IR when operating in upper part load and full load conditions due to the torque limitation
mentioned in chapter 5.3.2. In such wind conditions, it is likely that WTs provide a high share of the
power production in the grid. Hence, a reliable Sl provision by WTs is especially important and the
drive train has to be strengthened to allow a higher torque. For the analysed WT this could be achieved
by replacing the coupling between the gearbox and the generator. It also has to be mentioned that the
peaks in the generator torque are a direct result of the challenging scenarios of the weak Indian grid
and the high value of Hgem. Furthermore, the cut-off frequency in the low pass filter of the grid
frequency has a very high influence on the magnitude of the torque peaks, as high ROCOFs only occur
for a very short time. It might be possible to reduce this effect further by an adequate filter design.

Table 4 Load changes for sensors with an increase of more than 0.1 % caused by the provision of Sl.

Sensor name Sensor description Woehler Load increase, Load increase,
[109] coefficient Hiem=6's Heem=12s
MzR1 Main bearing torque m=4 0.21% 0.27 %
MzR1 Main bearing torque m=28 0.14 % 0.65 %

Mx Tower top torsional moment m =10 0.12% 0.12 %

My Tower bottom fore-aft m=4 0.24% 0.20 %
bending

Mz Tower bottom side-side m=4 0.17 % 0.17 %

bending
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5.4 Publication 4

In addition to the effects on the WT discussed in chapter 5.3, the capability of WTs to support the grid
frequency is analysed for the case of a blackout, which occurred in Flensburg in January 2019. The
Stadtwerke Flensburg provided measurement data for the day of the blackout and the sequence of
events, which first lead to a grid islanding and finally to the blackout. Based on this data, scenarios
were developed and simulated how WTs could have helped to avoid the blackout [59].

5.4.1 Simulation model, control system and parameter

The 1°t eigenmodes model is used as a simulation model of the WT. The parameter represent the NREL
5M. The model also uses the baseline controller proposed by NREL extended by the grid support
functionalities as described in chapter 5.4.2 (also see Figure 20). The wind speed is simulated with the
wind model of the 1%t eigenmodes model. Depending on the scenarios described in chapter 5.4.3 up to
ten independent instances of the WT model are run in parallel. Each instance uses a unique turbulence
seed, as the scenarios do not take a distinct spatial distribution of the fictive WTs into account. Due to
the available data, the grid model has to be reduced to a power balance within in the islanded grid
(single bus bar) and the corresponding change of the grid frequency (using equation (2) and (3)).

5.4.2 Controller grid support

In order to help controlling the islanded grid in Flensburg, WTs do not only have to provide IR but also
FFR. For this purpose, a FFR controller was modelled based on the requirements in the Irish grid code
[53]. The general idea is that WTs are only allowed to produce a certain amount of the available power
during over-frequency situations by calculating a scaling factor, nes. The grid operator may also curtail
WTs during unstable grid situations, and thus is able to release additional power during under-
frequency situations. The frequency support controller with FFR and IR is depicted in Figure 21. The
used parameter settings are documented in the publication [59].
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Figure 20 Implementation of the frequency support into the control system of the WT
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Figure 21 Content of the frequency support block in Figure 20

5.4.3 Analysed scenarios

The simulated scenarios are based on the situation in Flensburg at the day of the blackout. The average
wind speed for the simulations is chosen based on data from the German Weather Service recorded
at the Flensburg airport [99]. The measured wind speed was scaled to hub height using a logarithmic
vertical wind profile. The Tl was assumed 0.12 at 13 m/s. The Stadtwerke Flensburg provided a large
data set with electrical measurements of the generation, consumption, and the grid frequency (see
Figure 22a) on the day of the blackout. This data was supplemented with higher quality frequency
measurements recorded at WETI [95] (see Figure 22b).
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Figure 22 (a) Grid frequency measured at the Flensburg power station on 9 January 2019. (b) Grid frequency and
root mean square (RMS) value of the grid voltage measured at WETI during the initial event on 9 January 2019.

From the combination of the data and the frequency measurements, the power imbalances in the
islanded grid can be calculated. Immediately after the loss of the export capabilities, the islanded grid
experienced a massive power surplus (similarly to the ENTSO-E expectations for a system split [57])
leading to an initial ROCOF of 1.8 Hz/s. Hence, the reaction time to avoid a shutdown of the generator
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due to violating the upper frequency limit (51.5 Hz) is approximately 830 ms. Therefore, any filtering
of the grid frequency was omitted in the scenarios.

In order to avoid the blackout three scenarios were simulated: avoiding the loss of the gas-fired
generator with (I.) WTs providing only IR and (ll.) WTs providing IR and FFR. In these two scenarios, the
ROCOF has to be reduced quickly to avoid ROCOF relays from triggering and to avoid the grid frequency
to rise above 51.5 Hz. In the third scenario, the small power imbalance in the grid immediately after
losing the gas-fired generator is balanced with WTs providing IR and FFR. In doing so the frequency in
the islanded grid can be stabilised around 50 Hz making a quicker reconnection to the central European
grid (minutes instead of hours) much easier. For this scenario, it is assumed that the WTs were curtailed
to 90 % of the available power before the event.

5.4.4 Results

The simulations show that WTs need to provide IR and FFR to keep the grid frequency below the
allowed upper threshold. Providing IR allows reducing the ROCOF quickly but fails to keep to frequency
below 51.5 Hz. When WTs additionally provide FFR, the grid frequency can be stabilised around 50.8
Hz (see Figure 23).
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Figure 23 Results of scenario Il in publication 4: power imbalance in the islanded grid and power of the simulated
wind farm for (a) the full simulation time and (b) a zoom to the time of the event; (c)/(d) ROCOF and ROCOF
threshold; (e)/(f) grid frequency and frequency threshold. Time axes of (e,f) are valid for the above subplots as
well.

However, due to the massive power imbalance in the islanded grid, the WTs need to reduce their
power output (and their electrical torque) almost instantaneously. This leads to a very strong
acceleration of the drive train of the WTs, causes oscillations of the drive train, and leads to overspeed
situations for most of the simulated WTs (see Figure 24). Obviously, this could be reduced by changing
the power setpoint with a limited ramp rate, but then the WTs would shut down due to overfrequency
in the electrical grid. However, in scenario Il some WTs would likely have shut down due to overspeed,
if a full state machine was used instead of the baseline controller. Such unexpected shutdowns
contradict the goal of reliably providing IR with WTs. Hence, it is proposed to extend by the used grid
support controller a modification of the pitch angle, which is introduced in publication 5. Although, the
drive train of the WT is heavily affected by the drastic changes of the torque, it is unlikely to cost much
lifetime of the WTs. It is unlikely that a single WT is affected regularly by a system split, which would
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make it relevant for the fatigue load calculation. Furthermore, although the torque change is drasticin
the shown scenarios, it is smaller and slower than during low-voltage-ride-through, which is a typical
extreme burden for the drive train [86], [87].
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Figure 24 Simulation results of scenario Il in publication 4 for four WTs with different turbulence seeds: (a) Wind
speed and rated wind speed; (b) Generator power; (c) generator speed, speed setpoint, and overspeed threshold.
The time axis of (c) is valid for the above subplots as well.

Figure 25 shows the results for scenario Ill. As the WTs were curtailed before the grid islanding, they
were able to increase their power output and thus allowed to increase the grid frequency to 50 Hz.
However, due to variations in the power production of the two WTs (see Figure 25a), the grid
frequency regularly left the frequency tolerance band of 50 Hz + 10 mHz (see Figure 25c). Hence, the
reconnection to the Central European grid would have been facilitated but could not be guaranteed.
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Figure 25 Results of scenario Il in publication 4: (a) power imbalance in the islanded grid and power of the
simulated wind farm; (b) ROCOF; (c) grid frequency, stable frequency, and frequency tolerance band.
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5.5 Publication 5

As shown in publication 4, WTs may shut down unexpectedly due to overspeed. Such an unforeseeable
behaviour can be highly problematic for the grid operator, especially when the grid is already in a
critical operating point. Unexpected shutdowns of WTs have e.g. contributed to a black in South
Australiain 2016 [110]. Hence, it is proposed to alter the pitch angle, if the grid support leads to drastic
changes of the power setpoint. As the pitch angle is altered before the rotational speed has increased,
it is called feedforward control loop. The proposed addition to the grid support controller is tested
with respect to (l.) its capability to avoid overspeed, (ll.) its influence on the energy yield and (lll.) on
the loads. The latter goal is approximated by analysing the accelerations of relevant signals.

5.5.1 Simulation model, control system and parameter

The used simulation model is identical to the one described in chapter 5.4.1, except that only one
instance of the WT is simulated and the grid model is omitted. The baseline control system of the NREL
5M is extended as shown in Figure 26. As the WT performance highly depended on the wind during,
shortly before and shortly after the grid islanding (see chapter 5.4.4), 20 turbulence seeds are used for
each wind speed.

5.5.2 Controller grid support

As stated above, the grid support controller is extended by a so-called feedforward loop directly
modifying the demanded pitch angle whenever grid support requires drastic power changes of the WT
(see Figure 26). When the power is changed, the electrical torque deviates from its optimal value,
Telec,opt, bY the electrical torque for grid support, Teiec,s. The controller seeks to modify the pitch angle
such that this deviation is compensated by an identical change of the aerodynamic torque, Taero. If this
could be achieved the change of the generator speed would be zero (see equation (10)). The needed
change of the pitch angle can be calculated with help of the pitch sensitivity in the current operating
point of the WT (see Figure 27) as power and torque are directly connected through the rotational
speed of the WT. The feedforward pitch angle, 65, is added to the feedback pitch angle, 6, calculated
by the Pl speed controller. However, as the pitch system reacts much slower to setpoint changes than
the generator-converter unit, the effect on the speed can only be reduced and not avoided.

(Swgen _ Taero - (Telec,opt + Telec,GS)

(10)
ot ]drive train

When the WT needs to provide additional power for grid support and thus the WT runs at suboptimal

speed, it may also be beneficial for the aerodynamic efficiency to decrease the minimum pitch angle.

As shown in this publication, it is only beneficial down to -1° for the NREL research WT. Therefore, the

change of the minimum pitch angle is limited to the range between 0° and -1°.

The power change for grid support, Pes, is calculated in the grid frequency support block in Figure 26.
It is almost identical to the controller depicted in Figure 21. The controller is extended by a notch filter
removing the 1%t torsional eigenfrequency of the drive train as proposed by Guo and Schlipf [111]. The
notch filter is applied to the ROCOF and the speed signal used in the variable H calculation. In order to
avoid unnecessary pitch manoeuvres, a deadband with three regions is used:

1. For | Pes | <0.5% - Praeq the feedforward loop is deactivated
2. For | Pss | > 1 % - Prated the feedforward loop is fully activated
3. For0.5% - Prated < | Pas | <1 % - Prated the feedforward loop is linearly faded in
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Figure 27 Content of the feedforward pitch angle block in Figure 26.

5.5.3 Analysed scenarios
In the publication, three different scenarios for the grid frequency are used:

a) A time trace of the frequency in Flensburg as simulated for scenario 2 in publication 4: This
scenario is used to analyse the capability of the modified controller to avoid overspeed.

b) Atime trace of the ENTSO-E reference case simulated with a small system inertia constant (Hsys
=3 s): For this scenario only the IR controller is activated, as the provision of FFR would require
a curtailment of the WT before the event. This scenario is used to evaluate the effect of the
feedforward loop on the aerodynamic efficiency when providing additional power.

¢) Two time traces of the Irish grid frequency without abnormities: this scenario tests the
controller during normal behaviour of the grid frequency. As the ROCOF oscillates during
normal operation around 0 Hz/s, the feedforward loop should hardly be active and therefore
should not increase the loads significantly. This scenario is also used to estimate the effect of
the feedforward loop on the energy yield.

All scenarios are tested at six wind speeds covering the full operation range of the WT. For scenario a)
and b), 20 turbulence seeds are used for each wind speed to show the effect of coinciding frequency
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events and gusts on the controller performance. As there is no frequency event in scenario c), it is only
tested with two turbulence seeds.

5.5.4 Results

For all discussed scenarios, the WT provides grid frequency support and its behaviour with an activated
& deactivated feedforward controller is compared. The results are discussed in detail for scenario a).
To show the full variability of the results for different turbulence seeds, the results are presented in
boxplots (see Figure 28). A detailed discussion of the results for scenario b) can be found in the
publication [104].

In scenario a), the controller’s ability to avoid overspeed situations in extreme grid scenarios is tested.
When the feedforward loop is deactivated, the generator speed exceeded 110 % of rated speed in 19
% of the simulations. When the loop is activated, the maximum speed during all simulations is 109.3
%. The capability of the controller to reduce the maximum speed is also shown in the top left of Figure
28. The controller is especially effective in part load operation and in the transition between part load
and full load operation.

The effect on the loads can be estimated by comparing the pitch rate, and accelerations of the tower
and the drive train for an activated and deactivated feedforward loop. Figure 28 shows that the effects
of the controller on the WT are strongest in part load operation and in the transition region between
part load and full load. In addition to the reduction of the maximum generator speed, the acceleration
of the rotor is also reduced in nearly all simulations (see top right of Figure 28). This is achieved by
strong increase of the pitch rate (see bottom right of Figure 28), especially when the average wind
speed is close to the transition region between part load and full load operation. In this region, the
pitch sensitivity is small resulting in high values of 8. The high changes of the pitch angle also explain
the strong effect on the tower at these wind speeds (see bottom left of Figure 28). Furthermore, the
thrust coefficient is also very sensitive to changes of the pitch angle in this region. However, the effect
here depends heavily on the used turbulence seed, i.e. the dynamics of the wind speed at the time of
the frequency event. While tower head accelerations are increased in many simulations, there are also
reductions of the tower accelerations for more than 25 % of the turbulence seeds (indicated by lower
end of the blue box in Figure 28). This shows the complex dependency of the thrust on changes of the
wind speed and of the pitch angle in this region.
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Figure 28 Changes of the maximum generator speed (top left), the rotor acceleration (top right), the fore-aft
tower acceleration (bottom left) and the pitch rate (bottom right) when feedforward control is activated for all
turbulence seeds in scenario a). Boxplots show the median (red line), upper and lower quartiles (box), typical
range (whiskers), and outliners (red crosses).

The results for the ENTSO-E reference case indicate that the feedforward loop should not be used to
increase the energy yield during the provision of IR in the simulated grid scenario. The power increase
for IR only lasts a few seconds and is small compared to scenario a). Hence, the pitch system is too
slow to have a positive effect on the aerodynamic efficiency and the change of the power in the wind
regularly outweighs the power increase for IR. In the scenario c) it is shown that the feedforward loop
does not lead to additional loads of the relevant components (drive train, tower, pitch system) but to
a slightly higher energy yield (0.15 %).
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6 Feed-in management with wind turbines

As mentioned above, WTs often need to be curtailed when grids are congested. This leads to economic
losses for both the WT operator and the grid operator, who pass the losses on to the customers. Hence,
these losses should be minimised. In publication 6 a controller for FIM is proposed, which controls the
WT based on measurements of the grid state instead of predictions [39]. The controller and the case
study were designed, performed and analysed mainly by Clemens Jauch. The case study is outlined in
Figure 29. It is modelled after a typical situation for FIM in Schleswig-Holstein: a new WT is connected
to an existing grid creating a bottleneck for the power transmission. Measurements recorded on the
campus in Flensburg allow an accurate representation of the local situation. The study is based on
previous work in a research project [46] and based on the general idea of continuous FIM [112].
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Figure 29 Sketch of the fictitious case study used in publication 5: a NREL 5M is connected to the campus grid in
Flensburg via a transformer with smaller capacity. Figure by Jauch taken from [39].

6.1 Simulation model, control system and parameter
The study uses the 1%t eigenmodes model of the WT. The parameter represent the NREL 5M. The
control system is modelled to represent the baseline controller of the NREL 5M.

The wind model of the 1%t eigenmodes model is modified by adding four sinusoidal terms to the wind
speed. The eigenfrequencies of four WT components (tower bending, drive train torsion, blades
bending edgewise and flapwise) are chosen as frequencies for these sinusoidal terms. By adding these
terms, the WT has to withstand the additional excitation from continuous FIM while already being
highly excited from the wind. This represents a worst case for continuous FIM [112].

The campus grid is modelled as a single bus bar, which is connected via a transformer to the stiff
external grid. The transformer is modelled electrically as an impedance as documented in [46].
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Furthermore, the thermal behaviour of the transformer is modelled as a PT1 element. All relevant
parameters are listed in publication 6 [39].

6.2 Controller grid support

The FIM controller aims to stabilise the temperature of the congested grid element (here the
transformer) and to keep the voltage in the (campus) grid within the allowed threshold. This is achieved
by limiting the output of the power vs speed characteristic of the WT (see Figure 30).

The continuous FIM controller consists of two-cascaded Pl controller (see Figure 31): the outer loop
controls the temperature of the transformer. This controller is slow as the thermal time constant of
the transformer is high. Furthermore, the output is limited to keep the voltage within the allowed
limits. The inner loop controls the power demanded from the WT by monitoring the power flowing via
the transformer.

The conventional FIM controller also limits the output of the power vs speed characteristic of the WT.
Following the former state-of-the-art, the limits are updated every 10 minutes. Four limits can be
chosen: 100 %, 60 %, 30 % and 0 % of rated power. The value is determined based on the transformer
temperature and the grid voltage.

The voltage could also be controlled using the reactive power of the WT. However, this would increase
the current flowing via the transformer and thus limiting further the active power, which can be fed
into the grid. As the impendence of a grid component is typically much higher than its resistance,
reactive power flows have strong influence on the voltage drop across the affected component. Hence,
the reactive power control of the WT is used to balance the reactive power within the campus grid.
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Figure 30 Implementation of the FIM controller into the control system of the WT
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Figure 31 Power demand controller for continuous FIM. Figure by Jauch taken from [39].

6.3 Analysed scenarios

The case study is based on measurements recorded at the campus in Flensburg: the load on the
campus and the power of an existing WT were measured on an arbitrary workday during the semester
(5" April 2017) using the measurement system described in chapter 3.4. The measurements were used
to calculate the residual load (Pc and Q¢ in Figure 29). The ambient wind speed was measured in three
heights at the local met mast. The recorded data were used to extrapolate the time series to hub height
of the NREL 5M. This signal is used as the average wind speed in the simulation. Furthermore, the
ambient temperature is used as input signal to the continuous FIM controller (see Figure 31). The
measured wind speed at 50 m and the ambient temperature are shown in Figure 32. As the wind speed
is very low in the morning and increases significantly around noon, FIM is only necessary in the second
half of the day.
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Figure 32 Wind speed at 50 m above ground (hub height of the E30) and temperature on campus measured on
05 April 2017. Figure by Jauch, taken from [39].
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6.4 Results
The study compares the effects of the two FIM strategies on the grid and the WT.

The most prominent effect for the grid is the increase of the energy yield of the NREL 5M: with
continuous FIM the WT can produce 13.5 % more energy compared to conventional FIM. This goes
along with a higher utilisation of the grid assets, in this study represented by the temperature of the
transformer: with conventional FIM, the transformer never reaches its target temperature of 50°C and
even hardly 45°C. Furthermore, its temperature varies more, which is likely to increase temperature-
induced wear and tear of the material. Lastly, the variability of the voltage in the campus grid is
reduced when using continuous FIM indicating a higher quality of the delivered power.

The effect on the WT loads is analysed in detail in the publication for the accelerations of the tower
top and blade tip in two directions. Continuous FIM causes only small increases for three of these
signals. Moderate increases can be observed for the lateral acceleration of the tower top. These
accelerations are caused by a modelled mass imbalance: one blade is 100 kg heavier than the other
two. Hence, the imbalance is a 1p excitation for the tower. The increase of the accelerations can be
explained by the frequent changes of the rotational speed when continuous FIM is used.

The increases of the accelerations of the WT components can also be explained by the chosen scenario.
The eigenfrequencies of the NREL 5M, excited by the sinusoidal offsets in the wind speed, are visible
in the frequency spectra of the power demand signal, Pgem, when continuous FIM is used (blue line in
Figure 33 middle). The dynamics in the power system are dominated by the power production of the
NREL 5M as shown in its frequency spectra (blue line in Figure 33 bottom). Therefore, the WT
components are excited both from the wind and from the power demand signal. The excitation from
the grid side would likely be smaller, when a larger power system (e.g. a WF) was simulated, as the
variability of the power production in the grid decreases with the number of WTs (e.g. by spatial
smoothing and the phase shift of the periodic excitations).
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Figure 33 Frequency spectra of the residual load (Pc, top), the power demand signal (Psem, middle) and the power
of the NREL 5M (Psy, bottom). Figure by Jauch taken from [39].
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The standard deviation of pitch rate of the NREL 5M increases by 24.2 % (1.11 deg/s and 1.38 deg/s)
when switching from conventional to continuous FIM. As Figure 34 reveals, it is difficult for the WT to
keep a reduced power setpoint in high wind speeds, whether the setpoint is constant or varying
slightly. For both controller, the highest pitch rates occur when the power setpoint is changed in a big

step.
@ 50
2
s o} wH UL ARG ARV |l AR
o
<
1S
a ol
11!00 12200 13!00 14200 15!00 16!00 17!00 18!00 19!00 20200 21iOO 22200 23iOO OOEOO
- time [hh:mm]
o 10O T T
i -PitChSM continuous | |
% -PitchswI conventional |
2
T
o 10®

Pitch rate [deg/s]

Figure 34 Time traces (top) and relative frequencies (bottom) of the pitch rate for the NREL 5M for continuous
(blue) and conventional (red) FIM. Figure by Jauch taken from [39].

As the analysis of the two controller is limited to a case study, the results can only indicate the effect
of the controller on the WT. The increased energy yield in a congested grid is a promising result given
that only the pitch rate and the lateral accelerations of the tower increase significantly. However, for
a final assessment further case studies should be carried out.
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7 Simultaneous feed-in management and inertial response with wind
turbines

Publication 7 [100] analyses whether WTs can simultaneous supply IR and FIM. It is extension of
publication 6 [39] described in chapter 6. Measurements of the grid frequency taken at WETI were
added to the case study shown in Figure 29 and described in chapter 6.3. The grid support controller
is updated as described in chapter 7.2. In addition, to the time domain simulations, the interaction of
the two grid support controller is also analysed in the frequency domain. The study is also designed,
performed and analysed mainly by Clemens Jauch.

7.1 Simulation model, control system and parameter

The simulation model and the baseline controller of the WT are identical to the description in chapter
6.1. The implementation of the extended grid support controller in the control system of the WT is
shown in Figure 35. By contrast to publication 6, the time constant of the PT1 element representing
the generator-converter unit is reduced from 150 ms to 25 ms and the parameter of the Pl power
controller changed accordingly. The provision of IR has no influence on the grid frequency, which is
regarded as a disturbance in this study.

7.2 Controller grid support

IR is important for the angular stability in the grid and needs to be provided almost instantaneously.
Furthermore, high ROCOFs indicate a severe situation for the entire synchronous area. By contrast,
FIM mainly addresses local problems and acts on a longer time scale. Therefore, the provision of IR is
prioritised over FIM as depicted in Figure 35. This should not be problematic, as the ROCOF typically
varies around zero in a longer time frame (several seconds) and therefore is unlikely to interfere with
the FIM controller as discussed in chapter 7.4.
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Figure 35 Implementation of the IR and FIM controller into the control system of the WT.



Simultaneous feed-in management and inertial response with wind turbines 48

7.3 Analysed scenarios

The scenario described in chapter 6.3 is extended by the measured time traces of the grid frequency
shown in Figure 36. The ROCOF derived from the measurements is typically smaller than + 0.02 Hz/s.
However, there are some peaks with ROCOF up to + 0.48 Hz/s. Although, these may be caused by the
measurement system [113], these were left in the time traces. When providing IR, WTs must measure
the ROCOF online. Hence, some measurement error can be expected and should be considered when
evaluating a controller. In order to account for the relatively strong Central European grid, two high
inertia constant were emulated: Hgem = 6 s and Hgem = 12 s. Thus, the power changes are closer to those
in a weaker grid with a higher volatility of the grid frequency.

For the analysis in the frequency domain, the WT system is linearized in upper part load. In this
operating point, the WT is likely to cause congestions. At the same time, the variable H controller
provides a strong IR. Furthermore, there is no excessive power in the wind as in full load operation,
which could be used to provide additional power for IR. Therefore, IR is likely to have a strong effect
on the rotational speed.
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Figure 36 Time traces of the grid frequency (blue) and the ROCOF (red) used in publication 7. Figure by Jauch
taken from [100].

7.4 Results

For the analysis in the frequency domain, the transfer function of the WT system from the power
setpoint to the rotational speed of the generator is derived. Furthermore, the transfer functions of the
Pdem controller (see Figure 31) and of the transformer are calculated. These transfer functions are
compared with the frequency spectra of the main excitations from grid support, i.e. ROCOF for IR and
Pc and Q¢ for FIM (see Figure 37). The analysis reveals that the WT can mainly be excited by IR. The
excitations from the IR are driven by the ROCOF and are high in the frequency band, in which the WT’s
rotational speed strongly reacts to changes of the power setpoint (1-3 Hz). By contrast, excitations
from the FIM are mainly with a frequency below 0.1 Hz and therefore unproblematic. Furthermore,
the Pgem controller has a small gain in the frequency band critical for the WT.

The effect of the simultaneous provision of IR and FIM for the WT is assessed with help of the relevant
acceleration signals. The results indicate that the WT is not significantly stronger affected than by solely
providing FIM (see chapter 5.5.4). Even for the scenario with Hgem = 12 s, the maxima and averages of
lateral tower head accelerations and the drive train accelerations are only slightly increased.
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Figure 37 Bode plots of the transfer functions of the WT (G_WT, top, red), the power demand controller
(GPI_P_dem, top green) and the transformer (G_TR, top, blue) in comparison to the frequency spectra of the
different excitations: ROCOF (bottom, green), residual demand active power (Pc, bottom, magenta) and reactive
power (QC, bottom, blue). Figure by Jauch taken from [100].

The positive effect of continuous FIM on the utilisation of the grid components was already shown in
chapter 6.4. The effect on the grid by the additional IR provision is determined by the amount of
energy, the WT exchanges with the grid irrespective of the direction of the power flow. The exchanged
energy is compared to the theoretical value an idealized SG would deliver according to equation (8). A
high inertia constant (H = 6 s) is assumed, which occurs only in some thermal power plants [19]. As the
wind speed is low during the first half of the simulated scenario (see Figure 32), a WT equipped with
the variable H controller will deliver little IR during this time. Hence, the analysis is carried out for both
halves of the day separately (see Table 5). In the second half of the day, a WT with the same inertia
constant exchanges 38 % less energy with the grid than a SG. In the first half of the day, IR is hardly
active. When the demanded inertia constant is doubled, the WT exchanges 23 % more energy than the
SG. It has to be kept in mind, that the ROCOF is very small in the chosen scenario. Whether a WT can
reliably emulate such high inertia constants in more challenging situations remains to be shown, as it
is significantly higher than the inertia constant of a typical WT.

Table 5 Einertia from an AC connected SG with H = 6 s, Eipertia from the 5M with H,,- controller and Hgem = 6 s and
Hgem = 12 s; reproduced with data from [100].

5 April 2017 5 April 2017 5 April 2017

00:00 — 24:00 00:00 — 12:00 12:00 — 24:00
Einertiay SG, H=6 s 88.2 kWh 41.5 kWh 46.6 kWh
Einertia WT, Haem= 65 33.1kWh 4.33 kWh 28.7 kWh

Einertiay WT, Heem=12s  66.1 kWh 8.66 kWh 57.5 kWh
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8 Discussion and limitations

One major task of this thesis was to derive realistic scenarios, especially for the frequency support, as
these have a major impact on the results of the simulations. The problem was addressed two folded:
first by defining detailed scenarios of grid situations, which a WT experiences during the normal
operation of the grid (publication 3). The scenarios are based on high-quality measurements of the
frequency in the Indian grid, which can serve as an example for a future grid due to its relative
weakness. Additionally, worst-case scenarios, which occur seldom, were analysed. An important case
in this category is the well-known and well-documented ENTSO-E reference incident. However, while
this case works well for dimensioning PFC, it is not very challenging for providing IR with WTs.
Especially, the research on the blackout in Flensburg has shown, that system splits are much more
important when analysing the interactions between WTs and the affected grid. System splits are the
only situation with high relative power imbalances in the Central European grid. Hence, only during
such splits high ROCOFs last for several seconds, i.e. relevant amounts of kinetic energy are fed into or
drawn from the grid. A good example for the influence on the WT, are the overspeed problems in
publication 4. These problems show that even reducing its power in the needed manner can be very
challenging for WTs. Recent events in the Central European grid [60], [61] have shown that such grid
incidents occur regularly and are therefore important when analysing frequency support by WTs.

Despite, the used analytical approach and the careful choice of the simulated scenarios, they can only
serve as examples. A typical problem are grid frequency oscillations: these are typically caused by
synchronously connected, rotating masses oscillating against each other. Hence, the periods of these
oscillations depend on the structure of the grid and the synchronously connected masses, which are
differ between grids and even in time. Furthermore, the effect on the WT depends on the exact WT
model and in case of resonances on the eigenfrequencies of the components. For FIM, it is even more
difficult to find suitable scenarios, as the effects not only depend on the structure of the high-voltage
grid, but also of the medium-voltage grids and even on single grid components. Therefore, it was
chosen to create fictional, yet realistic case using as much locally measurable data as possible.

Another issue is the measurement of the grid frequency. Measuring the grid frequency with a high
precision and small time steps [28], [114] and prone to distortions of the voltage [113]. In most of the
publications, the grid frequency is modelled as an external signal. The input signals are derived from
high-quality measurements, which do not exist in a normal WT. Hence, the WTs will measure a
different signal. This problem was addressed in publication 3. Although, the frequencies measured
with standard equipment differed significantly from the original signals, the effects on the
instantaneous power were much smaller and thus on the accelerations of the affected components
were also smaller in most cases. However, the measurement system in the WT will have an impact on
the capability to provide frequency support. In publication 4, the grid frequency is calculated in the
grid model but the measurement of the frequency by the WTs was not modelled.

Another related issue is the use of filter. As there is very little information by TSOs, whether and to
what extend filtering of the grid frequency is allowed, it was decided not to use filter in most
publications. However, it has to be mentioned, that well-designed filter may greatly reduce the
negative effects for WTs [111]. Furthermore, a slower adjustment of the WT power might be beneficial
in some cases, due to the complex interaction between frequency support by WTs and by classic PFC
[27]. In other cases, like the first two scenarios in publication 4, a fast adjustment of the power is the
only chance to avoid a blackout. A similar benefit of a short reaction time has been shown in the
literature, e.g. by the North American Electric Reliability Corporation [115]. The minimal reaction time



Discussion and limitations 51

is limited by a reliable measurement of the ROCOF, as IR based on faulty measurements might be
harmful for the grid [28]. Some manufacturer of measurement equipment claim to be able to measure
a reliable ROCOF within approximately 60 ms [106]. Various OEMs claim, that a demanding frequency
response (in terms magnitude and time) is likely to cost lifetime of the WTs [106]. It has to be stressed
that this was not the case in the simulated scenarios, although some of them (e.g. publication 3) were
very demanding. Nevertheless, it might be beneficial carefully balancing the required speed of the IR.

Most simulations for this thesis were conducted with a reduced order model of the WT [91]. Compared
to the well-known OpenFAST [116], it uses a simplified aero-elastic model. Although, the simulation
results showed a good agreement with FLEX5 simulations and field tests in general [49], the model
might not capture all aerodynamic effects during transients. Especially, when the power has to be
adjusted in large steps very quickly (e.g. after a system split), effects like dynamic stall or dynamic
inflow may occur and are not represented appropriately. During such a situation, a more detailed
model of the generator-converter unit might also be necessary. Furthermore, the model only considers
the (most important) 1°* eigenmodes of the most important WT components. However, this limitation
has very likely no significant effect on the results of this thesis.

In order to assess the economic aspect of grid support, the change of the WT’s energy yield was
assessed various scenarios. Energy losses caused by FIM are being compensated (to a large extend)
and can therefore be neglected. The change of the energy yield when providing IR differ between
negligible changes [98], [100], and -0.3 % [102]. The addition of a feedforward loop for the pitch angle
slightly increased the energy yield by 0.15 % compared to the standard variable H controller [104].
Additional investment costs for allowing grid support are only specified in one source known to the
author. Such costs are expected to arise as WT OEMs have evaluate and enable the capability of their
WTs to fulfil the grid code requirements. It states the additional capital costs for implementing a
frequency support scheme in a wind farm is below 1 % for new wind farms and at least 2 % for retrofits
[106]. While these numbers seem to be small, they might actually cost a considerable amount of the
return on investment when margins are small [106]. In order to minimise these additional costs, TSOs
should harmonise their requirements as much as possible.

A potentially high cost driver would be necessary adjustments of WT components to supply grid
support. Publication 3 has shown that this might be necessary for some parts of the drive train when
additional power is to be supplied at or near full load operation. Strengthening WT components due
to increases of the mechanical loads is only necessary, if regular measurement errors cannot be
avoided [49]. However, such adjustments are highly depending on the individual WT and are therefore
very hard to quantify. If such costs occur, they are likely outweighed heavily by reduction of system
costs as recently shown by Thiesen [25], [26] when considering the total system costs. Publication 1
has also shown that using storage units for IR would lead to an over-dimensioning of the power rating
and is therefore a very costly alternative. Whether FFR provision with WTs is also cost-efficient is much
harder to evaluate. When additional power is to be supplied in a similar manner to today’s PFC, WTs
must be curtailed before FFR can be delivered. Hence, the energy yield could suffer considerably, if the
curtailment lasts for longer periods.



Conclusion 52

9 Conclusion

In this thesis, various aspects of grid support with WTs have been analysed. Detailed scenarios were
developed to estimate the effect of the grid support on the WTs. Using these scenarios, the capability
of WTs of providing frequency support and FIM was shown. This allows to the answer the research
guestion with help of the sub-questions stated in the introduction.

1. In which form should frequency support and FIM be provided in a future power system?

The general concept of the controller used in this thesis is to provide grid services continuously.
For FIM, this leads to a significant increase of the energy yield of the WT compared to the
conventional FIM and a better use of the existing grid capacities. Thereby, unnecessary system
costs can be avoided. Providing IR continuously instead of event based may help to stabilise
the grid frequency in a future grid with little inertia. In such power systems even small power
imbalances may lead to high ROCOFs. Therefore, the use of thresholds for an activation of IR
may lead to higher frequency excursion than with a continuous provision. However, this theory
could not be tested due to a lack of a comprehensive grid model. During the thesis the concept
of the variable H controller was developed. Besides allowing a reliable provision of the IR, it
also causes smaller load increases compared to IR provision with a fixed inertia constant [49].
The simulation results show that WTs are capable of providing FIM and IR continuously without
unduly harm for the WTs, especially when the variable H controller is used for IR provision.

2. What are reasonable scenarios to be considered when evaluating load changes by grid support
with WTs?

Finding a good scenario for FIM has been difficult, due to the strong influence of the local grid
structure. Therefore, a fictional, yet realistic scenario has been used to evaluate the
performance of the continuous FIM controller. In the analysed case, the accelerations of the
tower in lateral directions and the pitch rate are slightly increased. The changes of other signals
are negligible.

For the analysis of the frequency support controller, data from various sources have been
analyse to derive realistic scenarios. The simulations have shown that the provision of IR during
the normal behaviour of the grid frequency has very little influence on the WT loads.
Therefore, the scenario definition should focus on frequency events such as abrupt changes of
the grid frequency, oscillations and extreme case like system splits. Unfortunately, these
events are grid-specific in terms of magnitude and likelihood making an analysis by OEMs or
academia very time consuming. It might be reasonable that TSOs define and publish such data
in order to facilitate research and development of new controller. In the analysed scenarios,
the mechanical loads of the WT are hardly affected even when very high inertia constants are
demanded. The stable operation of the WT was only affected extreme cases, shown at the
exemplary case of the grid islanding in Flensburg. This case shows, that even reducing the WT
power for frequency support can be challenging, as there is very little reaction time, before
the grid frequency causes a blackout.

3. What are the economic consequences for WT operator?

The analysis has shown that the decrease of the energy yield is very small. Furthermore, only
small adjustments of WT components were needed to provide IR reliably. This may differ when
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a different grid or a different WT is analysed. However, the mechanical loads did not increase
significantly in the analysed scenarios. Hence, a replacement of WT components for IR due to
load increases is not necessary.

The answers to the sub-questions above show that WTs are capable of providing grid support
continuously at acceptable consequences. Considering the stated benefits for power systems in terms
of reduction of system costs and grid frequency and voltage stabilisation, it can be concluded that WT
should stabilise the grid to a higher extend than today.

However, there is also need for some additional research in the future. The effects of continuous FIM
should be analysed in a different and larger power system. By doing so, the possible interactions
between the excitations from the wind and from the grid side (through demanded power controller)
can be analysed in detail. Furthermore, it should be analysed how a congestion at a high grid level (e.g.
a substation between the medium and high voltage level) would affect the WTs connected the
downstream grids. When such bottlenecks are carefully identified and monitored, a large number of
WTs might benefit from the positive effects of continuous FIM. The continuous IR with WTs has been
shown extensively. However, the rate of power change during extreme cases was higher than typical
for a WT. Whether such drastic power changes are possible without overextending the capabilities of
the generator-converter units should be shown in a higher order model of these components.
Additionally, the effect of the feedforward loop on the WT dynamics shows a high variability depending
on the prevailing wind conditions. It should be analysed how these variations are exactly caused by the
turbulent wind and how the response of the WT can be improved in challenging wind conditions.
Furthermore, it should be investigated how the analysed grid services can be provided best in a wind
farm. As IR and FIM both change the active power of the WTs, it is also likely to change the flow in the
wind farm. Thus, it might be beneficial to share the power changes unevenly between the WTs in the
wind farm.
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Abstract: In alternating current (AC) power systems the power generated by power plants has
to match the power drawn by consumers plus the system losses at any time. In the case of an
imbalance between generation and consumption the frequency in the system deviates from its rated
value. In order to avoid an unsuitable frequency, control power plants have to step in to level out
this imbalance. Control power plants need time to adjust their power, which is why the inertial
behaviour of today’s AC systems is crucial for frequency control. In this paper it is discussed
that the inertia in the European Continental Synchronous Area decreases due to the transition to
renewable energy sources. This will become a problem for frequency control, which is why the
provision of non-inherent inertia is proposed. This system consists of fast-responding energy storage.
Its dimensions in terms of power and energy are determined. Since such non-inherent inertia requires
investments a cost-efficient solution has to be found. Different technologies are compared in terms of
the newly-introduced levelised cost of inertia. This paper concludes with the proposal that in future
inertia should be traded and with the recommendation to use flywheels for this purpose, as these are
the most cost-efficient solution for this task.

Keywords: energy storage systems; power system frequency control; power system stability;
synthetic inertia; system inertia

1. Introduction

The threat of climate change consequences and the request to be independent from importing
scarce fossil fuels, as well as the nuclear disaster in Fukushima, have led many countries to switch
their energy generation to a generation based on renewable energy sources (RES). This transition takes
place in the heating, transport, and electricity sectors. The European Union has ambitious targets in
terms of RES and has taken a leading role with its “2030 climate and energy framework” [1]. At least
27% of the annual overall energy consumption in the European Union has to be covered by RES until
2030. By 2050 Germany wants to cover 80% of its annual gross electricity consumption by RES [2].
In order to reach such high penetration shares of RES, volatile generation types like wind turbines
(WTs) and photovoltaic systems (PVs) will take an important part in future electricity generation.

One major challenge in this transition movement will be the future of power system stability.
Power generation and consumption in an alternating current (AC) power system have to be
balanced in every moment. The grid frequency is the indicator for the balance of power generation
and consumption. Hence, an important part of power system stability is frequency control.
Frequency control was, and still is, the task of conventional power plants. In order to keep frequency

Energies 2016, 9, 582; doi:10.3390/en9080582 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/journal/energies

Energies 2016, 9, 582 20f12

deviations in an acceptable range, either RES have to take over this duty, or conventional must-run
capacities have to remain in operation. However, keeping must-run capacities would contradict the
energy transition. Due to the time which is needed until control power is fully activated, system
inertia is required to limit frequency deviations and gradients. A major challenge in terms of frequency
control by RES is the provision of power system inertia. WTs and PVs are connected to the grid
by power electronics and therefore do not provide inherent inertia [3]. However, it is extensively
discussed, that WTs are capable of providing so called synthetic inertia [4-7]. Currently, a research
project regarding the provision of synthetic inertia using WTs and its effects on mechanical loads and
costs is conducted at the Wind Energy Technology Institute (WETI), in collaboration with the WT
manufacturer Suzlon Energy.

Cao et al. have studied the impact of variable system inertia on the performance of frequency
based protection for the AC island system of the United Kingdom [8]. For a larger synchronous area
Wang et al. have studied the impact of high penetration of variable RES in the European Continental
Synchronous Area (ECSA) [9]. The German Energy Agency (DENA) has stated that until 2030 sufficient
system inertia is available in the ECSA in order to react appropriately to frequency deviations in the
event of an imbalance of 3 GW [10]. The main reasoning behind this statement is the great differences in
the share of RES across the ECSA. A possible consequence of insufficient system inertia is the split of the
grid into islands. These grid islands have to be controllable in terms of frequency stability. Such splits
into electric islands occurred in September 2003 when Italy was disconnected and in November 2006
when the former Union for the Coordination of the Transmission of Electricity (UCTE) split into three
islands [11,12]. After Italy was disconnected from the UCTE the grid frequency in Italy was temporarily
stabilised at 49 Hz. It declined further for various reasons, which finally led to a system blackout.
The incident in 2006 led to the split of the UCTE grid into three separate areas (west, northeast and
southeast) with significant power imbalances. These imbalances caused under-frequencies in the
west and southeast areas and an over frequency in northeast. Full synchronisation of the UCTE was
achieved 38 min after the split.

One part of low rotational inertia in the power system relates to technical issues. While this is
addressed extensively, a literature study has shown that the economical perspective of system inertia
has only been researched superficial yet. Society and economy are highly dependent on electricity and
its undisturbed provision due to an extensive use of electrical devices. Large frequency fluctuations
or even blackouts might cause huge financial damages. Leahy and Tol evaluated the damage caused
by blackouts for the private and the industrial sector in Ireland [13]. The same was done by Nooij
et al. for the Netherlands [14] and by Growitch et al. for Germany [15]. Pelletier et al. analysed
the development of system inertia in New Zealand and proposed a financial compensation/penalty
system for generators providing sufficient or insufficient system inertia respectively. Based on the
spread between the power system inertia constant and the individual inertia constant of each generator,
a fee would have to be paid for generators providing insufficient inertia or a benefit would be received
for generators providing sufficient inertia [16]. However, this proposal is not applicable due to a
non-transparent calculation and a non-guarantee of sufficient system inertia, that is, a controllable
power system.

The paper at hand emphasizes the importance of power system inertia for the ECSA for the
purpose of frequency stability and provides a closer look on the economical side of inertia. Due to
its decreasing nature, it is proposed that inertia should be a traded good in future power systems.
Therefore, a physical trading unit is discussed and proposed. In a following step, an energy storage
system is designed to provide synthetic inertia in order to maintain frequency stability in the ECSA as
it is known today, and financially assessed. An obvious solution for maintaining system inertia appears
to be idle operation of decommissioned conventional power plants. This option is not pursued here,
because when decommissioning conventional power plants large masses are being disconnected from
the turbine train and the inertia reduces significantly [10]. Although, synthetic inertia provision by RES
and its impact on mechanical loads is currently researched at WET], it is not part of this paper. It can
be assumed that the provision of synthetic inertia by WTs increases mechanical stress and, therefore,
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reduces the life expectancy of WTs. Alternatively the mechanical design has to be adapted, which
leads to increased cost of energy from these WTs. As RES depend on the availability of primary energy
sources (e.g., wind), storage units are unavoidable for the purpose of frequency stability at all times.
Nevertheless, future research and finally a market for system inertia will determine, whether RES or
storage units will be a proper and economical efficient solution.

In this paper Section 2 introduces the basic working principle of today’s power system, the
behaviour of the grid frequency in the event of a power imbalance, as well as the working principle
of system inertia. Section 3 discusses and clarifies the unit in which futures system inertia should be
traded, once the inherent inertia does no longer suffice for stable power system operation. In Section 4
an energy storage system for the provision of synthetic inertia is dimensioned with respect to power
and energy and it is also modelled. Section 5 evaluates the costs of such a storage system. Additionally,
levelised costs of inertia are introduced for the purpose of comparison. Section 6 sums up the results.

2. Power System Operation and the Influence of System Inertia

In present AC electrical systems, power generation and consumption have to be balanced in
every moment. The grid frequency, f, indicates whether power generation and power consumption is
balanced. The grid frequency is directly coupled to the rotational speed of all synchronous generators
and all other rotating electric machines which are connected to the grid without power electronics.
Depending on the synchronous region considered, the nominal grid frequency, fo, is 50 Hz (like in
the ECSA) or 60 Hz. A simple approach to describe the relation between power generation, power
consumption, and the grid frequency is shown with Equation (1) [5].

57(1) _ Tgen — Tioad (1)
ot ] Sys
Tgen is the accumulated power generation torque, T,y is the torque of the total power
consumption including grid losses and Js,s the power system inertia. Power system inertia is the
aggregated mass moment of inertia of all directly coupled rotational machines, i.e., mainly synchronous
generators of conventional power plants. dw/5t is the change of the rotational speed of these machines.
The rotational speed of a generator is coupled to the grid frequency by w = 27ntf. In the case of an
unscheduled generation loss, Tgen — Tjyaq turns negative and the grid frequency decreases from its
nominal value. In the case of a surplus of Tgey, the frequency increases.
System inertia refers to the lagging speed response of all coupled synchronous machines in an
AC power system in the event of an imbalance between power generation and demand; hence, all
synchronous machines can be seen as short-time accumulators. They dampen frequency deviations by
storing or releasing kinetic energy.

1
Exin = 5T w? 2)

Equation (2) describes the relation between stored kinetic energy, the inertia of a machine, J, and
the rotational speed w. If the frequency decreases, the rotational speed of the machine decreases,
kinetic energy is released and converted into additional electrical energy, which is fed into the grid.
If the frequency increases, the opposite happens. It is the state of the art to describe the system
resilience against frequency deviations by the inertia constant, H [17]. The inertia constant determines
the duration a generating machine, theoretically, is able to provide its rated power solely from its
stored kinetic energy, i.e., its speed decreases from rated to zero. See Equation (3):

Exin ]wz
H = 1=
Sg 2Sg ©)

where Sp is the rated power of the machine. Typical values for H are in the range of 2 s to 10 s [17].
Information about control energy and power in this paper refer to standards set by the European
Network of Transmission System Operators of Electricity (ENTSO-E) [18,19]. In continental Europe
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control energy and power is divided into three categories, namely Primary Control Reserve (PCR),
Secondary Control Reserve (SCR), and Tertiary Control Reserve. PCR gets activated when frequency
deviation exceeds +20 mHz from its nominal value f. It starts within a few seconds after the incident
and has to be fully activated in no greater than 30 s. All power plants delivering PCR participate
equally in the synchronous area. PCR has to be delivered until it is completely taken over by SCR and
Tertiary Control Reserve (TCR) but at least for 15 min.

In summary, system inertia is an essential part for the functionality of present frequency control,
as it provides PCR sulfficient time to adjust its power. However, due to the increasing share of inverter
based RES in power systems, system inertia decreases. Hence, in a future power system inertia has to
be provided externally and suppliers have to be compensated for their expenses.

3. Determining Factors for Providing Non-Inherent Inertia in a Power System

As system inertia decreases, in future power systems the provision of non-inherent inertia becomes
inevitable and has to be financially compensated. Consequently, a physical unit in which the good
inertia can be traded has to be defined. Obvious choices would be power or energy—the units in
which PCR and SCR are traded nowadays—or simply inertia. To find a reasonable unit, the ways of
providing inertia in the future are analysed and compared with the behaviour of inertia today:.

Grid frequency control must fulfil two targets:

1. The rate of change of frequency (ROCQOF) has to be kept under 2 Hz/s [20-22]. If the ROCOF
exceeds this threshold, ROCOF relays trigger.

2. The frequency must be kept within certain limits, e.g., 49-51.5 Hz in the ECSA [23].
Otherwise, load shedding is activated and parts of the grid are disconnected.

The performance of frequency control is assessed for the case of a sudden loss of a large power
plant (3 GW), the so-called reference incident [18]. The reaction of the frequency in such an event is
described by an imbalance of the torque (AT = Tgen — Tjoqq) and the system inertia (Jsys) of Equation (1).
Consequently, high system inertia allows limiting the absolute frequency excursion by ramping up the
PCR power plants over a period of 30 s.

However, in a future grid system inertia has to be provided externally as the inherent inertia
decreases. The system inertia in Equation (1) can be split into two independent inertias:

e Inertia provided by rotating loads (fans, pumps, etc.)—is assumed to vary with the load level
and is assumed to decline in the future, as newly installed rotating loads are often connected via
frequency converters.

e Inertia provided by synchronous generators—decreases with an increasing penetration of RES
and varies with the load level of the grid.

It is assumed that, even in a system with 100% generation from RES, i.e., zero inertia from
conventional power plants, a residual inertia, J;5, remains in the grid, which is the inertia provided by
the loads, as well as hydro and biomass power plants. Usually, hydro and biomass power plants are
RES which comprise AC connected synchronous generators. Figure 1 shows the power generation
structure in continental Europe in the year 2015 [24]. The bottom part of Figure 1 shows RES equipped
with synchronous generators (biomass and hydro power plants). Even though volatility is clearly
visible, a certain base load of system inertia supplied by RES is obvious. Information drawn from such
data can be used to predict Jyes.

However, the decrease in the inertia in the future causes higher ROCOFs, which cannot be
handled by the present frequency control method. Hence, additional system inertia has to be
provided—so-called synthetic inertia. In contrast to today’s inertia it will not necessarily be provided
by rotating masses, but by any kind of very fast reacting generation or storage units. In contrast to PCR
providing power plants, these units are assumed to respond instantaneously. If these units emulate the
behaviour of today’s inertia, the frequency control method will not have to be changed.
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Figure 1. Power generation mix in the ECSA. Illustrated are RES with synchronous generator,

conventional power plants and volatile RES without synchronous generators [24]. The horizontal axis
shows the hours of the year 2015.

Today’s inertia automatically exchanges power with the grid, whenever the grid frequency
changes. The amount of power exchanged depends on the ROCOF and the frequency. The energy
exchanged, is determined by the frequencies at the beginning and the end of the frequency excursion.

e  Energy from system inertia: The provided energy is equal to the change of kinetic energy, which
is stored in the rotating parts of the machines. The kinetic energy is described in Equation (2).
Comparing the kinetic energies for two different frequencies, the difference can be described with
Equation (4):

1
Ejnertia = Exin = E']Sys' (w% - w%) 4

¢ Power from system inertia: The feed-in power from inertia is the gradient of the kinetic energy,
which is stored in the rotating parts of the machines. It can be calculated by differentiating
Equation (2) with respect to time:

SExin Sw

Pryertia = ot = ]Sys’w’ of

®)

Equation (5) shows, that the power provided by the system inertia depends on the frequency
and the ROCOEF. The provided power reduces the imbalance in the numerator of Equation (1) and
counteracts the change of frequency and, therefore, limits the ROCOF.

From the paragraph above, it becomes obvious, that the traded unit should be inertia. If power
was used instead, the amount of energy needed to limit the absolute change of frequency would
be neglected (target 2 of the frequency control). By using energy instead, the instantaneous power
response and therefore the ROCOF criteria (target 1 of the frequency control) would be neglected.
As shown above, synthetic inertia could fulfil both targets at the same time by emulating today’s
inertia. In contrast to PCR, system inertia would be used almost anytime. This is a major difference
between trading inertia and trading PCR power.

4. Dimension of a Storage System for the Provision of System Inertia

Potential bidders in a future scenario must dimension their units for the provision of synthetic
inertia in terms of power and energy. As mentioned in the previous section, futures system inertia is a
combination of the residual inertia, J.s, and the synthetic inertia, Js;. In a first approach, established
energy storage technologies are evaluated for the provision of synthetic inertia.
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Each storage unit is connected to the electrical grid via a power conversion system (PCS).
Assessed storage technologies in this paper are three types of battery storages (li-ion, lead acid,
and sodium sulphur), supercapacitors, and flywheel storage systems. Power is provided almost
instantaneously with a deployment time of 10 ms for flywheels and super capacitors and a deployment
time of 5 ms for the battery storage systems after the detection of the imbalance [25]. The input signal
for the PCS would be the grid frequency. Hence, a certain amount of inherent inertia needs to be
provides by any kind of rotating mass, i.e., the residual inertia. Otherwise, the grid frequency would
change instantaneously and infinitely steep, hence, it would not be possible to react appropriately.
The amount of J,.s needed is determined by the largest permitted ROCOE i.e., df/6t =2 Hz/s. It can be
calculated by rearranging Equation (1) and leads to 759,908 kg- m? for the standard loss of generation
scenario in the ECSA (ENTSO-E reference incident). One part of [, is provided from the consumer
side and is, hence, unknown. Therefore, it is neglected and J.s is assumed to be supplied by rotating
masses of hydro and biomass power plants only. Rearranging Equation (3) for Sp and using the inertia
constant of a large hydro power plant (Hj,y4,, = 3 ), as well as Jyes = 759,908 kg- m? leads to an overall
rated power of 12.49 GW for the ECSA [26]. Compared to the power feed-in from RES equipped with
synchronous generators shown in Figure 1, it seems achievable, that futures J,.s could be provided
solely by such generation sources. It has to be noted that it is a conservative approach to assume a
capacity factor of 100%, as it is unlikely that all synchronous generator based RES run at full load at
any time.

In the next step, the amount of required synthetic inertia is determined with the help of frequency
simulations. [g; is increased stepwise, until the sum of residual (J;s) and synthetic inertia (Jg) also
meet the second frequency control target mentioned in Section 4. Figure 2 shows the time trace of the
frequency based on the ENTSO-E reference incident applying J,.s. The effects of SCR are not shown
which is why the grid frequency levels out at 45 Hz. Once the imbalance is detected, power plants
offering PCR start to adapt their power output. The additional power reduces the imbalance of the
torque in the numerator of Equation (1). This results in a decreasing decline in the grid frequency.
Figure 2 illustrates the fact that J,.s alone does not limit the frequency to the threshold of 49 Hz.
Hence, synthetic inertia is essential for frequency control. With simulations, the needed Js; to stay
above 49 Hz is determined to be 3.11 x 10° kg- m? for the ECSA. Tt is the spread between J;,;, which
results in the achievement of the first frequency control target and Jsys min which is the minimum
amount of system inertia necessary to achieve both frequency control targets.

3 50
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— Primary frequency control power
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—— Grid frequency
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Grid frequency [Hz]

. 46.5

AN 46

0.5 N\
A 455

[ T}
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Figure 2. Simplified time traces of frequency and power in the event of the ENTSO-E reference incident

and the minimum amount of inertia to reach the 2 Hz/s threshold.

The maximum power and energy needed from the energy storage system emulating the
characteristics of present system inertia are calculated by adapting Equations (4) and (5). To calculate
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the maximum power the highest allowed grid frequency (51.5 Hz) and the maximum ROCOF (2 Hz/s)
are taken. Equation (6) shows the relationship where the frequency is expressed in terms of angular
speed w = 2.7 f. In Equation (6) Ps; results in 12.65 GW for the ECSA if Js; is set to 3.11 x 10° kg- m?
(derived above), if the maximum permissible frequency is set to f = 51.5 Hz and the maximum
permissible ROCOF (6f /5t = 2 Hz/s) is applied.

dw

Ps; = Js;- w- S (6)

The maximum needed energy for the provision of synthetic inertia is calculated using Equation (7):

Esp = %']SI' (w% - w%) 7)

Nowadays, synchronous generators provide energy by automatically adapting the kinetic energy
in their rotation. The generators have to remain connected to the grid as long as the grid frequency is
between 51.5 Hz and 47.5 Hz [23]. Hence, the kinetic energy, which is stored in the rotating masses has
to be determined for a variation in rotational speed that results from a grid frequency variation from
51.5 Hz to 47.5 Hz. Applying these frequencies and Js; as determined above, in Equation (7), leads to
Es; = 2.43 x 10'° Ws = 6.75 MWh. This is the minimum energy that a future energy storage systems
providing synthetic inertia has to be able to supply.

In order to show the functionality of storage units providing synthetic inertia, their behaviour
in the event of the ENTSO-E reference incident and the behaviour for current grid frequencies is
modelled. As stated in the beginning of this section, five different types of storage units are assessed
and grouped based on their deployment time. Figure 3a shows the time traces of the grid frequency
and the ROCOE. The blue and solid red lines show the grid frequency and ROCOF, respectively, for
the provision of synthetic inertia via storage units with a deployment time of 5 ms (li-ion, lead acid,
and sodium sulphur). The dotted lines display the grid frequency and the ROCOF using storage
units with a deployment time 10 ms (flywheel and super capacitors). Obviously, storage units with a
slower deployment time lead to a lower grid frequency nadir. Figure 3b shows the power feed-in of
the storage units. Storage units with a faster deployment time have a slightly higher power feed in.
Nevertheless, both grouped storage systems are capable of providing the needed synthetic inertia as
it is requested by the frequency control targets. Figure 4 displays the behaviour of the storage units
responding to measured time series of the current grid frequency. Figure 4a shows the grid frequency
of the ECSA on 3 March 2016 from 20:45 to 21:15. Figure 4b illustrates the power feed-in of both
grouped storage units. As batteries are capable of providing power with a smaller time delay, the
power feed-in is higher compared to storage units with a higher deployment time (flywheels and super
capacitors). Figure 4c shows the state of charge (SOC) of both grouped storage units. At the beginning
of the assessed frequency measurement, storage units are charged at a level of 61%. The SOC of storage
units with a quicker response time (blue line) is slightly more volatile than the SOC of flywheels and
super capacitors.

Storage systems can be located and controlled at different voltage levels [27]. As current
conventional power plants, which are providing inertia today, are commonly connected to high
voltage levels storage units providing synthetic inertia could be connected to the same voltage level.
However, in order to minimise system losses a detailed assessment of the power flows in the grid has
to be undertaken. Synthetic inertia covers gaps between supply and demand; therefore, the power
that it exchanges with the grid travels to and from the generators and the consumers. The impedances
through which this power travels have to be as low as possible. Hence, a generally applicable rule
for the voltage level to which storage units providing synthetic inertia should be connected cannot be
made. It has to be ensured that the grid capacity is sufficient for the power flow caused by synthetic
inertia. The geographical allocation could be undertaken similar to today’s allocation of PCR [19].
PCR is allocated based on the contribution coefficient of the various control areas. Nevertheless, future



Energies 2016, 9, 582 8of12

development of the power system has to be considered regarding the geographical allocation of
storage units.
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Figure 3. Grid frequency, ROCOF (a) and Ps; (b) time traces of the ENTSO reference incident under
the influence of synthetic inertia provided via storage units with a deployment time of 5 ms and a
deployment time of 10 ms.
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Figure 4. Modelled behaviour of storage units providing synthetic inertia. (a) shows the grid frequency
of the ECSA on 3 March 2016; (b) shows the power feed in of storage units with a deployment time of
5 ms and a deployment time of 10 ms; and (c) shows the SOC of the assessed storage units.
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5. Economical Evaluation of Power System Inertia

This section determines the economic costs involved for the provision of synthetic inertia by
energy storage units. Therefore, different storage units are examined—three types of battery storages
(li-ion, lead acid, and sodium sulphur), supercapacitors and flywheel storage systems. The storage
systems are financially evaluated using the net present value (NPV) method. Currently, no market for
system inertia exists. Consequently, only costs have been considered in the financial evaluation.

The NPV is calculated by taking the initial investment, I;, and the cash flow, C;, at time ¢. All cash
flows are discounted with the target rate, r, which reflects the value of alternate usage of the investment

as seen in Equation (8) [28]:
T
NPV — Z I + Ctt
= (d+r)

®)

The initial investment is the sum of the storage costs with respect to the needed power and
capacity as well as for the costs for the PCS with respect to the power as listed in Table 1 [28-30].
The needed power and capacity are determined in the previous section. The cash flow consists of
loan capital repayments, the interest payments and costs for operation and maintenance (O and M).
These are represented in costs per year. The loan time of each investment is assumed to be three
quarter of the life time of the energy storage unit and the interest rate is 7% [31]. Each storage unit has
a unique life time. Hence, in order to achieve comparable results an examination time of 25 years is
assumed. Once a storage technology reaches its expected lifetime, the same technology gets reinstalled.
At the end of the examination time the remaining value of the system is being offset as a single revenue.
The lifetime of a storage unit depends on a number of fixed charging/discharging cycles within a
maximum given lifetime [32]. Due to present frequency characteristics in the ECSA full cycles are
seldom achieved. Hence, the maximum lifetime is not affected by the number of charge/discharge
cycles and the maximum given lifetime is used for calculations. The price level increases at a rate of
2% per annum.

It is common practice to compare different electricity generation technologies (conventional and
renewables) using the levelised cost of electricity (LCOE) methodology [33-35]. Derived from the
LCOE methodology, levelised cost of inertia (LCOI) is introduced, in order to introduce a parameter
to compare different sources for the provision of synthetic inertia. Equation (9) displays how LCOI
is calculated:

ZT I+Ct
=0 (145)}
LCOI = ———= ©)
ZT Jsi
=0 (149)!

The LCOI represents the overall costs with respect to the amount of provided inertia in a certain
period. It has been concluded in the third chapter, that neither power nor energy are suitable units
for the provision of synthetic inertia. Likewise to the financial concept of PCR, the provision of
synthetic inertia is compensated and not the actual utilisation similar to the recently proposed

meter-based method [36]. In this case it is assumed that the tender period is one year. Hence, the unit
is €/(kg- m?- year).

Table 1 gives an overview of the used data. The information have been taken from [25,29,30].
The prices for PCSs are specified for an application at the distribution system [29]. As labelled, the
upper rows of the table indicate the data used for the calculations; the lower rows contain the results.

The lowest NPV, i.e., the least cost solution, for the provision of synthetic inertia is found
to be the flywheel storage unit with NPV = €7.19 billion. It is followed by supercapacitors with
NPV = €8.24 billion and li-ion batteries with NPV = €8.82 billion. Also in terms of LCO], the flywheel
system is the cheapest technology with LCOI = 167.64 €/ (kg- m?- year), followed by supercapacitors
and li-ion batteries.
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Table 1. Data and result table for the economic evaluation (based on [25,29,30]).

Sodium Super

Lead Acid Li-Ion Sulphur Capacitor Flywheel
Data Used for Calculation
Cost Storage (Power) (€/kW) 175 175 175 15 300
Cost PCS (€/kW) 155 155 155 270 -
Cost Storage (Capacity) (€/kWh) 175 550 600 15,000 1,000
0&M (€/(kW-years))  11.50 9 18 4 4
Life time years 10 20 20 12 20
Results
NPV (billion€) 11.79 8.82 10.61 8.24 7.19
LCOI (€/(kg-m?-year) 27522 205.64 247.48 192.12 167.64

6. Conclusions and Future Research

This paper emphasises the importance of system inertia and the necessity of synthetic inertia for
future frequency control. Synchronous generators of conventional power plants are being replaced
by RES equipped with frequency converters, which do not provide system inertia. System inertia is
essential for frequency control as it limits the ROCOF and provides PCR with time to adjust its power.

In a future power system insufficient system inertia has to be compensated by the provision
of synthetic inertia. Synthetic inertia is the behaviour of frequency converter equipped generation
or storage units, emulating synchronous generators. This can be achieved by appropriate control
strategies. The yet free of charge service inertia, has to be traded in a future power system due to
additional costs for the provision of synthetic inertia. A suitable trading unit is inertia (kg- m?), as it
represents the behaviour of present synchronous machines regarding system inertia. Levelised cost of
inertia (€/kg- m?) is a suitable comparison parameter for the provision of inertia by different sources.

Different energy storage units are evaluated regarding the emulation of system inertia. As incomes
for the provision are not yet assessable, only costs are considered. The NPV concludes, that the
provision of synthetic inertia by a flywheel storage system is the least costly solution with overall
system costs of €8.23 billion for the evaluated examination period. Adapting the newly introduced
LCOI and assuming a tender period of one year leads to costs of 167.64 €/(kg- m?- year) for the
provision using flywheel storage systems.

A future market for inertia will presumably reduce costs for the provision of system and synthetic
inertia. RES are capable of providing synthetic inertia, too [5,6,29,37]. Future research will indicate
whether these sources are capable of providing synthetic inertia at lower costs then the evaluated
storage systems in this work. Currently, a research project is conducted at the Wind Energy Technology
Institute, in cooperation with the wind turbine manufacturer Suzlon Energy. In this project the
provision of synthetic inertia with wind turbines is assessed in terms of performance and in terms
of consequences for the mechanical loads, hence, costs. It has to be acknowledged though that RES
generators, like wind turbines, cannot provide synthetic inertia permanently, but only at times of
operation. Hence, alternative technologies, which are independent from the availability of prime
energy, are inevitable.
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Abstract: In future power systems with little system inertia, grid operators will require the provision of synthetic inertia (SI) from
renewable energy sources. Unlike today, grid operators may require continuous provision of Sl. This can lead to an unwanted
disconnection of wind turbine generators (WTGs) from the grid, and has the potential to cause a significant decrease of the
energy yield and financial losses for the turbine operator. In order to avoid such situations a controller is proposed, which
interprets the grid codes to the benefit of all parties involved. This can be achieved by a variable inertia constant, which changes
with the operating point of the WTG. In this study, the behaviour of the variable inertia constant controller is described, assessed

and verified with time domain simulations.

1 Introduction

Modern power systems with high penetration of inverter-based
renewables are bound to exhibit little system inertia. In order to
avoid unfavourable excursions of the grid frequency and high rates
of change of frequency (ROCOFs), system operators will require
the provision of synthetic inertia from renewables. This can be
achieved by adjusting the power output depending on the measured
ROCOF. Already today, some grid codes require the provision of
synthetic inertia (SI) or some kind of fast frequency response
during major frequency disturbances. The existing requirements
are typically tailored to the system operator's specific needs and
their individual control objectives. In other grids, like the Indian
grid, frequency support by wind turbine generator (WTG) is
currently under discussion [1]. Existing and proposed requirements
are often vague when defining the exact terms for the provision of
SI. This might lead to unwanted disconnection of WTGs, which
contradicts the interest of the grid operator that SI is actually
provided when needed. When the system inertia decreases further,
SI might need to be provided reliably by WTGs at all operating
points [2, 3].

This paper focuses on different control strategies for the
continuous provision of SI. The controllers are tested with time
domain simulations and real-time traces from measurements of the
Indian grid frequency. For the controller design the grid codes
analysed in Section 2 are interpreted such that unwanted behaviour
of WTGs during SI provision is avoided. The controller is also
tested in field tests and its effects on the WTG loads are estimated.

This work is structured as follows: In the Section 2,
publications of grid operators are analysed and the requirements for
WTGs are adapted for the provision of continuous SI. Based on
these results, two control strategies are developed in Section 3 and
the effect on the aerodynamics is discussed briefly. In Section 4,
the simulation results in terms of controller performance and
quantification of energy losses are shown. The last section presents
the conclusions and indicates future work.

2 Requirements for synthetic inertia in grid codes

Some grid operators have been requiring the provision of SI by
WTGs for a couple of years. Especially Hydro Québec
TransEnergie has well-documented experience with such
requirement since they introduced it in 2005 [2].
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For the current paper, various grid codes and publications of
grid operators are analysed with respect to requirements for the
provision of SI. The comparison shows a wide range how grid
operators define the provision of SI. Three different types of
requirements can be distinguished:

* Increase of the power output depending on the ROCOF. It is
typically activated once the ROCOF exceeds a threshold. The
power increase must be held constant for a specific time or can
be slowly reduced to zero [4].

 Increase of the power output once a threshold for the frequency
is exceeded. The power increase must be held constant for a
specific time or can be slowly reduced to zero. Such a
requirement is comparable to primary frequency control and not
to the inertial response of a synchronous generator (SG) [1, 5].

* Emulation of the behaviour of a SG. The power increase is
typically defined by an inertia constant stated by grid operator
[2, 3].

The requirements are often designed to the need of the specific
grid for which the grid code is drafted [6]. Furthermore, the SI
requirements are often designed to handle extreme events and
therefore are not suitable for continuous provision of SI which is
studied in this paper. The only exception is the emulation of the
behaviour of a SG, which can be applied in continuous operation.
The behaviour of a SG is described by (1). The grid operator
demands an inertia constant Hye, which must be emulated by
renewables. This concept is called fixed H control in the rest of this

paper.

ROCOF
Ps; fixed = — 2- Hgem * Prated * f— (1)
grid

Another problem with many existing grid codes is the lack of
information, which would be needed for a clear interpretation of
the stipulated requirements. This problem was recently addressed
by European Network of Transmission System Operators for
Electricity (ENTSO-E) [7]. In order to clearly define the provision
of SI as given in (1) at least the following information is needed:

* Magnitude of required inertia constant Hyep,
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* Minimum measurement frequency and accuracy for the grid
frequency fgig. This information is particularly important as the
ROCOF is used to calculate the power increase.

* Allowed delay time for the provision of SI,

* Potential deadbands for ROCOF and fgig.

While the lack of information can be problematic during the
development of a SI controller, it also leaves room for
interpretation. The provision of SI typically causes a conflict of
interests between the grid operator, who needs a reliable provision
of SI to stabilise the grid frequency, and the WTG operator, who
aims to maximise the energy yield of the WTG.

A common strategy for the provision of SI with WTGs is to
change the rotational speed of the rotor. There is a variety of
publications from different WTG manufacturer describing such a
control strategy and the WTG behaviour during frequency response
(e.g. [8, 9]). Furthermore, a comparison of different WTGs to a real
frequency event can be found in a publication by Hydro Québec
[6]. A change of the kinetic energy stored in the rotation of the
WTG allows temporarily increasing the generated electrical power
above the power in the wind. As a consequence, WTGs might run
at non-optimal rotational speeds, which affects the aerodynamic
power [10]. Drastic requirements for the provision of SI in
combination with large ROCOFs can even lead to disconnection of
WTGs from the grid if the rotational speed drops too much.

The provision of SI obviously has a negative impact on the
WTG operator's interest to maximise the energy yield. A temporary
disconnection of WTGs is also unfavourable for grid operators as it
leads to the loss of generation during a grid disturbance. The SI
provision requirements in the grid codes have to be interpreted in
such a way that the interests of grid operators and WTG operators
can be fulfilled.

A grid operator needs to maintain a minimum inertia constant in
their grid in order to be able to control the grid frequency. In case
WTGs are able to emulate the behaviour of SGs correctly, the
needed inertia can either be provided by natural inertia of
synchronously connected units or by WTGs with SI capabilities.
The inertia of SGs is described by the inertia constant A and is
typically in the range of 2—10 s [11]. When SGs are disconnected,
their inertia contribution to the system is lost and has to be replaced
by turbines providing SI. As long as the overall SI provided by
WTGs is sufficient it is not important for the grid whether some
WTGs provide large amounts of SI or many WTGs provide small
amounts. However, it can make a huge difference for the WTGs as
the operating point highly affects the capability of a WTG to
provide SI.

Not all WTGs in a grid are in the same operating point at the
same time. Grid operators currently consider this by defining a
power limit below which WTGs do not have to provide SI [4, 5].
However, a lower limit for a reliable provision of SI strongly
depends on the power vs. speed characteristic, the acrodynamics of
the WTG and also on the available wind during and shortly after a
frequency event. Hence, such a power limit must either be set to a
high value (i.e. loosing much of the WTGs potential to provide SI)
or it does not guarantee the provision of SI in all wind conditions.
This problem can be overcome by the control method proposed in
the following section.

3 Control strategies for inertia provision

A requirement for the continuous provision of SI should make sure
that WTGs remain connected to the grid during frequency support
while making sure that the WTG provides as much SI as possible
in its current operating point. For variable speed WTGs this can be
achieved by modifying (1) such that the inertia constant changes
with the operating point as shown below:

ROCOF

PSI,VarH = -2 Hyar - Praged * T (2)
f grid

As mentioned before, the kinetic energy stored in rotating masses

of the WTG drive train is usually used to provide additional power

for SI. Also the rotational speed of the WTG is crucial for effective
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Fig. 1 Comparison of the normalised variable and fixed inertia constants
over the operating range of the WIG (best viewed in colour online)

power production. Hence, it is reasonable to scale the variable
inertia constant Hy,, with the kinetic energy as described in (3).
The difference between the kinetic energy at the current speed
(@gen) and the kinetic energy at cut-in speed (@cyt.in) is available
for SI without risking to disconnect the WTG from the grid. H,,, is
normalised such that the inertia constant Hgep,, defined by the grid
operator is provided at rated speed (w;aeq)- The change of the
normalised variable inertia constant over the operating range is
shown in Fig. 1.

2 2

Hyy _ 0.5 Jwrg - (wgen - wcut—in)
= 2 7

Hdem 0.5- JWTG : (wraled - wcul—in)

)

Equation (2) and (3) ensure that every WTG contributes as
much inertia as possible in the moment of a frequency event. The
grid operator can be sure that sufficient inertia is present in their
grid either provided by WTGs with high operating points, or by SG
in case of a low wind situation. Thus, the negative effect on the
energy yield is reduced as the full SI only has to be provided when
there is sufficient wind to increase the power output and shut-
downs of the WTGs are avoided. The controller concept presented
in (2) and (3) is referred to as variable H controller in the rest of the
paper.

Depending on the sign of the ROCOF WTGs either need to
increase or decrease their power output. However, a decrease of the
power output can easily be achieved, either by pitching the blades
or running the WTGs at a non-optimal rotational speed. Therefore,
the focus in this section is on power increases.

Control strategies for the provision of SI have been present in
the literature for many years (e.g. [12, 13]). All have in common
that the additional power needs to be provided from some kind of
energy storage. There are three different options to provide the
additional power:

» Throttling WTGs to release additional power in case of a
frequency event. As major frequency events cannot be
predicted, throttling the WTGs is not an option for continuous
provision of SI. In addition to the high losses for the turbine
operator, it is also very costly from a systems perspective.

» Using external energy storage in the WTG or the wind farm to
provide additional power. If such a system is only used for the
provision of SI, it might be much more expensive than the
changing the controls of the WTG (see chapter 4.4 and [14]).

* Alternating the rotational speed of the WTG to provide the
additional power for SI by tapping the kinetic energy stored in
the drive train. This option does not require additional hardware.
The implementation in the control system and the effects on the
WTG are discussed in this section.

When the kinetic energy in the WTG rotation is used for the

provision of SI according to (2), the power setpoint from the power
vs. speed characteristic needs to be adjusted. Fig. 2 shows the
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Fig. 3 Power vs. speed characteristic and aerodynamic power (best viewed in colour online)

simplified control circuit of a variable speed WTG. The elements
which are added for the SI are shown as red dashed lines.

In addition to the power calculations it is proposed to monitor
accelerations of some mechanical components of the WTG. If
these accelerations exceed critical values it is assumed that they are
caused by power variations from SI operation. Consequently, the SI
contribution is dampened in order to protect the WTG.
Furthermore, the aerodynamic losses are reduced by adding a
rotational speed dimension to the minimum pitch angle table.

The aerodynamics are explained using data from [15, 16].
Figs. 3 and 4 show the power vs. speed characteristic and the
aerodynamic power for two wind speeds and two pitch angles.
Furthermore, the dashed—dotted black line indicates a constant
power increase for SI of 0.1 pu over the whole speed range (SI
calculation according to (1)). These figures and the explanations
are meant to give a basic description of the aerodynamics during
the provision of SI. Although, dynamic stall and dynamic inflow
might have a strong influence on the aerodynamics these effects are
neglected in this paper.

At part load the provision of SI will lead to a reduction of the
rotational speed. It is assumed that the WTG is in steady state
before the start of the frequency event (point B1 in Fig. 45 and that
the wind speed is constant during the event.

The aerodynamic power is equal to the electrical power. When
additional power is requested the electrical power is higher than the
aerodynamic power (point B2 in Fig. 4b). The rotational speed
decreases. As the WTG leaves its optimal aerodynamic operating
point for this wind speed, the aerodynamic power decreases along
with a decrease of the rotational speed (see blue curve in Fig. 4b).
As the rotational speed decreases the pitch angle is slightly
increased to reduce the aerodynamic losses. At the same time the
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electrical power decreases as the power setpoint from power vs.
speed characteristic drops. After a short time the WTG will reach a
new equilibrium (point B3 in Fig. 4b). If the power increase from
SI is offset by a power reduction from the power vs. speed
characteristic, this new steady-state power is below the initial
electrical power. The exact behaviour of the WTG largely depends
on the aerodynamic design of the blades which determines the
aerodynamic power vs. speed curves shown in Figs. 3 and 4.

In part load operation, the speed reduction can cause a
disconnection of the WTG from the grid if the rotational speed falls
below the cut-in speed (see Fig. 4a). The increase of the electrical
power (jump from point Al to A2 in Fig. 4a) causes a decrease of
the rotational speed. At cut-in speed the electrical power (point A3
in Fig. 4a) is still above the aerodynamic power (point A4 in
Fig. 4a). Hence, no new equilibrium is reached but the WTG is
disconnected from the grid. The aerodynamic power increases in
this example as the WTG is above the optimal tip-speed ratio
before the start of the SI provision. The risk for a stop of the WTG
highly depends on the initial operating point of the WTG, the
requested power increase, the shape of the power vs. speed
characteristic and the prevailing wind conditions. By adjusting the
inertia constant to the operating point the risk of disconnecting the
WTG from the grid is highly reduced.

In any of these cases, SI leads to suboptimal aerodynamic
operating points. During part load operation the WTG tries to keep
the inflow at the blades at a constant angle of attack (AoA). The
speed decrease causes a higher AoA, which reduces the
aerodynamic efficiency. This effect can be reduced by pitching the
blades slightly towards feather position. However, the effect of a
certain power increase on the rotational speed in turbulent wind is
not known in advance. The pitch angle should not be altered
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directly. Instead it is proposed to add a rotational speed dimension
to the minimum pitch angle table (see Fig. 2). The optimal pitch
angles for any combinations of wind speed and rotational speed
can be derived with the aerodynamic tools during the design
process of a WTG. In practice, such a two-dimensional minimum
pitch angle requires reasonably accurate wind speed measurements.

The provision of SI can have strong effects on loads of some
components of the WTG. As active power is used for SI,
oscillations of the grid frequency may excite vibrations of WTG
components. Most problematic are grid frequency oscillations with
a frequency close to the eigenfrequency of a WTG component. As
the drive train is affected directly by the changes of the electrical
power, it is likely to be the most vulnerable component. Such
excitations from SI can be limited by monitoring the accelerations
or vibrations of critical components. Once critical thresholds are
violated the magnitude of the Pgy o is dampened (see Fig. 2).
Thereby, the failure of a component caused by SI provision is
unlikely while the WTG can provide the full SI during uncritical
situations. Furthermore, unwanted interferences between the SI
controller and other parts of the control system (e.g. drive train
damper) can be minimised.

4 Controller tests with simulations
4.1 Used simulation model

The used simulation model focuses on the response of the WTG to
the provision of SI. Measured and artificial time traces of grid
frequency are used as input to the controller. Only the most
relevant components of the model are introduced in this paper (see
[17] for details). The parameters used in the model allow an
adequate representation of a Suzlon DFIG WTG.

Each of the blades is modelled as two masses, one for each
blade tip and one for each blade root. The two masses are
connected with a spring damper system. The allowed degrees of
freedom are translational motion in out-of-plane direction and
rotation in in-plane direction. The aerodynamic forces are
calculated with C; and Cq look up tables individually for each
blade. Therefore, the model can consider wind speed changes over
the rotor plane. For each blade the thrust is split between the two
masses with the majority acting on the blade tip masses,
corresponding to the aerodynamic centre of gravity of the blade.

The shaft is represented by a spring and a damper connecting
the low speed side inertia with the high speed side inertia. It allows
one torsional degree of freedom representing the first torsional
eigenfrequency of the shaft.

IET Renew. Power Gener., 2019, Vol. 13 Iss. 5, pp. 668-675

The behaviour of the generator and converter can sufficiently be
approximated by a first-order lag (PT1 with a time constant of 40
ms) element as their time constants are much smaller than the time
constants of the mechanical components.

The pitch system is modelled as depicted in Fig. 2 with a
proportional-integral-derivative (PID) controller for the speed
control and a PT1 element with a limitation on the slew rate
representing the pitch drive.

4.2 Frequency measurements

The controller concepts are tested with different time traces of the
grid frequency. For this purpose, frequency measurements from the
Western Indian power system are analysed. The data was recorded
following the IEC 61400 standard [18] with a state-of-the-art
measurement system and a sample time of 20ms. The
measurements are classified in different categories. For each of the
categories a likelihood of occurrence is estimated. These
likelihoods of occurrence are needed for future load calculations.

In addition to the measured time traces the controller is also
tested with the ENTSO-E reference case [19].

The demanded inertia constant Hgep, is set to 6s for all
simulations shown in Section 4.

As the grid frequency is an input to the simulation model,
interactions between the frequency measurements and the
converter control during the provision of SI, which occurred in
other studies (e.g. [20]), are not part of this study. It has been
reported that the application of a virtual synchronous machine for
the converter control reduces this problem and might be a control
method for various grid integration problems [21].

4.3 Controller behaviour

The differences of the two controller and the risk of the stopping
the WTG in unfavourable conditions as discussed in Section 3 are
shown with the response of the controller to ENTSO-E reference
case. Fig. 5 shows the inputs to the simulation. The behaviour of
the controller is explained for three different wind scenarios. Such
frequency events are one important aspect for controller design of
the continuous provision of SI with WTG.

Fig. 6 shows the behaviour of the WTG at low wind speeds
(average wind speed 5.4 m/s; average power 0.11 pu). With the
fixed H controller the rotational speed of the WTG falls below the
cut-in speed and the WTG is disconnected from the grid (see dotted
lines in Fig. 6). The power increase only lasts for seconds. Due to
the disconnection the power difference between fixed H controller
and the WTG power without SI is negative for almost the entire
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simulation. The low rotational speed only allows a marginal
increase of the power production with the variable H controller,
which is not visible in Fig. 6. However, the WTG remains
connected to the grid and continues to produce power as intended.

For higher wind speeds at upper part load operation (average
wind speed 9.9 m/s; average power 0.69 pu) the differences
between the fixed H controller and the variable H controller are
much smaller (see Fig. 7). The initial power increase of both
controllers is almost identical. The small power oscillations during
the provision of SI are caused by drive train oscillations. In the
recovery phase the power decrease for the variable H controller is
smaller than for the fixed H controller as the WTG speed drops
less. Hence, the average power of the variable H controller is
higher than the one of the fixed H controller. As turbulent wind is
used for the simulation, the pitch angle changes continuously for
all three controller settings (SI off, variable H and fixed H, see
Fig. 7a).

Both simulations shown in Figs. 6 and 7 are performed with
relatively small turbulence intensities (TI=0.08 and 0.12).
However, even at good sites the wind can be much more turbulent.
Fig. 8 shows the behaviour of the WTG in more turbulent, yet still
realistic wind conditions (TI=0.2, average wind speed 8.4 m/s,
average power 0.53 pu). In this simulation a negative gust
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coincides with the frequency event (see yellow line in Figs. 5a and
b). Although the wind speed increases shortly after the event, the
WTG is disconnected from the grid when the fixed H controller is
used. The additional drop of the generator speed cannot be
compensated. This simulation shows that the WTG may even
disconnect at the relatively high average wind speed, if, due to the
high turbulence, the frequency event happens at an unfavourable
moment. The variable H controller enables the WTG to stay
connected to the grid and provides a small amount of extra power
for SI. This power increase causes a small decrease of the
generator speed compared to the simulation with disabled SI
controller. This speed difference compared to the WTG with
disabled SI becomes visible at simulation time 29s. At that
moment the WTG enters a very steep part of the power vs. speed
characteristic which amplifies the small speed decrease (0.001 pu)
to a noticeable power decrease (0.015 pu). These speed differences
also explain the power differences later in the simulation.

4.4 Energy losses

Although positive and negative power changes are equally likely
when providing SI continuously, a reduction of the aerodynamic
efficiency may negatively affect the power production. The
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continuous change of the generator power can prevent the WTG
from reaching the optimal tip-speed ratio. This effect is quantified
in a simulation over a full day. The power production of the WTG
is compared for three different controller settings: variable H
controller, constant A controller and disabled SI. The latter setting
is called the reference case, in which the WTG only reacts to
changes of the wind speed.

A measured time trace with a typical behaviour of the Indian
grid frequency is chosen as input to the simulation. During the day,
the frequency varies between 49.5 and 50.2 Hz (see Fig. 9b). The
signal includes significant fast and slow changes of the measured
frequency. The long simulation time ensures that these effects are
fully considered.

The mentioned reduction of the aerodynamic efficiency is only
relevant during part load operation and varies significantly with the
operating point of WTG. Hence, a turbulent wind signal is chosen
which varies between 4.5 and 11 m/s (TI=0.1, see Fig. 9). The
WTG must neither be disconnected from the grid due to SI nor
reach full load operation as both situations would make a
comparison of the aerodynamic efficiency meaningless. In order to
facilitate the interpretation of the energy losses due to deterministic
effects in the grid frequency (e.g. frequency drops in the early
morning or increases in the evening) the mean wind speed is kept
constant during the simulation.

Fig. 10 shows the results of the simulations. When compared to
the reference case both SI controllers (variable H and the fixed H)
produce ~0.3% less energy during the simulated 24 h. The energy
difference between the variable H and the fixed H controller is
negligible. Although power increases of up to 0.1 pu are requested
during the simulation (see SG in Fig. 10b), the aerodynamic
performance of the WTG is hardly affected for two reasons:

* High changes of the power (> 0.05 pu) are requested during
times when the grid frequency oscillates with a high frequency
(> 1 Hz). Hence, the additional power is needed for such a short
time (several ms) that the rotational speed of the WTG is hardly

IET Renew. Power Gener., 2019, Vol. 13 Iss. 5, pp. 668-675

affected due to the inertia of the drive train. The histograms in
Fig. 10b show how seldom these high power requests occur
(<1.5% of the simulation time).

* The deep drops of the grid frequency, visible in Fig. 95, are not
caused by fast frequency events but by steady declines of the
frequency over several minutes. Hence, the magnitude of the
ROCOF and the corresponding requested power increase are
very small. The rotational speed of the WTG is much more
affected by the turbulent wind during these times than by the
reaction to the declining grid frequency. Hence, there is no
significant difference between the reference case and the
simulations with an enabled controller during these times.

The simulations show that the continuous provision of SI has a
minor effect on the energy yield for the chosen simulation inputs.
In contrast to the expectations derived in chapter 3 there is no
significant difference between the variable H and the constant H
controller in terms of energy yield as the aerodynamic performance
is hardly affected. However, different combinations of Hyep,
ROCOF, wind speed, and operating point of the WTG are more
likely to affect the aerodynamic performance. The interdependence
of the inputs and the energy losses for the two control methods
should be further elaborated in future research, where a large
number of random input combinations should be simulated and
evaluated. The current results show that the SI provision has little
effect on a day with a typical frequency behaviour at the given
wind speed. Severe frequency events, which may lead to a higher
reduction of the aerodynamic performance, occur so seldom that
they are not likely to decrease the energy production significantly.
Therefore, like LVRT events today [22], such frequency events do
not need to be considered when calculating the energy yield.

5 Conclusion

In this paper, a controller for the continuous provision of SI with
WTGs is proposed, which interprets the grid codes to the
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advantage of grid operators and WTG operators. The paper
addresses the problem of SI at low wind speeds and in gusty wind
conditions by scaling the inertia constant with the rotational speed
of the WTG. This variable H controller allows a reliable provision
of SI at all operating points of the WTG and thereby maximises the
benefit for the grid operator.

Simulations show the behaviour of the controller under three
different wind conditions. The simulation results prove the
expected behaviour of the controller. An undesired disconnection
of the WTG from the grid can be avoided when the variable H
controller is used. Hence, the variable H controller also satisfies the
needs of the operator of the WTG.

Simulations with a measured time trace of the Indian grid
frequency shows that the effect of continuous provision of SI on
the energy yield is negligible and therefore does not need to be
considered in the calculation of the energy yield.

Future work is intended for analysing the impact of the SI
controller on the loads of the WT with a more detailed simulation
model and based on a detailed grid frequency analysis.
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Abstract: In many electrical grids, the share of renewable energy generation increases. As these
generators are typically connected to the grid via inverters, the level of grid inertia decreases.
Such grids may therefore suffer from high rates of change of frequency during power imbalances.
Modern wind turbines can help in controlling the frequency in such grids by providing synthetic
inertia. A controller to provide synthetic inertia with wind turbines was developed at the Wind
Energy Technology Institute in collaboration with Suzlon Energy. For this controller the influence of
providing synthetic inertia on the mechanical loads of the wind turbine is assessed for different grid
frequency scenarios. Such a scenario-based load analysis has not been published before, especially
as the scenarios are derived from real measurements. The effect of the loads strongly depends on
the analyzed grid frequency behavior. Ten months of high quality grid frequency measurements
of the Indian grid are analyzed in order to derive inputs for the load calculation. Different types
of grid frequency abnormities are identified and categorized with respect to their severity. Based
on the observed occurrences of the grid frequency abnormities, realistic scenarios for the load
calculations are chosen. The load calculations are performed for a state-of-the-art Suzlon wind
turbine generator. The load increases caused by the supply of synthetic inertia are calculated for
individual components assuming an otherwise undisturbed power production of the wind turbine in
turbulent wind. Furthermore, a hardware-in-the-loop test bench is used to show how the measured
grid frequencies are actually perceived by the control system of a typical wind turbine. The original
frequency data were recorded with high quality measurement equipment, which is faster and more
accurate than a multi-function relay, often used in wind turbines. For exemplary time traces, the
effect of the reduced measurement accuracy on the reaction of the wind turbine is shown. This aspect
has not been investigated in the literature yet. The results show that wind turbines can provide
synthetic inertia without a considerable effect on the lifetime of the wind turbine. However, there are
still problems with providing synthetic inertia reliably at high power operating points, which have to
be solved.

Keywords: frequency support; grid frequency analysis; mechanical loads; rate of change of frequency;
synthetic inertia; wind turbine; wind turbine generator

1. Introduction

Modern power systems with high shares of inverter-based renewables are bound to
exhibit little system inertia. In order to avoid unfavorable excursions of the grid frequency,
and high rates of change of frequency (RoCoFs), system operators increasingly require the
provision of grid frequency support from renewables. Such grid support is mandatory for
instance in Ireland [1], Québec [2] and India [3]. The existing requirements are typically
tailored to the system operator’s specific needs and their individual control objectives. It
has been shown for various countries that such demands can make future power systems
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with high degrees of non-synchronous penetration more stable, e.g., in Ireland [4], the
UK [5] and South Africa [6]. There are various strategies to support the grid frequency
with wind turbine generators (WTGs) [7]. The frequency support is typically categorized in
fast frequency response (a fast reacting frequency support service, which activates power
proportionally to the grid frequency deviation—this is comparable to traditional primary
frequency control) and the provision of synthetic inertia (reacting proportionally to the
derivative of the frequency) [8]. In addition, there are various control schemes tailored
to the needs of a specific grid operator, e.g., providing a predefined power increase for
approximately ten seconds, if a frequency threshold is violated [9]. The provision of
synthetic inertia with WTGs was first proposed in 2007 by Ramtharan et al. [10] In this
papet, the effect of continuous provision of synthetic inertia (SI) with the so-called variable
H controller [11] is researched, which improves the state-of-the-art concepts by considering
the current operating point of the WTG. In comparison to an event-based activation of SI,
continuous provision of S stabilizes the grid also during smaller power imbalances in the
grid. Hence, it may help stabilizing the frequency in future grids with little inertia.
Traditionally, WTG control aims to maximize the energy yield of the WTG while
keeping the resulting structural loads at an acceptable level [12]. The main sources of
WTG loads (aerodynamic, inertial and gravitational [13]) have traditionally been addressed
by using a PI(D)-controller with gain scheduling for the speed and power control of the
WTG [14]. Additionally, the drive train and the tower of the WTG are often protected
by a drive train and tower damper, which modifies the power setpoint of the WTG to
reduce the loads on these components [15]. More recent developments in WTG control
use state estimation and sensor fusion [16,17], as well as self-learning algorithms [18,19],
to improve the WTG control and to make it more robust. In addition to these purely
control-based improvements, control concepts which require additional hardware have
lately been proposed, e.g., Lidar-based systems [20], tuned-mass dampers in the tower [21]
or a tunable flywheel in the rotor of the WTG [22]. Structural loads resulting from the
electrical grid are traditionally limited to grid faults, e.g., a low-voltage ride through
events, which result in high mechanical stress for the drive train [23,24]. Suzlon has been
researching this topic for many years already [25]. During such events, the main goal is
to protect the WTG while keeping it connected to the grid. By contrast, grid frequency
support mainly aims to stabilize the frequency of the electrical grid. The control system of
the WTG must therefore handle the dynamic excitation from the wind and, in addition, the
dynamic excitation from the grid. These excitations from the grid must be quantified and
might have to be considered in the load calculation of a WTG comparably to the excitations
from the wind. While the effect of frequency support on the grid is well studied, there
is little research on the consequences for the mechanical loads of the supporting WTGs.
Fleming et al. [26] compared different derating strategies of the WTG for fast frequency
control and calculated the effect on the WTG loads. The authors did not use specific
frequency scenarios but assumed that the WTG remains in derated operation during its
entire lifetime. Wang et al. [27] did a similar study for different synthetic inertia control
methods, which were tested for two predefined frequency scenarios at two different wind
speeds. Fischer et al. recently published a comprehensive report [28] on the interactions
between the supply of various grid services and structural loading of the WTG, e.g., the
effect of SI provision on the drive train [29]. However, there is a lack of publications,
which combine scenarios based on real data (i.e., with a defined severity and frequency
of occurrence) with a comprehensive load analysis. This is problematic, as the results of
the load analysis largely depend on the analyzed scenarios. This paper aims to close this
research gap by analyzing high quality data of the Indian grid frequency and defining
scenarios for the load calculation from this analysis. A load calculation for a state-of-the-art
Suzlon DFIG WTG is performed, which shows the effect of continuous provision of SI
with the variable H controller in the defined scenarios. Furthermore, hardware-in-the-loop
(HiL) tests are carried out, which show the grid frequency actually perceived by the WTG
when an industry standard measurement system is used. In fact, the work presented
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in the paper closes a critical gap in the development of wind turbines. Wind turbine
manufacturers have to be able to assess the lifetime consumption, resulting from newly
demanded services and excitations. Therefore, the presented analytical approach is chosen
to quantify the excitations from the grid frequency. In this context, it is important to note
that the grid frequency does not behave as stochastic as the wind. However, it does not
behave deterministically either. Hence, there are three aspects which define the novelty
of the paper: (I) simulation of comprehensive scenarios based on real grid frequency
measurements for (II) a state-of-the-art WTG (III) considering the real measurement system
of the WTG.

The rest of the paper is structured as follows: Section 2 of this paper describes the
used frequency data set and the method to derive load simulation scenarios from it.
Furthermore, the HiL setup and the simulation environment for the load calculations
is outlined. Section 3 presents and discusses the results of the scenario definition, the
hardware-in-the-loop test and the load calculations. Section 4 summarizes the findings.

2. Methodology, Measurement Setup, Data Analysis and Simulation Model

The methodology used in this paper is summarized in Figure 1. Scenarios for the load
calculations are derived from high-quality recordings of the Indian grid frequency. These
scenarios are tested for different wind conditions and controller settings in a Flex5 [30]
WTG model. Based on these time domain results, the effect of frequency support on the
WTG loads are calculated for the design load case 1.2 [31]. Furthermore, a representative
subset of the frequency scenarios is tested in a HiL setup. These six modified time traces
are also tested in the Flex5 model. The WTG reaction to the six HiL and the corresponding
original scenarios are compared by analyzing accelerations of the most vulnerable WTG
components. This allows estimating the effect of the real measurement system in the WTG
on the controller-induced loads.

Data analysis &

scenario definition FLEX 5 simulations Load calculations
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Figure 1. Overview of the used methodology.

After briefly introducing the variable H controller concept, the remainder of this
section is structured along the three aspects of the load calculation: scenario definition, HiL
tests and load simulation environment.

2.1. Variable H Controller

As this paper deals with the consequences of using the variable H controller, the
concept of this controller is briefly introduced. The basic idea of the controller is that the
grid operator defines an inertia constant (Hgern ). The WTGs emulate the inertial response
(IR) of a synchronous generator with the defined inertia constant, when the WTGs operate
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at a rated speed (see Equations (1) and (2); [32]). However, unlike synchronous generators,
the rotational speed of a WTG changes with its operating point. Therefore, the variable
inertia constant scales with the operating point of the WTG in accordance with the available
kinetic energy stored in its rotation (see Equation (2)). Hence, the WTG provides as much
IR as possible in its current operating point, while minimizing the risk of reducing the

WTG speed too much.

RoCoF
Pst = —2 - Hyar* Prateq- fi
grid

M

where Pg; is the power change for SI, P44 is the rated power of the WTG and Hy,, is the
variable inertia constant.

0.5 - Jwr - (wéen - wgutfin)

2 2
0.5 Jwr - (wrated - wcutfin)

Hvar = Hgem- 2)
where Hgep, is the inertia constant to be emulated as defined by the grid operator, wgen
is the generator speed, Wcyt-in is the generator speed at which the WTG starts to produce
power and Wy,teq is the rated generator speed of the WTG.

The power controller of the WTG is modified by adding Pg; to the optimal power
derived from the power-vs-speed characteristic of the WTG (see Figure 2). Therefore, Pg;
directly influences the power reference of the WTG power controller and grid frequency
abnormities may directly affect the WTG dynamics. Please note that, for the sake of clarity,
Figure 2 does not show an additional controller mentioned in the introduction (e.g., drive
train damper).

du RoCoF -2 Prated
° > —
dt
Hdem __> Hvar Vs wgen Hvar .
logic (see Put
—  equation (2)) P Pres Flex 5
WTG model
. Power-vs-speed Popt
characteristic WTG
w gen

Figure 2. Power setpoint calculation and interaction with the WTG Flex5 model.

2.2. Grid Frequency Analysis and Scenario Definition

For the scenario definition, frequency measurements from the Western Indian power
system are analyzed. The data were recorded between March 2015 and January 2016
following the then most recent IEC 61,400 standard [33] with a state-of-the-art measurement
system and a sample time of 20 ms (in total 1,025,220,000 samples, equivalent to 237.3 days
of uninterrupted measurements). The accuracy of the measurement system is 0.9 mHz.
Hence, the smallest recognizable RoCoF is 0.045 Hz/s.

Load calculations in a previous project [34] showed that the effect of SI provision on
WTG loads during normal frequency behavior is negligible. Therefore, the analysis focuses
on two different abnormalities of the grid frequency, which are identified in the dataset:

1.  Grid frequency oscillations: defined as periodic variations of the grid frequency. Os-
cillations are identified by a violation of a frequency-dependent amplitude thresholds
in the frequency domain.

2. Events: defined as abrupt changes of the grid frequency. Events are identified by a
violation of the threshold for the RoCoF (I RoCoF | > 1 Hz/s).
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Both abnormities were also analyzed in the previous project. However, a regular
pattern in frequency events was not addressed, which leads to a very high number of
events (>25,000/year) and eventually to questionable results of the load calculation. The
previous study also did not account for different amplitudes and frequencies of grid
frequency oscillations as it was only used one scenario for this abnormity. Hence, in this
study the recorded grid frequency measurements are analyzed in detail in order to derive
detailed scenarios that are more realistic.

The times during which grid frequency oscillations occur are identified with the
help of an analysis in the frequency domain. For that purpose, an amplitude threshold in
the frequency domain is defined, which leads to a power setpoint variation (Psy/Pyated)
with an amplitude of at least 0.01 pu. To derive this threshold, Equation (1) can be solved
for the minimum RoCoF leading to such a power variation using fgriq0 = 50 Hz and
Hyar = Hgem = 65 [32]:

PSI ) fgrid,O (3)
Prated —2 -Hvar

The minimum RoCoF according to Equation (3) must be reached during a grid fre-
quency oscillation. The general equation of a grid frequency oscillation (4) is used to derive
the relation between the RoCoF and the amplitude and the frequency of the oscillation:

RoCoFpin =

fgrid (t) = fgrid,O + AOSC' sin(2-7r~fosc-t) (4)

where fg,i4(t) is the instantaneous grid frequency, fiq,0 the center value of the grid fre-
quency oscillation, Agsc the oscillation amplitude and f,. the oscillation frequency.

Equation (4) can be derived with respect to time to calculate the RoCoF during the
oscillation, RoCoFg:

ROCO0Fqsc(t) = Agsc2-mfosc co8(2-m-fosc 1) (5)

The maximum RoCoF according to Equation (5) occurs when the cosine term is
1. Hence, Equation (5) can be simplified and solved for the amplitude of the grid
frequency oscillation:
ROCOFosc,max

A =
osc 270 fose

(6)

In order to derive the amplitude threshold in the frequency domain, the maximum
RoCoF during the oscillation, RoOCoFqsc max, in Equation (6), is substituted by the mini-
mum RoCoF according to Equation (3). Hence, the modified Equation (6) can be used as
amplitude threshold in the frequency domain.

In order to find times with relevant grid frequency oscillations, the recorded grid fre-
quency measurements are split into overlapping intervals (see Figure 3). The Fourier transform
of each interval is compared to the amplitude threshold according to Equations (3) and (6).
Intervals, for which a relevant oscillation is detected, are marked in green in Figure 3, while
the others are marked in red. Whenever frequency oscillations in adjacent intervals are
detected, these intervals are combined in a single time trace. For the example given in
Figure 3, intervals 3 to 6 (and all further intervals until the end of the ongoing oscillation)
are combined into a single time trace containing the full duration of the oscillation.

In order to define a reasonable number of scenarios for the load calculation, the
detected time traces of grid frequency oscillations are binned with respect to the oscillation
frequency. It is assumed that grid frequency oscillations with an oscillation frequency
close to the eigenfrequency (feigen) of WTG components are more harmful to the respective
component (due to resonance effects). Therefore, narrow frequency bins (fejgen + 10%) are
used around the most important eigenfrequencies of the WTG. All other oscillations of the
grid frequency are grouped and analyzed in three wider bins (see below). For the load
analysis, the scenarios must be properly defined in terms of typical RoCoFs during the
oscillation and the duration of the oscillation:

1.  RoCoF during oscillation: The changes of the power setpoint for SI is directly propor-
tional to the occurring RoCoF (see Equation (1)). Hence, a representative RoCoF has
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Frequency [Hz]

to be defined for each oscillation bin. For this purpose, the weighted average of the
RMS value of the RoCoF of all time traces in a bin is calculated. The duration of the
individual time traces is used as a weighting factor. Longer time traces have therefore
more influence on the average RoCoF than shorter time traces. The results are chosen
as the representative RoCoF for the corresponding frequency bins.

2. Duration of oscillation: A longer grid frequency oscillation may be more harmful
to the WTG than a shorter one, especially when resonance may occur. Hence, a
representative duration has to be defined for each frequency bin. For this purpose,
the weighted average duration is calculated for each frequency bin. The RoCoF of
the individual time traces is used as a weighting factor, as stronger oscillations are
more harmful to the WTG than weaker ones. The resulting durations are chosen as
the representative duration for the corresponding frequency bins.
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50.09 — q ” ﬂ q F q f il
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Interval 1 Interval 2 Interval 3 Interval 4 Interval 5 Interval 6
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Time May 16, 2015

Figure 3. Example of a beginning grid frequnecy oscillation and the detection intervals. Red-shaded boxes mark intervals

in which no oscillation is detected, while green-shaded boxes mark intervals with oscillations.

The analysis showed that the majority of the grid frequency oscillations occurred with
an oscillation frequency between 2.6 Hz and 4.6 Hz (see Figure 4). Furthermore, there is a
second cluster with an oscillation frequency below 0.4 Hz. The lack of oscillations with a
frequency between 0.4 Hz and 2.6 Hz is actually beneficial, as most eigenfrequencies of the
vulnerable components of the considered WTG are within this frequency range. Hence,
scenarios for WTG components only have to be defined for the 1st eigenfrequency of the
tower and for the 2nd bending eigenfrequency of the blades (see Table 1). It has to be
noted that the eigenfrequencies of the relevant component may differ depending on the
WTG design, which would influence the choice of scenarios. For this particular WTG, five
scenarios are defined which represent grid frequency oscillations in the load analysis (see
Table 1). In addition to the three properties described above, the total duration of the time
traces in each oscillation bin is given in Table 1 and is used as a likelihood of occurrence
(i.e., % of measurements in which such oscillations occur). The time traces for the scenarios
were chosen such that the representative RMS value of the RoCoF and the representative
duration as defined above are met.
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Figure 4. Number of detected periods with grid frequency oscillation with respect to the binned oscillation frequency (bin

width 0.2 Hz). Number of the scenario, which represents the accumulated oscillations.

Table 1. Overview of identified scenarios to represent grid frequency oscillation in the load analysis.

Scenario

Oscillation

Likelihood of

Number Frequency RoCoFrms Duration Occurrence Comment for Scenario
1 0.26 Hz 0.1Hz/s 77 s 0.007% Low frequency oscillation
2 2.73Hz 0.09 Hz/s 20s 0.21% High frequency oscillation
3 0.3Hz 0.07Hz/s 22s 0.004% Tower 1st eigenfrequency
4 2.4Hz 0.127 Hz/s 61.7 s 0.008% Blade 2nd bending eigenfrequency
5 2-23Hz! 0.103 Hz/s 24 0.004% Oscillations with a frequency

between scenario numbers 3 and 4

! The dominant frequency changes during the oscillation period.

The second abnormity considered in this analysis are frequency events. Figure 5 shows
an example of a frequency event, which occurred during the measurement campaign. The
grid frequency increases temporarily to 50.2 Hz before dropping to 49.65 Hz within 500 ms
and immediately returning to 49.95 Hz. The RoCoF threshold (1 Hz/s) is violated several
times during the event, both in a negative and a positive direction.

Events can be detected in the recorded grid frequency measurements by a violation of
the RoCoF threshold. The properties of the detected events are analyzed in order to derive
scenarios for the load calculation. For this purpose, the events are categorized based on
three criteria:

1.  Event type: An event occurs every twenty minutes in the recorded grid frequency
measurements. The exact reason for these regular events is unknown, but it is likely
caused by the measurement setup and is called an expected event. All other events
are called unexpected events (e.g., see Figure 5). While the expected events may
be avoided with a different measurement system, the other events are likely to be
measured with any kind of system. For this study, only the unexpected events are
considered in the load calculation.

2. Duration: During most events, the RoCoF threshold is violated several times during
a short period, typically less than 500 ms. These events are called singular events,
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e.g., a steep drop of the grid frequency followed by an immediate return to the steady
state value. Sometimes, multiple singular events occur with very short pauses (e.g.,
see Figure 5) causing multiple excitations of the WTG before the WTG can return
to its steady state operating point. Such multiple excitations are potentially more
harmful for the WTG. Hence, such multiple events are considered separately in
the load analysis. The event shown in Figure 5 is classified as a long event as the
RoCoF threshold is violated several times between 13:06:05 and 13:06:06 and again
at 13:06:07.5.

3. Maximum and minimum RoCoF: It is assumed that extreme RoCoFs are more harmful
for the WTG. A combination of maximum and the minimum RoCoF is used to
categorize individual events into clusters (see Figure 6).

50.3 | 5
50.2 - / 4
- -3
50.1 - 1\
i~y f " 5 —
z I ©
c _ I /_% 1
0] I\ @]
S 49.9 - AT, ﬁ Q
= —— ] . Y pee————— ) 0
49.8 |-
-1
49.7 - Ry -2
49.6 ! ‘ ' ! I3
13:06:03 13:06:04 13:06:05 13:06:06 13:06:07 13:06:08

Time Sep 28, 2015

Figure 5. Example for an event of the grid frequency during which the RoCoF threshold is violated several times in a

short period.

There were 2131 unexpected events detected in the analyzed data. These events are
clustered with respect to the maximum and minimum RoCoF for two different durations
(see Figure 6a—c). During 6.5% of the events extreme RoCoFs occurred (see Figure 6a) for
which the detected grid frequency changed by up to —158 Hz/s and +90 Hz/s. These
events were assigned to five clusters (see Figure 6a). The majority of the events showed
smaller RoCoFs up to 5 Hz/s for short events and up to +10 Hz/s for long events. These
events were grouped in detailed clusters: three clusters for long events (see Figure 6¢) and
seven cluster for short events (see Figure 6b). Even though the RoCoFs for these events are
small in comparison to the extreme events in the data set, they still have a drastic effect on
the power setpoint of a WTG providing SI.

For each cluster, a representative time trace of the grid frequency is chosen as a
scenario for the load calculations (see Table 2). The only exception is cluster one, for which
two separate time traces are chosen as the cluster contains many short and many long
events. The number of detected events in the recorded grid frequency measurements is
used to derive the expected number of events per year for each cluster. Data equivalent
to 237.3 days of uninterrupted measurements are recorded, hence the scaling factor to
365 days is 1.54. As the measurement campaign only recorded data between March 2015
and January 2016, the data are also checked for seasonality effects, e.g., they are caused
by the Indian monsoon. For the data at hand, no such effects stand out: grid frequency
oscillations and events occurred with a similar likelihood throughout the months. Hence, a
linear scaling seems appropriate.
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Figure 6. Cluster of grid frequency events depending on the maximum and minimum ocurring RoCoFs and the event

duration. (a) Short and long event for very high RoCoFs. (b) Short events for smaller RoCoFs. (¢) Long events for smaller

RoCoFs. (b,c) are an excerpt from (a) giving a detailed view of events with less extreme RoCoFs.

Table 2. Overview of identified event scenarios for the load analysis.

Scenario Cluster Upper Limit Lower Limit Lower Limit Upper Limit Duration Number of Number of
Number Minimum RoCoF ~ Minimum RoCoF =~ Maximum RoCoF =~ Maximum RoCoF Events in Dataset Events Per Year

6 1 —50Hz/s —120Hz/s 25Hz/s 90 Hz/s long 27 42

7 1 —50Hz/s —120Hz/s 25Hz/s 90 Hz/s short 9 14

8 2 —10Hz/s —50Hz/s 15Hz/s 75Hz/s long 19 29

9 3 —100 Hz/s —160 Hz/s 0Hz/s 20 Hz/s long 4 6

10 4 —10Hz/s —50Hz/s 0Hz/s 15Hz/s long 77 118

11 5 0Hz/s —10Hz/s 10Hz/s 50 Hz/s long 10 15

12 6 —4 Hz/s —10Hz/s 0Hz/s 6Hz/s long 17 26

13 7 0Hz/s —4 Hz/s 2.5Hz/s 10Hz/s long 16 25

14 8 0Hz/s —4Hz/s 0Hz/s 2.5Hz/s long 33 51

15 9 —2Hz/s —5Hz/s 2Hz/s 5Hz/s short 27 42

16 10 —2Hz/s —5Hz/s 0Hz/s 2Hz/s short 74 114

17 11 0Hz/s —2Hz/s 2Hz/s 5Hz/s short 41 63

18 12 0Hz/s —1.25Hz/s 1.25Hz/s 2Hz/s short 129 198

19 13 0Hz/s —1.25Hz/s 0Hz/s 1.25Hz/s short 548 843

20 14 —1.25Hz/s —2Hz/s 1.25Hz/s 2Hz/s short 108 166

21 15 —1.25Hz/s —2Hz/s 0Hz/s 1.25Hz/s short 244 375
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The defined grid frequency scenarios are used in HiL tests and a Flex 5 simulation.
Both setups are introduced in the following sections.

2.3. Hardware-in-the-Loop Tests Experimental Setup

The analyzed time traces of the grid frequency were measured with a high-quality
measurement system, which is not available in a standard WTG. Hence, the WTG will mea-
sure a different frequency in an identical grid situation. In order to reduce the uncertainty,
which arises from the different measurement systems, HiL tests of exemplary time traces
are conducted (for scenarios 1, 2, 4, 7, 8 and 10). As the chosen time traces include typical
characteristics of the time traces of all scenarios, the HiL tests are representative for all
cases. For the HiL tests, the measured frequency signal is converted into three analogue
AC voltage signals using a Typhoon HIL 602 [35], which are then measured by the original
multi-function relay (MFR) of the WTG and processed in the original Bachmann [36] con-
troller hardware (see Figure 7). The sample rate of the analogue inputs and outputs of the
Bachmann controller is 1 ms. The frequency signal is sent to the Typhoon using an analog
signal with the same sample rate. The Typhoon HIL 602 has a 1 uS simulation time step
and the analogue output is updated with the same rate. The sampling of the Typhoon HIL
602 can go down even to 20 ns. The MFR measures the grid frequency every 10 ms and
submits its measurements to the Bachmann controller via a CAN connection.

Grid
Bachmann controller — frequency -
scenarios HIL
Time delay transmission Time delay
Output accuracy transmission
| | x
= =8 3 &
2o 8238 A
S = o2 =FF 3o
g o QS m o 2.
2 ER- ® @
K i
|
Typhoon HIL 602 Three phase AC Multi- . .
‘ voltages . Wind turbine
function MFR measured . .
! — W) > — i interaction
- A ‘ Velt) re|ay grid frequency A
ve ampinade —( 1| —— with MFR
VC Amplitude — -/ Ve(t) (MFR)
Time delay modulation Time delay measurement
Modulation accuracy Measurement accuracy

Figure 7. Measurement setup of the HiL tests and indication of the occuring accuracy issues and time delays.

However, these HiL tests can only reduce the uncertainty as it is inherently assumed
that the grid frequency was measured perfectly. Furthermore, the output signal of the
Bachmann controller has a limited accuracy and the created voltage signals are near perfect
sinusoidal curves with a limited modulation accuracy. By contrast, the transmission of
the MFR signal to the Bachmann controller does not limit the accuracy of the measured
signal. The results of frequencies measured in the HiL tests are presented and discussed
in Section 3.1. The resulting time traces are used in the FLEX 5 simulations (described in
the following section) and are compared to the frequency time traces measured by the
high-quality system to check whether the WTG reaction is affected by the limitation of its
measurement system.

2.4. Wind Turbine Simulation Model and Load Calcualtions

The load calculations are based on time domain simulations of a novel DFIG WTG
of the 3.x MW class, which will be introduced into the market in the near future. Due
to the novelty of this WTG, the technical details, which may be published, are limited.
The simulations are conducted with a Flex5 [30] model for the mechanical part of the
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WTG. The model has 20 degrees of freedom (4 for each blade, 2 for the main shaft, 6 for
the tower). A second order model of the generator-converter unit is also implemented
in Flex5. The power controller is modelled in Matlab/Simulink. It calculates a power
setpoint, P..¢, which is passed on to the generator-converter model in Flex5 (see Figure 2).
The time traces of the grid frequency are processed with a low-pass (LP) filter with a
cut-off frequency of 10 Hz. The cut-off frequency is set in accordance with the ENTSO-E
recommendations [37]. The calculated power setpoint, Py, is limited by a maximum
allowed power and a maximum allowed torque to protect the electrical and the mechanical
part of the drive train. The maximum allowed power change for synthetic inertia, Pgj, is
set to £ 0.3 pu. The simulation time step is 10 ms.

For the variable H controller, a demanded inertia constant, Hyem,, has to be defined.
In reality, this value would be defined by the transmission system operator. For the study
at hand two different inertia constants are chosen, which have to be emulated by the
WTG: 6 s, which allows a comparison to previously published results [34], and 12 s, which
may be necessary to allow a stable grid operation in extreme situations (high shares of
non-synchronous generation and large power imbalances [38,39]). In another previous
study, 12 s has also been applied to maintain sufficient grid inertia in a turbulent part load
wind [40].

The dynamic behavior of the WTG for the scenarios of the grid frequency as listed in
Tables 1 and 2 is simulated in turbulent wind with a 0.17 turbulence intensity at 15 m/s
wind speed. The simulated wind speeds are chosen such that an extrapolation to the full
operating range of the WTG is possible. For the load calculation, the reactions of the WTG
at different wind speeds are weighted based on a Weibull distribution to represent a site
with an average wind speed of 7.3 m/s. In post-processing, these results are compared to
the dynamic behavior without frequency support to calculate the load increases caused
by the SI provision over the lifetime of the WTG (20 years). Hence, 107 load cycles are
assumed. The analysis is carried out only for normal operation of the WTG (design load
case 1.2 [31]).

The loads are analyzed for so-called sensors. Each sensor represents a one-directional
torque or force at a certain segment of the WTG model. Hence, there are six sensors for
each analyzed segment. Flex 5 uses different coordinate systems for the different segments
of the WTG. An overview of the different coordinate systems used in Flex 5 is given in
Sessarego et al. [41] For this analysis, the tower is represented by five segments (tower top,
tower segment 1-3, and foundation), and the nacelle by three segments (main bearing, yaw
bearing, and hub center). Furthermore, each blade root is analyzed individually. Hence,
the loads are analyzed for 66 sensors in total.

The results of the time domain simulations and the load calculation are discussed in
Sections 3.2 and 3.3, respectively.

3. Hardware-in-the-Loop and Simulation Results, Load Analysis, and Discussion

In the first part of this section, the results of the HiL tests are shown. This is followed
by the time domain response of the WTG to exemplary frequency inputs, and finally the
last section shows the results of the load calculations.

3.1. Hardware-in-the-Loop Test Results and Discussions

The conducted HiL tests show the performance of a measurement system used in a
real WT. To allow an easier comparison among grids with a different steady-state frequency,
the frequencies and RoCoFs in Figures 8-10 are shown as normalized frequencies (base
value 50 Hz). The varying time delay between the originally measured frequencies and
those modelled in the HiL tests are caused by the HiL. measurement setup and would not
affect the mechanical loads of the WTG or the capability of the WTG to provide Sl'in a
real grid.
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Figure 8. Comparison of the normalized measured frequency (blue) with the normalized frequency modelled in the

hardware-in-the-loop test (orange) for scenario 1 (a), scenario 2 (b), scenario 4 (c), scenario 7 (d), scenario 8 (e), and scenario

10 (f).

The chosen time traces for the HiL tests allow a sufficient representation of the major
characteristics of the frequency behavior for all scenarios defined in Section 2.1. The tests
show that grid oscillations with a high frequency and small amplitudes cannot be measured
reliably due to the limited accuracy of the measurement system. Hence, the simulation
results for scenarios 2, 4 and 5 may differ from the reaction of a real WT (see Figure 8b,c).
The time traces retrieved from the HiL tests are fundamentally different from the originally
measured ones, especially when looking at the RoCoF (see Figure 9).

In contrast, slow oscillations with a higher amplitude occurred (see Figure 8a). Fur-
thermore, high frequency oscillations can be measured if the amplitude is sufficiently high
(see oscillations after the event in Figure 8f). Events can also be measured very well by the
MER (see Figure 8d—f). An exception is the nadir of frequency event for scenario 7, which
is underestimated by approximately 2% (see Figure 8d). This may be caused by the short
time the frequency stays in the nadir in combination with a very steep drop and rise, which
may not be fully captured by the limited sampling time of the measurement system.
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Figure 9. Comparison of the measured RoCoF (blue) with the RoCoF modelled in the hardware-in-the-loop test (orange) for
parts of the time traces for scenario 1 (a,b), scenario 4 (c,d), scenario 7 (e,f), scenario 8 (g,h) and scenario 10 (i,j). Scenario 2

is shown in Figure 10.

For the IR of the WTG, the RoCoF is more important than the absolute value of the
grid frequency (see Equation (1)). To allow an easier comparison between the original
and the HiL signals, only parts of the scenario time traces are shown in Figure 9. When
looking at the RoCoF, the limited sampling time of the measurement system in the HiL
tests becomes also relevant for scenario 8 (see Figure 9g,h)). As the MFR updates its output
slower than the Bachmann controller reads its input, the RoCoF alternates between 0 Hz/s
and very high RoCoF values (see Figure 9d,f,h)). This effect is reduced by the LP filter used
in the SI controller (see Figure 10). The slower and less extreme scenarios 1 and 10 are by
contrast captured extremely well by the WTGs measurement system even when looking at
the RoCoF (see Figure 9a,b,i,j).
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filtered version of the originally measured and the HiL frequency, and (d) the corresponding RoCoFs to the signals in (c).

Time axes of (c,d) are valid for the above subplots as well.

The measured frequency signals are not used directly in the load simulations but are
filtered with an LP filter with a cut-off frequency of 10 Hz (see Section 2.4). The RoCoF is
calculated from these filtered signals. For the exemplary time traces of scenario 2, Figure 10
shows a comparison of the filtered measured and filtered HiL signals. Filtering the signals
significantly decreases the RoCoF differences (see Figure 10b,d). The peaks of the HiL
RoCoFs are reduced by a factor of 2.5 and are much closer to the peaks of the measured
signals. However, the sinusoidal behavior of the signals is replaced by the LP filter response
to the arbitrary jumps in the frequency (see Figure 10c,d).

For scenario 2 and 10, the WTG reaction to the HiL and the corresponding original
time traces is shown and discussed in the next section. Furthermore, the acceleration of
WTG components are compared for all scenarios, which are analyzed in the HiL tests.

3.2. Wind Turbine Simulations

In order to get an idea of the WTG reaction to the different frequency signals, time
traces are shown and discussed for two exemplary scenarios. Furthermore, the differences
between the measured frequency and the frequency generated in the HiL test is shown and
discussed. Acceleration signals are analyzed for all scenarios for which HiL time traces are
available. All simulations in this chapter are conducted with a demanded inertia constant,
Hgem =12s.

Figure 11 shows the reaction of the WTG to scenario 2, a fast oscillation of the grid
frequency with a small amplitude (see Figure 10). The offset of the power setpoint, Pg; (see
Figure 2), varies between + 0.06 pu with a period of 0.37 s for the measured frequency
signal (see blue line in Figure 11b). For the HiL frequency signal, the power setpoint varies
almost arbitrarily between £ 0.19 pu (see red line in Figure 11b). This behavior is caused by
the limitations of the measurement system as discussed in the previous section. However,
a large part of the differences is reduced by the reaction of the generator-converter unit
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to the setpoint changes. Hence, the differences in the generator power (see Figure 11c)
are much smaller and for some parts of the time traces are almost negligible (e.g., 102 s
to 106 s). As the WTG uses kinetic energy stored in the drive train to provide SI, the
differences in the generator speed (see Figure 11d) follow the same pattern as the generator
power. The generator speed oscillates almost sinusoidally as the physical inertia of the
drive train dampens the sharper peaks of the generator power oscillations. The period
of the oscillation resembles the period of the grid frequency variations. In the final seven
seconds of the frequency oscillation, the WTG IR is occasionally limited by the maximum
allowed drive train torque, thus limiting the generator power setpoint. Such limitations
occurred for very short intervals: The longest duration of an ongoing limitation is 0.1 s.
The total duration of all torque limitations in scenario 2 is 0.7 s (measured frequency signal)
and 0.5 s (HiL signal). Such torque limitations also occur for other scenarios in high wind
conditions and hamper the capability of the WTG to provide a reliable frequency support
in high wind operating points.
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Figure 12 shows an example of the WTG's reaction to a severe frequency event. The
IR is here often limited by the maximum allowed power offset for SI provision (0.3 pu,
see Figure 12b). The event and the following oscillation of the grid frequency causes
drastic changes of the generator power, and consequently, of the generator speed (see
Figure 12¢,d). The different reactions of the WTG to the measured and the HiL frequency
signal are mainly caused by the time delay of the HiL signal (appr. 0.4 s) and therefore
slightly different wind conditions and operating points of the WTG. The grid frequency
and the RoCoF for the two signals are almost identical (see Figures 8 and 9). Figure 12¢,d
also shows that the aerodynamic performance of the WTG is hardly affected by the drastic
power changes, as the operating points of the WTG for both signals are almost identical
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within one second after the last power offset for SI occurred. Furthermore, the results show
the capability of the WTG to change its power output extremely fast: the maximum power
gradient is close to £4 pu/s (see changes of generator power between 102.5 s and 104 s in
Figure 12).

1
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Figure 12. WTG reaction to scenario 10 for the measured frequency (blue) and the HiL frequency. (a) Wind speed, (b) power
offset for SI provision, (c) generator power and (d) generator speed. Time axis of (d) is valid for the above subplots as well.

Such drastic changes of the applied electrical torque leads to heavy excitations of
the drive train. Furthermore, drastic changes of the aerodynamic operating point may
cause tower head motions. This may affect the lifetime of the WTG, which is discussed
in detail in Chapter 3.3 for the measured frequency signals. In order to compare the HiL
to the original frequency signals, the effect of IR on the WTG is estimated by comparing
acceleration signals of the drive train and the tower head. The signals are chosen based on
the results of a previous study [34]. The standard deviation of these signals is calculated for
the original and the HiL scenarios and compared to the standard deviation during periods
without SI provision in identical wind conditions.

Table 3 shows that the tower is much less affected than the drive train. In the for-aft
direction, scenario 4 leads to the highest increase of the standard deviation for the originally
measured signal. However, as scenario 4 represents a fast oscillation of the grid frequency,
the effect is strongly reduced by the limitations of the WI'G measurement system. When
looking at the HiL frequency, the WTG is affected strongest in scenario 8. This scenario
is characterized by a sharp increase in the frequency, followed by a longer decline and a
longer rise of the frequency, which is well measurable in the HiL test (see Figure 8). Hence,
the WTG shortly reduces its power, before it increases it for a longer time (approximately
0.7 s) and then reduces it again. This leads to a change of the WTG thrust, which causes a
for-aft motion in the tower. For the side-side acceleration, the changes vary between 0.3%
and 13%. Overall, the changes for the tower acceleration are small and can be neglected
even for the extreme scenarios used in this study.
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Table 3. Change of the standard deviation of the analyzed acceleration signals for six scenarios.
Tower Head Acceleration Tower Head Acceleration . . .
Scenario (Fore— Aft) (Side—Side) Drive Train Acceleration
Number Meausred . Meausred . Meausred .
Frequency HiL Frequency Frequency HiL Frequency Frequency HiL Frequency

1 —6.7% 2.9% 2.9% 2.7% 3.5% 8.8%

2 3.2% 0.1% 1.7% 0.8% 133.6% 86.1%

4 18.1% —0.2% 6.9% 0.3% 204.1% 57.2%

7 0.8% 3.6% 9.5% 13.0% 308.1% 222.4%

8 4.9% —0.9% 5.7% 4.4% 202.7% 232.9%

10 2.5% —0.7% 6.7% 6.7% 254.3% 253.2%

In contrast to the tower acceleration, the drive train acceleration is strongly affected
by all scenarios apart from scenario 1 (slow oscillation of the grid frequency). In scenario
1, the power setpoint for SI varies slowly and with a smaller magnitude than the power
variations arising from the turbulent wind. Hence, the drive train acceleration is only
slightly increased. The fast oscillations of the grid frequency (scenarios 2 and 4) lead to
a very high increase in the drive train accelerations. However, this increase is strongly
reduced for the HiL time traces. The instantaneous peaks in the SI power offset (see
Figure 11b, orange line and Figure 10) do not fully show in the generator power (see
Figure 11c) as the generator-converter unit changes its operating point with some time
delay. Hence, the drive train is less often excited and the speed becomes more stable. This
behavior is strongest towards the end of scenario 2 (see Figure 11d). Grid frequency events
(scenario 7, 8 and 10) strongly increase the drive train acceleration. For scenarios 8 and 10,
there is no relevant difference between the measured and the HiL frequency. For scenario
7, there is a considerable reduction, but the increase remains at a high level. This is in line
with the observation that grid frequency events can be captured very well by the WTG
measurement system (see Figure 8). Hence, events, as well as fast oscillations, may strongly
affect the WTG lifetime. The magnitude of this effect is quantified in the following section.

3.3. Load Analysis

The measurement and control system of each WTG differs and the analysis of the
accelerations (see Table 3) shows that the measurement system is likely to reduce the loads
of SI provision for the WTG. Hence, following a conservative approach, the originally
measured frequencies are used in the load calculation. The loads are calculated for the
SI provision case (i.e., for the scenarios listed in Tables 1 and 2). The resulting loads are
compared to the loads without SI provision. The calculations are done for two demanded
inertia constants: 6 s and 12 s.

For each sensor, the damage equivalent loads (DELs) of the frequency support case
are divided by the damage equivalent loads of the reference case. These calculations are
performed for various Woehler line exponents as these exponents are material depending
(e.g., 4 is the relevant coefficient for steel towers while 10 is used for concrete towers). In
addition, the load duration distribution (LDD) is calculated for the drive train to estimate
the load increase for the rotating components (e.g., gearbox).

Table 4 shows the results of the load calculations. The data shows that the provision of
SI has a negligible effect on the WTG loads. As expected, the highest increase is observed
for the torsion in the drive train (sensor MzR1) due to the frequent changes of the generator
torque. Furthermore, there are some smaller effects on the tower. There are no significant
changes of the DELSs for the blades. The increases for the LDD calculations of the drive
train are also very small.
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Table 4. Load changes for sensors with an increase of more than 0.1% caused by the provision of SI.

Sensor Name [41] Sensor Description C?v[lculation Woe'lqer Load Increase, Load Increase,
ethod Coefficient Hgem =65 Hygem =12s
MzR1 Mainbearing torque DEL m=4 0.21% 0.27%
MzR1 Mainbearing torque DEL m=3_§8 0.14% 0.65%
Mx Tower top torsional moment DEL m =10 0.12% 0.12%
My Tower bottom fore-aft bending DEL m=4 0.24% 0.20%
Mz Tower bottom side-side bending DEL m=4 0.17% 0.17%

There are various effects which explain the small increases of the loads, although ex-
treme scenarios have been modelled. The requested power changes are typically very short
and are often followed by another pulse in the opposite direction (increases/decreases).
Hence, the generator-converter unit does not always reach the new operating point before
an opposed signal starts. Therefore, the drive train speed changes little. Even for a longer
power pulse, as in scenario 10, the drive train speed only oscillates with an amplitude of
0.02 pu (see Figure 12). Although frequency events occur regularly (2131 expected events
per year, see Table 2), each event is only a few seconds long and hence the overall effect
on the annual loads is small. Furthermore, the observed oscillations in the grid frequency
(see Table 1) are not in the range of the eigenfrequency of the drive train. Hence, there
are no resonance issues for the directly affected components of the WTG. This might be
different for a different WTG or in a different grid, as the dominant oscillation frequencies
are grid-specific [42]. During the simulations for scenario one, there were also no resonance
issues for the tower. This can be partially explained by the aerodynamic damping through
the wind speed changes for such a slow oscillation and partly by the shape of the time
traces of the RoCoF, which only resemble a sinusoidal form (see Figure 9a,b).

There are also controller-related aspects, which explain the small effect on the WTG
loads. The variable H controller was designed to make sure that the WTG provides more
IR when the grid needs it and the WTG can provide it (i.e., high wind speeds and high
instantaneous shares of inverter-based renewables [11]). Hence, during lower wind speeds,
which occur regularly for onshore WTG, the WTG provides little IR and experiences and
therefore there are also small changes in the loads. The load reduction by using a variable
instead of a fixed inertia constant was shown in a previous study [34]. Furthermore, the
torque limitation in the controller occasionally prevents an additional power supply by the
WTG. While this has a positive effect on the WTG loads, it can be problematic for the grid
when such a limitation occurs during a critical state of the grid. This problem is particularly
important to overcome, as during high wind periods the grid is most likely to need SI
provision from WTGs. During high wind periods, conventional power plants tend to shut
down, especially when the high wind period lasts for a day or longer [43]. Hence, there
is little conventional inertia in the grid causing a high demand for SI to stabilize the grid
frequency. Therefore, WTGs should be able to supply SI reliably in these conditions. The
full capability of the WTG to provide SI has to be ensured, e.g., by strengthening the drive
train to allow higher torques. That may be achieved by replacing limiting components
such as the coupling between the gearbox and the generator. A higher maximum torque
is in return likely to increase the loading of the drive train. However, it is still expected
be in an order of magnitude, which does not make a complete redesign of the drive train
necessary. The peaks in the demanded torque are directly related to calculation method for
the RoCoF used in this study. It is chosen to create a worst-case, yet realistic scenario for
the WTG. The effect of other methods or parameters on the magnitude of the RoCoF and
consequently on the loads resulting from SI provision have not been studied. One critical
parameter is the high cut-off frequency of the used LP filter. While this is backed by an
ENTSO-E publication [37], the details of the RoCoF calculation still vary between different
grid operators. Even in the cited document, different measuring time windows for the
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RoCoF calculation are discussed. Any kind of averaging would result in smaller RoCoFs
leading to smaller power offsets for SI provision and consequently to smaller maximum
torque values. However, such an averaging would also lead to a delayed IR. Whether
a faster or a slightly delayed but more robust response is favorable may depend on the
particular grid in which Sl is to be provided [44]. Hence, this topic is very critical: it may
need to be discussed with the individual grid operator and will be investigated further in
the future.

4. Conclusions

The effect of SI provision on the loads of a state-of-the-art WTG is shown for compre-
hensive scenarios, which are based on the measurements of the Indian grid frequency. The
detailed scenario definition allows a more realistic assessment of the dynamic excitations
from SI provision and the resulting load increases than in previous studies. The study
shows that supplying SI is marginally affecting the drive train. Other components of
the WTG are de-facto unaffected. Hence, SI provision does not have to be prominently
addressed in the load calculation of a WTG, although the RoCoFs of the analyzed grid
abnormities are very high and much larger than in previous studies [26-29]. The high
RoCoFs are plausible as the Indian grid is considerably weaker than European grids and
may therefore serve as an example for a future grid with higher shares of renewables, i.e.,
grids with little inertia. Furthermore, the RoCoF was calculated for short time intervals,
which automatically leads to higher RoCoFs. However, the results are limited to the specific
setup of the study as frequency analysis would differ for each grid (e.g., the frequency of
inter-area-oscillations differ). This may lead to resonance problems if the eigenfrequencies
of the WTG are close to the frequencies of the inter-area-oscillations. In addition, the results
depend on the used controller and the design of the WTG. Furthermore, the measurement
system of each WTG differs slightly, which would result in differences in the measured
frequencies and differences in the SI provision of the WTG. Finally, the effect of an in-
creased torque limitation on the loads is not considered in this study as it depends on the
limitations of the new drive train components. However, the load increases are so small
and the researched RoCoFs so high, that a different study setup is unlikely to change the
results fundamentally.

In addition to the effects on the fatigue loads discussed in this study, SI provision
may also lead to generator overspeed in extreme situations (e.g., system splits [39]). This
problem may be overcome with a feedforward path to the speed controller. Such a control
modification allows us to adapt the pitch angle faster and thus help to mitigate over-
speeding due to SI provision. The exact design of the feedforward control is part of
future research. Additionally, the effects of different RoCoF calculation methods and filter
parameter on peaks of the electrical torque and the consequences for the SI provision will
be studied in the future.

Considering all the limitations above, it is concluded that the continuous provision of
SI can be achieved with a state-of-the-art WTG without significant effects on the lifetime of
the WTG. This may help to stabilize future grids with little inertia.
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Abstract: The work presented in this paper aims to show how modern wind turbines can help to
control the frequency in a small grid which suffers from large power imbalances. It is shown for
an exemplary situation, which occurred in Flensburg’s distribution grid in 2019: a major blackout,
which occurred after almost two hours in islanding operation, affecting almost the entire distribution
grid, which supplies approximately 55,000 households and businesses. For the analysis, a wind
turbine model and a grid support controller developed at the Wind Energy Technology Institute are
combined with real measurements from the day of the blackout to generate a fictional yet realistic
case study for such an islanding situation. For this case study, it is assumed that wind turbines with
grid support functionalities are connected to the medium voltage distribution grid of the city. It is
shown to what extent wind turbines can help to operate the grid by providing grid frequency support
in two ways: By supplying synthetic inertia only, where the wind turbines can help to limit the rate of
change of frequency in the islanded grid directly after losing the connection to the central European
grid. In combination with the primary frequency control capabilities of the wind turbines (WTs), the
disconnection of one gen set in the local power station might have been avoided. Furthermore, wind
turbines with primary frequency control capabilities could have restored the grid frequency to 50 Hz
shortly after the islanding situation even if the aforementioned gen-set was lost. This would have
allowed connecting a backup medium voltage line to the central European grid and thereby avoiding
the blackout.

Keywords: system split; blackout; frequency support; wind turbines; synthetic inertia; primary
frequency control

1. Introduction

Modern power systems with high penetration of inverter-based renewables are bound
to exhibit little system inertia [1]. To avoid unfavorable excursions of the grid frequency and
high rates of change of frequency (RoCoFs), system operators will require the provision of
grid frequency support from renewables. Such grid support is already mandatory in some
grids for instance in Ireland [2], Québec [3], or India [4]. To fulfill these requirements, wind
turbine (WT) manufacturers, as well as academics, have developed various methods of grid
support for WTs. Control options developed by manufacturers are usually tailored to the
needs of a specific grid (e.g., Enercon for Hydro-Québec [5]) while academia follows a more
general approach. A good overview of current control strategies to provide synthetic inertia
and primary frequency response is given by Diaz-Gonzalez et al. [6] and by Fernandez-
Guillamon et al. [7]. In an electrical grid large power imbalances i.e., the difference between
generation and consumption, can cause heavy excursions of the grid frequency. Such
contingencies may be caused by the failure of a large power plant, a large line but also by
a system split. The ENTSO-E regards a system split as a major threat for the continental
European grid [8]. In case of a system split, the power imbalances may reach up to 40%
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of the generated power [9]. Just recently the European grid was split into two parts
during which a blackout could be avoided [10]. However, a system split may cause a
devastating blackout as in Italy 2003 (affecting 56 Million people) [11]. Blackouts may also
be triggered by a combination of market effects and technical problems as recently seen
in Texas [12]. In addition to technical solutions, a different market design may also help
to mitigate such imbalance situations: Borowski [13] proposes a different model for the
electricity market which may send price signals depending on the local situation and thus
helping during times of high imbalances. Blackouts may have devastating economic effects:
Yamashita et al. report a range for the lost gross domestic product between $3.53 and $39.7
for every undelivered kWh [14].

System splits may also occur locally, leaving a local, islanded grid without connection
to the rest of the system. Such an incident occurred in Flensburg on 9 January 2019. On that
morning, Flensburg’s electricity demand was covered by two coal-fired gen sets (Generator
7 & 9) and one combined cycle gen set in the local power station, of the latter only the
gas-fired gen-set (Generator 12) was connected to the grid (see Figure 1).

Grid connection
DK 60 kV
- not connected -

Power
station Load 18 MW

YNd

Grid connection

% DK 150 kV
46 MW export
YNd
Generator 12

gas-fired

YNd
YNd
CO—H ) Kf |
YNd
Generator 7 —@—I—» Load 9 MW
YNd
YNd

German 110 kV grid

60 KV Quadrature booster

radial

grid Load 10 MW

coal-fired [

YNd

Load 8 MW

Generator 9
coal-fired

Load 10 MW
60 kV cable Dyn

Load 8 MW

60 kV cable Dyn

Figure 1. Schematic depiction of the distribution grid in Flensburg, the connected generators, export
lines, and the aggregated loads shortly before the blackout on 9 January 2019.

Stadtwerke Flensburg (SWFL) operates the power station as well as the distribution
grid in Flensburg. While exporting a large share of the generated power to Denmark,
the connection to the Danish grid was lost due to a cable failure. Consequently, the
connection to the German grid was also lost, leaving the islanded grid with a large power
surplus. This caused a strong acceleration of the generator rotors resulting in a high RoCoF
(see Figure 2b), which in return triggered protection systems of Generator 12. Such a
combination of an initial event and following failures of other grid components has been
often observed during a major blackout in the past [14].
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Figure 2. (a) Grid frequency measured at the Flensburg power station on 9 January 2019. (b) Grid frequency and root mean

square (RMS) value of the grid voltage measured at the Wind Energy Technology Institute (WETT) during the initial event

on 9 January 2019.

Loosing Generator 12 was problematic as this generator unlike the two remaining
generators is capable of providing primary frequency control (PFC). The loss of Generator
12 and the increase of the electricity consumption in the morning hours caused a power
deficit. Consequently, the grid frequency slowly (see Figure 2a). Over the next 75 min,
the SWFL used cascaded load shedding for parts of the city to stabilize the frequency
but eventually had to disconnect almost all remaining customers from the grid. After
stabilizing the grid frequency, a backup connection to Denmark was engaged to reconnect
to the central European grid and to end the blackout, approximately three hours after the
initial incident (see Figure 2a).

This paper investigates whether wind turbines (WTs) with grid support capabilities
would have been able to prevent the blackout. For this purpose, it is assumed that WTs
would have generated a part of the electricity on 9 January 2019; the power plant’s pro-
duction would have been accordingly lower. In three different scenarios, the WTs would
be equipped with different functionalities to support the grid frequency. The goal is to
avoid the blackout either by keeping Generator 12 synchronized with the grid or by a fast
reconnection via the back-up line to the Danish 60 kV grid.

There is plenty of literature on grid support with WTs. However, these publications
usually test the developed controller with reference cases (e.g., [15]) or focus on a com-
prehensive study of grid behavior rather than the WT behavior [16]. Ela et al. study the
WT dynamics during system disturbances with measured data but the considered data
lacks the severity of a blackout event [17]. Therefore, this paper aims to close this gap by
using real data of a severe incident in combination with a reasonable model to study the
WT dynamics. Furthermore, the performance of the variable H controller developed at the
Wind Energy Technology Institute (WETI) is shown during a localized event in a small grid.
This allows not only accessing the control performance with respect to the WT but also
with respect to grid frequency stabilization with little uncertainty for the wind conditions
and grid participants.

Section 2 of this paper describes the used WT model, the controller capabilities, and
the applied grid model. Furthermore, the blackout event and the simulated scenarios
are described in detail. Section 3 presents and discusses the simulation results. Section 4
summarizes the findings.
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2. Materials and Methods
2.1. Detailed Description of the Blackout

Historically, the local grid in Flensburg has a strong connection to the Danish grid via
a large 150 kV cable/line connection to the Aabenraa power station. Furthermore, there
is a 110 kV connection to the German grid via one phase angle regulating transformer
(quadrature booster) and a 60 kV back-up connection to the Danish distribution grid (see
Figure 1). The power station in the city consists of four gen-sets: three coal-fired steam
turbines and one combined cycle gas turbine.

In the early hours of 9 January 2019, approximately 57% of the generated electricity
was consumed in the city while the rest was exported to Denmark via the aforementioned
150 kV cable-line connection (see Figure 1). Generator 7 & 9 (coal-fired) and Generator 12
(gas-fired) produced the power.

At 06:18:55 there was a short-circuit between one of the phases in the 150 kV cable and
earth. Protection relays triggered and isolated the faulty phase immediately (see Figure 2b).
Approximately one second later an automatic reclose of the circuit breakers was attempted.
As the short-circuit remained, the complete 150 kV cable was isolated by automatically
opening the circuit breakers (see Figure 2b). Consequently, the connection to the German
high-voltage grid was also lost and the distribution grid worked as an islanded grid with a
massive surplus (approximately 43%) of generated power. This caused a strong acceleration
of the generator rotors resulting in a high RoCoF (up to 1.8 Hz/s), which in return triggered
protection systems of Generator 12. Hence, Generator12 disconnected itself from the grid
approximately 70 ms after losing the 150 kV connection to Denmark. The sudden changes
of the electrical torque caused oscillations in the generator rotors of the two remaining
generators as typical for a directly connected synchronous generator after a sudden change
of the operating point [18]. As Generator 7 & 9 did not work at rated active power at the
moment of islanding, their power could be increased (see Table 1). This allowed stabilizing
the frequency for some time (see Figure 2a). However, after approximately 15 min the
electricity demand rose so much that cascaded load shedding was inevitable. The exact
load shedding sequence is described in Thiesen and Jauch [19].

Table 1. Specifications and operating points of the generator and the local consumers.

Power at Moment

Grid Participants . Rated Power Inertia ! Number of Pole Pairs
of Islanding
Generator 7 )
(coal-fired gen-set) 29.6 MW 33 MW 2293 kg-m 1
Generator 9 2
(coal-fired gen-set) 31.3 MW 36 MW 2223 kg-m 1
Generator 12 7320 kg-m?
(gas-fired gen-set) 491 MW 49 MW (referred to grid speed) 2
Local consumers 63 MW - 1216 kg-m? -
Power export 47 MW - - -

1 The sources of the reported inertias are described in Section 2.3.1.

After the cascaded load shedding did not decrease the power demand sufficiently to
increase the grid frequency back to 50 Hz, the SWFL disconnected almost the entire city. In
the next 80 min, the operating points of the generators were adjusted such that the grid
frequency eventually stabilized and the 60 kV back-up connection to Denmark could be
engaged to resynchronize with the central European grid. In this paper, three strategies
are researched, which could have helped to avoid the blackout. All scenarios work with a
fictive case in which part of the power in the islanded system is produced by WTs instead
of by the fossil-fueled power station:
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e  Scenario I: WTs supplying synthetic inertia (SI) could have lowered the high RoCoF,
which occurred immediately after the system split. This might have kept the gas-
fired gen-set connected to the grid and thereby the grid frequency could have been
controlled because Generator 12 is capable of PFC.

e  Scenario II: As in scenario I, the goal is to keep Generator 12 connected to the grid. In
addition to scenario I, the WTs also supply PFC. As there was an excess of power in
the islanded grid the WTs could have reduced their power rapidly and thus allowing
a longer reaction time for Generator 12 than in scenario I.

e  Scenario III: In this scenario, losing Generator 12 is accepted. The goal is to increase
the grid frequency back to 50 Hz in the first minutes after the system split and keep
it there long enough to allow a reconnection with the central European grid via the
60 kV back-up connection to Denmark (see Figure 1). To achieve that the WTs must
be able to provide PFC and they must be curtailed before the event. This scenario is
similar to the situation in Ireland, where the system operator is allowed to require
such curtailment during times of volatile grid frequency [2]. WT curtailment due
to feed-in management is common in the federal state surrounding Flensburg [20].
Hence, in strong wind conditions, some level of curtailment is to be expected, which
may be used for PFC provision. As in scenarios I & II, the WTs also provide SI.

2.2. Grid Model, Wind Turbine Model, and Frequency Support Controller

The behavior of the WT, its capability to provide frequency support in extreme situ-
ations, and the consequences for the WTs are the focus of this paper. Hence, a complex
model of the WT is used in combination with a simple model of the grid for representing
the behavior of the grid frequency.

2.2.1. Grid Model

In an AC power system, the grid frequency depends on the balance of generated and
consumed power as well as the inertia of the grid [18]. The relation can be expressed by
the so-called swing equation:

5fgrid,t - Pgen,t - Ploud,t
ot 4 12 'fgrid,t ']grid,t

M

where &fg,ig /6t is the RoCOF, Pgen ¢ is the sum of all generated (and imported) power, Py ¢
is the sum of all consumed (and exported) power, fois+ is the grid frequency and /g4 is
the sum of the inertia of all grid participants. The generation and consumption changes
constantly. By contrast, the grid frequency changes typically only in a small interval
(in extreme cases +/— 800 mHz [9]) and is therefore almost constant. The grid inertia
changes only whenever grid participants (generators or rotating loads) are connected or
disconnected. Furthermore, a self-regulation factor is considered for the loads: its power
changes with 2% /Hz which is in line with ENTSO-E recommendations [9].

2.2.2. Wind Turbine Model and Frequency Support Controller

The WTs are simulated with the so-called 1st eigenmodes model developed at the
WETI [21]. The model allows simulating the most important degrees of freedom of a WT,
i.e., two-directional motions of tower and blades, as well as the torsional movement of the
drive train. The flywheel in the model of the WT rotor [21] is disabled, such that the model
represents a state-of-the-art WT. Furthermore, the power controller is adapted as described
below to allow providing SI with the variable-H controller [22] and PFC as defined in
the Irish grid code [2]. In this study, the parameters of the NREL 5 MW research WT are
used [23].

The power controller of the WT is modified to allow SI and PFC provision (see
Figure 3). Hence, the power reference for the WT is calculated using three terms as ex-
plained below (see also three shaded areas in Figure 3).
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Figure 3. Block diagram of the power reference for the WT including grid frequency support (primary
frequency control (PFC) and synthetic inertia (SI)).

Power-vs-speed characteristic: If a WT operates in part load, there is an optimal
combination of generator speed and generator power to maximize the aerodynamic
performance of the WT. If all grid support functionalities are disabled, the power
setpoint of the WT is determined by the optimal power (Popt).

SI provision: Whenever a non-zero RoCoF is detected the WT alters its power output
from the optimal aerodynamic value to support the grid frequency. To provide a
reliable SI provision and safe operation of the WT the variable H controller is used [22].
The power change is described by Equation (2) [22]:

RoCoF
fgrid

where Pg; is the power change for SI, Hy,, is the variable inertia constant and P,y
is the rated power of the WT. The variable inertia constant scales with the operating
point of the WT in accordance with the available kinetic energy stored in its rotation
(see (3); [22]).

Psp = —2 - Hygy Pmted' (2)

2 2

0.5 Jwr - (wgen - Cucut—in)
2 2

0.5 Jwr - (wmted - wcut—in)

where Hg,, is the inertia constant to be emulated as defined by the grid operator, ween
is the generator speed, w,.i, is the generator speed at which the WT starts to produce
power, and Wy, is the rated generator speed of the WT.

Figure 4a depicts the transient behavior of the WT during a negative RoCoF event. The
WT leaves the steady-state value (point 1) by producing additional power (point 2).
As the electrical power is temporarily higher than the aerodynamic power, the WT
uses some of the kinetic energy stored in its rotation and the generator slows down
(point 3). The power output of the WT is still higher than the optimal value according
to the power-vs-speed characteristic but not necessarily higher than in point 1. When
Sl is no longer needed the WT falls back to the power-vs-speed characteristic (point 4).
Assuming stable wind conditions the WT would return to point 1 as the aerodynamic
power is now higher than the electrical power. Obviously, the exact behavior of the WT

Hvar = Hdem'

®)
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depends on several factors, most prominently the wind conditions and the severity
of the frequency event. More detailed explanations of the aerodynamics during the
transient operation of the WT can be found in [22].

PFC: In addition to SI, the WT also provides PFC for scenarios II & III. The controller is
modeled based on the requirements in the Irish grid code during frequency-sensitive
mode [2]. The grid operator is allowed to curtail the WTs to a certain percentage of
the available power. This allows increasing the power output of the WT whenever
the grid frequency drops below the insensitivity band (see Figure 5). The curtailment
of the WTs is lowered in accordance with the so-called droop characteristic. For high
frequencies, the curtailment is increased. The curtailment factor resulting from this
power-vs-frequency characteristic is hereafter called nppc and is used to scale the
output of the power-vs-speed characteristic. When the WT is curtailed in part-load
operation, a prolonged curtailment will cause the WT to run at super optimal speed as
the aerodynamic power exceeds the electrical power (see the shaded area in Figure 4b).
Furthermore, a prolonged curtailment imposes a significant financial burden on the
WT operator due to the lower energy yield.
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Figure 4. Power-vs-speed characteristic (blue line) of the NREL 5 MW wind turbine (WT) [23]. (a) The black quadrangle
depicts the transient behavior of the WT when supplying SI. (b) The black shaded area depicts typical operating points of
the WT when operating in curtailed mode with the simulated PFC controller.

When the grid frequency support is activated, the power reference of the WT, P, is

calculated as a combination of the three effects described above: (see (4) and Figure 3):

Pref = Popt-tiprc + Por 4

The PI controller is used to derive the setpoint for the generator-converter model

(PT1 element) from the power reference (see Figure 6 and [24]). The parameters for the
generator-converter model and the PI power controller are taken from [24].
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Figure 6. Block diagram of the power controller and the generator-converter model.

2.3. Detailed Scenario Description and Used Data

For the scenario development, data provided by the SWFL are combined with mea-
surements taken at WETL. Table 2 gives an overview of the settings used in the different
scenarios. The simulations for scenarios I & II start shortly before the initial short-circuit
(see Figure 2b). By contrast, scenario Il starts after the transient phase of the grid frequency
(see Figure 2b), as the frequency measurement is unreliable during the voltage dips [25]
and afterward dominated by the pole angle oscillations.

The assessment criteria for the three scenarios are:

Scenario I: the instantaneous RoCoF falls below 1 Hz/s within 70 ms.
Scenario II: the instantaneous RoCoF falls below 1 Hz/s within 70 ms & the grid
frequency stays below 51.5 Hz for at least 30 s.

e  Scenario III: the grid frequency can be increased to 50 Hz and be stabilized within
50 Hz +/— 10 mHz for as long as possible.

For all scenarios, various simulations were conducted to define the minimum number
of WTs, which still allowed fulfilling the assessment criteria (see Table 2). To fulfill these
criteria, the WTs have to provide a high share of the power production in scenarios I & II.
The simulation time is adapted to the assessment criteria of the scenarios. In addition, the
effect of the frequency support on the WTs are shown.
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Table 2. Overview of simulated scenarios and the used simulation and controller settings.

Category

Scenario I Scenario II Scenario III

Scenario goal

Keep Generator 12 connected to
the grid

Keep Generator 12 connected to

the grid Stabilize fgi4 close to 50 Hz

Assessment criteria

Time until frequency reaches 49.99 Hz
Time within frequency insensitivity
50 Hz +/— 10 mHz

Time until RoCoF falls below 1 Hz/s Time until frequency reaches 51.5 Hz

Active controller

SI SI & PFC SI & PFC

Simulation time

20s 60 s 200 s

Power imbalance

Calculated from grid frequency

Power export of lost export line Power export of lost export line

measurements
Grid inertia 13,052 kg-m2 13,052 kg-m2 5732 kg-m2
Number of WTs 8 10 2
Share of WTs in power production 35% 44% 15%
Wind characteristic turbulent turbulent turbulent
Average wind speed 13m/s 13m/s 13m/s
Turbulence intensity 12% 12% 12%
Haem 12s 12s 12s
Curtailment factor nppc before event Not used 1 (no curtailment) 0.9
Droop factor Not used 2% 2%
Frequency insensitivity Not used 10 mHz 0mHz

2.3.1. Scenario Inputs

For each scenario, the power imbalance (i.e., the imbalance before the fictional WT
power is added) and the grid inertia must be defined to solve (1), which allows calculating
the grid frequency. Furthermore, the wind inputs must be defined.

The inertias of Generator 7 & 9 as listed in Table 1 are known from technical docu-
mentation provided by SWFL. This is also true for the inertia of the generator rotor of
Generator 12. However, the inertia of the gas turbine had to be estimated with help of
the known weight [26] and an assumed distance of the mass center to the rotational axis.
The estimated inertia constant for the gas-fired gen-set (5.9 s) is in line with inertia values
of gas-fired gen-sets reported in the literature [27]. The inertia provided by the loads is
known from Thiesen and Jauch [19].

While the power production of the different generators at the power station is well
known, there is a lot of uncertainty in the data for the loads. The data of the current
measurements are mainly taken on the low-voltage side of the controllable transformer (see
Figure 1) while the voltage measurements are taken on the high voltage side. Hence, the
power imbalance cannot be calculated from the power calculated using these measurements.
However, the power export is exactly known and can be used as an initial power imbalance
for scenarios I & II. The power imbalance occurs once the export line to Denmark is fully
disconnected (second nadir in the voltage measurements in Figure 2b). A constant power
imbalance assumes that the power of the generators and the loads remain constant during
the simulation. This is a conservative approach: a PFC power adjustment of Generator 12
as well as self-regulation of the loads would decrease the power imbalance and help to
stabilize the grid frequency.

For scenario I1I, the self-regulation of the loads would hinder bringing the grid fre-
quency back to 50 Hz. Hence, the load must be calculated from the available data and
scaled with the grid frequency during the simulation. In a first step, the power imbalance
can be calculated with the known grid inertia and the frequency measurements taken at
WETI (feas) by solving (1) for the power imbalance. As the power production of Generator
7 & 9 is directly measured, the load is given as the difference between the total power
production and the power imbalance (see (5) and Figure 7). Figure 7 shows how slowly the



Energies 2021, 14, 1697

10 of 20

frequency declines. Hence, the calculated load power is most of the time slightly higher
than the generator power but also falls below it occasionally.

fmeas, t+1 — fmeas, t

2
Pload,t = Pgen,t - At 4 'fmeas,t ’]grid,t (5)
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Figure 7. Example of the load power, calculated with the measured generator power and the grid frequency measured

at WETL

Data provided by German Metrological Service, Deutscher Wetterdienst, is used to
model the wind conditions in Flensburg on 9 January 2019. The hourly mean wind speed at
the time of the system split was 7.9 m/s in 10 m height [28]. The wind speed at hub height
can be calculated with a logarithmic wind profile [29]. It is assumed that the roughness
length, z, is 0.35 m, which is a reasonable value for the landscape and topography in the
area around Flensburg [29]. Using this data the mean wind speed at the hub height (90 m)
is 13 m/s. Furthermore, the turbulence intensity is assumed 0.12, which is also a reasonable
value for the region. In a previous project, the measured turbulence intensity for 13 m/s
average wind speed at the campus in the outskirts of Flensburg was 0.17 (based on the
measurements in 50 m height) [30]. In the same project, the roughness length for the site
was estimated at 1.7 m, which is a very turbulent site. Hence, the lower TI is reasonable
due to the higher hub height [31] and the lower turbulence, which can be expected outside
the city. Individual WTs are simulated by using independent turbulence seeds for each WT.

Currently, there is no large-scale WT directly connected to Flensburg’s distribution
grid. Therefore, the analyzed scenarios are fictional. However, as the distribution grid
also comprises some of the surrounding villages and dwellings, it seems feasible that WTs
could be connected to the grid. Currently, there are several WTs with 25 MW installed
capacity within a 10 km radius around the city center [32]. Furthermore, the installation
of an additional 25 MW is planned [32]. These WTs are connected to a different medium
voltage grid but show the potential for WT installations in close proximity to the city with
cable length comparable to the ones in the existing grid.
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2.3.2. Controller and Simulation Settings

For the frequency support controller, some settings must be chosen which are in reality
defined by the transmission system operator. A reasonable approach is to choose an inertia
constant, which the WTs have to emulate, in a similar range of fossil-fueled or hydroelectric
power stations [33]. However, with increasing penetration of non-synchronous generation,
higher inertia constants may need to be demanded to safely operate a grid in challenging
situations [34]. It has also been shown that WTs can be safely operated with emulated
inertia constants as high as 6 s [35] or even 12 s [24]. For this study, the demanded inertia
constant was set to 12 s, which is in line with the aforementioned [24] and the findings
in [34] for such high power imbalances.

Reducing the RoCoF to a value below 1 Hz/s in such a short time (100 ms) is very
difficult, as the WTs have to react very fast. While the generator-converter-units have a
very fast reaction time, the PI controller naturally dampens such drastic power changes.
When the original settings as reported in [24] are used, the behavior of the PI controller is
dominated by the anti-wind-up (AWU) loop of the integrator. Therefore, the power of the
WT falls too slow to reduce the RoCoF below the threshold in the designated time. The
original AWU considers the proportional controller output when limiting the integrator,
such that the sum of the proportional and integral terms is the minimum power, P, (0 W).
This has been changed such that the integrator is set to Ppjn. As the sum of the proportional
and integral terms can be negative, the limiter adjusts the controller output in such cases
(see Figure 6).

The PFC controller settings are chosen in accordance with the requirements stated
in the Irish grid code [2]. It has to be noted that these settings can change during the
operation of the WTs depending on the status of the grid [2]. Especially the curtailment
factor nppc valid for 50 Hz is adopted depending on the expected grid situation. Hence,
a curtailment of the WTs as needed for scenario III would only be present in specific
situations, when the grid is vulnerable. However, WTs can also be curtailed for other
reasons, e.g., feed-in management, which occurs regularly in the federal state surrounding
Flensburg [20]. Hence, some level of curtailment would have been likely considering the
strong wind conditions on the day of the blackout even though the grid islanding was
not foreseeable. In the third scenario of this study, the WTs were curtailed to 90% of the
available power before the frequency event happened. For scenario II, no curtailment is
needed as the power output has to be reduced to provide PFC. The droop factor is set to
2%, which is on the lower end of the range mentioned in [2] and [36] and causes a strong
reaction to frequency deviations. The frequency insensitivity, i.e., the minimum detected
deviation of the grid frequency for the controller to react, is set to 10 mHz [36] in scenario
IT and to 0 mHz in scenario III to facilitate bringing back the grid frequency to 50 Hz in the
latter scenario.

3. Results

The results of the simulations show that it is theoretically possible to achieve the
assessment criteria of the three scenarios with help of WTs. The results are discussed
individually for each scenario below.

3.1. Scenario I

In this scenario, the eight simulated WTs lower the RoCoF below the 1 Hz/s thresh-
old within 17 ms by reducing their power output (see Figure 8a—d). Hence, the RoCoF
threshold could be reached in time even considering a time delay for detecting the fre-
quency event due to measurement and signal processing delays in the WT. However, as
the WTs only provide SI, the frequency support is not sufficient to stop the rise of the grid
frequency. Hence, Generator 12 is likely to disconnect from the grid as soon as the grid
frequency reaches 51.5 Hz approximately 1.5 s after the start of the islanding event (see
Figure 8e,f). This time is obviously too short for the gas-fired gen set to activate its own
frequency support.
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Figure 8. Results of scenario I: Power imbalance in the islanded grid and power of the simulated wind farm for (a) the
full simulation time and (b) a zoom to the time of the event; (c,d) RoCoF and RoCoF threshold; (e,f) grid frequency and
frequency threshold. Time axes of (e,f) are valid for the above subplots as well.

The massive frequency support provides a heavy burden for the drive trains of the WTs.
The almost instantaneous power reduction causes a strong temporary imbalance between
the accelerating aerodynamic torque and the decelerating electrical torque. Hence, the
generator speed rises rapidly and starts to oscillate with the 1st torsional eigenfrequency of
the drive train (see Figure 9b). As a result, the pitch angle also oscillates. These oscillations
last for approximately 10 s with decreasing magnitude. As the power setpoint of the WT is
linked to the generator speed, the WT power also oscillates (see Figure 9b).

Furthermore, the WT is at risk of shutting down due to overspeed. A typical value for
the allowed overspeed is in the range of 10% [30,35] and is marked in Figure 9b. The shown
WT experienced a gust shortly before the event. Hence, the generator speed is already high
and the pitch not at a steady-state value when the frequency support is demanded. As
a result, the generator speed instantaneously exceeds the overspeed threshold. As this
occurs only for various milliseconds, the WT would probably stay connected to the grid,
which is favorable for a reliable frequency response [22]. For WT 5, 6 & WT 8 however,
the power reduction coincides with stronger gusts causing longer periods of overspeed
(see Figure 10 and Table 3). Depending on the settings in the WTs safety systems, this may
cause an emergency stop of the WTs. Figure 10 also depicts the simulation results of the
least affected WT 2. It is clearly visible how the negative gust at the time of the frequency
event helps to avoid an extreme overspeed situation.

3.2. Scenario 11

For scenario II, PEC is activated and the number of grid-connected WTs is raised to
ten to keep the grid frequency below 51.5 Hz. As in scenario I, the RoCoF is pushed below
the 1 Hz/s threshold in time by a rapid reduction of the power of the wind farm (i.e., 16 ms,
see Figure 11a—d). As the power reduction persists, the grid frequency is stabilized within
a few seconds and stays stable during the rest of the simulation (see Figure 11e,f).
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Figure 9. Results of scenario I for the 1st simulated WT: (a) Wind speed at hub height and electrical power of the WT; (b)
generator speed, speed setpoint, overspeed threshold and pitch angle.
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Figure 10. Simulation results of scenario I for four WTs: (a) Wind speed and rated wind speed; (b) Generator power;
(c) generator speed, speed setpoint, and overspeed threshold. The time axis of (c) is valid for the above subplots as well.

Figure 12 shows how the SI and PFC work together to allow stabilizing the grid
frequency: in the first moments after the system split, the SI controller provides a very
fast frequency response, which decreases as the RoCoF approaches 0 Hz/s. The depicted
PFC modification factor lowers the WTs power setpoint (see (4)) as the grid frequency
rises. Eventually, an equilibrium is reached once the frequency response of the wind farm
balances the power in the grid. To bring back the frequency to 50 Hz, more WTs would be
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needed. However, the stable frequency should allow keeping the gas-fired gen-set grid
connected and using its frequency response to stabilize the grid frequency at 50 Hz.

Table 3. Results of scenario I. Maximum speed and duration in overspeed for all simulated WTs.

Maximum Generator Speed

WT Number Duration in Overspeed [ms]

[% of Rated Speed] !
1 110.7 316
2 104.8 0
3 107.4 0
4 110.7 184
5 111.6 864
6 115.8 3090
7 108.2 0
8 113.3 1995
T Rated generator speed is 1.183 pu.
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Figure 11. Results of scenario II: power imbalance in the islanded grid and power of the simulated wind farm for (a) the

full simulation time and (b) a zoom to the time of the event; (¢c,d) RoCoF and RoCoF threshold; (e, f) grid frequency and

frequency threshold. Time axes of (e,f) are valid for the above subplots as well.

As in scenario I, most of the WTs experience overspeed situations in the first seconds
after the system split. The maximum generator speed and the duration for which the
generator speed exceeds 110% of the rated speed are given in Table 4. Both values increased
in comparison with scenario I. The increase is caused by the PFC, which keeps the generator
power at a low level (see Figures 12 and 13). As the pitch drive needs some time to adjust
the pitch angle, overspeed occurs for most WTs. This problem is worsened when the
frequency support coincides with a positive gust.

Examples of such coincidences are depicted in Figure 13. The WT 5, WT6, and
WTS8 experience a strong gust starting shortly before the power reduction for frequency
support. Hence, the increase of the aerodynamic torque coincides with the decrease of the
electrical torque. Consequently, the drive train is strongly accelerated. Furthermore, the
drastic change of the electrical torque causes drive train oscillations with the 1st torsional
eigenfrequency (see Figure 13c). The speed controller slows down the generator speed
to rated speed after approximately 10 s and can stabilize the speed even though the WT
operates at a low power setpoint and experiences heavy gusts. As in Figure 10 the least
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Power [pu]

0.5

affected WT?2 is also depicted. For this WT the highest speed occurs at the end of a gust
starting shortly after the initial event. The power reduction at this time of the event is
dominated by PFC, which explains the increase of the maximum speed compared to
scenario I (see Figure 12).

T

— Generator power
—— Sl power setpoint modification
PFC modification factor

1 I 1

|
06:18:56 06:18:58 06:19:00 06:19:02 06:19:04

Time Jan 09, 2019

Figure 12. Results for scenario II. Generator power and the two frequency support functions: SI and PFC.

Table 4. Results of scenario II. Maximum speed and duration in overspeed for all simulated WTs.

Maximum Generator Speed

WT Number Duration in Overspeed [ms]

[% of Rated Speed] !
1 111.1 517
2 106.2 0
3 109.6 0
4 112.2 1296
5 113.6 2791
6 119.5 3901
7 110.7 542
8 115.2 3951
9 112.8 2105
10 108.3 0

1 Rated generator speed is 1.183 pu.

3.3. Scenario 111

As in scenario II, PFC and SI controller are active. The number of grid connected WTs
is reduced to two and a pre-event curtailment to 90% of the available power is introduced.
Hence, the wind farm is allowed to produce 9000 kW when the grid frequency is at 50 Hz.
The results show that the WTs can bring the grid frequency back to 49.99 Hz within 15 s
after the event by increasing the power up to 9500 kW (see Figure 14a,c). The RoCoF is
limited to approximately +/— 0.05 Hz/s, which is a low, unproblematic value. The axes
scales for Figure 14a are chosen such that it becomes visible how the power imbalance
in the grid is dominated by the power output of the wind farm. The load fluctuations
and the changing power production of the power plant are comparable small for most
of the time. Due to the turbulent wind, the PFC controller fails to keep it in the 50 Hz
+/— 10 mHz tolerance band during negative gusts (see Figure 14a,c). The effects of the
strongest gusts are shown in Figure 15: The drop of the wind farm power causes a drop in
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the grid frequency. Consequently, the PFC controller allows the WTs to generate as much
power as possible for the WTs (npgc = 1). This helps to bring back the grid frequency to the
tolerance band around 50 Hz. After the initial recovery, the grid frequency is only for five
seconds below 49.9 Hz, which is the threshold for possible load shedding. After reaching
the tolerance band, the grid frequency is for 56 s out of the remaining 185 s simulation
within the tolerance band (appr. 30% of the time). This could have been increased by
heavily increasing the number of grid-connected WTs. However, in this scenario, a small
share of WTs on the power production is deliberately chosen to show the strong effect PFC

provision of a few WTs may have on grid frequency stabilization.
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Figure 13. Simulation results of scenario II for 4four WTs: (a) Wind speed and rated wind speed; (b) Generator power; (c)
generator speed, speed setpoint, and overspeed threshold. The time axis of (c) is valid for the above subplots as well.
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Figure 15. Results of scenario III: Wind farm power (pu base = 10 MW), PFC modification factor nprc, and grid frequency
during negative wind gusts.

4. Discussion

The results show that WTs would have been able to support the grid to some extent.
The provision of SI could have lowered the RoCoF below a critical threshold within
milliseconds and thus have lowered the consequences for the conventional power station.
However, as the frequency rises too fast above the 51.5 Hz threshold, it would not have
been possible to keep the gas-fired gen-set (Generator 12) connected to the grid. The grid
could have been stabilized if the number of WTs were increased to ten and the WTs would
provide PFC in addition to SI. In this case, the WTs would have been able to balance the
power in the grid effectively and limit the frequency to 50.8 Hz. Keeping Generator 12
synchronized would have allowed using its PFC functionalities to bring the grid frequency
back to 50 Hz and to stabilize it. This would have allowed reconnecting to the central
European grid. In this case, the blackout would have been avoided. However, both
scenarios require a large share of the power being produced with WTs. In the third scenario,
a much smaller part of the power production would have been provided by WTs. The
small number of individual WTs in combination with the small grid makes the power
balance in the grid very sensitive to gusts. The regular gusts prevent the WTs to keep the
grid frequency continuously within the tolerance band. The effect of the gusts would be
smaller in a larger wind farm, as spatial smoothing effects occur in larger wind farms [37].
The ongoing development of various energy storage systems [38] could make local storage
systems affordable and thus help smooth the power production further. Finally, even the
inertia of the WT rotor in combination with advanced control could be used to smooth the
power output [39,40]. However, even in the shown scenario, the grid frequency stays very
close to or in the tolerance band for longer periods. Thus, a reconnection to the central
European grid might have been possible and the blackout may have been avoided.

The first two scenarios have no direct financial implication for the WT operation.
Although the continuous provision of SI alters the power setpoint of the WT, the con-
sequences for the WT performance are negligible [22]. The PFC in scenario II requires
no pre-event curtailment and is therefore financially negligible. By contrast, scenario III
requires a pre-event curtailment by 10%. Such a prolonged curtailment solely for fre-
quency support is very costly. However, in the region around Flensburg curtailment due to
feed-in management is very common. It may be possible to use such curtailed WTs as a
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PFC reserve as the time scope of frequency support and feed-in management differ [24].
Hence, a temporary frequency support would most likely not compromise the safety of the
affected grid.

The overspeed problem, which occurred in scenarios I & II, could be addressed by
directly integrating the speed controller in the frequency response logic. Another option
would be to use Lidar data to foresee gusts and thus reduce overspeed. Whether both
options yield better results and stable control of the WT may be part of future research.

Although the frequency support provides a heavy burden for the drive train, it is
unlikely to cost much lifetime. Lifetime is influenced by fatigue loads and extreme loads.
A system split occurs seldom. Therefore, the frequency response during such an event is
unlikely to cause significant fatigue loads. Furthermore, the change of the electrical torque
for frequency response is slower than during low-voltage-ride-through (LVRT), which
is a typical extreme burden for the drive train [41,42]. Hence, frequency support in the
researched scenario is unlikely to be more significant than LVRT events and consequently
neither for fatigue nor for extreme loads relevant.

5. Conclusions

For three fictive, yet realistic scenarios, it has been shown to what extent WTs could
have helped to avoid the blackout in Flensburg on 9 January 2019. WTs solely providing
SI would not have been sufficient for keeping the grid frequency in an acceptable band.
Hence, the WTs would also need to provide PFC. As expected the frequency support comes
at a price: namely possible overspeed and speed oscillation issues when the power output
is heavily reduced and a need for pre-event curtailment when the power is to be increased.
Possible mitigation strategies have to be researched to weaken these effects.

While the study focuses on the real situation in Flensburg on the day of the event,
the findings are also relevant for other cases. The power imbalance in the grid matches
the worst-case scenario for a system split defined by ENTSO-E very well. The exact
behavior of a WT during frequency support depends strongly on its operating point
thus the shown effects are limited to similar wind conditions. Whether WTs in part-load
operation (providing a similar share of the power production) could have stabilized the
grid frequency is likely but not shown in the paper. This is due to the attempt to stick as
closely as possible to the real situation in Flensburg on 9 January 2019.

Further limitations of the results concern the used grid model. As the focus of the
paper is on the WT dynamics power balances are used to calculate the RoCoF and the
grid frequency. Furthermore, the measurement of the grid frequency is not modeled
which could affect the efficiency of the grid frequency support and certainly would have
delayed the power reduction in scenarios I & II. However, as the assessment criterion
(RoCoF < 1 Hz/s) is reached approximately 50 ms before the goal, a successful stabilization
of the grid frequency is likely for scenario II. Finally, the reconnection to the Central
European grid is not modeled but the research shows to what extent this reconnection
could have been facilitated and a successful reconnection would have been likely. Hence, it
is concluded that a blackout could have most likely been prevented for scenarios II & III
through the grid support of the WTs.
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Abstract. Grid frequency support by wind turbines is increasingly demanded by grid
operators around the globe. By meeting these requirements, the wind turbines leave their
optimal operating point and may even be pushed out of their safe operating range during
severe grid events. In the past years, the Wind Energy Technology Institute developed
a controller for grid frequency support in collaboration with Suzlon Energy. This work
seeks to improve this controller by adding a pitch angle adjustment depending on the
operating point of the wind turbine and the power adjustment for grid support. The
controller performance is analysed for three scenarios and for the whole operating range
of the NREL 5 MW WT. Simulations show, that the adjustment lowers the risk for
overspeed at the cost of an increased pitch rate. By contrast, the acrodynamic efficiency
is not increased by the additional control loop. The effect on the tower depends heavily
on the wind situation during and shortly after the grid frequency support event.

1. Introduction

In response to higher shares of inverter connected generators, many grid operators increase their demand
for system services to be provided by wind turbines (WTs), for instance in Ireland [1], Québec [2] or
India [3]. The existing requirements are typically tailored to the system operator’s specific needs and
their individual control objectives. Future power systems with high degrees of non-synchronous
penetration can achieve power system stability by WTs providing grid frequency services. This has been
shown for several countries e.g. Ireland [4], the UK [5], or South Africa [6]. In addition, there can be
economic incentives from a systems perspective: using synthetic inertia (SI) of WT can help to lower
the must-run capacity of expensive conventional power plants [7].

The frequency support is typically categorized in SI (reacting proportionally to the derivative of the
frequency) and fast frequency response (FFR, reactivating proportionally to the grid frequency
deviation) [8]. In addition, there are various control schemes tailored to the needs of a specific grid
operator, e.g. providing a predefined power increase for approximately ten seconds, if a frequency
threshold is violated [9]. All have in common that the WT’s active power is altered.

The effect of active power control strategies for frequency support [10] and its effects on the WT
loads [11] have been studied extensively by working groups at NREL and University of Colorado. Their
work focuses on the optimal control strategy when the WT is curtailed to allow primary and secondary
frequency control [12].

The provision of SI with WTs was first proposed in 2007 by Ramtharan et al. [13] and developed
further in the following years [14]. Over the past years, the Wind Energy Technology Institute and
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Suzlon Energy have developed a so-called variable H controller. The variable H controller enables WTs
to provide SI with respect to its capability in the current operating point. This is an improvement over
other SI controller [15]. The kinetic energy stored in the rotation of the WT is used to modify the power
setpoint according to the grid’s need. Thus, the WT leaves its optimal operating point in the prevailing
wind conditions. It has been shown, that the variable H controller can provide SI reliably in various grid
situations while keeping the increase of the mechanical loads at a minimum [16].

This work analyses the performance of continuous grid frequency support with a variable SI and an
additional loop for the pitch angle for the NREL 5 MW WT [17]. The additional loop is called
feedforward loop as it seeks to minimize the impact of a grid frequency support on the WT’s speed
before it actually appears. Thus, the impact of grid support on the WT in extreme grid situations should
be minimized. It is also investigated whether the feedforward controller can improve the aerodynamic
efficiency during grid frequency support. The modified controller is evaluated by estimating the effect
of the changes on the mechanical loads by analyzing the rotor and tower acceleration as well as the pitch
rate. Furthermore, the energy production is analyzed from the WT’s as well as from the grid’s
perspective.

The rest of the paper is structured as follows: section 2 describes the modifications of the controller
and the simulated scenarios. Section 3 presents the results and a conclusion based on these results is
drawn in section 4.

2. Control system and simulated scenarios

2.1. Control system and simulation model

The first subsection describes the general idea, how the pitch angle should be adjusted to help the WT
during grid frequency support and how the needed parameters are derived. The second subsection
explains the intended controller behavior for different combinations of grid support and WT operating
points. The last subsection describes how the controller is implemented in the NREL baseline control
system.

2.1.1. Feedforward controller concept. When the power setpoint is adapted to the grid’s needs, the
WT leaves its optimal operating point. In case of a decrease of the WT power, the adjustment may lead
to high drive train accelerations and eventually to overspeed situations. In this case, the decreasing
aerodynamic efficiency actually helps to limit the drive train acceleration. However, during severe
events an increase of the pitch angle might be needed to support this effect when the WT operates close
or at its rated rotational speed. In case of a power increase, the decreasing aerodynamic efficiency
hampers the return to steady-state operation. In such a situation, the pitch angle could be adjusted to
reduce the loss of aerodynamic efficiency.

However, the change of the grid frequency and of the wind speed in the next seconds are typically
both unknown. While the change of the wind speed can be predicted and compensated to some degree
with a Lidar system [18], the grid frequency cannot be predicted. In an ideal scenario, the rotational
speed, wgen, would be kept constant. Theoretically, this could be achieved by varying the pitch angle
such, that the aerodynamic torque, Teer, changes in a similar magnitude as the electrical torque (see
equation (1)). During grid support the electrical torque deviates from its optimal value, Teiecop by a grid
support term, TerecGs. The angular acceleration, wgep, depends on the difference between aerodynamic
and electrical torque as well as the inertia of the WT drive train, Jur.

. _ Taero_(Telec,opt+ Telec,GS) 1
Dgen = (1)

Jwr

The needed change of the pitch angle can be calculated from the pitch sensitivity of the WT in its
current operating point. When calculating the pitch sensitivity, it has to be distinguished between WT
operation in region 1.5, 2, 2.5 and 3 as defined by Jonkman et al. [17]. For the operation in region 3 the
pitch sensitivity is published by Jonkman et al. [17]. For regions 2 & 2.5, the pitch sensitivity in the
steady-state operating points is calculated with cr coefficients published by Jonkman and Hippel on the
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NREL forum [19] (see Figure 1). It shows values for positive and negative pitch angle adjustments as
the effects on the aerodynamics differ significantly for most operating points. Please note: The pitch
sensitivity in region 2 for a negative pitch angle adjustment is calculated for a tip-speed-ration (TSR) of
7.0 as 0° is the optimal pitch angle at the optimal TSR and pitch angle decreases are needed if the speed
drops.

0
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500 \ Positive Pitch Angle Adjustment | |
) Negative Pitch Angle Adjustment
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Figure 1 Pitch sensitivity vs wind speed for steady-state operating points.

The needed change of the pitch angle, Oy, is calculated based on the so derived pitch sensitivity in
the current operating point, 6Paero/56, (see Figure 1) and the power adjustment for grid support, Pdemcs
(see equation (2)). The pitch sensitivity is chosen based on the steady-state operating point estimated by
the rotational speed and the pitch angle control signal calculated in the feedback speed controller.

Pdem,Gs

Of 2)

= 3Paero | wro . .
50 ,operating point
2.1.2. Intended controller behavior. In region 3, the available power in the wind theoretically allows
a constant generator speed. Here, the challenge is to control the pitch angle such that the WT operates
as close as possible to rated speed even when responding to extreme grid situations. Figure 2 shows the
aerodynamic efficiency of the WT, cp, for some selected pitch angles and TSRs.
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Figure 2 Aerodynamic efficiency vs TSR for various pitch angles.
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In region 3 the TSR is typically below 7 and the pitch angle is positive. During power increases, the
pitch angle should be decreased to avoid dropping out full load operation due to a declining rotor speed.
In Figure 2 this would e.g. mean to move from the light blue, 8 = 5° line towards the green, 8 = 3° while
the TSR decreases at the same time. In the opposite situation, where the WT power is reduced, the
aerodynamic efficiency must be lowered by increasing the pitch angle quickly to avoid overspeed.

In region 2, the WT typically operates at the optimal tip speed ratio, TSR = 7.55 and at the optimal
pitch angle, 6 = 0°, which is also the minimum allowed pitch angle. When the WT power is increased,
the TSR drops. The pitch angle should then be adjusted to negative values, which allow maintaining a
better angle of attack and thus help to lower the aerodynamic losses. Therefore, the minimum pitch
angle, Omin, also has to be adjusted by the feedforward controller. However, as Figure 3 shows, there is
little room for improvement. It reveals that for reasonable decreases of the TSR a decrease of the pitch
angle below 0° improves the efficiency by less than 1 % and pitch angles below -1° are hardly ever
beneficial. The same logic applies for region 2.5, in which the steady-state TSR varies between 7 (at
rated speed) and 7.55. Hence, for region 2 and 2.5 the minimum pitch angle is adjusted to 0° >= Omin >=
-1°.

When the WT’s power is reduced in region 2, the TSR increases and the declining aerodynamic
efficiency helps the WT to return to its steady-state operating point. The risk of overspeed has been
observed, if the steady-state generator speed exceeded 85 % of rated speed. This risk intensifies in region
2.5 as the WT typically operates at suboptimal speed. Hence, the acrodynamic efficiency slightly
increases if the generator speed increases (see yellow line in Figure 2).

A special case is the operation in region 1.5: the WT runs in super-optimal speed during steady-state
operation. Hence, the speed-depending change of the acrodynamic efficiency will help the WT to return
to the steady-state operation point. Thus, the pitch angle does not have to be adjusted.
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Figure 3 Aerodynamic efficiency vs TSR for various pitch angles normalized with respect to the
efficiency at 6 = 0° pitch angle.

2.1.3. Implementation of feedforward controller in NREL baseline controller and WT model. The
modified controller is implemented into the so-called 1st eigenmodes model developed by Jauch [20]
with the parameters and the baseline controller of the NREL 5 MW reference WT [17]. The control loop
of the reference WT is changed by adding grid support functionalities including the feedforward loop
(see Figure 4). The grid frequency support block consists of controller for the supply of SI and FFR.
The SI controller uses the variable H concept. The FFC leads to a frequency depending derating of the
WT similarly to the percentage derating strategy described by Fleming et al. [11]. The used grid
frequency support controller is described in detail in Gloe et al. [21] supplemented by a notch filter for
the RoCoF as proposed by Guo and Schlipf [22].
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The newly added feedforward pitch angle control is shown in detail in Figure 5. The feedforward
controller heavily affects the actual pitch angle, Owr. Hence, the control signal of the feedback speed
controller, Ors, and the filtered generator speed of the WT, weenrr, are used to estimate the WT’s
operating point and to determine the pitch sensitivity. In order to avoid unnecessary pitch maneuver, a
deadband is introduced such that a modified power signal Pdemcs,im is used for the feedforward pitch
angle calculation. For the calculation, the power signal is set to zero between + 0.5 % of the rated WT
power, Praea. Between £ 0.5 % and £ 1 % of P it is linearly faded in. Over = 1 % of Prawd, Pdems is
used unchanged in the pitch angle calculation. The values are chosen according to experience gained in
a previous project with Suzlon Energy [16]. Furthermore, the minimum pitch angle has to be adjusted
as described in section 2.1.2.

In addition to the aforementioned signals, the block diagrams in Figure 4 and 5 depicts the wind
speed, vwind, the grid frequency, ferig, the reference speed, wrr, the speed error, weror, the speed depending
power setpoint, Pdemspeed, the maximum pitch angle, Omax, the overall power setpoint, Paem, and the overall
pitch angle setpoint, Bdem.

fgrid Vwind
Wgen,Lp Low-pass
Pur filter
Y A
Grld Pdem,GS
frequency
support Pem >
\ A o
Power Pdem,speed emax
control
: Y Wind turbine Ween
Feedforward B Bdem model
— | pitch angle »( ) >
control
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re ( ‘/\ Speed fb
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Figure 4. Modified block diagram of the NREL baseline controller to allow grid frequency support.
emax
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Figure 5 Block diagram of the feedforward pitch angle calculation and the integration into the overall
control system.

2.2. Analysed wind and frequency scenarios

The effect of grid support on the loads of a WT heavily depends on the assumed scenarios. An exact
estimation of the effect is particularly difficult as behavior of the electrical grids depends on a number
of technical (e.g. share and structure of conventional power plants) and economic aspects (e.g. market
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design) and also changes with time. These aspects make an estimate how often frequency support
services of WTs are demanded by the grid operators very difficult. Therefore, this paper focuses on three
scenarios, which mean to cover some of the most important grid situations:

a) System split: System splits are extreme scenarios. However, recent years show that they occur
regularly on a continental scale [23], [24] and occasionally locally [21]. The controller is tested
with a simulated case based on real measurements in Flensburg [21].

b) ENTSO-E reference incident: The required power for primary frequency response in an electrical
grid is typically based on the loss of the biggest contingency. In the central European grid this is
given by the simultaneous loss of two large power plants, in total 3,000 MW [25]. This is
typically called the ENTSO-E reference case. The grid frequency behaviour for this situation is
simulated with an inertia constant of 3 s, which is the minimum inertia constant to keep the
European grid controllable [26]. Here, only the SI controller is active as reliable FFR provision
would require a pre-event curtailment of the WT.

¢) Normal operation: during most of the time, the grid only experiences small power imbalances,
which cause the grid frequency to fluctuate around its nominal value. These fluctuations are
depending on the grid inertia and vary therefore with the share of wind power on the power
production [27]. Measurements of the grid frequency in Ireland during high wind power
production [28] are used for the normal operation scenario. During this scenario, the feedforward
loop should hardly be active as the RoCoF typically oscillates around zero and therefore does
not cause speed changes.

Each frequency scenario is tested at six wind speeds covering the WT control regions 2, 2.5 and 3.
For the grid frequency scenario c) with stochastic frequency changes, three different turbulence seeds
are used. By contrast, the frequency event scenarios a) and b) occur at a certain simulation time. Hence,
20 seeds are used to analyse the WT’s response in various wind conditions for these scenarios.

3. Results

The simulation results are shown and discussed for the three frequency scenarios separately. In all shown
cases, the WT provides grid frequency support and its behaviour with an activated & deactivated
feedforward controller is compared.

The main purpose of the scenario a) is to show the capability of the feedforward controller to avoid
overspeed situations. The WT has to reduce its power almost instantaneously to allow controlling the
grid frequency in the islanded grid. Figure 6 shows exemplary time traces of selected signals for an
average wind speed of 11.5 m/s and two turbulence seeds (orange and blue lines). The solid and the
dashed lines indicate the WT’s behaviour with activated & deactivated feedforward controller
respectively. The sudden power decrease and thus the loss of generator torque not only accelerates the
drive train but also excites it to oscillate with its eigenfrequency. While the damping of the oscillations
are not controller depending, the overspeed of the WT is effectively reduced in the cases with activated
feedforward control. Furthermore, the WT is capable of holding the reduced power setpoint very well
in all cases.
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Figure 6 Time traces of selected WT signals for scenario a) at 11.5 m/s average wind speed. Colored
dashed and solid lines show the results for feedforward control disabled and enabled respectively.
Black dashed in the generator speed diagram mark rated speed and 10 % overspeed.

As stated in section 2.2., six different average wind speeds and twenty turbulence seeds are simulated
for scenario a) and b). To give an overview over all simulations, the controller performance is evaluated
with help of boxplots.

In scenario a), the maximum generator speed and the rotor acceleration are effectively reduced for
nearly all wind speeds and turbulence seeds (see Figure 7, top left and right): In 19 % of simulations
with deactivated feedforward controller the maximum speed of the WT exceeded 1.1 pu, a typical limit
for an emergency stop of the WT. When the feedforward controller is activated, all of these situations
can be avoided. The maximum observed speed over all simulations is 1.092. This positive influence on
WT speed comes at the price of a strong increase of the RMS pitch rate (see Figure 7, bottom right).
Especially, in region 2 and 2.5 the pitch rate increases heavily. While this is needed in region 2.5 to
avoid the overspeed, the normal WT speed can keep the WT below 10 % overspeed without the help of
the additional loop in region 2. Another burden for the WT is the increase of the fore-aft tower head
acceleration (Figure 7, bottom left). The influence is strongest in region 2.5 as here the pitch angle
dependency of the thrust force is maximal. Hence, the high pitch rate directly after the power reduction
(see Figure 6) causes a strong decrease of the thrust. However, the effect of the tower depends strongly
on the turbulence seed as shown in Figure 7. An analysis of the simulation time traces reveals, that the
tower suffers most when there is a gust during or shortly after the power reduction (e.g. as shown by
turbulence seed 2 in Figure 6). When the wind stays approximately constant, the tower head acceleration
does not change significantly or can even be reduced. Furthermore, a possible emergency stop of the
WT is not modelled, which would increase also the tower head acceleration and the pitch rate in case of
a severe overspeed situation (i.e. in scenarios in which feedforward is deactivated).
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Figure 7 Changes of the maximum generator speed (top left), the rotor acceleration (top right), the
fore-aft tower acceleration (bottom left) and the pitch rate (bottom right) when feedforward control is
activated for all turbulence seeds in scenario a). Boxplots show the median (red line), upper and lower

quartiles (box), typical range (whiskers), and outliners (red crosses).

The purpose of scenario b) is to investigate, whether the feedforward controller can help to improve
the aerodynamic efficiency when the WT power is increased. The simulation results show that the
current controller fails to increase the average generator power in region 2 and 2.5 (see Figure 8, top
left). During most simulations, the turbulent wind caused regular deviations from steady-state operating
points. Thus, pitch angle decreases just caused minimal gains in aerodynamic efficiency. Furthermore,
over the cause of several seconds, the changes in the power of the wind outweighed the power increase
for frequency support thus making such a support ineffective. That might be different for other frequency
scenarios with a longer and stronger power increase like the islanding of the Iberian peninsula [24]. For
higher average wind speeds, there are typically minimal increases of the average generator power as the
feedforward controller helps to keep the WT in region 3. As the average generator power remains nearly
constant, there is no significant benefit from the additional control loop for the grid.

The pitch rate and the rotor acceleration are significantly increased for all average wind speeds except
for the 15 m/s and 20 m/s cases (Figure 8, top and bottom right). For 8.4 m/s and 9.6 m/s relative
increases of the pitch rate cannot be displayed, as the WT does not pitch when the feedforward control
is deactivated. The absolute increase is approximately 0.16 deg/s for all turbulence seeds at these wind
conditions. The influence of the tower acceleration is comparatively small (Figure 8 bottom left). The
strongest decreases occur when the decreased pitch angle during the frequency event helps to stabilise
the thrust force during a negative wind gust. The highest increases occur when a positive gust coincides
with the frequency event.
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Figure 8 Changes of the average generator power (top left), the rotor acceleration (top right), the fore-
aft tower acceleration (bottom left) and the pitch rate (bottom right) when feedforward control is
activated for all turbulence seeds in scenario b). Boxplots show the median (red line), upper and lower
quartiles (box), typical range (whiskers), and outliners (red crosses).

The purpose of scenario c) is to investigate, whether the feedforward controller causes unnecessary
loads during a normal behaviour of the grid frequency. In such a situation, the WT only provides little
grid support. Therefore, the pitch angle should only be changed occasionally. In the simulations, the
RMS value of the pitch rate changes less 0.5 % at 10.5 m/s and even less 0.1 % for all other wind speeds.
The average generator power slightly increases by approximately 0.15 % for all cases. All other signals
change by less than 0.01 %. Hence, it can be concluded that the controller works as intended in this
scenario.

4. Conclusions
In the presented work, a forward loop for the pitch angle is added to an existing grid frequency support
controller. The theoretical idea of the controller is explained with help of a TSR and pitch angle
depending aerodynamic efficiency. The modified controller is tested for the NREL 5§ MW WT with
three different grid frequency scenarios, exemplary covering some of the most important grid situations.

The study shows that the controller is capable of effectively protecting the WT from overspeed when
its power is drastically reduced during extreme grid events. Furthermore, the rotor acceleration is
decreased in this situation, thus reducing the negative impact on the drive train. However, the pitch rates
are significantly increased during extreme grid scenarios, which might also be a burden for the WT. The
grid will benefit from the increased reliability of the WT grid support, if emergency stops are avoided.

By contrast, there is no significant impact on the aerodynamic efficiency and thus the produced
energy when additional power for grid frequency support is supplied. In the simulated scenarios, the
rotor acceleration is also increased. Hence, it can be concluded that for the simulated scenarios and the
analysed WT, the feedforward loop should not be used to increase the aerodynamic efficiency, especially
not in part load operation. This might be different, if the blades of different WT react stronger to a
suboptimal angle of attack.

The effect on the tower head accelerations strongly depends on the wind conditions during the
frequency event. The negative consequences are strongest when the frequency event coincides with a
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positive wind gust. Hence, it might be beneficial to combine the controller with a Lidar feedforward
control to minimize the effect of grid frequency support on the WT.
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Abstract: This paper presents a study to assess how wind turbines could increase their energy yield
when their grid connection point is not strong enough for the rated power. It is state of the art
that in such situations grid operators impose feed-in management on the affected wind turbines,
i.e., the maximum power is limited. For this study a 5 MW wind turbine is introduced in a small
grid that has only limited power transfer capabilities to the upstream power system. Simulations
of one particular day are conducted with the electric load, the temperature, and the wind speed
as measured on that day. This simulation is conducted twice: once with the 5 MW wind turbine
controlled with conventional feed-in management, and a second time when its power is controlled
flexibly, i.e., with continuous feed-in management. The results of these two simulations are compared
in terms of grid performance, and in terms of mechanical stress on the 5 MW wind turbine. Finally,
the conclusion can be drawn that continuous feed-in management is clearly superior to conventional
feed-in management. It exhibits much better performance in the grid in terms of energy yield and also
in terms of constancy of voltage and temperature of grid equipment. Although it causes somewhat
more frequent stress for the wind turbine, the maximum stress level is not increased.

Keywords: feed-in management; flexible infeed; wind power; wind turbine; mechanical stress

1. Introduction

In the transition from conventional (mostly thermal) power production to renewable energy
sources (dominated by wind power), the expansion of the power system can often not keep pace
with the installation of wind power plants. Historically grown power systems based on conventional
generation are usually centralised. The power is produced in relatively few locations and the task
of the power system is to deliver the electric energy to the dispersed consumers. Wind turbine (WT)
generators, on the other hand, are inevitably scattered across a wider area. In order to maximise
the energy yield and in order to minimise the impact on the inhabitants of a country, wind turbines
(WTs) are usually installed in rural areas; ideally far away from residential areas. Hence, the transition
to wind power asks for substantial changes in the power system. Many power lines, which were
historically built for delivering power one way, now experience alternating power flow directions.
A sparsely dimensioned power system in a rural area might need to be reinforced massively, to be able
to take on the power produced by WTs.

Since power system reinforcements are very expensive and time consuming, grids which are
affected by massive growth of wind power installation are usually insufficiently dimensioned.
Historically, power system equipment is often only used to 70% of its rating, to avoid undue wear
and tear and to maintain redundancy. In contrast to this, grids that are heavily penetrated by wind
power, in peak times operate at their limits. Instead of dimensioning the power system to be able
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to take on any conceivable amount of power from the installed WTs, the power feed-in from these
WTs is limited in order to avoid overloading the power system components. This mechanism is called
feed-in management [1]. While wind power is often fed into the distribution grid, sometimes also the
upstream transmission grid is congested requiring feed-in management [2]. In Germany the amount
of unused energy from feed-in management was 1581 GWh in 2014 and 77.3% of this would have been
generated by WTs. A figure of 96% of unused renewable energy was wasted by feed-in management
in the northern states, most of it in the state of Schleswig-Holstein [3]. In 2015 the amount of unused
energy rose to 4722 GWHh, the share of wind power increased to 87.3% [4].

To reduce the dissipation of wind power, continuous feed-in management was already proposed
some years ago [5]. A German grid operator currently tests slow continuous feed-in management [6]
and it has been investigated whether this approach can also be adapted to other grids [7]. The idea of
continuous feed-in management is to continuously adapt the power feed-in of WTs to the currently
prevailing loading of the considered grid. Experience gathered so far shows that power system
expansions are necessary only to a small extent if the power control from WT is carried out more
flexibly. Further it would be advantageous if the permissible voltage range could be expanded [7].

In areas which are short of free land for wind power installations, the available land needs to be
utilised to the maximum extent. Hence, the rated power of each WT is as large as possible to minimise
the number of installed WTs. Large power generally means large rotor diameters. In countries
that are densely populated also rural areas are affected by settlements. The inevitable proximity of
WTs to settlements demands a reduction of their visible impact. Consequently, the installed WTs
with large rotor diameters are often installed on very short towers. Also this trend can be observed
in Schleswig-Holstein.

Although traditional (conventional) feed-in management is done in a very conservative manner,
it induces stress on the affected WTs [8]. Hence, in this paper continuous feed-in management is
applied and it is assessed whether this approach, which is a lot more favourable for the power system,
causes a noticeable increase in stress for the WT [8]. In order to do this assessment a realistic case
study is presented here. It is assumed that a 5 MW WT has been installed at the university campus in
Flensburg, in the state of Schleswig-Holstein (northern Germany) and that this WT feeds into the grid
of the campus. The voltage in the campus grid, and the loading of the transformer, which is assumed
to be the link to the upstream grid, are researched. The rating of the grid connection transformer is
chosen such that it poses a limitation for the wind power infeed, depending on the current load and
the current infeed of the already existing equipment on campus Flensburg. The purpose of this study
is to find the additional stress from continuous feed-in management when the WT operates under very
demanding, but yet realistic conditions. It is the intention of the authors to avoid undue preference
of continuous feed-in management. Therefore, the excitations continuously inflicted on the WT are
chosen to be as large as possible. This way, any additional excitations from feed-in management are
bound to cause obvious problems for the WT.

2. Case Study

2.1. General Setup and Reasoning

In the considered case study it is assumed, that the combination of supply and demand on campus
Flensburg is supplemented with a massive increase of installed wind power. Hence, a 5 MW WT is
assumed to have been installed in the vicinity of campus Flensburg and this WT feeds its power into
the campus grid. The connection between the campus grid and the external grid is assumed to be
made of a 3.15 MVA transformer. This has a sufficient rating most of the time, but it is prone to get
overloaded in times of low demand and high wind speeds. This configuration replicates the situation
in many grids, which are heavily penetrated with wind power and which become regularly congested
because the installed wind power capacity exceeds the capacity of the grid equipment. At the same
time this configuration replicates the situation common for areas that are short of available land for
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wind power installations. As mentioned in Section 1 “Introduction”, this leads to installation of as few
as possible WTs (to save space) with as large as possible rotors (to maximise the energy yield) that
are installed on as short as possible towers (to minimise the effect on the people living in the vicinity).
Consequently, the WT considered in this case study is the NREL 5 MW reference turbine (5M) [9].

Figure 1 illustrates the setup of the case study of campus Flensburg with Flensburg University
of Applied Sciences (FUAS). This drawing is to scale in the vertical dimension to illustrate how the
heights of the different installations relate to each other. Also shown is the single line diagram of the
grid connection with variable names (in red letters) of electrical quantities as they are presented in
measurements and simulations later in this article.

height above ground [

Qc / $ Ve controllable

uncontrollable local Pz wind generation
wind generation consumption Psy
Pesg
S~ v,
3.15 MVA
transformer \external
grid

Figure 1. Setup of case study of campus Flensburg supplemented by a 5 MW wind turbine (WT) with
connection to the external grid.

In order to have a representative situation, the electrical consumption, the wind speed and
ambient temperature was measured on an arbitrary week day during the semester. The day chosen
was 5 April 2017. The prevailing conditions on this day are discussed in Section 2.3 “Load Profile” and
Section 2.5 “Wind Measurement”.

2.2. Campus Flensburg

Campus Flensburg hosts two universities, namely FUAS and Europa-Universitidt Flensburg.
In total approximately 10,000 students study on campus Flensburg. These two universities share some
facilities on campus like the library, canteen, lecture hall and chapel. For billing and redundancy
reasons the two universities have separate grid connections. The grid connection of FUAS supplies all
lecture theatres, laboratories, and administration buildings of FUAS. Of the shared facilities it supplies
the canteen and the chapel. Apart from this load, there is also some generation that feeds into the
grid connection point of FUAS: a 1.6 kW rooftop photovoltaic generator, a 6 kW Easywind WT and
a 240 kW Enercon WT. The Enercon WT has a rotor diameter of 30 m (this WT in the following text is
called E30). Next to the E30 there is a met mast that measures the wind at three different heights, up to
the hub height of the E30 (50 m). Section 2.5 “Wind Measurement” provides more information about
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the met mast. Figure 1 shows the met mast and buildings of FUAS; most of these are three and four
story buildings.

2.3. Load Profile

The load profile of campus Flensburg is mainly determined by the teaching activities at the two
universities. It is low during the night and it peaks during the normal lecturing hours. Figure 2 shows
the time traces of active and reactive power, Pc and Q¢ respectively, at the grid connection point.
Hence, Pc can be considered the residual load of the campus Flensburg. On the time axis in Figure 2,
and in all following plots showing time traces, the time starts with 00:00 on 5 April 2017 and ends at
00:00 on 6 April 2017. Also shown in Figure 2 is the active power of the E30, Pr3, as this covers some of
the load. The power factor of the E30 is always controlled to be unity (cos¢ = 1), and the active power
is purely determined by the prevailing wind speed. Therefore, the measured wind speed is shown in
Section 2.5 “Wind Measurement”. The increasing wind speed and the decreasing demand eventually
lead to power being fed into the external grid (negative Pc) every now and then after about 16:00.
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Figure 2. Power measurements on campus Flensburg on 5 April 2017.

2.4. Wind Turbine Model

As introduced above, the WT to feed extra power into the campus grid was chosen to be the NREL
5 MW WT (5M). The properties of this WT are publicly available and well documented [9]. The goal is
to simulate the interaction of this WT with the grid (see Section 2.7 “Connection to External Grid”)
by supplementing it with the applicable controllers (see Section 2.8 “Power Control”). Therefore, the
mechanical dynamics of the 5M are translated to fit the 1st eigenmode model of a WT [10], which
exhibits relatively little complexity but retains the most dominant mechanical dynamics. This model
represents the first eigenmodes of the tower, the blades in in-plane and in out of plane direction, and
the first torsional eigenmode of the drive train. At the same time this model allows easy extension
with grid connection and additional controllers.

The need for a short tower, as discussed in the Introduction, leads to a relatively high 1st
eigenfrequency of the tower. At the same time the short tower causes severe wind shear across
the rotor plane. This is discussed further in Section 2.5 “Wind Measurement”.

The aerodynamics of the rotor blades are modelled with lookup tables of the aerodynamic
power coefficient and the aerodynamic thrust coefficient for the individual blades. An aeroelastic
representation of the rotor applying a blade element momentum model and a stochastic wind field
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in front of the rotor is omitted for the sake of simplicity and ease of use of the model. As outlined in
Section 1 “Introduction” it is the intention of this study to find the worst possible additional stress for
the WT when burdened with continuous feed-in management. For this purpose artificial excitations
are added to the wind speed signal inflicted on the WT; for more details see Section 2.6 “Wind
Model”. Previously conducted measurements at the E30 on campus Flensburg showed that the natural
turbulences at the site and the rotational sampling of the rotor do not provide extreme excitations [11].
Hence, this relatively simple model was used, as it allows artificial addition of excitations via the wind
speed signal.

In addition to the reduction of the model to the first eigenmodes, the blade parameters are
a simplification of the structural dynamics of the 5M blades, because the whirling modes [12] are
neglected. Also the fact that the stiffness of the blades of the 5M is a function of the rotor speed [12]
is neglected. This simplification is deemed justifiable as in this study the focus is on grid connected
operation. Hence, the maximum error that can be experienced is 0.03 Hz in flapwise direction and
0.007 Hz in edgewise direction. Therefore, the stiffness that applies at rated speed is used throughout
the whole speed range [10].

The eigenfrequencies that are represented by the 1st eigenmode model are visualized in the
Campbell diagram in Figure 3.
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Figure 3. Campbell diagram with eigenfrequencies of 5M WT as implemented in the 1st
eigenmode model.

The speed controller of the 5M WT with its gain scheduling is as documented by Jonkman et al. [9].
In order to be able to adjust the power infeed flexibly to the requirements resulting from the loading
of the grid connection transformer, a feed-in management controller is needed. This controller is
introduced in Section 2.8 “Power Control”, further below.
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2.5. Wind Measurement

The met mast on campus Flensburg allows the wind speed to be measured at 25 m, 35 m and
50 m above ground, see Figure 1. This met mast is equipped with ultrasonic anemometers that collect
measurements with a frequency of up to 10 Hz [11]. Figure 4 shows the wind speed measured on
5 April 2017. It can be seen that the wind speed is low in the morning hours and increases considerably
in the afternoon (after 11:00), which has a noticeable effect on the residual load shown in Figure 2.

20—

@ =) o N > =3

wind speed [m/s], temperature [°C]
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Figure 4. Wind speed at 50 m above ground (hub height of the E30) and temperature on campus
measured on 5 April 2017.

Based on the measured wind speed v; at height z;, Equation (1) allows the wind speed v, at
a different height z; to be calculated. In Equation (1) zj is the roughness length of the considered area,
which is zy = 1.7 m for campus Flensburg. Applying the measured wind speed at hub height of the
E30 (z1 = 50 m), the wind speed at different heights, z,, that are swept by the rotor of the 5M WT, e.g.,
hub height (zo = 90 m) can be derived [13], see Figure 5. It is to be appreciated that Equation (1) only
yields reliable results when zj is small, or z; is not much larger than z;. Hence, comparing the hub
height of the E30 with the hub height and blade length of the 5M it is questionable whether Equation
(1) should be applied. In particular since zy on campus Flensburg is so large due to the complexity
of the terrain, partly caused by buildings and vegetation (zj is derived from measurements recorded
over several years and confirmed by different measurement technologies). However, for the sake of
this case study Equation (1) is applied nonetheless as it worsens the wind shear to which the 5M is
exposed, see next section.

va(22) = v1(z1) —p- M
2 42 1\41 ln(%)

With measurements from the met mast, which were recorded over several years, also
the turbulence intensity, TI, can be computed according to Equation (2) [11]. TI contains the
standard deviation of the wind speed, Oying 10 min, and the mean wind speed, yind 10 min, €ach

of 10-min-intervals.
TI = Owind,10min (2)

Owind,10min
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Figure 6 clearly indicates that also TI varies with the height above ground. Applying this reasoning
and rearranging Equation (1) leads to Equation (3), which allows extrapolating T1 to the heights swept
by the 5M rotor, see Figure 5. This approach is confirmed with the long term measurements conducted
with the met mast on campus Flensburg, as can be seen in Figure 5.
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Figure 5. Measured and extrapolated wind speed (a) and turbulence intensity, TI; (b) versus height
above ground, z;.

With this information about the wind conditions at the site of campus Flensburg a wind model
can be designed, as discussed in the following section.

In( 2
TIZ(ZZ) = T11(21)' (ZO) (3)
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Figure 6. Computed from measurements and extrapolated turbulence intensity, T1, versus wind speed.
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2.6. Wind Model

Since in this study the simple 1st eigenmode model of the 5M WT is applied, only one single wind
speed time series is needed as input. Inside this WT model the wind speed time series is manipulated
to account for the wind speed variations arising from wind shear across the rotor plane, rotation, and
vibrations of WT components [10]. Hence, the wind speed time series that is input to this model has to
be suitable for the hub height of the 5M, i.e., 90 m. The basis for the simulated wind speed is the wind
speed measurement of the met mast 50 m above ground. In this way the simulated wind speed signal
fits the scenario of the measurement. It has to be kept in mind that the measured electric power, P, is
affected by the uncontrollable wind power of the E30. The 5M is assumed to be located in the vicinity
of the E30; hence, the time trace of the wind speed for the 5M has to be similar to that of the E30.

The purpose of the wind model is twofold: (i) to generate a wind speed signal that is realistic for
the considered scenario; and (ii) the wind speed variations need to cause the worst possible continuous
and realistic excitations for the WT components. Note that the goal of this study is also to assess the
additional mechanical stress from continuous feed-in management.

In the wind model (illustrated in Figure 7) the measured wind, vyind meas- i transformed to 90 m,
Uwind_meas. trans, (Equation (1) with z; = 50 m and z; = 90 m). Then, this wind speed is filtered with
a second order low pass filter (PT2) with a filter time constant Ty, = 5 s, leading to Vyind_meas_filt-
This retains the low frequency components, i.e., the overall wind speed behaviour is comparable
to other sites in the vicinity of the met mast. However, by low pass filtering also the TI decreases,
which is fine as TI is lower at 90 m than at 50 m (see Figure 5). Figure 6 shows TI as computed from
measurements of the met mast on campus Flensburg and as extrapolated to 90 m for the different
wind speeds.

sinus
signal
generator

Vwind_offset 0.45
0.4
0.35

look 0.3
ookup A -
0.25
table E
< 0.2
0.15

0.1
Titer
0.05

Vwind_meas | In(z,/2¢) | Vwind_meas_trans X Viwind_meas_filt Viind 3 5 7 9 11 13 15
"1 In(z4/20) > PT2filter > » Vivind_meas_file (/5]
1/20

measured
wind
speed

() (b)

Figure 7. (a) Block diagram of wind model; (b) content of lookup table A = f(Uyind_meas_filt)-

Low pass filtering reduces the TI below the desired values (T at 90 m for the different wind speeds
as shown in Figure 6), which leaves room for further wind speed variations. These are accomplished
by offsetting vwind meas_fiit With a combination of sine waves (Vyind_offset) Whose frequencies are chosen
to be identical with the four dominant eigenfrequencies of the WT components, as shown in Figure 3.
The reason for this approach is that, as mentioned above, the wind signal shall cause the worst possible
stress for the WT. These eigenfrequencies are fiy, fp,e, ft, f4; in Equation (4) (listed in the Appendix A)
and ¢ is the time in seconds.

Owind_offset — A(vwind_meas_ﬁlt)'[(Sin(z'n'fbf't) =+ Sin(z'n'fbe't) + sin(2~7r~ft-t) =+ Sin(z'n'fdt't)] (4)

The magnitude, A(Vyind_meas_filt), in Equation (4) is a function of the filtered measured wind
speed, in order to achieve the desired T1I for the different wind speeds (see Figure 6). Figure 7 shows
that A is implemented as lookup table in the wind model.

Figure 8 shows an exemplified time trace of the wind speed signals in the wind model.
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Figure 8. Measured wind speed at 50 m, filtered, extrapolated and offset wind speed at 90 m in the 10
Min interval at midday on 5 April 2017.

Figure 9 shows the frequency spectra of the wind speed time series measured at the met mast at
50 m above ground, Vyind_meas, (Figure 9 top) and of the wind speed signal from the wind model, vying,
(Figure 9 bottom). The frequency spectrum of vying meas Must not be compared with frequency spectra
that can be found in literature, as it is generated only from the 24 h time series used in the simulation

discussed here. The frequency spectrum of vy,q clearly exhibits the four frequencies imposed by the
wind model.
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Figure 9. Frequency spectrum of wind speed measured at 50 m (top) and of the wind speed signal
input to the 5M (bottom).

2.7. Connection to External Grid

In this case study, the grid on campus Flensburg is assumed to be connected to the external grid
via a 3.15 MVA oil-immersed transformer [14]. The thermal behaviour of this transformer is modelled
with a PT1 filter, as commonly suggested in the literature [15]. Whenever a transformer produces
losses, Pr, its temperature, d1R, rises with respect to the ambient temperature, 3, mpient- These losses
are partially stored in the heat capacity of the material and partially dissipated via the cooling surface
of the transformer, A.,q. In Equation (5) the first term represents the thermal power that is stored in
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the heat capacity whenever the temperature d1r changes; where c7r is the specific heat capacity and
mrpR is the mass of the transformer. The second term represents the power that is dissipated via A0
whenever cooling air with a certain heat transfer coefficient, atg, and a certain temperature difference,
AYtR, is in contact with A o).

dd
P, = CTR‘mTR'TTR + TR Acool- AVTR ®)
Solving Equation (5) for AdtR leads to Equation (6).

_t
AOTR = O1R — Bambient = A1 (1—¢77) (©)

With Ad; being the steady state temperature difference between transformer and ambient air.
This is the temperature difference needed to dissipate all P; via Aq.

Py

Ady = —L
XTR 'Acool

@)
The time constant, T, in Equation (6) represents the time it takes to charge the heat capacity of

the transformer:
_ CTR'MTR ®)

B TR Acool

The absolute temperature of the transformer, dtr, (Equation (6)) should be kept below
ITR max = 50 °C at all times in order to protect the transformer from overheating and the oil from
excessive deterioration.

The electrical behaviour of this transformer is modelled as an impedance, Ztr = (Rtr + jXTR),
which can be derived from name plate data. The methodology is as documented in Gloe and
Jauch 2016 [11], the name plate data is listed in the Appendix A and the resulting impedance is
Z1r = (4.7891 +j 18.3897) Q). The loss power, Pj, is the power that arises from the current flowing
through Rg.

In order to utilise the power transfer capability of the transformer to the full extent, i.e., in order
to minimise the heat losses from current flowing through the transformer, the reactive power in the
campus grid is controlled such that cos¢ = 1. Hence, the reactive power that arises in the campus
grid, Qc shown in Figure 2, has to be levelled out by the 5M. This can be achieved independent of
the wind speed, as the frequency converter can generate and absorb reactive power independently of
active power.

The active power fed into the transformer has to be limited such that the maximum steady state
voltage in the campus grid does not exceed 110% of the rated voltage (in per unit (pu) this is 1.1 pu).
Otherwise the usability of the voltage would be jeopardised. Hence, the power fed through the
transformer, Prg, has to be controlled with respect to the voltage in the campus grid, V¢, and with
respect to ¢7r. This is discussed in the following section.

2.8. Power Control

The power that flows through the transformer, Prr, comprises the uncontrollable power infeed
of the E30 WT, Pz, minus the local power consumption of the campus, which results in Pc, plus
the controllable wind power of the 5M WT, P5) (see Figure 1). Hence, Pty has to be controlled such
that neither the transformer gets overheated, nor the voltage limits are violated. Figure 10 shows the
block diagram of the cascaded power control circuit; where in the outer loop Py, 1r is the power that
would be permissible at a currently prevailing transformer temperature. While the transformer is cold,
Puax TR could be large enough to lead to an unacceptable voltage (V¢ > 1.1 pu). Therefore, the power
setpoint needs to be limited, Py, TR jim, to the value that leads to the maximum permissible voltage
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drop, Pax TR voit- Ve is not only determined by the voltage drop across the transformer, but also by
the voltage in the outer grid, V.

Ve lookup Prax_TR_volt
table
Bambient O18_max Pc
Pratedsm
b S |
Orr 6. [temperature) Prnax_1R_iim Pgem dem_cont | SM I
—_— controller controller / WT

0

ABrr

A

Transformer

Figure 10. Power control circuit that maximises the power infeed while maintaining a healthy
transformer temperature and an acceptable voltage in the campus grid.

The inner loop in the block diagram in Figure 10 controls the power setpoint of the 5M, P ., cont-
In the inner loop the residual load, P, is a disturbance. The temperature controller in the outer loop is
slow, as it interacts with the long thermal time constant of the transformer, T. The inner control loop is
faster, as the response of the WT is also fast. The gains of these proportional-integral (PI) controllers
and the content of the lookup table P, Tr w01 =f(V) are listed in Appendix A.

3. Simulation of Feed-In Operation

With the simulation model introduced in the previous sections the scenario of 5 April 2017 can
be simulated. When simulating the situation of campus Flensburg, the voltage in the outer grid, Vg,
has to be defined, because V¢ is not only determined by the voltage drop across the transformer,
but also by V,. In the absence of measurements of the voltage in the outer high voltage grid, V,
is assumed to be a constant 1.015 pu. This is a conservative assumption as the voltage in the high
voltage grid is most likely higher when there is also high wind power infeed in neighbouring grid
regions. As outlined in Section 1 “Introduction”, Flensburg is located in northern Schleswig-Holstein.
This region is characterised by good wind resources, massive wind power installations, relatively
little consumption, and very limited power transfer capabilities to export wind power. North of
Schleswig-Holstein is Denmark, which is comparably congested with wind power. With the North
Sea to the west and the Baltic to the east the only option to export power is via limited lines to the
continental European grid in the south. Hence, at times of high wind speeds the voltage in the
transmission grid is most likely well beyond rated. However, V, is assumed to be only moderately
beyond its rated value as otherwise the comparison between conventional and continuous feed-in
management would become trivial as is discussed in the following section.

3.1. Conventional Feed-In Management

Conventional feed-in management refers to the way feed-in management is conducted in Germany
today. Feed-in management allows power system operators to throttle WTs to 60%, 30% or 0% of their
rated power. This power demand is derived remotely by the power system operator and is relayed
to those WTs, which have to limit their power infeed to the demanded value. The two controllers
shown in Figure 10 are abandoned in case of conventional feed-in management. The power demand
for the WT, Pj,,,, is in reality provided by the power system operator via a communication link. In the
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simulation shown here Py, is generated with the algorithm illustrated in Figure 11, which represents
the methodology with which power system operators conduct feed-in management. The precise
algorithm that translates thermal loading of equipment and voltage into P,,,-values is not disclosed
by power system operators. It is, however, known that the Pg,,,-steps are 60%, 30% or 0% of their rated
power and that the Pj,,,-values are updated only every 10 min. The intention behind this approach is
to keep the power system stable with the least possible control effort.

The algorithm in Figure 11 follows the following logic: The relation between voltage and
Pjem-values is assumed to be identical to the shape of the lookup table in Figure 10 (and as listed
in Appendix A) but translated to discrete steps. The relation between transformer temperature and
Pjem-values is in the style of the temperature control in Figure 10 but also translated to discrete steps.
Note that in Figure 11, as well as in all following figures showing power, the unit for power is per unit
(pu), with the rated power of the 5M being the power base.

Ve, Orp — Pgem =1 pu
O >45°C
Ve=1.091 pu Pgem = 0.6 pu
OR
x> 50°C for 600 s
Pgem = 0.3 pu
O =55°C for 600 s

Pgem =0 pu
for 600 s

Figure 11. Flow chart of conventional feed-in management.

As in reality, the derivation of the Pg,,-values is done in a conservative manner in case of
conventional feed-in management. P, is set to values lower than necessary resulting from the
current situation in the power system. Looking at the historical data of feed-in management in
Schleswig-Holstein provided by the power system operator, it can be seen that it is very common to
set Pg,,, precautionary to low values and keep it low for very long times [16]. In the conventional
feed-in management simulations shown here, this precautionary approach is avoided. Consequently,
the maximum energy infeed that could be achieved with conventional feed-in management can be
found. Also, as mentioned in the previous section, the voltage in the outer grid is assumed to be
only 1.5% above its rated value. This assumption also serves the purpose of finding the maximum
energy yield. In contrast to this approach, high resolution measurements of the voltage in the high
voltage grid would have been necessary. Since such measurements are not available, a constant value
of Vg has to be assumed. Due to the large discrete steps in which P, is varied, a high value of V,
would lead to Py, = 0 pu most of the time. This would make a comparison between conventional
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and continuous feed-in management trivial, at least in terms of energy yield. In terms of mechanical
loads a comparison would become impossible, as conventional feed-in management would lead to
standstill of the WT. Hence, with a large constant value of V¢ continuous feed-in management would
look unduly superior.

Simulating the scenario with the given wind speed, temperature (Figure 4) and local residual
load (Figure 2) leads to the behaviour of the 5M as shown in Figure 12 where it is controlled with
conventional feed-in management. Figure 12 reveals that when the wind speed increases after 12:00 the
transformer temperature is the primary cause for reducing Pj,,,,. After 14:30 the local load decreases,
and P eventually becomes negative because Pr39 dominates the local consumption. In this situation V¢
demands reducing Pj,,,,. V¢ reaches up to 8.3% above its rated value. Due to the long periods of reduced
Pem (at least 10 consecutive minutes) the transformer cools down such that its temperature is no longer
the bottle neck. The cooling down of the transformer is further supported by the dropping ambient
temperature (Figure 4). During the whole second half of the day, i.e., when feed-in management
operation is necessary, the transformer is not utilised to its full potential. The transformer temperature
even drops down to 21 °C. In such situations the loading of the transformer could be increased if also
the reactive power would be controlled in order to control V. This option is not pursued here, as it is
not part of conventional feed-in management in reality either.
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Figure 12. Simulation of case study with conventional feed-in management.

3.2. Continuous Feed-In Management

When the scenario is simulated with continuous feed-in management controlling the 5M, the
response is as shown in Figure 13. As soon as feed-in management becomes necessary, commencing at
10:47, the power of the 5M is reduced to limit the voltage to 7.3% above its rated value. This limitation
in power slows down the heating up of the transformer. However, eventually the transformer reaches
its maximum temperature of 50 °C, such that both the voltage and the temperature are addressed
with continuous feed-in management. Later, beyond 15:45, when Pc becomes negative, the wind
speed drops (Figure 4), leading to more frequent dips in power, while in periods of high wind speed
the voltage still needs to be limited. This high variability in power, in combination with the long
thermal time constant of the transformer, leads to a cooling down of the transformer to almost 30
°C. Again, reactive power control is not pursued here to allow a fair comparison with conventional
feed-in management.
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Figure 13. Simulation of case study with continuous feed-in management.

As can be seen in the next section the scope of this article is not limited to the assessment of energy
yield, but it also comprises the assessment of mechanical loads on the WT.

4. Comparison of Feed-In Management Strategies

The two different feed-in management strategies can be assessed from two perspectives: from
the power system’s point of view and from the WT’s point of view. Hence, the following subsections

compare the effects that conventional and continuous feed-in management have on the power system
and on the WT, i.e., the 5M.

4.1. Effects on the Power System

Since the primary purpose of wind power installations is the feed-in of electric energy, the energy
yield is compared first. Figure 14 shows the energies that are fed into and consumed from the grid of
campus Flensburg on 5 April 2017. The local consumption (3.67 MWh), which is partially provided by
the E30 (1.97 MWh), is only a minor fraction of the energy produced by the 5M. Controlling the 5M
with continuous feed-in management yields 57.1 MWh, which is 13.5% more than with conventional
feed-in management.

60000
50000
40000
30000

20000

energy in 24 h [kWh]

10000

0 N ———
M - local consumption EE30 5M conventional 5M continuous

Figure 14. Comparison of energies fed into and consumed from the campus grid during the
24 h scenario.
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It has to be pointed out however, that the numbers of MWh are not transferable to other cases as
they apply only to the scenario considered here. These numbers do, however, allow the conclusion to
be drawn that continuous feed-in management increases the energy yield substantially. The difference
in energy yield would be even more striking were the voltage in the outer high voltage grid, Vg,
assumed to be higher. In this case conventional feed-in management would lead to P, = 0.3 pu or
even 0 pu most of the time. The same would apply when conventional feed-in management were
to be conducted in the same precautionary manner, with the goal to minimise the control effort, as
can be observed in reality [16]. Continuous feed-in management, on the other hand, responds to the
instantaneous changes in the grid voltage and limits Pg,,, accordingly.

The thermal loading of the transformer is a measure for the utilisation of the same and of other
assets in the power system. Comparing the transformer temperature after 12:00 (comparing Figures 12
and 13) it can be seen that conventional feed-in management makes much more use of power system
assets than conventional feed-in management. While continuous feed-in management keeps the
transformer at its target temperature of 50 °C for several hours, in conventional feed-in management it
barely reaches up to 45 °C.

The variability of V is a measure of the quality of the power fed into the power system. Over
the whole day the lowest value of V¢ is 1.013 pu. In case of conventional feed-in management it
regularly reaches up to 1.082 pu. In contrast to this, there is only one single peak where V- reaches up
to 1.086 pu while it is controlled with continuous feed-in management. At all other times continuous
feed-in management limits V reliably to 1.073 pu.

4.2. Mechanical Loads in the WT

In power production operation a WT can experience excitation from four external sources: rotation,
varying wind, varying terminal voltage, and varying P,,,. Controlling P, with respect to the loading
of the power system to which the WT is connected, means decoupling the controls of the WT from the
wind that instantaneously prevails at the rotor of the WT. This potentially means stress for the WT [8].
Such stress can be associated with two different categories:

e Varying operating points and the necessity to level out variations by adjusting the pitch angle,
potentially even with the maximum pitch rate.
e  Exciting resonances.

Vibrations are primarily excited by excitations that have the same frequency as the eigenfrequency
of the vibrating WT component. Single excitation events, like a step change in a signal, are less
harmful as they usually do not cause vibrations of constant or even increasing magnitude. It has to be
noted that such single events might cause extreme loads that are not related to resonances, but such
extreme events are not caused by feed-in management operation. Therefore, the persistent excitations
to vibrations are assessed as follows. As discussed in Section 2.6 “Wind Model”, the wind speed time
series is offset with sinusoidal components that are of the same frequencies as the eigenfrequencies
of the WT components. Hence, in addition to the stochastic natural wind speed variations, there
are also wind speed variations that are directly targeted to excite the 5M to vibrations, see Figure 9.
In the scenario simulated here the voltage (V) has no significant effect, as it varies in a too narrow
band. The other source of excitation is the P, signal that results from the loading of the transformer.
Hence, it is affected by the wind speed at the E30, vyind_meas, Which leads to Pg3y, and together with
the load power these add up to Pc. In order to assess the potential to excite vibrations in the 5M,
Figure 15 shows the frequency spectra of the different power signals. The frequency spectrum of P¢c
comprises all relevant frequencies but does not exhibit any particular frequency peaks. The same
applies to the Py, signal of conventional feed-in management. The Pg,,,, signal of continuous feed-in
management comprises distinct frequencies that result from the heating up of the transformer and
from the eigenfrequencies of the WT. Looking at Figure 10 it becomes obvious that the dynamics of
both, the transformer, as well as the 5M, have a bearing on P, of continuous feed-in management.



Energies 2017, 10, 870 16 of 23

Consequently, these frequencies are reproduced in the power that the 5M feeds into the power system.
In contrast to this, in conventional feed-in management the generator power of the 5M only exhibits
the eigenfrequencies of the blades in the edgewise direction and the torsional eigenfrequency of the

drive train. It barely exhibits the eigenfrequency of the blade in the flapwise direction and it does not
exhibit the eigenfrequency of the tower of the 5M.

ampl. PC [pu/Hz]

E frequency [Hz]
]
o f-spec. Pdem conv.
£ f-spec. P, cont.
NPT
o 10
= !
g f
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g f-spec. P, conv
é 5M :
o
- 105
= 10
£
©

frequency [Hz]

Figure 15. Frequency spectra of power. Top: of Pc; middle: of power setpoint, P, from feed-in
management; bottom: of Psy.

With these excitations the dynamic behaviour of the WT can be assessed. In the following figures,
time traces are limited to the part of the day where feed-in management takes place. The units of the
signals shown in some of the following graphs are per unit (pu), which relates to the rotational speed of
the rotor. A detailed discussion of the units is omitted here, as this can be found in the documentation of
the simulation model [10]. The following figures also show the distribution of the frequencies with which
the different values occur in the time traces. (Blue bars are for continuous feed-in management, red bars
are for conventional feed-in management and dark red areas show overlap of blue and red bars.)

Figure 16 shows that the pitch angle of the 5M varies in the same range in both cases. There are

differences in the frequency distribution for pitch angles above 10 deg, which should not be overrated
due to the logarithmic scale.
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Figure 16. Pitch angle (top) and frequency distribution of pitch angles (bottom) of 5M.
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The pitch rates are also comparable, as can be seen in Figure 17. In both cases they regularly reach
—8 deg/s and 8 deg/s, which is the maximum pitch rate of the 5M. Continuous feed-in management
causes only somewhat more frequent high pitch rates. (Again, when looking at Figure 17 it has
to be kept in mind that the relative frequency of the pitch rates is plotted on a logarithmic scale.)
This might appear surprising at first sight, as it could be suspected that maintaining a constant P,,,
(conventional feed-in management) requires less pitching actions than continuously varying Py,
(continuous feed-in management). Comparing Figures 12 and 17 reveals that conventional feed-in
management, on average, requires somewhat lower pitch rates. However, a constant Py,,, still requires
drastic pitching actions, as the wind speed still varies. This effect becomes more dominant for higher
wind speeds or lower Pj,,, as these two variables have an effect on the pitch sensitivity [8].

pitchSM continuous
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Figure 17. Pitch rate (top) and frequency distribution of pitch rate (bottom) of 5M.

Another measure for mechanical stress is the acceleration of the tower top, which can occur in
the lateral direction (in rotor plane direction) and in the longitudinal direction (in out of rotor plane
direction). Excitation in the lateral direction is mainly caused by imbalances in the rotor. To emulate
imperfections in manufacturing one of the rotor blades of the 5M is 100 kg heavier than the other two.
This imbalance in the rotor leads to lateral excitation, especially when the rotor speed is close to the
eigenfrequency of the tower. Looking at Figure 3 makes it obvious that whenever the rotational speed
of the rotor is low, the 3p excitation is close to the eigenfrequency of the tower. To illustrate cause and
effect of this phenomenon Figure 18 shows the rotational speed, the resulting lateral acceleration of the
tower, and the frequency distribution of this acceleration.

Figure 18 reveals that the lateral vibrations of the tower top occur more often in case of continuous
feed-in management. This is obvious as in continuous feed-in management the power varies on
a regular basis, leading to more variations of the rotor speed.

Tower vibrations in the longitudinal direction are mainly caused by wind speed variations and
pitch angle variations. In particular pitch angle variations with high pitch rates have drastic effects on
the thrust of the rotor, and hence, excite the tower in the longitudinal direction. While the time traces
of the wind speed are comparable for both scenarios, the pitch variations are considerably different,
as can be seen in Figures 16 and 17.

Figure 19 shows the tower top acceleration of the 5M in the longitudinal direction. It can be seen
that the tower is more strongly excited when Pg,,,, requires pitch angle variations with high pitch rates.
Consequently, continuous feed-in management causes somewhat more frequent higher accelerations
in the longitudinal direction.
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Figure 18. Rotational speed of drive train (top), lateral acceleration of tower top of the 5M (middle)
and frequency distribution of lateral acceleration (bottom).
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Figure 19. Longitudinal tower top acceleration of the 5M (top) and frequency distribution of this
acceleration (bottom).

In the longitudinal direction a persistent vibration with the eigenfrequency of the tower, f, and
with a magnitude of about 0.9 m/ s’ is observable almost all the time. There is a constant excitation in
the wind, because f; is contained in the wind speed signal (compare Figure 9). In the lateral acceleration
such persistent vibrations are not contained, because the drive train speed, which is the primary cause
for lateral tower vibrations, varies all the time. Therefore, excitation in the lateral direction from the
imbalance in the rotor happens at different frequencies.
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Looking at Figures 18 and 19 it can be seen that conventional feed-in management causes fewer
single excitations of the tower. However, the maximum accelerations (height of the peaks in Figures 18
and 19) are identical in both types of feed-in management. The persistent vibrations in the longitudinal
direction are also identical. Figure 18 further shows that the variation of the generator speed does not
exhibit persistent or even unstable vibrations.

The remaining degrees of freedom of the WT model are the motions of the blade tip with respect
to the blade root in the in-plane direction and in the out-of-plane direction. Figure 20 shows the
accelerations that the blade tip section of one arbitrary blade of the 5M experiences in the in-plane
direction. The acceleration in the in-plane direction exhibits a persistent vibration with a magnitude
of about 0.03 pu/s most of time. This acceleration is mainly caused by the rotation of the rotor, i.e.,
alternating gravitational forces that act on the rotor blade. In addition, also the wind speed variations,
which have the same frequency as the blade eigenfrequency in the in-plane direction cause such
vibrations. The diagram in Figure 7 reveals that the magnitude of this wind speed component is
constantly high when the wind speed is high. Beyond this persistent vibration, variations in in-plane
acceleration are caused by varying operating points. Therefore, continuous feed-in management causes
somewhat more frequent higher in-plane acceleration than conventional feed-in management. The
only rarely occurring high peaks that arise from drastic changes in instantaneous wind speed at the
blade, or from drastic changes in operating point are comparable in both scenarios.
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Figure 20. In-plane acceleration of blade tip section with respect to blade root section of one arbitrary
blade of the 5M (top) and frequency distribution of this acceleration (bottom).

Figure 21 shows that the acceleration in the out-of-plane direction exhibits a persistent vibration
with a magnitude of about 5 m/ s’ most of the time. This acceleration is mainly caused by the
variations in thrust forces that result from wind shear and rotation of the rotor. Wind speed variations
that are of the same frequency as the out-of-plane blade eigenfrequency also directly cause acceleration
out-of-plane. Beyond this persistent vibration, variations in out-of-plane acceleration are to a minor
extent caused by varying operating points. Therefore, continuous feed-in management causes
somewhat more frequently occurring out-of-plane accelerations of moderate magnitude.
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Figure 21. Out-of-plane acceleration of blade tip section with respect to the blade root section of one
arbitrary blade of the 5M (top) and frequency distribution of this acceleration (bottom).

The persistent vibrations are either caused naturally by the rotation of the rotor, or by the
deliberately added sinusoidal wind speed components. The sole purpose of these wind speed
components is to excite the eigenfrequencies of the WT. Despite these persistent excitations, there are
no vibrations with large magnitude that persist for long, or whose magnitude even increases because
they are excited by continuous feed-in management. The stochastic nature of the excitations ensure
that the WT never dwells long enough in one operating point so that an eigenmode develops vibrations
with a critical magnitude [8]. Even if such critical excitation persists, the aerodynamic damping helps
to avoid the vibrations becoming unstable.

5. Conclusions

It is a common problem that wind power installations grow faster than the power system, into
which these installations feed their power. In order to avoid thermal overloading of the power system
and unfavourable voltages, it is common practice for power system operators to restrict the power
that WTs may feed into the affected system: known as feed-in management. Currently, it is state of
the art that feed-in management is optimised to serve the compromise between control effort and lost
electric energy yield. Therefore, the direct connection between the current loading of the power system
and the maximum power that WTs are allowed to feed in is lost completely. Consequently, the power
system assets are not utilised to their full potential and large amounts of wind energy are wasted.

To avoid these problems continuous feed-in management is assessed in this paper. The idea is
that the value, to which WT power is limited, is adjusted continuously. Hence, at any time WTs feed in
just as much power as is acceptable for the power system. This leads to the maximum wind energy
yield and the maximum utilisation of power system equipment.

The continuous feed-in management applied in this paper is assessed by means of a realistic case
study. In this case study the WT that causes the overloading of the power system is first controlled with
conventional feed-in management. The result of this simulation is used as reference in order to have
a benchmark for assessing the performance of continuous feed-in management, which is simulated in
the second step.

From a power system’s point of view, continuous feed-in management proves to be superior, both
in terms of voltage and in terms of utilisation of the thermal capacity of the considered power system
transformer. In addition, the wind energy yield is much larger. In the case considered here continuous
feed-in management leads to a wind energy yield that is 13.5% larger compared to conventional feed-in
management. It has to be mentioned that the conventional feed-in management simulated here is done
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without any precautionary reductions of the power limit as can be observed in reality. Otherwise the
difference in energy yield would be even larger.

From a WT’s point of view a continuously varying power demand value causes more frequent
and more rapidly changing operating points. A measure for this is the variation in the pitch angle and
the frequency of occurrence of high pitch rates. However, this increased stress on the WT is not as large
as expected, because a constantly reduced power demand (conventional feed-in management) also
leads to stress due to the wind speed variations and the operating point dependent pitch sensitivity.

Looking at all degrees of freedom that are represented in the WT model used in this study, allows
the mechanical stress to be assessed in terms of accelerations. It can be seen that continuous feed-in
management causes somewhat more frequent accelerations. Hence, the fatigue loads are expected to
be higher than in the case of conventional feed-in management. The peaks in the acceleration, however,
are not larger compared to the peaks resulting from conventional feed-in management. Hence, it can be
concluded that continuous feed-in management is an appropriate method for increasing wind energy
yield without the need for massive over-dimensioning of the affected power system components.
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Appendix A

Table A1. Parameters of grid connection transformer.

Name Value Unit Description
V rated 24,000 v rated voltage
uy 6 Y% short circuit voltage
Srated 3150,000 VA rated apparent power
Psa 27500 1% short circuit power
frated 50 Hz rated frequency
myR 6100 kg total mass of transformer
Myj| 1070 kg mass of oil in transformer
my 1100 kg mass of aluminium conductor
Acool 111 m’ cooling surface of transformer
CTR 786 Ws/kg/K specific heat capacity of transformer
XTR 100 W/ m’ /K heat transfer coefficient of cooling air

Table A2. Parameters of WT model.

Name Value Unit Description
fios 0.7429 Hz 1st eigenfrequency blade bending flapwise
foe 1.0931 Hz 1st eigenfrequency blade bending edgewise
f; 0.3230 Hz 1st eigenfrequency tower bending

fat 1.6749 Hz 1st eigenfrequency drive train torsion
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Table A3. Lookup table A(Uyind meas_fiit) in wind model.

Wind Speed (90 m) [m/s] Magnitude [m/s]
3.19 0.07
4.58 0.02
5.87 0.02
7.65 0.25
9.79 0.35
12.24 0.40
15.37 0.40

Table A4. Parameters of temperature controller and Pyey, controller.

Temperature Controller Value Unit
Proportional gain 0.1 pu/°C
Integral gain 0.9 pu/°C/s
P4em Controller Value Unit
Proportional gain 3 pu/pu
Integral gain 9 pu/pu/s
V¢ [pul Pmax_TR_volt
[pul
0 1
1.07 1
1.1 0
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Abstract: This paper presents findings of a study on continuous feed-in management and continuous
synthetic inertia contribution with wind turbines. A realistic case study, based on real measurements,
is outlined. A wind turbine feeds into a weak feeder, such that its power has to be adapted to the
permissible loading of this feeder. At the same time the wind turbine is to provide inertia to the grid
by applying the previously published variable inertia constant controller. It is discussed that optimal
grid utilization and simultaneous inertia contribution are mandatory for the frequency control in
power systems that are heavily penetrated with renewable energies. The study shows that continuous
feed-in management can be combined well with continuous inertia provision. There are hardly any
negative consequences for the wind turbine. The benefits for the grid are convincing, both in terms of
increased system utilization and in terms of provided inertia. It is concluded that wind turbines can
enhance angular stability in a power system to a larger extent than conventional power plants.

Keywords: feed-in management; frequency domain; inertial energy; inertial response; power control;
synthetic inertia; wind turbine

1. Introduction

In the transition to renewable energy, wind turbine (WT) generators substitute conventional
power plants. Therefore, WTs must no longer merely behave like passive power sources; instead, they
have to take over grid stabilizing functionalities that were traditionally carried out by conventional
power plants.

The intermittent power infeed of WTs and the dispersed installation of WTs in the grid lead to
temporary congestions in the grid and/or costly grid extensions. Germany, particularly the state of
Schleswig-Holstein in the very north of Germany, is a prime example for this development [1,2]. In
order to minimize the costs for grid extensions the power infeed of WTs should be matched to the
maximum permissible power transfer capability of the affected part of the grid [3]. For this purpose,
continuous feed-in management (FIM) was proposed in the past [4]. It was shown that continuous
FIM allows maximizing the utilization of the grid and, consequently, maximizing the wind energy
yield [5]. However, both during conventional FIM (as it is state of the art today [6]) as well as during
continuous FIM, the control of a WT is partly decoupled from the wind speed. Hence, the stress on the
WT increases.

Another task that WTs have to take over when conventional power plants are replaced is the
contribution to grid inertia, which aims at stabilizing the grid frequency. Here, it has to be mentioned
that different approaches are conceivable, which can be categorized into fast frequency response
and synthetic inertia [7]. In this paper, the provision of synthetic inertia is in the focus for reasons
outlined below. Also inertia contribution partly requires decoupling the controls of a WT from the
instantaneously prevailing wind. Therefore, the stress on the WT potentially increases even more,
depending on the control strategy and the wind condition. Load simulations and field measurements
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show that there is no negative effect on the ultimate loads to be expected, but fatigue loads are bound
to increase [8,9].

The study on continuous FIM with a fictitious controllable WT (mentioned above) was based
on measurements of wind speed, local consumption, and the passive wind power infeed of a real
WT without grid support functionalities. Since the grid frequency was also measured, this study was
extended to inertia provision with the controllable WT. Hence, the considered WT has to adjust its
instantaneous power to not only fit the loading of the affected grid components, but also to the rate of
change of frequency (ROCOF) in the grid, in order to provide the grid with synthetic inertia.

At first sight, the combination of continuous FIM and continuous provision of synthetic inertia
seems random. Comparing the priorities that are set in the context of power system stability, it seems
obvious that angular stability comes first and any secondary aspects, such as thermal loading of
grid components or overvoltages, are of minor importance [10]. However, in a power system that
is heavily penetrated with dispersed renewably energy sources, the traditional rules are no longer
applicable. For economic reasons, grid connection of dispersed renewable energy generation develops
slower, and often not to the same extent, as the installation of the generators. Consequently, the power
infeed of these generators has to be restricted in weather situations that allow the production of large
amounts of renewable power [5,11]. The transition to renewable energies is only economically feasible
if conventional power plants are replaced; i.e., if they do not have to remain in standby, waiting to step
in if renewable energy infeed is insufficient. This means that the availability of renewable power infeed
must not be unduly hampered by the transfer capabilities of grid components, as this would interfere
with the balance between generation and demand; i.e., continuous FIM is mandatory as it interacts with
grid frequency control. At the same time, replacing conventional generation (based on AC connected
rotating machines) with frequency converter-based renewable energy generators leads to a decline in
inertia in the power system. However, power system inertia is essential for the control of the frequency,
i.e., the balance between generation and demand [12,13]. There is no consensus whether frequency
converter-based generation should enhance grid frequency control by contributing to the grid inertia
continuously, or by responding to predefined frequency events in a predefined manner (fast frequency
response). Some scientists advocate fast frequency response and even deem continuous provision of
synthetic inertia to be inappropriate [14]. Different grid codes prefer fast frequency response; others
demand continuous provision of synthetic inertia by emulating the inertial behavior of synchronous
generators [15-18]. In future power systems, where frequency converter-based generation substitutes
almost all AC connected rotating machines (i.e., very low natural inertia), continuous provision of
synthetic inertia is mandatory. Consequently, the simultaneity of continuous FIM and continuous
provision of synthetic inertia is inevitable.

In this study, the assessed WT is enhanced to continuously provide inertia, comparable to a
synchronous generation of a conventional power plant. To avoid the risk that the WT disconnects from
the grid when during low wind speeds a large negative ROCOF requires a large increase in power, the
previously proposed variable inertia constant (Hyar) controller [19] is applied.

In the following sections, first, the case study is outlined. Secondly, the WT simulation model
with its different controllers is introduced. A frequency domain analysis compares the response of
the WT to the demanded continuous inertia provision and the continuous FIM. It is outlined that the
prioritization mentioned above: 1st priority is inertia contribution, 2nd priority is addressing grid
congestions (FIM) is implemented in the proposed controllers. Hence, the simultaneous coexistence of
synthetic inertia and continuous FIM is facilitated. Finally, simulation results prove that combining
continuous synthetic inertia with continuous FIM is no problem for the affected WT and that it is a big
gain for the grid.

2. Case Study

The university campus in Flensburg, Germany, is a small power system that comprises
consumption, generation, and a connection to the external grid. For the purpose of this study,
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the campus grid is assumed to be supplemented by a 5 MW WT and the connection to the external
grid is assumed to be made of an oil-immersed transformer whose rating is sufficient only most of
the time. Hence, this study case replicates the situation that commonly occurs when wind power
grows faster than the power system into which the WTs feed their power. The NREL 5 MW reference
turbine is chosen for this extension, and is called 5M in the following, as the details of this WT are well
documented and openly accessible [20]. The 5M is represented with a simulation model that exhibits
the most dominant vibratory behaviours of a WT: the first eigenmodes of the tower, the drive train,
the rotor blades in edgewise direction, and the rotor blades in flapwise direction [21]. This model is
chosen because it is easy to implement and use. Also, it can be easily extended with grid models and
additional controllers.

Figure 1 shows a sketch of the Flensburg university campus with the supplements necessary for
this case study. It can be seen that already, today, the local consumption is partially covered by the
power of a WT on campus, which is an Enercon E30, whose power is indicated as Pg3g in Figure 1. In
this case study, the residual load, which either has to be covered by the 5M, or by power import from
the external grid, is called P¢ (see Figure 1).

5M
A height above ground
90.m
E30
50 m I met mast
35m S
25m J
-
gc / $ Ve controllable
uncontrollable local ¢ Prr wind generation
wind generation consumption &ﬁm Psy
Peso $ V,
3.15 MVA ord
transformer \external
grid

Figure 1. Setup of the case study of Flensburg campus supplemented by a 5 MW WT (5M) with
connection to the external grid.

For this study Pc, Pg3p, wind speed, grid frequency, foi4, and the ambient temperature were
measured on 05 April 2017, which was a day with changing and eventually quite good wind conditions
and a typical load profile for the campus. The measurements of P¢, Pr3p, wind speed, and the ambient
temperature are already published [5]; hence, they are not reproduced here.

For the assessment of inertia contribution, the measurement of the grid frequency, feis, is
essential [22]. Therefore, Figure 2 shows f,4, the calculated ROCOF and the frequency spectrum of
feria and the ROCOF as measured on 5 April 2017.
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Figure 2. Measured grid frequency and ROCOF (top); frequency spectrum of grid frequency (bottom).

Figure 2 reveals that the ROCOF the WT has to respond to is very small most of the time, ((ROCOF|
< 0.02 Hz/s). However, there are some single peaks, the largest even reaches —0.484 Hz/s. These
peaks are only a rarely occurring phenomenon. It is not clear where these peaks come from; however,
their frequency of occurrence, their durations, and their magnitude suggest that they are not of
electromechanical nature. It is rather assumed that distortions in the grid voltage lead to these large
ROCOFs. Previously conducted research revealed this effect and quantified the number of fake ROCOF
incidences, i.e., occurrence of large ROCOF values that are not of electromechanical nature, but that
are caused by electromagnetic effects [23]. Instead of eliminating these fake ROCOF values, they are
deliberately left in the time series. If a real WT has to perform inertial response it has to measure the
voltage to determine the frequency and the ROCOF in real-time. In such online computation of the
ROCOF, a distorted grid voltage will also lead to large values. This is particularly important for the
WT, as it can have noticeable effects on the mechanical loads, and hence, on the fatigue of the WT.

3. WT Simulation Model

3.1. Power Controller

The 1st eigenmodes model of a WT represents the generator—converter unit as a first order low
pass filter (PT1). This means that the dynamics of the generator, the machine side inverter, the grid
side inverter, as well as the capacitor in the DC circuit are modelled as one lumped PT1 element. In the
previous study on continuous FIM [5], the time constant of this PT1 filter (T_PT1_geno_substi [21]) was
set to 150 ms, which is a reasonable value for normal power control of a WT. In the inertial response
study shown here, this time constant has to be reduced to a lower, yet realistic value, to allow more
rapid power variations as this is needed for effective inertial response. Hafiz and Abdennour propose
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a time constant of 20 ms for a multi-MW generator—converter unit [24]. In a Bachelor thesis composed
at WSTECH GmbH, which is a manufacturer for frequency converters, a PT1 response with a time
constant of 25 ms was applied for simulating the power response of MW frequency converters [25].
Hence, in this study, T_PT1_geno_substi is set to 25 ms (T_PT1_geno_substi = 0.025 s) as this is more
conservative and facilitates running the simulation with a simulation time step of dT = 0.001s. A
smaller simulation time step would lead to computational problems as the scenario to be assessed
lasts 24 hours. Hence, the amount of data resulting from such long time series becomes very large and
Matlab [26], which is the software with which the simulations are conducted, can no longer handle this
amount of data on a normal personal computer.

Figure 3 shows the power control loop with the PI power controller and the PT1 filter that
represents the generator—converter unit. The aforementioned reduction of T_PT1_geno_substi causes
the open loop power control path to exhibit a higher crossover frequency; compare the green and the
dashed blue curve in the bode plot in Figure 4. A higher crossover frequency allows rapid power
variations to pass through with less damping, which causes the PI controller to exhibit overshoots.
Overshooting of the controller leads to hitting the controller output limitations and triggers the
anti-windup facility of the I-part of the PI controller [21]. The anti-windup block is shown in grey in
Figure 3 as it is normally not involved in power control operation. Consequently, the gains of the PI
controller are tuned to restore the initial crossover frequency of about 12 Hz. This is achieved with
the proportional gain K_P_power = 2.1 and the integral gain K_I_power = 12. With these gains, the
phase margin increases to about 109 degrees, see Figure 4, which proves stability. However, stability
is not the problem to be dealt with here. Instead, a large phase margin is required in order to avoid
oscillations and overshoots, which would trigger the anti-windup of the integrator. Although the
anti-windup facility prevents numerical instability, excessive triggering of it can lead to numerical
oscillations between the upper and the lower controller output limits. Such numerical oscillations lead
to wrong results. With these parameter settings, the transfer function of the open power control loop is
given in Equation (1).

Pgen(s) 0.7-s+2.1

G 5) = = '
P_ontrl_OL(8) Prf(s)  0.008333:s2 +0.3333:s g

T_PT1_geno_subst
K_I power —® — l

P_setpoint P _gen
K_P_power > PT1

n | —

Figure 3. Close loop power control in the 1st eigenmodes model of a WT.



Energies 2019, 12, 3013 6 of 21

open power control loop
100 L] T T T T

T T T T T T
G power open loop PT1= 0.15s, G Pl power: T_I= 0.02s, K_P= 10

G power open loop PT1= 0.025s, G Pl power: T_I= 0.02s, K_P= 10

G power open loop PT1= 0.025s, G Pl power: T_I= 0.083333s, K_P=2.1

System: G power open loop PT1= 0.15s, G Pl power: T_I= 0.02s, K_P= 10
= Frequency (Hz): 12.4
Magnitude (dB): 0.0715

Magnitude (dB)

System: G power open loop PT1=0.025s, G Pl power: T_I= 0.083333s, K_P=2.1
Frequency (Hz): 12
Magnitude (dB): -0.00583

T —1
System: G power open loop PT1= 0.025s, G Pl power: T_I= 0.083333s, K_P=2.1
Frequency (Hz): 12
Phase (deg): -71.1
!
-90 - —_——

System: G power open loop PT1= 0.15s, G Pl power: T_I= 0.02s, K_P= 10
Frequency (Hz): 12.4
Phase (deg): -118

Phase (deg)

Frequency (Hz)

Figure 4. Bode plots of the open power control loop.

3.2. Continuous Feed-In Management Control

The power generated by the 5M is first and foremost determined by the prevailing wind speed.
Whenever the power approaches rated power, the transformer that connects the campus grid with
the upstream grid is bound to get overloaded. This overload appears in the shape of overheating
of the transformer (97r) and too high voltage, V¢, in the campus grid (see Figure 1). Consequently,
FIM becomes necessary in situations of high wind speeds, and/or very low local consumption in the
campus grid. The FIM controller, which is shown in Figure 6 addresses the thermal loading of the
transformer as well as V¢ [5].

3.3. Continuous Inertial Response Control

The previously proposed variable inertia constant (Hyar) controller has numerous advantages [19].
The main motivation for this controller is that WTs can continuously contribute to the inertia in the
power system, without running the risk that drastic negative ROCOFs lead to disconnections of the WT.
In principle, a WT with the Hy,, controller behaves like a synchronous generator. However, unlike a
synchronous generator, the rotational speed of a WT is not constant. In an AC-connected synchronous
generator, the rotor speed varies with f,;. Since in most power systems f,,s varies only in a very
narrow band, the rotational speed of AC connected synchronous generators can be considered almost
constant. In a WT, however, the rotational speed is not determined by f,,4, but by the wind speed.
Hence, it can vary in a wide range. Therefore, the Hy,, controller varies the inertia constant, which
is emulated by the WT, according to the current rotational speed, see Figure 5. At rated speed, the
variable inertia constant is equal to the value demanded by the grid operator (Hgem)-

Equation (2) shows the definition of the inertia constant as known from the literature [10].

1 2
. Ekin o E'I'wmted
H= = ()
p rated p rated

Based on this concept, the Hy,; controller defines an inertia constant for every prevailing rotational

speed [9]:
2 2

CL)cut—in
Hvar = "5 > 'Hdem (3)

rated wcut—in
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Figure 5 reveals the main advantage of the Hy,, controller: Since the inertia contribution drops to
zero when the rotational speed is as low as the cut-in speed, the WT never disconnects from drastic
negative ROCOFs. At low wind speeds (i.e., also low rotational speed and low power), a single WT
provides little inertia. However, this seeming disadvantage is not a problem for the grid: in such a
situation, the prevailing load is either supplied by a larger number of WTs (which in total supply
sufficient inertia) or by other generators, which can also supply the needed inertia. Equation (2) and
Equation (3) reveal that the contributed inertia is scaled with the current speed and therefore also with
current power infeed of the WT. Hence, if low wind speed allows one WT to produce only little power,
then the overall load in the grid has to be covered by a larger number of WTs. This automatically
distributes the generation of Hyer, over all WTs that are equipped with an Hy,, controller. In total the
grid is supplied with the inertia that the grid operator demands.

14 T T T T
7Hvarfrom Hdem =6s

22— === === ——H frodeem=123 __________ 7

var
constantH=6s

10 -

H[s]

1 | 1

0.7 0.8 0.9 1 11 12
generator speed [pu]

Figure 5. Variable inertia constant, Hy,r, for the demanded rated inertia constants Hger, = 6 s and
Hgem = 12 s. Constant inertia constant H = 6 s.

3.4. Combined Control Circuit

Both, the continuous FIM controller and the Hy,r controller interact with the 5M WT via the power
setpoint, Py,,,. Figure 6 illustrates that the continuous FIM controller responds to the transformer
temperature, 97g, and the voltage in the campus grid, V. The Hyar controller generates the Hy, from
the demanded inertia constant, Hger,, and the generator speed. The inertial response power setpoint,
Ps; varH, is a result of the ROCOF, foiq and the current Hy,y, see Equation (4) [19].

ROCOF
f grid

PSI_wer = _Z'Hvur'Pmted' (4)

In the version of the 1st eigenmodes model applied here, P, has no impact on the rotational
speed reference of the WT. Hence, even with Py, < 1 pu, the speed of the WT reaches rated speed
if the wind speed suffices [21]. This characteristic is beneficial for continuous inertia provision, as it
allows the WT to produce Hgem for a maximum duration.

FIM and inertial response do not only decouple the controls of a WT from the prevailing wind at
the rotor. Since they both act on Py, they could, potentially, also interfere with each other. However,
Figure 6 shows that they are decoupled from each other by the different controllers. Due to the long
thermal time constant of the transformer, the temperature controller lets P, Tr respond only very
slowly. Py TR voir has an instantaneous effect on Py, TR jim- This variable only serves as setpoint
for the Pgem, controller, which is tuned to fit the vibratory behaviour of the WT. Pgj 4,11, however,
acts instantaneously on Pg,,,,. With this configuration, inertia contribution is clearly prioritized over
FIM. Even if Pgy o411 leads to Vi violating any limits, this can only impact on the power output of
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the WT via the dynamics of the Pqey, controller. This prioritization is justified, as power from inertia
contribution oscillates around zero. Hence, it has no lasting impact on the transformer temperature.
However, if inertial power is essential for maintaining angular stability, violations of voltage limits are

of subordinate importance. This is discussed further in the section on frequency domain analysis.

h J

Hyar calculation

Power gain

| I

Psi_varti

generator speed

Vi P
< ) Iookup table ‘max_TR_volt
Gambient D1k max o
Pratedsm — _
Y Y . Y Y
:'/ \ Om / \\: e [temperature| Pracir | Prox mim I'/ \ Peem Pem cont (/ \\; Paom 5M Pewr : P \‘
N =N controller \__/ > controller \\/M WT W

Abrp

Transformer &

Figure 6. Control circuit for continuous FIM and inertial response with Hyar controller.

It has to be noted that the Hy,, controller was initially published with a functionality to mitigate
potentially harmful excitations on the mechanical structure of the WT [19]. This functionality is
deliberately omitted here to be able to assess the maximum inertial response capabilities. At the same
time, it is the goal of this paper to reveal the maximum negative impact of inertial response on the WT.
Hence, the worst case scenario is considered here.

While in this paper all explanations are given for the case of one WT only, the same result could
be realized with an arbitrary number of WTs. As described above, the Hy,r controller inherently
distributed the inertial power generation among any participating generators. Even in a wind farm,
where wake effects lead to grossly differing operating points of neighbouring WTs, the Hy,, controller
assures that the inertia contribution of individual WTs is adapted to their instantaneous capabilities.

The FIM controller, on the other hand, does not take the current operating point of a WT into
account. It could be assumed that what is called 5M in Figure 1 is not a single WT, but a wind farm
with multiple WTs that interfere with each other via wake. Since all these WTs would contribute to
the congestion in the point of common coupling (excessive transformer temperature and too high
voltage), they would respond to this congestion equally. This would not be ideal, as the instantaneous
power operating points of the individual WTs would differ due to wake and due to the natural wind
speed variations in time and space. Also, due to the spatial distribution of the individual WTs in the
wind farm, the cable lengths to the point of common coupling would be different. Hence, the voltage
drops and the power losses in these cables would be different. Consequently, the task of FIM should
be distributed among the different WTs taking the wind direction (wake) and the geometry of the
wind farm (beelines and cable lengths) into account. However, the design of such an FIM wind farm
controller is beyond the scope of this paper.
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4. Frequency Domain Analysis

4.1. Transfer Function of WT

In contrast to assessing the different eigenfrequencies, as they result from the design of the 5M [27],
in this section, a frequency domain analysis is presented. This yields the advantage that the frequency
response of the entire system becomes obvious. In a complex system, eigenfrequencies of adjacent
subsystems can couple and consequently interfere. The controller design described above has an
impact on the eigenfrequencies and damping of different subsystems of the WT system. In the power
controller section, the assumption is made that the power of the generator, P, is independent of the
rotational speed. This assumption is only valid in the case of small signal perturbation. Hence, in the
following, the response of the rotational speed to power variations is assessed.

For the purpose of frequency domain analysis, the WT system is linearized around the upper part
load operating point P = 0.8894 pu and generator speed, speed_gen = 1.138 pu, see Figure 7. It has to be
noted that Figure 7 shows the power vs. speed characteristic that results from the aerodynamics of the
5M when the 5M is assumed to be equipped with a full scale converter. In contrast to a doubly fed
induction generator, a full-scale converter allows the WT to operate in a considerably larger speed band.

X:1.164
1L Y:0.9514
X:1.112 , o
Y:0.8274 /{-}
L " X 1.138

08 Y:0.8894

=3
206
o

04 -

0.2 P vs. speed
linearisation
operating point

0 | I 1 1 I 1 1 |
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

speed [pu]

Figure 7. P vs. speed characteristic and linearization around the operating point.

Upper part load is most interesting: In lower part load, the power of a WT is not likely to cause
FIM as it is too low for causing the transformer to heat up unhealthily, or for running the voltage into
its limit. Also, in lower part load, i.e., low rotational speed, the power resulting from inertial response
is small due to the Hyar controller, see Figure 5. Full load, on the other hand, is also less interesting
as this operating point is only seldomly met when the grid connection capabilities demand FIM. In
addition, inertial response can draw extra power from the wind when the WT is in full load operation;
hence, the impact on the speed is not decisive for the power.

The rotational speed responds whenever there is a mismatch between aerodynamic driving power
and electric output power. Such a mismatch has to be catered for by kinetic energy in the rotating
masses of the WT. Hence, a transfer function of the WT drive train from electric torque to rotational
speed of the generator, speed_gen, is required. High frequency variations in the generator torque (T_elec)
mainly act on the energy storages close to the generator; i.e., the inertia on the high speed shaft, J_hss,
the torsional spring that represents the stiffness of the drive train, spring_coeff, and with decreasing
effect also the inertia of the hub, J_hub, and the spring that represents the blades in in-plane direction,
K_s_blades (Figure 8). Therefore, the aerodynamic operating point is considered constant for the
linearization of the operating point.
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J blades
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J hss

speed gen

|
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Figure 8. WT drive train model.

In the WT model applied here, the blades are represented as single mass and spring vibrators.
However, they behave differently only if they are excited differently [21]. Wind speed and rotor position
vary with time. In order to do the transition to the frequency domain, these time-dependent differences
are neglected, which allows considering the blades to vibrate synchronously. This simplification leads
to the rotational system of the WT as shown in Figure 8.

The variable names and parameter names shown in Figure 8 and in the following equations are
identical with those in the documentation of the model [21]. Differing from the model documentation,
some new parameters are introduced in Figure 8, which result from the simultaneity of the
aforementioned blade motion. These new parameters are introduced in the following equations.

Aggregated blade inertia:

_ m_bladetip-S-(R_cntr_gmvi_bladetip)2
J_blades = [ base_Iss 5)

Aggregated blade stiffness:

K_s_blade_inplane_SI-3
K _s_blades = T ase_Iss 6)

Aggregated blade damping;:

K_d_blade_inplane_SI-3
K d_blades = T ase_Iss (7)

Inertia aggregated in the rotor hub:

J_hub_SI + 3-]_bladeroot

J b = J_base_lss

®)

Since part load operation is assumed, the pitch angle is assumed to be constant at approximately
0°. Therefore, the stiffness in-plane (K_s_blade_inplane_SI) is the edgewise stiffness and the damping
in-plane (K_d_blade_inplane_SI) is the edgewise damping of the blades.

Applying free-body diagrams for the inertias shown in Figure 8 allows deriving the transfer
function of the drive train from generator torque (T_elec) to generator speed (speed_gen), where T_elec
is the input variable and speed_gen is the unknown [28]. For this purpose a constant aerodynamic
driving torque, T_rot = S pI; =
point (Figure 7).

The transfer function from torque to speed of the WT is shown in Equation (9).

= 0.7815 pu is applied according to the previously specified operating

Gor(s) = speed_gen(s) —15.02-5°~9.405-s*~2509-5°~1031-5% +7.276 E(—12) s ©)
DT\S) = "Telec(s) — 17.59-56+32.77-5+4670-5%17045-53 +2.577E5-52+1.827E5-5—1456E (—9)
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It has to be noted that other dynamics in the WT, i.e., dynamics of the tower and of the blades in
out of plane direction, can be neglected. These dynamics have no direct coupling with the rotational
speed. There is only an indirect coupling via the perceived wind speed and the aerodynamics of
the rotor blades, which has only a small influence on the generator speed, compared to the effects of
in-plane vibrations.

The transfer function of the drive train, Gpr(s), can be combined with the transfer function of the
power control loop to form the transfer function from P_ref to speed_gen, Gwr(s). For this purpose,
Gp_cntri_or(s) in Equation (1) has to be turned into the transfer function of the closed power control loop.
Linearization around the operating point speed_gen = 1.138 pu allows setting up the block diagram of
Gwr(s), as shown in Figure 9.

T_PT1_geno_substi

» |—

K I power | — i

P_setpoint P gen 1 T elec speed_gen
K_P_power > PT1 > 11 Gor

A
v

Figure 9. Block diagram of WT system from P_ref to speed_gen.
The complete transfer function from P_ref to speed_gen is shown in Equation (10).

_ speed_gen(s)
GWT(S) T DP_ref(s)
—0.08759-s7 —3.821-s°~27.5-69—641.9-s*~2015-s~721.5-s> +-5.093E (~12) s
0.001222-510+0.2026-59+7.064-584-77.85-57 +-1811-56 +8767-554+-1.0038E05-5% +2.465E05-s3 +1.279E05-52~1.019E(-9) s

(10)

4.2. Transfer Function of Transformer

The thermal behaviour of the transformer is represented by a PT1 filter with a time constant of
960 s. The power losses that heat up the transformer are nonlinearly depending on the power that is
fed through the transformer. Therefore, the transformer is linearized around the operating point 0.1
pu power transfer, as this is a realistic maximum extent of inertial power. Since only the interference
between FIM and inertia contribution are assessed, the steady state operating point of the transformer
is irrelevant. Further considering the heat dissipation at the surface of the transformer leads to the
power that is stored in the transformer in the form of heat [5]. Hence, the transfer function from power
transfer in pu to variation in the transformer temperature in °C is given in Equation (11).

ASTR (S) 5.005
Con(s) — _ 1
TR (s) Pre(s)  1+960s (11)

4.3. Transfer Function of Pg,,,, Controller

The Pgem controller is a PI controller with a proportional gain of three and an integral gain of
nine. The Pgem controller is the separator between FIM and inertia contribution; i.e., if inertial power
leads to instantaneous violation of V¢, the Pger, controller prevents this having an instantaneous effect
on the combined power setpoint, and hence, also the inertia contribution. Equation (12) shows the
transfer function of the Pgem, controller.

_ Pigem_cont (8) 0.3333-s + 2.1

_ _ 12
GP1_p_dem (8) Perror(5) 0.1111s 12
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4.4. Comparison of Frequency Responses

In this section, the frequency responses of the transfer functions derived above are compared
with the frequency spectra of the excitations. The excitations for inertia contribution are the ROCOF.
Continuous FIM has to address the loading of the grid connection transformer; hence, it has to respond
to the local active power consumption/production. The voltage in the campus grid, V¢, responds to
not only the active power Pc and the power from the 5M, Py, but mainly to the local reactive power
consumption/production, Q¢ (see Figure 1). The importance of Q¢ is shown by the ratio between
reactance and resistance in the grid connection transformer, which is X/R = 3.84 [5].

The analysis conducted here strives to assess the differences and the similarities in the excitations
for the 5M when performing continuous FIM and continuous inertia contribution. Normal operation,
i.e., with neither of these power system services, was considered previously [5] and is hence out of the
scope of this paper. Consequently, Figure 10 shows the bode plots of the WT, Gyyr(s) (red amplitude
response) of the Pgqen controller, Gpy p o (s), (green amplitude response) and of the transformer, Grgr(s),
(blue amplitude response); as well as the frequency spectra of ROCOF (green line), P (magenta dotted
line) and Q¢ (cyan dotted line).
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Figure 10. Bode plots of the transfer functions Gyr(s), Gpr p_gem(s) and Grr(s) (top) in comparison to
the frequency spectra of the different excitations: ROCOF, Pc and Q¢ (bottom).

Figure 10 clearly shows that there is a strong decoupling between the WT and the transformer.
The transformer temperature (Grr(s)) responds strongly to very low frequencies only. The generator
speed of the WT, however, responds to power setpoint (Pyy) changes strongest in the range from 1 Hz
to 3 Hz (Gwr(s)).

In the lower diagram of Figure 10 it becomes obvious that there is also a clear decoupling
between the excitations of FIM and of inertia contribution. Continuous FIM addresses the transformer
temperature (discussed above) and the voltage (V). Both active and reactive power variations decline
with increasing frequency. Hence, also the extent to which FIM has to respond to V¢ declines with
increasing frequency. In contrast to this, the magnitude of the ROCOF increases with frequency.
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Figure 10 also shows that the Pgen, controller decouples FIM very well from inertial power.
Comparing the green lines in Figure 10 reveals that the response to ROCOF happens in a frequency
range where the Pgen, controller exhibits very small gain. Hence, if inertial power leads to excessive V¢
FIM cannot respond to that, i.e., it cannot dampen the inertial power as the Pgen, controller prevents this.

Therefore, it can be concluded that FIM takes place at lower frequencies while inertia contribution
takes place at higher frequencies. In addition, continuous FIM is most relevant for the transformer
temperature, while inertia contribution has the potential to excite the WT. In the following section, this
is assessed by means of the study case.

5. Simulations and Discussion of Results

In power systems that are heavily loaded with wind power, it is inherent to FIM that it leads to
drastic power reductions in WTs whenever the wind speed is high [5,11]. In addition, it is inherent to
the Hyar controller that it potentially leads to drastic power variations in the affected WT whenever the
wind speed is high [19]. Hence, both continuous FIM and inertial response with the Hy,; controller are
most dominant in upper part load. The inertial response can potentially worsen the overloading of the
grid. Due to the decoupling from the wind both controllers add to the mechanical loads in the WT at
the same time.

Figure 11 shows the power, the generator speed, and the pitch angle of the 5M for the whole day
of 5 April 2017. It can be seen that the 5M runs in part load most of the time in the first half of the day.
Before noon, the wind speed increases and with it also the loading of the grid [5]. Hence, in the second
half of the day the 5M runs in rated operation whenever the FIM controller and the Hyar controller
allow it to. Figure 11 shows the simulated scenario for continuous FIM operation with enabled (blue)
and disabled (red) continuous inertia contribution. The blue curve is hardly visible, as there is only
little effect of inertial response on FIM operation.
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Figure 11. WT power (top) generator speed (middle) and pitch angle (bottom) of 5M for the case of
continuous FIM operation (red curves) and for the case of continuous FIM with inertial response (blue
curves in the background).
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5.1. Effect of Generator—Converter Time Constant on Continuous FIM

As discussed in the WT simulation model section, in a previous study [5], T_PT1_geno_substi of
the generator—converter unit was set to 150 ms. For reasons outlined above, it is set to 25 ms here. In
order to assess whether the results in the previous paper are comparable to the results in this paper, the
effect of the time constant is studied. It can be seen that the results presented previously [5] are hardly
affected by this parameter change. The only visible effect is on the acceleration of the generator and of
the tower in lateral direction. To illustrate this effect, Figure 12 shows the scenario of continuous FIM
operation with T_PT1_geno_substi set to 150 ms [5] and with T_PT1_geno_substi set to 25 ms.

= 25ms H =05

,,,,,,,,,,,,,,
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Figure 12. Generator acceleration (top) and frequency distribution of generator acceleration (bottom)
of 5M in continuous FIM operation for two different generator-converter time constants.

The comparison shown in Figure 12 is important as in the following study, the effect of continuous
inertia provision is compared with the case when the WT only provides continuous FIM. Figure 12
suggests that the reduction in T_PT1_geno_substi (from 150 ms to 25 ms) has drastic consequences;
however, due to the logarithmic scale, the relative frequency of occurrence of larger generator
accelerations is moderate. It can be noted that with lower time constant, the relative frequency of
occurrence is moved in positive direction, i.e., larger positive accelerations are more likely to occur.
This phenomenon is caused by the instantaneous limitation of P, Tr jin» Whenever the voltage is
too high (P,.x TR voit in Figure 6), which demands a de-loading of the generator by lowering the
generator torque.

Figure 13 shows that the reduction in T_PT1_geno_substi has the opposite effect on the lateral
tower accelerations. With longer time constant, i.e., slower generator control, the tower is bound to
vibrate more often in lateral direction. This phenomenon is due to the fact that lateral vibrations are
caused by an imbalance in the rotor in combination with rotor speeds that allow lateral excitation of
the tower by this imbalance. There is only an aerodynamic coupling between tower vibrations and
the torque at the shaft (via the perceived wind speed). Faster generator control allows more rapid
response of the generator by producing a counter torque. Hence, via the slope in the power vs. speed
characteristic, the generator can produce more damping torque if its time constant is short.

Difference in acceleration of the other components in the 5M are hardly measurable. Consequently,
the results presented previously [5] remain valid. Hence, it is justified that the effect of continuous
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inertial response on the WT is assessed against the case of continuous FIM with T_PT1_geno_substi set
to 25 ms.
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Figure 13. Lateral tower top acceleration (top) and frequency distribution of lateral tower top
acceleration (bottom) of 5M in continuous FIM operation for two different generator-converter

time constants.

5.2. Effect of Variable H Controller on the WT

The effect that continuous FIM has on the WT was assessed in previous publications [5,29].
Therefore, only the additional effect that continuous inertia contribution with the Hy,; controller has
on the WT shall be discussed here.

Different Hgem values are tested. Generally, the Hy,, controller causes little impact on the WT,
which is already visible from the fact that the two curves in Figure 11 hardly differ. Since the continental
European grid frequency only rarely exhibits large ROCOFs, Hgen, is set to 12 s to achieve high power
setpoint changes due to inertial response. This way, also the circumstances in smaller, i.e., more agile
grids can be emulated. The analysis of all WT signals reveals that the acceleration of the generator
and of the tower in lateral direction are affected most. Hence, these are the only signals considered
here. However, Figures 14 and 15 show that even Hger, = 12 s has hardly any effect on the generator
acceleration and on the lateral tower acceleration, respectively. It has to be mentioned, that the grid
frequency recorded on 5 April 2017 is representative of a normal day in continental Europe. Although
it did not contain any extreme events, it is still challenging in terms of inertial response, as the grid
frequency appears to vary with extreme ROCOFs due to electromagnetic illusions.

These findings confirm the results yielded in a field test and fatigue load analysis conducted earlier.
During a research project carried out with the WT manufacturer Suzlon Energy, a small multi-MW WT
was equipped with the Hyar controller where Hgem, was set to 6 s. The f,,4 time series were artificially
generated to contain severe frequency events. With these time series the performance of the WT and
the resulting loads were assessed at different wind speeds. The fatigue load analysis revealed that even
with regularly occurring severe events in fg,; the Hyar controller consumes only very little lifetime of
the WT [9]. Also, as one consequence of the findings of this project, the demanded inertia constant is
set to Hyem = 12 s here.
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Figure 14. Generator acceleration (top) and frequency distribution of generator acceleration (bottom)
of 5M when performing continuous FIM, with and without continuous inertia provision.
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Figure 15. Lateral tower top acceleration (top) and frequency distribution of lateral tower top
acceleration (bottom) of 5M when performing continuous FIM, with and without continuous
inertia provision.

5.3. Effect of Continuous FIM and Inertia Provision on the Grid

The advantage of continuous FIM on the power infeed of the WT is published already [5]. It has
to be added though, that such rapid optimization of the grid utilization is entirely inconceivable with
conventional power plants (thermal or hydro) that are based on AC-connected generators. Hence,
for their power to be reliably available for maintaining the balance between generation and demand
(feria control), either oversized feeders or conservative power truncation is inevitable.
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When a generator provides inertia to the grid, it produces power that is a function of the frequency,
w = 2-10feriq, and the ROCOF, see Equation (13).

dw
Pinertia = ]wE (13)
When a variable speed WT provides inertia to the grid, it is not the inherent inertia, J, which
determines Pjyeptip. Instead, the frequency converter has to be controlled such that the WT exhibits
inertial behaviour, i.e., it produces synthetic inertia. Hence, Hgem,, or in case the Hy,r controller is
applied, Hyg, is decisive for the inertial power, see Equation (14).

Z'Hvur'Pmted . d_a)

W dt (14)

Pinertia =
This power theoretically contributes to the loading of the feeder that connects the WT with the
grid. However, Figure 10 reveals that there is virtually no coupling between continuous FIM and
inertial response, i.e., Pjyertip- In addition, it has to be pointed out that the mean value of Pj;4, is zero
in normal power system operation (only if there is a persistent deviation of f,,;; from its rated value the
mean value of Pjei; # 0). This is further shown in Figures 16 and 17. Hence, Pj¢ti; cannot interfere
with the transformer temperature and it can only temporarily interfere with V.
The effect of inertia contribution on the grid can be quantified with the inertial energy, Ej;erti-
When considering certain durations, such as the 24 h of the 5 April 2017, the energy exchange between
grid and WT, which results from inertia contribution, can be derived according to Equation (15).

5/4/2017 24:00 5
Einertiu = f ( p inertia (t) )dt (15)
5/4/2017 00:00
Pinertia Mixea = 6
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Figure 16. Pj;.1, from an AC connected synchronous generator with H = 6 s (blue), Pjyrtj; from the 5M

with Hyar controller and Hgep, = 6 s (red) and Hgem, = 12 s (green). The bottom diagram is a zoom-in
view of the top diagram.
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Figure 17. The inertial response power setpoint, Ps 4, (red) and the generator powet, Py, from the
5M. Pg.p, is shown for the case of FIM only (green) and FIM with inertial response (blue).

To assess the ability to contribute to system inertia, Hy,,, of the Hya, controller in the 5M is set to
6 s and to 12 s. The resulting Pj,.,+j, are compared with the Pjtj; of an AC connected synchronous
generator with a fixed inertia constant Hgyeq = 6 s. Figure 16 shows these three different Pj,4;, for the
24 h of 5 April 2017. Comparing Figure 16 with Figure 11 reveals that the inertia contribution of the
5M depends on the prevailing power operating point. Integrating Pj,.,+i; according to Equation (15)
leads to the inertial energies, Ejyrtiz, which are listed in Table 1. In Table 1 Ej,erti, is not only given for
the whole day, but also for the first half and for the second half of the day.

Table 1. Ej;;i, from an AC connected synchronous generator with H = 6 s, Ej;;04i, from the 5M with
Hyar controller and Hyer, = 6 s and Hgem, = 12 s.

5 April 2017 5 April 2017 5 April 2017
00:00-24:00 00:00-12:00 12:00-24:00

Hiixed = 65 88.2029 kWh 41,5384 kWh 46.6645 kWh

Hoar from Hem = 6 5 33.0589 kWh 4.3307 kWh 28.7283 kWh
Huar from Hyem = 12 s 66.1327 kWh 8.6603 kWh 57.4724 kWh

In the morning, when the wind speed is low, the inertia contribution is also low. From a grid
point of view, this is no problem. In this case, either a larger number of WTs has to cover the
consumption in the grid, or other generators have to produce the demanded power and, hence, also
the necessary inertia.

In the afternoon, when the wind speed is high, the 5M has to deal with continuous FIM, but the
inertia contribution increases nonetheless.

Table 1 shows very clearly that the inertia contribution of the 5M is comparable to that of a
synchronous generator. When Hgep, is set to 12 s, the inertia contribution in the afternoon of 5 April
2017 is even 23% greater than that of the synchronous generator. It has to be kept in mind that
in the scenario simulated here, the 5M is burdened with continuous FIM. Hence, it operates only
intermittently and only for short durations at rated power and rated speed. Each time the speed drops
the inertia contribution drops as well, see Figure 5. Without FIM the inertia contribution could increase
even further in the afternoon.

Table 1 further reveals that doubling Hyem leads to a doubling of Ej.ti;. This proves that inertia

contribution has virtually no impact on the rotational speed and on the aerodynamic performance of
the WT.
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The discussion so far revolves around results that are produced from the power demand necessary
for inertial response, i.e., Psy »4ry in Figure 6, as it is not possible to extract Pjye, from Pspy. There are
several factors that make such a comparison impossible: Pjy.+i, is camouflaged in Psps by the turbulent
wind and the motion of the mechanical components of the WT, namely the generator rotor, the blades
in-plane and out-of-plane, as well as the motion of the tower in longitudinal and in lateral direction.
The power reference for the frequency converter (in the model this variable is called P_setpoint, see
Figure 3) is derived from the measured rotational speed of the generator. The driving power that is
instantaneously available for the WT is determined by the wind speed and the aforementioned motions
of mechanical components, as these interfere with the ambient wind speed, leading to a perceived
wind speed. Therefore, P+, can be magnified or weakened in single occasions. Considering longer
durations, these effects are assumed to level out. However, very rapid Pje+, variations cannot be
realized by the generator-converter unit with its time constant (T_PT1_geno_substi = 25 ms). It has to
be kept in mind, however, that the response of the AC-connected synchronous generator (in Table 1) is
derived with Equation (14). The limited dynamic response of a synchronous generator is not taken
into account here either.

Figure 17 shows an exemplified comparison between the power setpoint for inertial response,
Psj_vart, and the power that the 5M feeds into the grid, Pge,. To show a drastic example Figure 17
shows the response to the peak in ROCOF at 11:14 (compare Figure 2), which is assumed to be an
electromagnetic illusion. Figure 17 reveals that Pg,, follows Pgs; 4,y quite well (note that the ranges
of the two y-axes in Figure 17 are identical). The difference in magnitude of the excursion in Pgj 4,11
and in Py, is caused by the damping effects of the power controller and the generator-converter unit.
Hence, the comparison in Table 1 is deemed valid.

The energy yield of the 5M is virtually not affected by inertial response. During the 24 h of
5 April 2017, the 5M generates 57,097.4 kWh without inertial response and 57,095.5 kWh with the Hyar
controller and Hgem, = 12 s; both with continuous FIM.

6. Conclusions

This paper presents simulation results of continuous FIM and continuous provision of synthetic
inertia with a WT. The case simulated is based on measurements. The conclusion of this study is that
WTs can deal with excessively weak grid connections and, at the same time, can contribute to grid
inertia continuously. With their rapid power control, WTs can adjust their power infeed to satisfy
the needs of limited grid connection points a lot quicker than conventional power plants. By doing
so, their power is available reliably with neither undue waste of energy nor overdimensioned grid
enhancements. At the same time, they can contribute to grid inertia to a larger extent than conventional
power plants. In the study at hand, the inertia constant reaches up to 12 s in rated operation of the
WT. This number has to be put into perspective with the inertia constants of conventional power
plants. These range from 2 s to 9 s [30], in case of hydro power plants only up to 4 s, and in the case
of generators with two pole pairs up to 10 s [10]. Hence, WTs enhance angular stability in a power
system to a larger extent than conventional power plants.

While many current grid codes focus on grid frequency support by WTs in prespecified events
(fast frequency response), this study shows that it is advantageous when WTs provide inertia to the
grid continuously with the Hy,, controller. By doing so, the grid reliably maintains controllability of the
frequency. The WTs, on the other hand, suffer neither undue wear, nor noticeable loss of energy yield.
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