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1 | INTRODUCTION

| Jeroen D. M. De Kooning"’ |

Lieven Vandevelde'»?

Abstract

The participation of wind farms in providing ancillaty services is an asset for the power
system and one way to maintain a strong grid with the increasing penetration of renew-
able energy sources. Research has shown this to be feasible for wind farms by using effi-
cient prediction and sophisticated control systems. In some parts of the wotld, strict grid
codes ate already being implemented that require wind farms to provide ancillary services.
Moreover, the primary reserve market in Europe is moving towards shorter procurement
periods, providing wind farms an opportunity to more efficiently optimise their resources
based on short term forecasts. It can however be challenging for the wind farms to effi-
ciently participate in grid frequency support services, especially for primary reserve ser-
vices. The reason behind this is the requirement of quick activation and deactivation of
power reserve margin for services such as Frequency Containment Reserve (FCR) and Fast
Frequency Response (FFR). A full activation of the contracted reserve is required within
seconds of a grid frequency dip. A sudden change in wind turbine dynamics is expected
to have an impact on the wake behind the wind turbine. The wake effect within a wind
farm is taken into thorough consideration in its design process. The effect on the wake
due to the wind turbines participating in fast response ancillary services however, remains
unexplored. This is a matter of greater concern for wind farms with a high capacity den-
sity. To this end, the main contribution of this article is to observe the effect of ancillary
service based control system on the wake effect of a wind turbine. Additionally, the capa-
bility of developed wind turbines controllers to follow primary reserve services are also
tested. FFR and FCR services ate tested for a range of frequency designs, these include
both synthetic and actual grid frequencies. The synthetic frequency profiles are designed
to replicate both fast and slow frequency variations in order to analyse the impact on wake
behaviour. The simulations are performed for low and high wind speed including constant
as well as turbulent winds.

ity is 743 GW, with 93 GW of new installed capacity in 2020
[3]. As the share of wind energy increases in the power mix,

In line with the European Union (EU) target for 2050 to reduce
greenhouse gas emissions to 80—95% below the 1990 levels [1],
the power systems all over Europe see an increasing renewable
energy penetration every year. In 2019, Europe added 15.4 GW
of new wind power capacity. This adds up to a total of 205 GW
of installed wind energy capacity in Europe. In 2019, 15% of
the total electricity consumed by all EU-nations was generated
by using wind energy [2]. The worldwide wind power capac-

it is naturally expected that wind farms provide ancillary ser-
vices. In some areas of the world, strict grid codes are already
being implemented that require wind farms to provide ancillary
services [4]. Transmission system operators (TSO) in various
countries offer the opportunities for production units to par-
ticipate in the primary reserve market. Some of these services
include frequency containment reserve (FCR), fast frequency
response (FFR), synchronous inertial response (SIR), enhanced
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frequency response (EFR), fast post-fault active power recovery
(FPFAPR), etc.

Participation in these reserve markets is strictly based on the
ability of a production unit to increase or decrease the reserve
power within a fixed span of time. Usually this time range is
very small ranging from an instantaneous response to a few
seconds. In order to qualify to participate in these markets,
the production units need to prove their ability to efficiently
provide these services by going through several tests. Provid-
ing these services is a challenge for production units that are
fully converter-interfaced, such as a wind farm. A support from
energy storage technologies such as supercapacitors, flywheels,
batteries etc., can be sought in such cases [5], [0]. These tech-
nologies can provide desired active power output within 0.5-2 s
[7]. However, many power system operators in Europe forbid
the participation of energy storage power plants in the primary
reserve market [8]. New control systems for wind turbines ate
potentially capable of a quick response to the changing grid fre-
quency. Hence, this makes them an eligible candidate for fre-
quency support ancillary services. Studies have shown the fea-
sibility and methods of operating wind farms as FCR and FFR
provider [9-16].

Regarding wind turbine control, several different techniques
are available [17-19]. A generator control method that uses
direct torque control (DTC) for an interior mounted magnet
PMSG is presented in [20]. An improved direct torque control
method for smooth power injection and short circuit protec-
tion is presented in [21]. These control strategies are widely used
for variable-speed generation and for extracting the maximum
power available in the wind. The conventional operation of a
wind turbine is to use maximum power point tracking (MPPT)
to extract maximum power or power limiting control (PLC) in
case of wind speeds higher than the rated wind speed. However,
the control system required for this study should not only oper-
ate in MPPT and PLC, but should also be able to follow the ref-
erence power signal that changes with the fast varying input grid
frequency. The results from this research supports the effective-
ness of fast frequency response from wind turbine control on
supporting active power disturbances in low-inertia power sys-
tems. An added advantage for wind farms in this scenario is that
the FCR market in Europe is moving towards shorter procure-
ment periods [22], [23]. Since the wind prediction is more reli-
able and accurate on short time scale, it is easier for wind farms
to make a more confident bid in the FCR market.

In order to provide ancillary services with a wind turbine,
its power output must vary more dynamically, especially when
providing short-term grid balancing services such as inertial
response, FCR and FFR. However, these dynamic power varia-
tions impact the wake effect, which in turn could impact neigh-
bouring turbines. The study of wake effects is even more signif-
icant for wind farms with high capacity density. Countries like
Belgium and Germany have higher capacity densities of off-
shore wind farms as compared to the European average. The
reason for this high density in Belgium is the regulatory frame-
work. Due to the limited space resources in the Belgian North
Sea, the obligated policy demands the use of space granted as
intensively as possible [24].

The wind farms located in close proximity generate wake
effects that reduce the downwind wind speeds. Studies have
shown that these effects can extend over 50 km resulting in
economic losses for the wind farms owners [25]. Methods
have been developed in order to minimise the impact of the
wake and optimise the wind farm power output. These meth-
ods use algorithms developed to maximise the annual energy
production (AEP) of wind farms [26]. One such approach
utilises optimised yaw alignment that deflects wakes away from
downstream turbines and wind farms [27]. Such measures
have shown to improve the wind speed by up to 13%. Stud-
ies have been conducted to demonstrate the significance of
wake effects in influencing the inertial response capacity of
a wind farm [28]. However, a research gap is seen for stud-
ies on wake effects produced by wind turbines providing FCR
and FFR.

To this end, the scope of this paper lies in the study of
dynamic wake behaviour of a wind turbine providing FCR and
FFR. The study presented in this paper uses a detailed wind tur-
bine model to simulate FCR and FFR based control. The influ-
ence of the control strategy on the wake behind the turbine
at several locations behind the wind tutbine is observed. The
model uses a conventional proportional-integral (PI) controller
to generate blade pitch commands. The torque is controlled by
a grid frequency following algorithm. A reference power is gen-
erated based on the frequency and the power output is adjusted
accordingly. Different frequency profile designs have been used
in the presented simulations.

The article is organised as follows: Section 2 presents the
models used for the simulations in this study. The two ancillary
services investigated in the article are discussed in Section 3.
The frequency and wind inputs to the model are presented in
Section 4. The different control systems used in this study are
presented in Section 5. The tests performed and the results from
this study are presented in Section 6. Discussion and conclu-
sions are drawn in Section 7.

2 | MODEL DESCRIPTION

The simulation setup consists of a wind turbine model in
FAST, a generator model and the control system in MATLAB
Simulink. These models are interconnected as a co-simulation
with loop communications at each time-step of the simulation.
Additionally, the data is post-processed using a wake model.

2.1 | Wind turbine

The wind turbine model used in the simulations is the NREL
5 MW baseline wind turbine. This model has been implemented
in FAST by NREL, a tool for simulating the coupled dynamic
response of wind turbines. This elaborate software combines
aerodynamic, hydrodynamic, structural and electrical system
models of different types of wind turbines. The main model
properties are listed in Table 1 [29]. The power curve of this
turbine is presented in Figure 1.
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TABLE 1 Wind turbine properties TABLE 2  Generator properties

Property Specification Property Specification

Power rating 5 MW Rated power 5 MW

Rotor orientation & configuration Upwind, 3 blades Rated speed 12.1 rpm

Rotor and hub diameter 126 m and 3 m Efficiency 93%

Hub height 90 m Pole pairs 117

Cut-in, Rated and Cut-out wind speed 3.0m/s, 11.4 m/s and 25.0 m/s Nominal voltage 1950 V
Nominal current 876 A
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FIGURE 1 Power curve of 5 MW wind turbine

The operation range of the wind turbine is divided into three
different regions based on the wind speed, as shown in Figure 1.
In Region 1, the wind speed is below the cut-in speed, thus
the torque is zero and no power is extracted. In Region 2,
the power is classically optimized by means of MPPT control.
In Region 3, the wind speed is above the nominal value of
11.4 m/s. There, the torque, speed and power are limited to
their respective rated values to avoid ovetloading the drivetrain
components.

2.2 | Generator

The generator model used in this study is a Permanent Mag-
net Synchronous Generator (PMSG). The main properties
of the generator are listed in Table 2. The equivalent dia-
gram of the generator is presented in Figure 2. The genera-
tor is modeled in the rotating (d,q) rotating reference frame.
In Figure 2, epyq is the permanent magnet induced back-
emf voltage, which is proportional to the rotor speed. The
d and q equivalents also consist of an additional back-emf
each proportional to the current in the other scheme due
to the armature reaction effect. R, and R, respectively, rep-
resent the copper losses in the stator winding and the iron
losses.

R, R, L, 77.34 Q, 98.5 mQ, 5.86 mH

FIGURE 2

frame

Equivalent diagram of a PMSG in the rotating reference
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FIGURE 3  Wake schematic

2.3 | Wake model

The Jensen wake model is one of the oldest and most popular
models used in wake studies [30]. It is a simple model to anal-
yse the wake effect. In its original form, it does not account for
the wind turbine dynamics. However, for this study, a robust
yet computationally simple wake model that accounts for wind
turbine dynamics was required. Therefore a modified Jensen
model, that is, Jensen-Katic, is used in this study [31]. This
model allows to incorporate the actual characteristics of the tur-
bine, thus different control behaviours of the machine can be
modelled. Figure 3 schematically shows the wake. The free flow
ambient speed is denoted by U. The wake behind the turbine is
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FIGURE 4 200 mHz symmetrical service

assumed to have an initial diameter equal to the rotor diameter
D. The wake diameter at a distance X is defined as D). The
velocity deficit 17 at a given distance X depends on the thrust
coefficient ¢, and is defined as:

1 Tg

V=vl1-———| (1)

N\ 2
(l+2k)§>
D

3 | ANCILLARY SERVICES

A range of different ancillary services are offered for produc-
tion units by TSOs in different countries. In this research two
kinds of primary reserve ancillary services are tested. This sec-
tion gives a brief overview of these services.

3.1 |

Frequency containment reserve

The Belgian TSO Elia procures grid frequency balancing set-
vices through two different frameworks based on the genera-
tion capacity of the production units. These contracts are the
Contract for the Injection of Production Units (CIPU) and non-
CIPU. For harmonisation of FCR products and FCR procure-
ment rules on the European level, from July 2020 on, only the
200 mHz symmetrical service are continued [32]. Due to this
reason, the FCR tests presented in this work are conducted for
a 200 mHz symmetrical service. In this type of service, a pro-
portional frequency support within the range of 49.8-50.2 Hz
of grid frequency is required from the participating produc-
tion unit.

The relation between the reference power and the grid fre-
quency for a 200 mHz symmetrical service can be seen in
Figure 4. In this representation, the wind turbine operates
at a base power R ,.. With the change in grid frequency,
the reference power follows a linear slope between F.;, and

TABLE 3  Type of FFR services

Activation Maximum full
Type level [Hz] activation time [s]
A 49.7 1.3
B 49.6 1.0

49.5 0.7

A Maximum

Maximum
full-
oo . overshoot '
| activation | !
I time I |
b —— = = = — e — o mm— -

1
I
|
| |
I |
= | |
= I I
= | |
2 I |
R3] 1 I
= Minimum : :
3 support I |
3 duration | |
b= > \
< | |
5 [ [
; | |
=4 I |
~ | |
| |
I |
| |
1 3>
0.7s/1.0s/1.3s  5s (short) 15min t
t=0s 30s (long)

FIGURE 5 FFR framework

Poax. The service is obligated between the bounds of 49.8—
50.2 Hz. However unlikely, if the frequency drops or increases
beyond this range, the power supply should be maintained at
a constant, on upper or lower limit, respectively. A frequency
response deadband of 10 mHz centred at nominal frequency
(50 Hz) is present to reduce excessive controller activities and
turbine mechanical wear for normal power system frequency

variations.

3.2 | Fastfrequency reserve

The fast frequency response service has been adopted by dif-
ferent countries and therefore exists in various forms and man-
ners. For the tests presented in this research, FFR as defined
for the Nordic synchronous area was chosen [33]. All the gen-
eration units intending to participate in the FFR market must
pass a prequalification process to ensure their ability to deliver
FFR when ordered by the TSO. A crucial part of this prequali-
fication process is a prequalification test. The specified support
durations are, ‘long support duration FFR’ (at least 30 s) and
‘short support duration FFR’ (at least 5 s). There are 3 different
combinations of FFR services available that can be freely cho-
sen by the production units. These services presented in Table 3
differ in activation level and the required maximum activation
level.

The participants are free to choose from the type of ser-
vice they intend to provide beforehand. Figure 5 is a graphical



SINGH ET AL.

1857

v
<
S

v

o

—
T

Period =P

>

/Amplitude = 0.2 Hz

Frequency (Hz)
W
S

N
o
o
T
1

e t‘imé (s)I I
For P = 1s, 5s, 10s, 25s, 50s, 100s, 150s, 200s, 250s, 400s, 500s, 700s

N
o
e

FIGURE 6 Frequency with sinusoidal ripples

representation of the FFR service. The activation instant at
t = 0 s is the moment when the FFR reserve is activated.
Depending on the type of service chosen by the production
unit, an upper time limit ranging from 0.7 s to 1.3 s is given
during which the full activation should be completed. The acti-
vation level should be sustained for the minimum support dura-
tion based on the choice of long duration or short duration sup-
port. At the end of the support duration the production units
are given a recovery time of 15 min, after which the production
units must be fully prepared for a new support cycle. During
the support duration a maximum overshoot equivalent to 35%
of the prequalified FT'R capacity is permissible.

4 | DATA

The simulations presented in this study require two essential
datasets. The developed FCR and FFR based control models
require a frequency input on every time step. Additionally, to be
able to run a wind turbine model in FAST, a fitting wind field
model is necessary.

4.1 | Frequency data

The simulations petformed for FCR services in this work are
performed for different frequency profiles. These data form an
important input for the controller as it determines the refer-
ence power for the frequency following controller. The first fre-
quency dataset is an artificially generated frequency pattern with
a sinusoidal ripple, with an amplitude of 0.2 Hz and 12 different
periods of 15,55,105,255,50s,100s, 150 5,200, 250 s, 400 s,
500 s and 700 s, respectively. Figure 6 shows a sample of these
data. The frequency is sampled at the same rate as the time step
of simulations. This artificial frequency is used to investigate the
propagation of FCR dynamics in the wake. Moreover, by simu-
lating the different scenarios with varying frequency of oscilla-
tion, the aim is to assess the varying magnitude of propagation
in the wake.

The second frequency dataset is actual grid frequency dataset
of the European synchronous grid. The frequency retrieved
from the source is sampled every 0.5 s [34]. However, to adjust
the frequency to the simulation time-step, the frequency data
are interpolated. Figure 7 presents a section of frequency data
used in the simulations. The frequency data are from an extreme

Frequency (Hz)
s
O

N
o
o0
3

9.8 PR ey
15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Time (hh:mm) Jan 10,2019
FIGURE 7 Frequency data extreme event
26
24
200
22
150
€ 100
N
50
0
1500
1000
time (s) 0 -100 y (m)
FIGURE 8 u-component of wind speed (m/s)

event that occurred on the 10 January 2019, 21:02 CET. Dur-
ing this event, the continental European power system stretch-
ing across 26 countries witnessed the largest absolute frequency
deviation since 2006 [35]. During this rare event, the frequency
dropped to 49.8 Hz. The reason for choosing this event is to
cleatly observe the impact of changing grid frequency on a tur-
bine providing FCR.

42 | Wind field

In FAST, different wind profile input methods are available and
can be used for analysis. For the simulations performed in this
study two different wind profiles are used. These are presented
in the following,

42.1 | Constant wind field

In the simulations presented in this work, steady wind profiles
of 7 m/s and 12 m/s is used. These wind speeds are cho-
sen to study the behaviour of the wake in both low and high
winds, respectively.
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422 | Turbulent wind field

A three-dimensional turbulent wind field is used to analyse the
wake effect of a wind turbine providing frequency support. The
TurbSim Rise smooth-terrain model (SMOOTH) based on [30]
and [37] is used to generate the turbulent wind data. The wind
field has a grid height and width of 160 m. The three compo-
nents of the wind field are presented in Figures 8, 9 and 10.
The inertial reference frame of these three components: The
u-component is along the positive X-axis (downwind). The v-
component is along positive Y-axis (to the left when looking
along X). The w-component up, along positive Z-axis (opposite
gravity.) The reference height of the wind field is chosen sim-
ilar to the height of the wind turbine rotor hub at 90 m. The
mean wind speed is 20 m/s and the turbulence intensity is 5%.
The wind speed values within the simulated time ranges from
16.45 m/s to 23.1 m/s.

Torque Current 0
Control Control ¢
P—>f PI 2 9 PI > 41 /> PWMa
) ! > PWM b
P 04l > PI > / abc | PWM ¢
;
iq abe [€—ta
l«— 1p
- qd .
iq <1
FIGURE 11 Field ofiented control

5 | CONTROL

Field oriented control (FOC) is selected for the torque con-
trol of the PMSG. In this control method, the direct current
component is regulated to zero and the quadrature current is
proportional to the torque. Figure 11 shows the field oriented
control schematically. The control system is a PI controller that
generates a current signal based on a comparison between the
reference power value and the actual power output from the
generator at each time step. The reference power that serves
as an input to the controller is a time varying signal generated
as per the requirement of the prequalification test. The value
of the reference power is defined by the grid frequency. The
PI controller is optimized in a manner such that the tracking
error is minimized by minimizing overshoot and settling time.
The controller is tested under different wind conditions, rang-
ing from highly turbulent wind conditions to steady wind. The
performance of the controller varies depending on several fac-
tors such as the wind conditions and the rate of change of ref-
erence powet.

5.1 | FCR control

The maximum available power B, that can be harnessed by
the turbine is dependent on the wind speed and is defined by
the power curve as presented in Figure 1. In order to provide an
FCR reserve power Frcr equivalent to 20% of P, ., the wind
turbine is operated at a base power equal to 80% of P .. The
turbine ramps up and down within 60% to 100% of 2, based
on the grid frequency. In this manner, there is enough capacity
at all times to follow the grid frequency in the specified range.
The control algorithm to generate the reference power based on
the grid frequency is defined in Algorithm 1.

Figure 12 shows the generator power under PLC and FCR
based controls. The generated power is plotted on the left y-axis
and the grid frequency on the right y-axis. The case considered
here has a steady wind speed input of 12 m/s. It can be seen
that the power output under PLC control is constant at 5 MW,
whereas, with FCR control, the generator power varies with
the changing grid frequency. The effect of changing grid fre-
quency can be seen on the power output. The controller works
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ALGORITHM 1 Reference power decision

Require: 1, > Pr
if / < 49.8 Hz then
Bes(t) = Bpax
else if 49.80/ 7 < f < 49.99 Hz then
+ (50.80 — /)
else if 49.99//z < f < 50.01//z then

Prcf([> = mex
Bet(t) = Brax — Frcr > 10mHz deadband
else if 50.01 /3 < f < 50.20Hz then
Lt (t) = Fnax (50.80 = f)
else if /> 50.20/7% then

0'6 R"ﬂax
end if
52007 I |[——Power (FCR) - - - -Power (PLC) —— Frequency 50.08
5000 p==-==-===--= ! ”””””””””””””””””””” -450.06
4800 | 50.04
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FIGURE 12 Generator PLC and FCR power

with a satisfactory tracking performance, following the refer-
ence power with low error.

5.2 | FFR Control

There are three different types of FFR services as presented in
Table 3. These service require a fast response time to adjust the
power output to the changing grid frequency. As a result, the
controller presented in Section 5.1, in its current form is unable
to follow these rapid variations in the reference power signal.
Therefore, the simulations for FFR service are performed in
FAST.Farm.

There is no control method in Fast.Farm that can include the
effect of changing grid frequency on the power output of a wind
turbine providing frequency support services. The sole control
option is the torque control built within the program. For this
reason, the control system in FAST.Farm has been modified to
operate the turbine with FFR based control.

The operation is modified such that instead of providing a
constant power, the power output is based on the changing
input grid frequency. This control is defined in the following

Tyen
P Shaft Q
Q + Ores . 1.8 ( af
ref ( PI Pitch System | Mechanics [ T
L}
Q i
2 ling P

I~
|

FIGURE 13 Pitch control
equations:
Prcf = I%asc + Pfrcq (ZL)’ (2)
where,
Pfreq = (508 - f)PFCR' (3)

Here, the reference power 1, is calculated as the sum of
base power 1, and a time varying term f., (). Furthermore,
Preq(?) is defined by the changing grid frequency and the con-
tracted FCR bid Fcg.

5.3 | Pitch control

The simulations presented in this study also consist of wind
turbine operation for wind speeds higher than the rated speed.
Therefore, a pitch control system is required. The pitch control
system is developed in MATLAB Simulink and is inter-linked
with the wind turbine model in FAST. The block diagram of the
pitch control system is presented in Figure 13. A PI controller
has a gain-scheduling input and compares the reference rotor
speed Q,.¢ to the actual rotor speed €. Based on the error, a
control signal is generated at each time-step and is sent to the
wind turbine model in FAST.

For the simulations performed in FAST.Farm, the baseline
blade-pitch controller has been used. The controller is activated
in the region of control where the wind speed exceeds the rated
wind speed. The commands from this controller are computed
by using gain scheduling PI control on the speed error between
the generator speed and the rated generator speed [29].

6 | RESULTS AND DISCUSSION

Using the aforementioned data, models and control systems,
several tests are performed for different wind profiles and fre-
quencies to analyse the dynamic impact of ancillary service pro-
vision on the turbine wake. This section presents the results of
these simulations in the form of 4 case studies:

I. FCR provision with oscillating grid frequency
II. FCR provision with realistic grid frequency
ITI. FCR provision in turbulent wind
IV. FER provision of Types A, B and C
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6.1 | Case I: FCR provision with oscillating

grid frequency

In case study I, the wind turbine is subjected to steady wind
fields of 7 m/s and 12 m/s, respectively. An artificial grid fre-
quency dataset is generated which contains sinusoidally varying
ripples, as presented in Section 4.1. Although such an oscillat-
ing grid frequency does not occur in practice, it is used here to
achieve a clear understanding of how FCR provision dynami-
cally impacts the wake. This will provide the required insight to
study the dynamic impact of FCR on the wake for realistic grid
frequency in case study II.

A series of 12 simulations with varying period of input grid
frequency as presented in Figure 6 have been performed. The
artificial sinusoidal frequency dataset is simulated to study how
the dynamics in FCR propagate into the wake dynamics. To
analyse the wake behaviour, several different points are chosen.

Figures 14 and 15 present the results from the simulation
where the period of input grid frequency is 250 s for the cases
with steady wind of 7 m/s and 12 m/s, respectively. In these
figures, there are 4 blue curves corresponding to the left y-
axis. These curves represent the wind speed at distances 25 m,
50 m, 75 m and 100 m horizontally behind the rotor center-line,
respectively. The grid frequency is shown on the right y-axis.

frequency for 7 m/s simulations
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FIGURE 17 Magnitude of wake oscillations with period varying grid

frequency for 12 m/s simulations

A very clear observation from these results is that the oscilla-
tions in the grid frequency are replicated in the wake behind
the wind turbine. It can also be observed that the wind speed is
most deteriorated at the point closest to the wind turbine and
the effect gradually decreases as the distance from the wind tur-
bine increases.

A series of 12 simulations with varying petriod of grid fre-
quency were performed with the aim to observe the changing
magnitude of wake with slow as well as fast variations in the
grid frequency and thereby observing the varying magnitude of
propagation in the wake. Figures 16 and 17 present these results
at 5 different points for the steady wind cases of 7 m/s and
12 m/s, respectively. The x-axis shows the different periods of
oscillations for which the simulations are performed. The y-
axis shows the magnitude of oscillations in the wind speed at
the specified points. A common observation drawn from these
figures is that for a fast changing grid frequency with period
<= 535, the oscillations are not replicated in the wake behaviour
and no similar sinusoidal pattern is observed. As the petiod of
oscillations increases, the input grid frequency behaviour starts
to replicate in the wake. It can be seen in Figure 16 that there
is a continuous increasing trend in the magnitude of wake for
the frequencies with longer periods. However, the increment
in magnitude is not continuously linear. On the other hand for
the case of high wind speed, in Figure 17, a different pattern is
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control action for a wind speed of 7 m/s

observed. The curves start with a steep slope and then gradually
declines to a more stable wake magnitude.

6.2 | Case II: FCR provision with realistic
grid frequency

To simulate a realistic scenario, real grid frequency data as shown
in Figure 7 are used. In this case the wind turbine is subjected to
steady wind profiles of 7 m/s and 12 m/s, as presented in Sec-
tion 4.2.1. In order to study the wake effect in a realistic grid
frequency condition, several physical points behind the rotor
center-line have been chosen. These points are located at dis-
tances of 25 m, 50 m, 75 m, 100 m and 125 m behind the rotor.
Figure 18 presents three different graphs resulting from simula-
tions with a steady wind speed of 7 m/s. The first graph shows
the output power with the varying grid frequency. The second
graph shows the thrust coefficient C; and the rotor speed. The
third graph shows the wind speed at different points behind the
rotor. During the extreme grid event, the grid frequency drops
to 49.8 Hz. In response to this frequency dip, the controller gen-
erated a reference power to match the contracted FCR bid. The
resulting control can be observed by comparing the blue and
red curve. It can also be seen that the C; and the rotor speed
also drop at this point. The effect of this event can be seen
on the wind speed at different points behind the rotor. At ~
400 s, an increase in the wind speed can be observed at each of
these points.

Figure 19 present the graphs for the case where a steady wind
speed of 12 m/s is used. The plot design and placement is sim-
ilar to Figure 18. Here, the control response is again reflected
on the output power. The rotor speed in this case sees little
variation during this event. This is attributed to the pitch con-
trol action that was not active in the case of 7 m/s simulations.
However, due to the control action, a changing wind speed at
the points of observation is noticed. This change in the wind

control action for a wind speed of 12 m/s

speed due to the wake behaviour although clearly noticeable, is
rather minimal.

6.3 |
wind

Case III: FCR provision in turbulent

Case III studies the frequency support service in a turbulent
wind field. The turbulent wind profile presented in Section 4.2.2
is used for these simulations. An 800 s simulation is performed
for two different sub-cases. The first case is where the wind tut-
bine operates with FCR based control. A percentage control is
used such that the wind turbine provides a linear frequency sup-
port of 20% of its total capacity of 5 MW within the range of
49.8 Hz - 50 Hz. The second sub-case is without FCR and rep-
resents normal operation as a reference. The grid frequency is
designed in a step form and ranges from 49.8-50 Hz within the
span of the total simulation time.

The first graph in Figure 20 is the grid frequency that is used
to calculate the reference power. The following 3 graphs con-
sist of 2 curves. The FCR case is represented by a blue curve
and the non-FCR case is represented by a red curve. It can be
seen in the second graph that during this turbulent wind sce-
nario, for the non-FCR case, the controller tries to follow the
reference power of 5 MW. The root mean square error (RMSE)
of the power reference tracking for this case is 0.0275 MW. On
the other hand, the b/ue curve that represents the FCR power
tries to follow the input frequency. The RMSE in this case is
0.0625 MW expectantly higher than the former case due to the
increased control action. The third graph shows the C; for two
case. The C; for both cases is identical, except for the duration
in which the wind turbine provides FCR support. The fourth
curve shows [/, the wind speed for the two cases at a distance
of 25 m behind and in centre-line of the rotor. The two wind
speeds appear to differ slightly within the frequency support
duration. To analyse this in more detail, the final graph shows
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Case IV: FFR provision of types A, B

The prequalification test for FFR is designed such that all three
types of services presented in Table 3 can be implemented. Ini-
tially there is a sequential step decrease in grid frequency to sim-
ulate a situation where all three types of services need to be acti-
vated. After this the services are individually activated from a
stable grid frequency of 50 Hz. All the services are tested for a
long duration support (> 30 s). The purpose of this test is to
analyse the capacity of the wind turbine and control system to
provide the FFR service. This test is presented in Figure 21.
The wind turbine provides 0.5 MW of FFR for Type A ser-
vice and 0.25 MW each for Type B and Type C service. The red
curve indicates the grid frequency. The frequency starts at a sta-
ble 50 Hz for the first 50 s, during this time, after the initial tran-
sient the wind turbine generates 4 MW of power retaining 1 MW
for the FFR services. At time t = 50 s the frequency drops to
49.7 Hz and the Type A FFR service is activated and continues
for the next 50 s. During this time the wind turbine generates
4.5 MW power. At time t = 100 s there is a further drop in the
grid frequency to 49.6 Hz. At this moment the Type B service is
activated and the total power output is increased by 0.25 MW to
4.75 MW. At time t = 150 s, Type C service is activated when the
frequency drops to 49.5 Hz. The power output at this point is
equal to the maximum power output of 5 MW. At time t = 200's,
the frequency is stabilised again at 50 Hz. At time t = 250 s the
frequency drops again to 49.6 Hz, hence activating the Type B
service. At time t = 350 s the frequency drops to 49.5 Hz and
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Type C service is activated. Figures 22—24 show the zoomed ver-
sion of activation of all three services. From Figure 22 it can be
seen that the Type A service is activated at t = 50 s and the FFR
level of 0.5 MW is activated within 0.5 s.

Figure 23 shows the activation of the Type B service. In this
case the FFR reserve of 0.25 MW is activated within the time
limit of 1 s. At the instant of t = 150 s, the frequency drops to
49.5 Hz at this point the last 0.25 MW of reserve power is to be
activated. However as can be seen in Figure 24, the controller
was not able to activate the Type C service within the given time
limit of 0.7 s. A possible reason for this is that at this instant the
wind turbine is reaching the upper limit of its power output. A
solution to this problem could be to reduce the reserve capac-
ity of Type C service. D1, D2 and D3 are three points located
behind and in the centre-line of rotor at distances 373 m, 499 m
and 625 m, respectively. Figure 25 shows the changing wind
speed at these points due the frequency support based control
strategy. A change in the wind speeds at these points can be
noticed a few seconds after the instances of frequency change.
The change is smaller in the initial 200 s due to the small changes
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in grid frequency. However, at time t = 200 s, 250 s, 350 s and
400 s, the effect is evident.

In Figure 20, three point at heights of 90 m, 120 m and 150
m are chosen to observe the change in wind speed due to the
changing grid speed. Like the previous case, a similar pattern of
changing wind speed is observed. These results cleatly establish
the changing wake effect of a wind turbine providing FFR ser-
vices.

7 | CONCLUSION

To study the behaviour of the wake behind a wind turbine pro-
viding frequency support services, a series of tests are simu-
lated. The NREL 5 MW wind turbine coupled with a PMSG,
torque and pitch controller are used to petform these simula-
tions. A modified Jensen wake model that was deemed robust
and needful to the simulation designs is used to model the
wake behaviour. The simulations are performed for two bench-
mark ancillary services, that is, 200 mHz symmetrical FCR and
FFR, as defined in the ENTSO-E directives. The first fre-

FIGURE 26 Wind speed at different heights behind the rotor

quency dataset used in the analysis is a synthetic sinusoidally
varying frequency with varying oscillation periods. This data is
used to study the frequency oscillation’s replication in the wake
behaviour. Second, real grid frequency data from an extreme
incidence is used to perform a realistic simulation where the
effect of changing grid frequency on the wake can be clearly
observable. The simulations are performed for both steady and
turbulent wind conditions. The torque control used in the mod-
els is designed such that it is capable of following MPPT, PLC
as well as grid frequency based deloaded control. The controller
is shown to operate with a high tracking performance. Since the
simulations include higher wind speed regions, a pitch control
system with gain scheduling is also used.

The controller tests performed have strengthened the pos-
sibility of an active participation of wind turbines in primary
reserve ancillary services. It is clear that the limitations of the
wind turbines quick response to the changing grid frequency
can be addressed through the development of fast and efficient
controllers.
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The major topic investigated in this research is to analyse the
changes in wake effect of a wind turbine providing frequency
support services. The wake effect has been analysed at several
locations downwind of the wind turbine. The impact of a chang-
ing grid frequency on the nature of the wake is demonstrated.
The oscillations in the grid frequency ate seen to replicate in the
wake behaviour, showing there is a dynamic interaction. Also,
changes in the intensity of this effect are clearly visible |with the
changing distances behind the wind turbine. It is also observed
that the magnitude of frequency support offered by the wind
turbine and the slope of the changing grid frequency ate also
active variables that affect the wake.

The tests presented in this research are performed for a single
wind turbine. Therefore, the changes observed in the wake are
not extreme. A clear effect of changing grid frequency is how-
ever observed. This effect is likely to increase in a high capacity
density wind farm where a collective wake effect is generated
by several wind turbines. Hence, the main conclusion of this
research is that dynamic wake interactions should be taken into
account when high density wind farms are to be used to provide
dynamic frequency support services such as FCR and FFR.
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