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Abstract—This paper demonstrates, with live field experi-
ment, the potential of increasing wind farm production through
minimising wake effects by curtailing upstream wind turbines.
Two 2MW turbines from the SMV (Le Sole de Moulin Vieux)
wind farm are used for this purpose. The farm is equipped
with state of the art LiDARs (Light Detection And Ranging)
for measuring wind characteristics, up to a frequency of 1Hz.
Simulations are performed using WindPRO for wake effects
prediction. Optimised curtailment strategies are simulated for
finding optimum curtailment settings of the upstream turbine.
Results based on real time data are compared with simulated
results. It is found that simulations are mostly in good agreement
with field results, with a maximum difference of 1.5%. Analysis
shows that a gain of up to 11.5% is possible in downstream tur-
bine production, using a hard curtailment strategy by reducing
power of the upstream turbine by about 17%. In this experiment,
the combined production of the two turbines decreased with the
hard curtailment strategy, indicating that the upstream turbine
must be optimally curtailed for avoiding any production loss.
To the best knowledge of the authors, this is the first practical
implementation of LiDAR based coordinated control strategies
in an operating wind farm.

Index Terms—Coordinated control of wind farms, wind farm
power production maximisation, wind farm control and optimi-
sation, wake mitigation, LIDAR based wind farm control

I. INTRODUCTION

Wind turbines are installed together in wind farms mainly to
get advantages of economies of scale. Wind farms reduce civil
engineering, grid connection and operation & maintenance
costs. Other than economies of scale, factors such as navi-
gational constraints also lead to closely spaced wind turbine
in wind farms, such as the Lillgrund wind farm [1]. Though
creating wind farms has major benefits, installing turbines
in clusters creates aerodynamic interactions, namely wake
effects, producing negative impact on farm production. Wake
losses can reach as high as 60% in wind farms [1]. Wake
effects also increase fatigue loading inside the wind farm.
Hence, it is always desirable to mitigate and control wake
effects.

This paper presents innovative wind farm coordinated con-
trol strategies that reduce wake effects inside the farm. Curtail-
ing upstream turbines by using coefficient of power (Cp) or
deflecting the wakes away from downstream turbines using
yaw-offsets, can produce a positive impact on downstream
turbines’ production. The current state of the art control is
based on greedy approach, as each turbine only maximises its
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own production neglecting the wake impact on downstream
turbines. Using a coordinated control, the turbine optimises
its contribution to the whole farm production along with
minimising the wake impact on downstream turbines. This
wake minimisation enables the downstream turbine to have a
greater production.

Coordinated control of wind farms has recently been an
active area of research. A detailed literature review of co-
ordinated control studies is presented in section II. All of
the previous studies regarding coordinated control are based
either on simulations or scaled wind farms in wind tunnel
experiments. There is a lack of field testing for evaluating
coordinated control strategies. One major reason for this is
the stochastic nature of the wind. There can be great variations
in wind speed and direction over a short span of time. This
stochastic nature of wind makes it hard to validate the exper-
imental results with the field results. Uncertainties and errors
in SCADA data, introduced by nacelle anemometer; especially
in wake situations and met mast, adds to the problem.

With the introduction of modern LiDARs, it is now possible
to determine the actual wind characteristics in a wind farm [2],
[3]. LiDARs can provide information about wind conditions
before it reaches the turbines. This information can be used
for optimising farm production. In addition to the stochastic
nature of the wind, major barriers to the implementation of
wind farm coordinated control are the lack of sufficiently fast
real-time optimisation and wake modelling methods, and the
effective use of LiDAR systems [3]. This paper addresses all
these issues by detailing implementation and investigations of
Cp-based coordinated control strategies using LiDARs.

A setup of two operating wind turbines in the SMV is used
for evaluating the benefits of C'» based coordinated control.
The wind farm and turbines are equipped with state of the art
LiDARs. The wake assessment methodology detailed in [4]
is used for developing a two-step hard curtailment strategy.
This hard strategy can curtail the upstream turbine by a
maximum of 20% in full or near-full wake conditions on the
downstream turbines, in certain wind speeds. Simulations are
performed using WindPRO [5] for hard curtailment strategy
while optimised control strategy is simulated using TI-JM
(Turbulence Intensity based Jensen Model) [4].

The aim of this experiment is to assess the impact of
curtailment of an upstream on the downstream turbine and not
increasing the combined power production. Hence, a decrease
in combined production was expected because of the high
curtailment.

This paper is organised as follows. First previous studies of
wind farm control are reviewed in section II. Details of the
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experimental setup are provided in section III. This is followed
by the methodology and details of the hard curtailment strategy
in section IV. Filtering and availability of data from different
sources is detailed in section V. A brief overview of the
optimised control strategy and TI-JM is provided in section
VI. A short introduction of WindPRO is given in section VII.
Analysis based on simulated results are presented in section
VIII. The real-time results and analysis are presented in section
IX, with conclusions in section X.

II. LITERATURE REVIEW

Wind farm coordinated control and optimisation has been
an ongoing research area for the last three decades, as it can
improve farm efficiency without any additional material costs.
This section reviews previous wind farm coordinated control
studies.

Works in [2], [6], [7] use simulations based on artificial
wind farms for exploiting benefits of global control of wind
farms. The patents [8]-[10] discuss different methods for
improving efficiency of wind farms using coordinated control
strategies. A complex wake flow model SOWFA (Simulator
for Offshore Wind Farm Analysis) is used in [11]-[13] for
analysing different curtailment strategies. Simulations with
field data using a CFD (Computational Fluid Dynamics) based
wind deficit model in [14] optimise wind farm production and
loads. Wind tunnel experiments in [8], [15] use axial induction
factor for evaluating different control strategies. Wind tunnel
experiments and simulations based on data obtained from ECN
(Energy Research Centre of the Netherlands) test wind farm
in [16]-[21] confirm that if properly implemented, wind farm
coordinated control can increase wind farm efficiency and can
also decrease fatigue loading on the turbines.

The research presented in [4] has extended the standard
Jensen wake model to include turbulence aspects in the TI-
JM. By using heuristic optimisation techniques, the TI-JM
is able to be used to identify optimal coordinated control
strategies based on data from one offshore and two onshore
wind farms in [4], [22]. These studies [4], [22] conclude that
coordinated control can be beneficial for wind farms in certain
wind conditions.

These previous studies are helpful in understanding the
impact of curtailment strategies on downstream turbines. What
lacks is the implementation and analyses of coordinated con-
trol strategies in live operating conditions. This paper fills this
gap by applying curtailment strategies in an operating wind
farm using LiDARs as discussed in the next section.

III. EXPERIMENTAL SETUP

The purpose of this experiment is to implement and anal-
yse Cp-based coordinated control strategies. This experiment
started in November 2015 and ended in April 2016 at the
SMYV wind farm. Details of this field experiment are provided
as follows.

A. Le Sole de Moulin Vieux (SMV) wind farm

The SMV wind farm is owned by Maia Eolis (now Engie
Green) and is located in the north of France. The farm consists

seven Senvion REpower MMS82 2050kW wind turbines [23],
installed in a one-dimensional array. Turbines are labelled as
SMV1 - SMV7 from north to south as shown in Figure 1. An
80 meters-high lattice met mast with ultrasonic anemometers
at 80, 60, 40 and 20m height, is located 1km east of SMV2
and 1.6km north-east of SMV6 as shown in Figure 1. This
met mast provides free-stream wind information.

The spacing between the turbines varies between 3.7D and
4.3D. Prevailing wind direction is from south and south-west.
The terrain is rough with grass or vegetation. There are woods
to the south of the farm as can be seen in Figure 1. The
trees are about 15m high and are located at a distance of
100m (less than 1.5D) from the wind farm. This influences
atmospheric stability and results in high turbulence intensity in
the wind farm. The farm also suffers from diurnal and seasonal
variations in wind conditions [24].

WindPRO suggests free-stream turbulence intensity of 15%
for this wind farm clearly exhibiting the roughness on site [5].
This high surface roughness and turbulence intensity result
in quick wake recovery. The surrounding wind flow quickly
diffuses the momentum loss created by the wakes, resulting in
an increased turbulence intensity. This wake added turbulence
intensity changes wind characteristics abruptly in the farm.

The experiment focuses on two turbines: SMV5 and SMV6.
These two turbines are chosen because of the close spacing
(3.7D) and prevailing wind direction in the farm. SMV6
is upstream and acts as the wake producing turbine hence
curtailment is applied on this turbine. SMV6 is equipped with
nacelle mounted Orion 5-beam LiDAR, facing the free-stream
wind. A Wind Iris LiDAR is mounted on top of SMV5. A
ground based LiDAR, Windcube V1 type has been installed
between turbines SMV2 and SMV3. This LiDAR measures
wind speed at heights between 40m and 200m with 1Hz
frequency. A scanning LiDAR is also installed at 1.2km to
the east of the wind farm, as shown in Figure 1. The scanning
LiDAR is programmed to carry out three horizontal scans and
one vertical scan. This allows hub height measurements of
SMV6 in wake situations for SMVS5. Full details of the field
setup are given in [25].

IV. METHODOLOGY

SMV is a one-dimensional array of turbines. When the free-
stream wind flows from the east or west, there are no wake
effects. However, when the wind flows from the south or
north, then the farm production is affected by wake effects.
SCADA data from 2011-2014 was used in assessing wake
effects in this wind farm in [4]. It was observed that wakes
can significantly impact farm production in the direction sector
180° 4 40° and 0° £ 40°. Details of this wake assessment
methodology and data filtering can be found in [4].

The experiment in this paper used SMV6 and SMVS5. His-
torical wake assessment shows that the wakes from SMV6 can
incur significant effects on SMVS5 production in the direction
sector 200° £ 20° as shown in Figure 2. WindPRO predicts
26% wake losses annually in SMVS5 production, caused by
SMV6 wakes (normal uncurtailed operation), in this wind
direction sector. Hence, this is the chosen direction sector
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Fig. 1: SMV layout and surrounding with positions of met
mast and LiDARs [26]

for this experiment. Figure 2 illustrates the adverse impact
the SMV6 wake has on SMVS5 production during normal
operation. Using the power production of SMV7 as a reference
for available wind resource, the production of SMV5 and
SMV6 are shown in two different steps. Step 1 represents
the lower wind resource availability (SMV7 producing less
than 1500kW) and Step 2 represents the higher wind resource
availability (SMV7 producing more than 1600kW). From
Figure 2, the impact of SMV6 wake on SMV5 can be clearly
seen: SMVS5 production dips as the wind direction moves the
wake from SMV6 fully on to SMV5, with maximal effect
at 202°. Similarly, the impact of SMV7 can also be seen on
SMV6 production in the region 180°-185°.

A. Hard Curtailment Strategy

A two step Cp-based curtailment strategy, easily imple-
mentable on SMV6, was adopted. The strategy is aimed at
curtailing SMV6 power to a maximum of 20% in two steps
in the selected direction sector as given in Table I. SMV7
production is used as the reference as it is unaffected by wakes
when wind flows in the chosen sector. In the first step when
SMV7 power is between 1200kW and 1500kW and SMV6
power is above 1200kW then SMV6 is curtailed to 1200kW.
In the second step if SMV7 power is between 1600kW and
1900kW and SMV6 power is above 1600kW then SMV6 is
curtailed to 1600kW. This curtailment strategy is referred to

TABLE I: Two steps hard curtailment strategy

if 180° < Wind Direction < 220°

Step 1: if 1200kW < SMV7 < 1500kW
then curtail SMV6 to 1200kW

Step 2: if 1600kW < SMV7 < 1900kW
then curtail SMV6 to 1600kW

2000 r
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Fig. 2: Wake effects on SMV5 and SMV6 production in
180° — 220° during uncurtailed operation.

as hard curtailment strategy due to the hard curtailment limits
applied by the wind turbine controller.

When appropriate wind conditions occurred (wind direction
and speed), a technician manually curtailed SMV6 accord-
ingly. The wind-rose in Figure 3 shows the wind conditions
when SMV6 was actually curtailed as per Table 1. The power
curve based on this hard curtailment strategy is presented in
Figure 4. It can be seen in Figure 4 that SMV6 is curtailed
only when the wind speed is above 10m/s.

The Senvion MMS82 2050 controller is configured to follow
the manufacturer standard power curve by default i.e. the
greedy control [23]. This standard power curve is presented
in Figure 4. For optimised control, the turbine must follow an
optimised power curve for each direction bin. This requires
fast processing and efficient control strategies as will be
discussed in section VI. It was not possible to implement the
optimised power curve during this experiment due to technical
limitations [25]. Hence the optimised strategy was only used
in simulations for identifying the optimal curtailment settings.

The experiment in this paper is based on curtailment of
SMV6 with the wind coming from south and south-west. This
takes SMV7 out of analyses as SMV7 is unaffected when
SMV6 is curtailed. Hence from this point onwards the wind
farm means turbines SMV1 to SMV6.

V. DATA AND FILTERING

During this experiment, data from different sources (met-
mast, SCADA, LiDAR, and MERRA [27]) were recorded.
The availability of data from these sources is shown in
Figure 5. The curtailment periods are also given in Figure
5, which represents a total of 19 hours, corresponding to
more than 200 data points. To ensure reasonable statistical
analysis, it was found that for this data should be placed
in bin sizes (resolutions) of Im/s for wind speed and +5°
(i.e. 10° resolution) for wind direction. Wake effects can be
assumed to remain the same in these bins, hence averages
of the variables under observation are taken in the designated
bins. The filtering criteria was set to have at least 10 valid data
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points in a given directional and speed bin. Wind conditions
with less than 10 data points per bin were not considered for
analysis.

Figure 5 also shows atmospheric stability in the wind farm.
It can be seen that atmosphere is mostly unstable as discussed
in section III-A. This affects the wind conditions inside the
wakes and brings abrupt changes in wind direction and speed
as discussed in section III-A.

Another important issue was the difference in wind di-
rections, reported by different sources. Instantaneous wind
directions can differ from a measuring device placement to
another because of wind turbulence. Nevertheless, offsets are
mostly due to calibration errors. To avoid any directional
discrepancy in analyses, LIDAR Windcube data at a height
of 80m was corrected by analysing directions of wakes and
then used as a reference. Unlike nacelle mounted instruments,
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Fig. 5: Data Availability for the experiment from different
sources

this LIDAR’s wind direction is independent of nacelle position
and wake effects do not interfere in directions of interest.
Indeed, the measurement of LiDAR wind direction is heavily
perturbed in under inhomogeneous wind flow (complex terrain
and wake conditions). Finally, directional offsets using this
reference were applied to all the devices i.e. LIDARSs, turbines
and met mast.

VI. OPTIMISED CONTROL

A computationally efficient and optimised control strategy
for real-time on-line coordinated control is presented in [4],
[22]. The optimised strategy uses the TI-JM for mean pro-
duction estimation in the farm. The TI-JM estimates wind
deficit inside the farm considering deep array effect and wake
added turbulence intensity. PSO (Particle Swarm Optimisation)
is used for optimising the farm production using Cp-based
coordinated control strategies [4], [22].

The optimised strategy curtails SMV6 in such a way that
the loss in production is always compensated by gain in
SMVS5 production. If no level of curtailment results in any
increase in the combined (SMV5 + SMV6) production, then
the SMV6 follows the standard power curve. The optimised
power curve for full wake conditions in the wind direction
200°-210° is presented in Figure 4. This power curve suggests
a very small change in the standard power curve from §-14
m/s. The maximum reduction in SMV6 power is only 4%
as compared to the 20% reduction in the hard curtailment
strategy. The optimised curtailment requires the power to be
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controlled precisely depending on wind speed and direction.
This means that each directional bin has its own optimised
power curve.

A. Turbulence Intensity based Jensen Model (TI-JM)

The TI-JM is based on the Jensen model [28]. Wind speed
(uy) on a wake affected downstream turbine with radius (ro)
at distance (z) can be found with equation (1) using the
Jensen model. Coefficient of thrust of the wake producing
turbine is given by (Cr). The standard Jensen model and TI-
JM require a pre-determined initial (standard) value of wake
decay coefficient (k) for free-stream conditions. The value of
k depends upon hub heigh (z) and surface roughness length
(z0) as given in equation (2). In the standard Jensen model, &
remains constant as ideal wind conditions are assumed [28].
In reality, wind flow inside the farm is affected by deep array
effect and wake-added turbulence intensity, which also affect
k [5].

The TI-JM takes wake-added turbulence intensity into ac-
count while estimating wind speed deficit. The value of k
varies inside the farm as per the wake-added turbulence inten-
sity as given in equation (3) [4], where (I,,) is the longitudinal
component of turbulence intensity. For a two turbines case,
the TI-JM performs exactly the same as the standard Jensen
model as only the standard value (kK = 0.07) [5] is used for
wake estimation. For the whole wind farm, values of k£ up to
0.20 were used for wake estimation inside the wind farm as
suggested in [4].

1-y/1-Cr

Uy = Ug — <1+%)2 (D
1
k= @ (2
1
I, =——
ln]:,z;/z%z 3)

VII. WINDPRO

WindPRO is one of the most widely used and industry
standard software for design, development and assessment of
wind energy projects [5]. WindPRO calculations in this study
are based on the WAsP (Wind Atlas Program) method. The
standard Jensen model available in WindPRO and given in
equation (1) is used for predicting wake losses. The standard
value of £ = 0.07 for onshore wind farms [5] is used in
simulations. This value of k is same as in the TI-JM for two
turbines case as discussed in section VI-A. Hence there is no
difference between WindPRO and the TI-JM in case of two
turbines as both use the standard Jensen model.

VIII. SIMULATION BASED RESULTS AND ANALYSIS

This section presents results and analysis based on simu-
lations. Hard control simulations using all the collected data,
when SMV6 was curtailed, are presented in section VIII-A.
Simulation results based on optimised control are presented in
section VIII-B. While simulations based on hard control with
filtered data are presented in VIII-C.

A. Hard Control Simulations based on All Collected Data

All the collected data (unfiltered) during the experiment
(when SMV6 was hard-curtailed) was used to execute a Wind-
PRO based simulation. The simulation predicted an average
production increase of almost 3% in SMVS in the 200° £ 20°
sector, as compared to normal operation. The weighted in-
crease in each 10° bin is shown in Figure 6. The greatest
increase (1.15%) is achieved in the 190° — 200° bin. This
was the prevailing wind direction during this experiment as
evident from Figure 3. SMVS5 is almost completely shadowed
by SMV6 wake in the 190° — 200° bin. Hence WindPRO
predicted a higher gain for this bin. The smallest increase
is in the bin 200° — 210° where SMVS5 is under full wake
affects of SMV6. The wind blew less frequently in this bin,
in comparison to the other three bins (see Figure 3). The
production gain in the other two bins (partial wake conditions)
is almost the same.

If equal weight (for wind direction and speeds) is given to
all the bins then the gain in production increases as the wake
moves from partial to full wake conditions. These WindPRO
simulations show that curtailment of SMV6 can produce a
greater increase in SMV5 power production in full or near-
full wake conditions.

WindPRO predicted a loss in the combined production of
SMV6 and SMVS5 when SMV6 is hard curtailed as shown
in Figure 6. The loss in the combined production shows
that the loss in SMV6 production due to curtailment is not
compensated by gain in SMVS5 production. The greatest loss
in combined production is predicted in the 180° — 190°
bin as SMVS5 is under minimal wake effect of SMV6, as
compared to the other three bins. The loss in combined
production decreases as the wake moves from partial to full
wake conditions. The lowest loss is in full wake conditions,
in the 200° — 210° bin.

B. Optimised Control Simulations

This section presents the simulations based on optimised
control strategy using all the collected data (unfiltered, when
SMV6 was curtailed) during the experiment. Figure 6 shows
the optimised increase in SMV5 production in all the four
bins. Simulations predicted that no combined increase can
be achieved by curtailing SMV6 in the 180° — 190° bin,
as wake impact on SMVS5 is minimal. SMV6 follows its
standard power curve (operating greedily) in this 180° —190°
bin, resulting in maximum combined production. When the
wake moves to near-full wake conditions in 190° — 200°
bin, SMVS5 benefits more from curtailment of SMV6. The
maximum possible gain in combined production is 0.4% in
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this bin 190° — 200°, as wind conditions are favourable for
implementation of coordinated control and wind blew more
frequently in this bin.

The gain in production depends upon many parameters
including number of turbines in the farm that can be curtailed
and number of downstream turbines that can benefit from this
curtailment, wind conditions and surface roughness on the site.
The number of turbines that can be curtailed is only one.
Turbulence intensity and roughness on the site is very high
allowing the wake to diffuse quickly. Hence the optimised
increase in SMVS5 production and net gain is low. If all seven
turbines in the farm are optimally controlled, a gain of up to
7% 1is possible in farm production in full or near-full wake
conditions [4].

C. Hard Control Simulations based on Filtered Data

This section presents simulated results using the filtered data
with the hard control strategy. These simulations are performed
using the TI-JM and are presented in Table II. The impact
of the curtailment strategy on downstream turbines and farm
production in each valid data bin is analysed. The directional
bins 180° — 190°,190° — 200° and 210° — 220° are ignored
as the number of data points in these bins are not significant.
When the bin size is increased to +10°, the number of valid
data points are increased, fulfilling the filtering criteria. This
results in some overlapping bins. Unfortunately, there are not
enough valid data points available for Step 1 of the hard
curtailment strategy. Filtering criteria given in section V is
not met for Step 1. Hence results are only presented for Step
2. Valid speed bins range from 11m/s to 13m/s as data in only
these speed bins fulfilled the filtering criteria.

SMV6 curtailment in the whole sector (200° 4+ 20°) on
average is 17.5% and in full wakes it is 18.6%. These
simulations predict a decrease of up to 11% in combined
production of SMVS5 and SMV6, however an increase of up
to 13% is predicted in SMV5 production. This indicates that
SMVS5 has benefited from the curtailment of SMV6. Impact of
SMV6 hard curtailment on other turbines’ and farm production
is also shown in Table II. It should be noted that the combined
production of SMV5 and SMV6 is different than simply

TABLE II: Simulated impact of SMV6 curtailment on SMV
wind farm (% increase/decrease) using filtered data

Turbine(s)

@, 2, %, %,
\ \ N \
v%)OO vﬁ/oo V?/OO v2900

SMVe6 -17.5 -17.1 -18.6 -19
SMV5 4.0 13 12.5 -1.2
SMV4 4.2 4.0 -1.0 -1.0
SMV3 3.0 3.0 -1.0 -1.0
SMV2 2.0 2.0 -0.5 -0.5
SMV1 3.0 3.0 0 0
SMV5+SMV6 9.5 -6.0 -6.0 -11
Farm -2 -1.0 -2.5 -4.0

TABLE III: Actual impact of SMV6 curtailment on SMV
wind farm (% increase/decrease) using filtered data

Turbine(s) /d)oo \}‘900 900 ) 9000
\ \ \ \
vzgOO v?/00 v'\)}OO v2‘)00
SMV6 -17.5 -17.1 -18.6 -19
SMVS 4.5 11.5 11.5 -0.7
SMV4 35 49 -0.9 -1.5
SMV3 2.0 2.3 -0.3 -0.5
SMV2 1.6 1.9 0.2 0.2
SMV1 2.6 2.7 0.5 0.6
SMV5+SMV6 -8.1 -5.6 -6.4 -10.9
Farm -0.7 0.4 -1.9 -3.4

adding the production of SMV5 and SMV6 given in Tables
Il and III. When combined production of the two turbines
(SMVS5 and SMV6) is analysed, the number of data points
is increased, fulfilling the filtering criteria. When individual
production of SMV5 or SMV6 is considered, number of data
points is reduced and for some wind speed and direction bins,
the filtering criteria was not met as explained earlier.

IX. HARD CONTROL FIELD RESULTS

Results in this section are based on filtered data obtained
in this experiment, presented in Table III. These results are
plotted with 80% confidence interval represented by the bar
on the figures in this section. This confidence interval is chosen
due to the limited data volume.

SMV6 power curve during the curtailment periods com-
pared to the normal operations is shown in Figure 7. Average
gain in SMVS5 production is 4.5%. The highest gain in SMV5
production is observed in full wake conditions i.e. 200°—210°,
which is 11.5%. The increase in SMV35 production confirms
the positive impact of the hard curtailment strategy. The
reduced wakes are propagated through the wind farm and
increase in production is observed for all the downstream
turbines SMV4-SMV 1.

The combined production of SMV5 and SMV6 is decreased
by almost 8.1% in the chosen directional sector. This means
that the loss in SMV6 production is not compensated by
gain in SMVS5 production with the hard curtailment strategy.
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Fig. 7: SMV6 power curve obtained from data with 80%
confidence interval
o
o
o
<
e
[ ]
g 87
3 8 %
= o
= 2
= B
g) —e— Normal Functioning °
e §4 —8— Curtailment Periods s
B 2 x Senvion MM82
2 Power Curve ®
[
[
8] L]
= [ ]
[
-
L]
L ]
o o’

— T
0 5 10 15
Wind Speed (Lidar 5 Beams) [m/s]

Fig. 8: Combined production of SMVS5 + SMV6 in full wake
(200° — 210°) conditions (80% confidence interval)

The lowest decrease in combined production is in full wake
conditions as shown in Figure 8. By definition SMV6 wake has
highest impact on SMVS5 production in full-wake conditions.
Hence, the benefits of curtailment are also greater in this bin.
In partial wake conditions, impact of SMV6 is relatively low,
hence gain in production due to curtailment, is also low.

This loss in combined production is the reason to opt
for soft optimised control strategies. Simulations in section
VIII-B suggest that when properly implemented, the optimised
strategy never produces losses in combined production.

The farm production is reduced by an average of 0.7% as a
result of SMV6 curtailment. The average farm production loss
is less than 1%, indicating that the five downstream turbines
have benefited from the 17.5% curtailment applied on SMV6.
The farm power curve in the 200° +-20° is presented in Figure
9 showing the small loss in production during the curtailment
period. This small decrease in overall farm production relative
to normal operations suggests that if turbines are curtailed
optimally then overall farm production can be increased.
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Fig. 9: Impact of the hard curtailment strategy on overall
farm production in 200° £ 20° bin (80% confidence interval)

Results in Table II can be compared with results in Table
III. Simulations in section VIII-C predicted an overall increase
of 4% in SMVS5 production with the hard curtailment strategy
(with filtered data) while an increase of 4.5% was observed
in the actual experiment. Simulations predicted a decrease of
9.5% in combined production of SMVS5 and SMV6, while
the actual decrease is 8.1%. The overall decrease in farm
production predicted with simulations is 2% while the actual
decrease is 0.7%. A maximum difference of 1.5% is observed
between simulated and real-time results. This shows that
simulations are in good agreement with the field results.

X. CONCLUSION

Preliminary results of the C'p-based curtailment experiment
from the SmartEOLE project are presented. The potential of
coordinated control of wind farms, for increasing farm pro-
duction, is investigated using live experiments. Two turbines
in the SMV wind farm (SMV5 and SMV6) were chosen as
the experiment turbines. The farm and turbines were equipped
with modern LiDARs. SMV7 production was used as a
reference for defining a two step hard curtailment strategy in
the directional sector 200° + 20°. The curtailment strategy
reduced SMV6 production (using C'p) by a maximum of 20%
for analysing the wake effect produced on SMVS5 and the
overall farm production.

Data from different sources was analysed during the cur-
tailment period. WindPRO predicted 3% increase in SMVS5
production with the given hard curtailment strategy in the
chosen directional sector when all the collected data was
simulated. A decrease in combined production of SMVS5 and
SMV6 was predicted as the loss in SMV6 production cannot
be compensated by gain in SMVS5 production. Optimised
control strategy was simulated to predict the optimal power
settings of SMV6. Simulations with the optimised strategy
predicted an increase of up to 0.4% in SMVS5 production.

A production increase of up to 11.5% was observed for
the downstream turbine SMVS5 with the field data. It was
observed that the increase in SMVS5 production becomes more
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significant as the turbine moves from experiencing partial
wake to full wake conditions. The gain in SMV5 production
was propagated through the farm as the downstream turbines
benefited from the reduced wake effects. Simulations per-
formed with the TI-JM (using filtered data) has a difference of
a maximum of 1.5% with the real time results, showing that
simulations are in good agreement with field results.

A decrease in combined production of SMVS5 and SMV6
and overall farm production (SMV1-SMV6) was observed
with the hard curtailment strategy. This confirmed the impor-
tance of optimised control strategies. The simulations based
on optimised strategy show that if SMV6 power is curtailed
optimally, the loss in SMV6 power is always compensated by
gain in SMVS5 production. It should be noted that the only
change required for implementing the optimised strategy is
the control algorithm (greedy to optimised) and no additional
hardware is required. The experimental setup given in section
ITI-A was used only to obtain high frequency wind data. Off-
line optimisation can be a solution. But as observed in the
SMV wind farm, atmospheric instability and abrupt changes
in the wind characteristics require faster and computationally
efficient on-line optimised control strategies.

It can be concluded that coordinated control of wind farms
is beneficial for overall gain and production maximisation
of downstream turbines. Wake affected turbine(s) can benefit
from the curtailment of upstream turbine(s). Though a net
increase in combined production was not observed in this
experiment, the gain in SMVS5 production proves that there is
potential for coordinated control for maximising overall farm
production. If turbines are curtailed optimally, this can increase
the combined power production and hence the efficiency
of a wind farm in certain wind conditions. The impact of
coordinated control can be more significant in stable wind
conditions such as offshore and dense wind farms as wakes
travel for longer distances. If turbines are densely designed,
more downstream turbines will be shadowed by upstream
turbines’ wakes, reducing farm production. If these wakes are
controlled with an optimised strategy, a positive impact on
overall farm production can be achieved.
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