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Free-Flow Wind Speed Estimation for a Wind Turbine Affected by
Wake

Eduardo B. R. F. Paiva':2, Olivier Lepreux!, and Delphine Bresch-Pietri?

Abstract— We present a method to estimate the time-varying
free-flow wind speed on a wind farm based on local wind speed
measurements taken by a wind turbine inside the wake zone of
a turbine array. Our approach relies on a simple modeling of
the speed deficit as a 1-D transport equation [1]. We propose
to estimate the free-flow wind speed by integrating the error
between the local wind measurement and an estimation of it
computed with the free-flow estimate. We provide a bound
on the estimation error which we formally prove. Finally, we
provide numerical simulations to illustrate the interest and the
performance of the proposed method.

I. INTRODUCTION

The wind energy installed capacity has been growing
steadily in the recent past and is expected to continue to do so
in the foreseeable future. By the end of 2021, the worldwide
installed capacity was 837 GW, and more than 20% of it was
added from the beginning of 2020 to the end of 2021 [2].
Wind turbines are now deployed in ever denser wind farms,
which leads to challenges in the development of controllers
for such structures since the proximity between wind turbines
causes them to interfere with each other through aerodynamic
interactions.

One of these aerodynamic effects is the speed deficit in
the wake: a wind turbine creates behind itself a region where
the wind is slower and more turbulent than the incoming
wind that drives the turbine. When multiple turbines are
close to each other, their wakes superpose in an intricate
manner, and the downwind turbines experience a deteriorated
wind condition compared to that of the upwind turbines and,
consequently, generate less power. Furthermore, it is now
well established in the wind energy literature that greedy
approaches where each wind turbine is an isolated agent
seeking to maximize its power output without considering
its interactions with the other turbines are generally not
optimal when one considers the entire farm power production
as the objective function, see, e.g., [3]. In this context,
the wind energy community has been proposing wind farm
control strategies that take wake dynamics into account to
improve the power production of a wind farm as a whole.
A comprehensive review of the recent wind farm control
literature is given by [4], shorter surveys are provided in [3],
[5], and earlier works include [6], [7].
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To employ wind farm control techniques and for monitor-
ing purposes, though, one needs information about the wind
acting on the wind farm. Ideally, one wants to have a real-
time measurement of the free-flow wind speed, i.e., the wind
speed without the effect of the turbines. However, one will
often face a lack of sensors to obtain such measurements.
Indeed, the anemometers with which wind turbines are
normally equipped are well-suited only to provide a time-
averaged measurement of the wind speed and this measure-
ment is not exactly that of the effective wind speed, i.e.,
the speed that is correlated with power production, because
the anemometer only gives a punctual measurement and is
placed behind the rotor where the wind is affected by the
presence of the turbine (see, e.g., [8] and references therein).
Furthermore, better-suited tools such as a nacelle LiDAR
(Light Detection and Ranging) sensor, see, e.g., [9], [10],
are rarely available for all turbines in the wind farm due to
cost reasons.

In this paper, we consider the case where one wants to
estimate the free-flow wind speed but has access only to an
effective wind speed measurement downwind from a turbine
array, which we refer to as the local speed measurement. This
could be the case, e.g., when this measurement is taken from
a LiDAR sensor mounted on another turbine downwind from
the array (for lack of access, a fault on the upwind turbine,
or any other reason).

Estimation techniques such as the ones reviewed in [4]
usually rely on nonlinear versions of the Kalman Filter
that, whilst being regarded as powerful tools and yielding
good results in many applications, do not have guaranteed
performance.

The method we propose to apply relies on a simple 1-
D model of the wake, initially proposed in [1], to describe
the speed deficit caused by the wake of a turbine. Using
an analytical solution to this model, we propose to estimate
the local speed measurement based on a free flow estimate,
which, in turn, is updated by simply integrating the error
between the actual local speed measurement and its estimate.
Furthermore, we provide mathematical guarantees of the
performance of our method, under mild assumptions. This
is the main contribution of the paper. Numerical simulations
obtained with NREL’s FAST.Farm [11], [12] confirm the
interest of the proposed estimation methodology.

The rest of this paper is organized as follows. In Section II,
we present the problem under consideration more formally
and detail our proposed estimation approach, including a
short exposition of the analytical wake model we adopt and a
theorem quantifying a bound of the corresponding estimation



error. In Section III, we present and analyze numerical results
to assess the effectiveness of our method. Finally, we present
some concluding remarks in Section IV.

II. PROBLEM FORMULATION AND PROPOSED APPROACH

Consider an array of wind turbines aligned with the wind
direction. We are interested in the situation where one wants
to estimate the free-flow wind speed but only has access
to local speed information measured downwind from this
array by, e.g., a meteorological mast or another wind turbine.
When the downwind element is another turbine, the effective
wind speed (not considering the effect of this turbine itself)
can be obtained, e.g., with a nacelle LiDAR sensor or by
employing an estimation technique that infers the effective
wind speed from the SCADA data available to the turbine.
In any case, this local measurement is affected by the wake
of the upwind turbines and, therefore, does not correspond
to the free-flow wind speed. Fig. 1 shows a schematic of this
situation, where the measurement device is a LiIDAR sensor
on a downwind turbine.

The problem addressed in this paper is to reconstruct
the free-flow wind speed using only the aforementioned
measurement.

To this end, we employ an estimation strategy that uses an
analytical model of the wake to estimate the local measure-
ment and feeds back the error between this estimate and the
actual measurement to update the estimate of the free-flow
wind speed. In the following subsections, we describe first
the wake model we use and then the update law for the free-
flow speed estimate together with a theorem that provides an
evaluation of the performance of this method.

In the following subsections, we present the wake model
we use, then the update law for the free-flow wind speed
estimate, and the implementation of the method.

A. Wake model

We apply the model proposed in [1], which uses a 1-D
first-order hyperbolic PDE to model the speed deficit caused
by a wind turbine. This model was initially proposed for a
constant free-flow speed, but it has since been applied also
to the time-varying case [13].
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Fig. 1. Array of wind turbines and downwind measurement device. In this

case, we have an array of two wind turbines and the measurement device is
a LiDAR sensor mounted on the nacelle of a third turbine downwind from
the relevant array.

Given an array of N wind turbines, this model character-
izes the speed deficit caused by the ith one by
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Here, U, is the free-flow wind speed (which is always
positive), du; is the speed deficit caused by the ith turbine
in the array, x; > 0 is a coefficient related to the wake
diameter expansion, a; > 0 is the induction factor of the
ith turbine!, D > 0 is the rotor diameter (assumed the
same for all turbines), and s; > 0 is the = position of the
ith turbine. For convenience, we label the turbines so that
§1 < 89 < ... < sy. It should be noted that the boundary
of the domain should be far upwind from the turbine array,
i.e., s1 > 0. We denote by L the = position where the wind
speed is measured.

We can express the solution to (1)-(2), for z € [0, L] and
t> 0, as?

sule.t) = e [ GOVl - 7o - €0)lE ©

where 7 is a delay implicitly defined by

t

/ Uso(r)dr = z. @)
t—7(x,t)

This integral equation uniquely defines the delay 7(z,t),

which is referred to as transport delay [15] or hydraulic

delay [16]. Note that this integral relation corresponds to

the integration along the characteristic lines of (1).

In the estimation technique that we use later in the paper,
we make a simplification with respect to the original model
[1]. Namely, we use a simple linear superposition of the
speed deficits to compute the wind speed, i.e., the wind speed
U at any point of the domain is computed as

N
Uz, t) = Ux(t) — Zéui(m,t). (8)

Note that the literature proposes different ways to superpose

the wakes of multiple turbines [17]. Here, we choose the

simplest linear relation as it is more convenient to handle but

is also reported in [18] as delivering a satisfactory result.
We assume we can write the measured output as

y(t) =U(L,t) + A(t), ©)

'We assume each induction factor to be constant throughout the time
window of interest.

2Refer to [14] for details on how to obtain this solution.



where A is a term representing modeling errors and mea-
surement noise. Indeed, the exact and complex behavior
of the wake phenomenon cannot be entirely captured by
the simplified model presented above. For this reason, we
explicitly account for a model error by this additive term in
the measurement equation. Note that wake modeling itself
is an active area of research with extensive literature but
beyond the scope of this paper, a couple of reviews that the
interested reader may refer to are [19], [20].

Moreover, we make the following assumptions:

Assumption 1: There exist constants U,, > 0 and { > 0
such that Un, (t) > U, and |Us (t)| < ¢ for all £ € R.

Assumption 2: There exists a constant Ajy; > 0 such that
|A(t)] < Apy for all £ € R.

Assumption 3: For ¢ =1,..., N define

QCLZ' L
;= df(L)/o Gi(f)dfa (10)
2 (Y Gi(€)d 11
5= a0 | C-ocu0a ap
‘We have
al Bi¢ ANY:
Zé;(ai+U%><land1_Z<Um. (12)

Assumption 1 requires the free-flow to be lower-bounded
by a positive constant, which, in turn, ensures that the
transport delay defined in (7) is upper-bounded. This and
the fact that the variations of the free-flow and the error A
are bounded, as required by Assumption 2, are reasonable
requirements from a practical point of view.

Assumption 3 is the most demanding and technical one.
It requires the measurement error to be sufficiently small
for our estimation technique to work, as it is based on the
simplified wake model (1)-(2). Furthermore, it also requires
Z < 1. This originates from the use of Halanay’s inequality
in our stability proof, as will be detailed in the sequel.

We now turn our attention to the proposed estimation
strategy.

B. Free-flow wind speed estimation method

Let U, (t) represent the estimate of the free-flow wind
speed at time ¢. Similarly, define the estimate of the measured
output at time ¢, §(t), as

N
9(t) = Us(t) = Y Sii(t), (13)

where
. L “
Sii(t) = ﬁ / G(€ — ) 0ot — #(L — €. £))dE (14)

and 7 is defined by the relation

/tt 0o (r)dr = 2.

—7(z,t)

15)

Note that (14) and (15) are the counterparts of (6) and (A7),
respectively, but with the estimated free-flow wind speed U,

instead of the actual one, U,,. Furthermore, we define the
error variables

(16)
a7)

Uoo (t) =Us (t) - Uoo (t)a
6’&L = 5U7,(L, t) — 5’[L7(t)

We propose to update the free-flow speed estimate using
the following rule for ¢ > 0:

Use(t) = K(y(t) — §(1)).

where k£ > 0 is a constant gain to be designed. As (14)-(15)
use past values of Us., We use Uoo(t) = UOO(O) > U,, for
all t <0.

We can then establish the following result.

Theorem 1: Consider the system (1)-(2) satisfying As-
sumptions 1, 2, and 3 and the free-flow wind speed estimate
Uoo defined according to (13)-(18). Then, there exist Un €
(0,Up — Ap/(1 — Z)) and ki, > 0 such that, if k& > k,
and SUD | —r,0] |Uso(8)| < Up — U — Apr /(1 — Z), then
Uoo(t) > U,, for all ¢+ > 0 and there exists o > 0 such that

(18)

5 5 . ¢ Ay
wol(t)] < 00 ot . (1
|U. ()|_se81—1£),0 |Uso(s)]e +k:(1—Z)+1—Z (19)
Proof: See the Appendix. [ ]

Notice Theorem 1 states that the steady-state error is
bounded by the sum of two terms. The first one is related to
¢ and we can make it arbitrarily small by choosing a large
gain k. The second one is related to the modeling error and
is not affected by the choice of the gain.

According to this result, one should thus adapt the update
gain k according to the magnitude of the free-flow variations:
the more important they are, the larger the gain should be,
to faster counteract them. It is also worth underlining that
Theorem 1 requires to bound the initial estimation error. This
technical assumption does not seem to be so restrictive in
practice as the simulations detailed in the sequel illustrate.
Future works should focus on alleviating this assumption.

C. Implementation

Here, we detail the implementation of the proposed
method. We propose to use a first-order discretization with
a fixed time-step of the time-integral formulation of the
solution to (1)-(2), which is

N 2ai ¢ 2
ule.t) = s /t L Gl A DU (s, 20

with .

A(s,t) :/ Uso (1)dr. 21

S

We use this form of the solution rather than the space-integral
formulation presented before as it is easier to implement
since computing (6) would require computing the transport
delay for each iteration of the integration loop. This is
avoided in this case as explained below.

Algorithm 1 shows the pseudo-code for the implemen-
tation. We use square brackets to denote the arguments in
discrete time, so, for instance, y[n] = y(nAt), where At
is the time-step. Recall that we assume the free-flow wind



speed estimate is constant before the estimation procedure
starts running, i.e., if 7 < 0, we use Us [4] = UOO(O).

Notice that the estimation procedure might use a time step
smaller than the time step used to obtain the measurements.
This may be a feature of interest to mitigate the steady-
state error as, according to Theorem 1, this may require
using a high value for the gain k, which, in general, requires
using a small At. In this case, we simply interpolate the
measurements using a zero-order holder. Also, we include
saturation in the update law implementation so that the free-
flow speed estimate remains lower-bounded even with the
numerical errors that may be originated from the discretiza-
tion.

Moreover, note that the “while loop™ is used to perform
the integral operation in (20). The condition A < Lis
used because A(t — 7(L,t),t) = L, thus, we can stop the
integration at the correct bound without computing the value
of transport delay in advance.

Most of the computational cost comes from the computa-
tion of the speed deficits. If the free-flow wind speed estimate
is nearly constant, we can roughly say that the computational
time for each iteration of the outermost loop is O(N/At).

In terms of memory usage, we need to store the values Uso
in between iterations of this outermost loop. Since Uoo >
Um, the number of iterations of the “while loop” is limited
and we need at most | L/(U,,At)| + 1 past values of Us.

Algorithm 1 Implementation of the proposed method
forn=0,1,2,... do
j<—n,ai<—0,f\<—0
for:=1,...,N do
end for
while A < L do
fori=1,...,N do
Stiz[n] + 0;[n] + %Gi(L — NUZ2 [j]At
end for '
A A+ UL [j]At
j—j—1
end while
Jn] < Uso[n] — 01 [n] — ... — dun[n]
Uso[n+1] + max {Um [n] + k(y[n] — §n))At, Umm}
end for

III. NUMERICAL RESULTS

To assess the performance of the method, we tested it
using NREL’s FAST.Farm simulator [11], [12] to play the
role of the actual wind farm and provide us with the speed
measurement.

We use a configuration where we have an array of three
turbines evenly spaced 5D apart and the first turbine is at
s1 = 5D. We tested two cases. In the first one, we consider
we can measure the effective wind speed for the second
turbine, so N = 1 and L = 10D. In the second case, we
measure the effective wind speed of the third turbine, so
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Fig. 2. Free-flow wind speed estimation results using the local measurement
of the second (/N = 1 case) and, respectively, third (/N = 2 case) turbine
for a window of 10 minutes. The reference for the free-flow wind speed
comes from experimental data. The gain is & = 10 and U (0) = 10 m/s.
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Fig. 3. Free-flow wind speed estimation error for the cases presented in
Fig. 2.

N = 2 and L = 15D. In all simulations, the turbines used
are NREL’s 5 MW turbine model with a rotor diameter of
D =126 m.

The values of the coefficients k; and the induction factors
were tuned on preliminary tests with known constant free-
flow wind speed. The parameters selected were a; = 0.27,
ag = 0.32, k1 = 0.03, and ko = 0.15.

To achieve a more realistic test, we fed to FAST.Farm a
free-flow wind speed that was obtained with experimental
field data from a LiDAR mounted on an operating turbine.
These LiDAR data were provided by Leosphere within the
framework of the project SmartEole of the French National
Research Agency (ANR).

Fig. 2 displays the estimation results in both the N =1
and N = 2 cases. We used k = 10 and U, (0) = 10 m/s in
both cases. The errors Uy, — Uoo for these same cases are
depicted in Fig. 3.

Fig. 4 depicts the actual local measurement provided in the
N = 2 case compared to one estimated by the model. We
see that the measurement estimate converges very fast and
thus, the estimation error observed in Fig. 2, which remains
low enough, is due to the modeling error.

In Fig. 5, we use the same data in the N = 2 case, but we
add noise to the measurements and show the effect of using
different values for the gain k. We used U, (0) = 10 m/s as
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Fig. 5. Free-flow wind speed estimation results using noisy local mea-

surements of the third turbine (N = 2) for different gains. We used
Uso(0) = 10 m/s.

before. At each measurement, the added noise is sampled
from a zero-mean Gaussian distribution with a standard
deviation equal to 2% of the true value of the measurement.
One can observe some degradation of the performance, as
one would expect, but the estimates still exhibit a similar
trend to the actual wind speed. We also notice that the effect
of the noise is less pronounced when a small gain (k = 0.1)
is used, as one would expect for a technique that relies on
output feedback, but at the expense of the time response.

IV. CONCLUSIONS

We presented a method for estimating the free-flow wind
speed acting on an array of wind turbines using wind speed
measurements that are affected by the wake of the array. The
effectiveness of the method was tested using numerical sim-
ulations with data obtained from the FAST.Farm simulator.
The presented method is simple to implement and possesses
performance guarantees.

Although some idealizations were made (such as the
turbines being placed so that they are aligned with the wind
direction), this method provides interesting results using only
a very simple wake model and could be implemented in real-
time. This indicates it could be used as a building block for
estimation strategies designed for more complex scenarios,
such as when the wind direction is unknown and/or time-

varying. Future works could go in this direction, using e.g.,
the 2-D extension [21] of the wake model used here that
takes into account the wake deflection caused when there is
a misalignment between the turbines and the wind direction.
Another possible path for future research is trying to extend
this method to identify other possibly unknown parameters
(such as the wake expansion coefficients) of the wind farm.

APPENDIX
PROOF OF THEOREM 1

The proof follows essentially the same steps as the one
of [14, Theorem 1], but it was modified to account for the
error term A in the measurement equation (9) and the fact
that we may have N > 1 (i.e., multiple turbines causing the
wake) here.

Let V(t) £ U2,(t)/2 and da(t) £ iy (t) + ...+ dun(t).
We have

V(1) = Uno(8)Une(£) = U (1) (U (£) —

Notice that

Use(t) = k(y(t) — §(t)) = k(Uso(t) — a(t) + A(t)).
Using this and Assumptions 1 and 2, we have
V(t) < |Use(8)IC — KUZ, (t) + k|Usc (8)][50(2) + A(1)]
< |Uso ()¢ = KUZ () + E|Uso ()] (18(8)] + Apr) . (22)

The following inequality is shown in the proof of [14,
Theorem 1] (and we suppress the details here for the sake
of brevity)

6a4(0)] < <ai + L8 )

m

|Uso (t + 5)|.

sup
s€[—7,0]

Thus, it is clear that

0a()] < Z sup [Twlt+ )]

s€[—7,0]

(23)

Recall that the constants «;, (3;, and Z are defined in
Assumption 3.
Combining (22) and (23), we see that

V(1) < U (8)|(C + kAp) — kU2 (1)

+kZ sup UZ(t+s)
s€[—7,0]

< V2V ()(C+ kAN) — 2KV (1)

+2kZ sup V(t+s).
s€[—7,0]

Then, from Young’s inequality, we have that

JIVD(C + kAa) < SCF ZAM)Q +

for any € > 0. Defining p = 2ke > 0, we have
' p(C+ kAp)? 1

Vi) < ——————— -2k |1—- = | V(¢

(1) < 2 J)ve

+2kZ

40

€

sup V(t+ s).
se[—7,0]



Let us choose a value of p such that Z < 1 — 1/p. Then
we can apply a generalization of Halanay’s inequality [22]
to show that there is a o7 > 0 such that

p(C+ kApr)?

o= 8k? (17%72)'

sup V(s)e 7t +
se[—7,0]

Notice that such p exists if and only if Assumption 3 holds.
Finally, using the fact that v/a? + b2 < |a| + |b|, we have

j 2
T < |2 sup V(s)e—ont + —LEFFAM)
s€[-7,0] 4k2 (1 1 Z)
P
VP(C+kAn)

< sup |Uno(s)]e ot 4 V2 Z2ME
s€[-7,0] 2k\/1-1—-Z
P
where 0 = 01/2. We minimize this upper bound by picking
p=2/(1— Z), which yields (19).
To prove that Uso (t) remains lower-bounded, consider
Up € (0,Uy, — Apr /(1 — Z)) and

L A C/(l — Z) _ )
Up —Up — éhé - Supse[fﬂiﬁ]lUOC(s)‘

Notice k, > 0 because we assume in thq statement of the
theorem that sup¢(_z o)|Uoo (8)| < Upy=Um —An /(1-2).
Also,

sup |Uso(s)| > Up,.
s€[—7,0]

Uso(0) = Uno (0) — Uno(0) > Uy, —

By way of contradiction, suppose there exists ¢; > 0 such
that U (t1) < Upp. Since Us is continuous, there must be
a ty € (0,t;) such that U (t) > Uy, for all ¢ € [0,%2) and
Uso(t2) = Uy, Using (19) with ¢t = t5 and k > k., we have

N - _ ¢ Ay
¢ ota
Uscltz)l < smp [Weols)le™™ + o=y + 7 7
< sup |Uso(s)|e ™72 + Uy — Uy — sup |Uso(s)|
se€[—7,0] s€[—7,0]
SUp —Up— sup [Uso(s)] (1 —e 7).
s€[—7,0]
Then,
ﬁoo(t2) = Uoo(tQ) - Uoo(tQ) > Um - |[~]oo(t2)|
>Up — |Un = U — sup |Us(s)| (1 —e7")
s€[—7,0]
>Un+ sup |Uso (5)] (1 — 670752) > Uy,

s€[—7,0]

ie., Uoo(tg) > U,,. But, t5 was defined so that Uoo(tg) =
U,,, so this is a contradictjon and therefore we cannot have
a t1 such that U (t1) < U,y,. This concludes the proof.
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