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Abstract13

This paper analyses, from a steady state point of view, the potential benefit of a14

Wind Power Plant (WPP) control strategy whose main objective is to maximise15

its total energy yield over its lifetime by taking into consideration that the wake16

effect within the WPP varies depending on the operation of each wind turbine.17

Unlike the conventional approach in which each wind turbine operation is op-18

timised individually to maximise its own energy capture, the proposed control19

strategy aims to optimise the whole system by operating some wind turbines at20

sub–optimum points, so that the wake effect within the WPP is reduced and21

therefore the total power generation is maximised. The methodology used to22

assess the performance of both control approaches is presented and applied to23

two particular study cases. It contains a comprehensive wake model considering24

single, partial and multiple wake effects among turbines. The study also takes25

into account the Blade Element Momentum (BEM) theory to accurately com-26

pute both power and thrust coefficient of each wind turbine. The results suggest27

a good potential of the proposed concept, since an increase in the annual energy28

captured by the WPP from 1.86% up to 6.24% may be achieved (depending on29
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the wind rose at the WPP location) by operating some specific wind turbines30

slightly away from their optimum point and reducing thus the wake effect.31

Keywords: Wake effects, wind power generation, wind power plants (WPPs),32

wind turbine aerodynamics, wind turbine control33

1. Introduction34

Wind turbines interact with the wind, capturing part of its kinetic energy35

and converting it into electrical energy. Following directly on from the first36

principle of thermodynamics, this extraction of energy creates a wind energy37

deficit between the wind leaving the turbine (known as wake) and the wind38

arriving in front of the turbine. Thus, the wind speeds in the rear of the turbines39

are lower than the upstream wind speeds and, therefore, a reduction of power40

output is produced at downwind turbines. The turbine wake also causes high41

turbulence levels in downwind turbines, giving rise to additional mechanical42

stress, which may reduce their operating life [1, 2].43

To date, Wind Power Plants (WPPs) seek to maximise their power genera-44

tion by optimizing wind turbine performance individually while ensuring a safe45

operation by maintaining it within its admissible power and speed limits [3–6].46

Besides, WPPs layouts are also optimised to minimise the wake effect [7]. This47

fact is especially relevant in offshore where wake effect is more significant than48

onshore where higher turbulence assists wind speed recovery [8]. Thus, wind49

turbines are typically spaced out by a certain distance resulting from a trade–off50

between maximising the WPP energy capture by reducing the wake effects and51

minimizing the costs associated with the logistics and electrical interconnections52

between turbines [9].53

Recent studies have shown that operating each wind turbine at its optimal54

individual point without considering the impact of the wake effect on the other55

turbines does not maximise the power output of the whole wind power plant [10–56

16]. For this purpose, they suggest to increase the total WPP power generated57

and reduce structural loads by properly operating some wind turbines at non–58
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optimum points, based on the fact that operating the upstream turbines at59

a lower rotational speed results in higher wind speeds for downstream wind60

turbines. Accordingly, some publications develop optimisation algorithms based61

on heuristic methods [10, 13, 16] to maximise the total energy yield by the WPP,62

while others are focused on the operation and control of this new WPP concept63

[17, 18].64

This paper proposes a new control strategy for this WPP concept based on65

a coordinated control between a centralised controller located in the offshore or66

onshore substation and local controllers installed on each turbine. This central67

controller optimises the operation of each wind turbine to maximise the total68

power output of the entire WPP, whilst the local controllers have the goal of reg-69

ulating wind turbine speed to operate at such operation previously determined.70

Also, the paper carries out a comprehensive energy yield assessment for a WPP71

based on the proposed control strategy and compared to that obtained by using72

the conventional control approach. In order to perform a rigorous performance73

assessment in terms of energy capture, the aerodynamics principles of wind tur-74

bines are considered. The analysis methodology also includes a wake model75

considering single, partial and multiple wake effects among turbines within a76

WPP. With the aim to better understanding the proposed optimal WPP oper-77

ation approach, first a very simple model consisting of three turbines aligned78

in a row is considered. Then, a more complex model based on a wind farm79

composed by 9 wind turbines (3 × 3 wind turbine array) is used to carry out80

an energy capture comparative analysis between both WPP control strategies.81

This study is performed taking into account two different wind roses to evaluate82

the influence of wind direction on the effectiveness of the proposed concept.83

2. Wind turbine modelling84

In this section, wind turbine is modelled according to the Blade Element85

Momentum (BEM) theory which is a combination of the momentum and blade86

element theory. This approach is used to analyse the aerodynamic of wind87

turbines characterised by their power (CP ) and thrust (CT ) coefficient. These88
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coefficients, especially CT , are usually not provided for commercial turbines but89

are essential to quantify both the wind turbine rotor performance and the wind90

speed losses because of wake effects.91

2.1. Blade element theory92

The blade element theory defines the forces that act over the blade as a93

function of the lift (CL) and drag (CD) coefficients, which in turn depend on94

the angle of attack (α) [19]. As it is shown in Figure 1, the blade is assumed to95

be divided into N elements of width dr and airfoil chord length c, at a distance96

r of the center.

r

R

dr

c

Ω

1
2

N

.
.

.

Figure 1: Schematic of blade divided into N elements of width dr; c, airfoil chord length; r,

radius; R, rotor radius; Ω, angular velocity of rotor.97

Assuming that there is no aerodynamic interaction between elements, the98

following equations can be derived from Figure 2.99

tanϕ =
U(1− a)

rΩ(1 + a′)
=

1− a
(1 + a′)λr

(1)

Urel = U(1− a)/sinϕ (2)

dFL = CL
1

2
ρU2

relcdr (3)

dFD = CD
1

2
ρU2

relcdr (4)

dFN = dFLcosϕ+ dFDsinϕ (5)

dFT = dFLsinϕ− dFDcosϕ (6)

where ρ is the air density, U is the velocity of undisturbed air flow, a is the100

induction factor defined as the fractional decrease in wind velocity between the101
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Figure 2: Blade section.

free stream and the rotor plane, Ω is the angular velocity of rotor, Urel is the102

relative wind speed, a′ = ω/2Ω is the angular induction factor with ω being the103

angular velocity imparted to the flow stream and λr = rΩ/U is the ratio of the104

rotor speed at some intermediate radius to the wind speed (local speed ratio),105

which is related with the tip speed ratio as106

λr = λ
r

R
(7)

Likewise, dFL is the incremental lift force, dFD is the incremental drag107

force, dFN is the incremental force normal to the plane of rotation and dFT is108

the incremental force tangential to the circle swept by the rotor [19].109

Combining from Eqs. (3) to (6) and considering a turbine with B blades,110

dFN and dQ (torque differential) can be calculated as111

dFN = B
1

2
ρU2

rel(CLcosϕ+ CDsinϕ)cdr (8)

112

dQ = BrdFT =⇒ dQ = B
1

2
ρU2

rel(CLsinϕ− CDcosϕ)crdr (9)

Hence, thrust and torque experienced by the turbine can be expressed as a113

function of the relative’s wind angle, ϕ (that at constant pitch depends on the114

5



angle of attack and the angular speed) and the lift and drag coefficients (also115

depending on the angle of attack).116

2.2. Blade Element momentum theory117

The Blade Element Momentum (BEM) theory combines the linear momen-118

tum theory (with wake rotation) and the blade element theory. This allows119

to compute the performance of a blade as a function of its design parameters120

and its operation, by assuming that the chord and the twist distributions of the121

blade are known [19].122

BEM theory postulates that the forces and momentums over the blade must123

be equal by considering both theories. Thus, according to the momentum theory,124

the differential thrust (dT ) and torque (dQ) are given by [19]125

dT = ρU24a(1− a)πrdr (10)

dQ = 4a′(1− a)ρUπr3Ωdr (11)

whilst, from the blade element theory, the normal force (dFN ) and dQ are126

obtained as [19]127

dFN = σ′πρ
U2(1− a)2

sin2ϕ
(CLcosϕ+ CDsinϕ)rdr (12)

dQ = σ′πρ
U2(1− a)2

sin2ϕ
(CLsinϕ− CDcosϕ)r2dr (13)

where dFN is equivalent to dT , Urel is substituted by Eq. (2) and σ′ is the local128

solidity, defined by129

σ′ =
Bc

2πr
(14)

Thus, combining the two theories according to the procedure explained in130

detail in [19], the power and thrust coefficients (CP and CT , respectively) can131
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be computed as132

CP =

∫ R
r0
dP

Ptot
=

∫ R
r0

ΩdQ
1
2ρπR

2U3
(15)

CT,i =
dT

dTtot
=

dFN
1
2ρU

22πrdr
(16)

which after some mathematical manipulations leads to the following expressions133

[20]134

CP =
8

λ2

∫ λ

λh

λ3
ra
′(1− a)

(
1− CD

CL
cotϕ

)
dλr (17)

CT,i =
σ′(1− ai)2

sin2ϕi
(Cl,icosϕi + Cd,isinϕi) (18)

Notice that according to the formulas above, CP is for the whole turbine,135

while CT,i corresponds to the thrust coefficient of each one of the annular sec-136

tions of the rotor, so that the CT coefficient for the whole turbine would be the137

sum of all of them.138

2.3. Tip losses139

In order to compute CP and CT coefficients more accurately, the effect of140

the tip losses is included. These losses arise due to a pressure difference between141

the suction and pressure side of the blades giving rise to air flows around the142

tip from the lower to upper part, reducing lift and thus power at the last part143

of the blade.144

The most straightforward way to compute this losses is by using the semi–145

empirical model developed by Prandtl [21], which takes into consideration the146

following correction factor F delimited between 0 and 1.147

0 ≤ F =

(
2

π

)
arccos

[
exp

(
− (B/2) (1− (r/R))

(r/R) sinϕ

)]
≤ 1 (19)

This correction factor affects the forces derived from the linear momentum148
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theory as follows149

dT = FρU24a(1− a)πrdr (20)

dQ = F4a′(1− a)ρUπr3Ωdr (21)

The rest of equations based on the blade element theory are based on the150

definition of forces acting over the blades and thus remain unchanged.151

3. Wake effect modelling152

Many comprehensive studies have been carried out regarding wind turbine153

wakes, and several models have been developed by researchers, such as Ainslie’s154

model [22], Frandsen’s model [23], Mosaic Tile model [24], Jensen’s model [25]155

and CFD (Computational Fluid Dynamics) model [26]. The choice of the model156

depends on the desired prediction accuracy and on computational time. One of157

the most widely used wake model, developed by Jensen [25], is chosen for this158

study, as it provides adequate accuracy and reduced computational time [27].159

It is based on global momentum conservation in the wake downstream of the160

wind turbine and assumes that the wake downstream of the turbine expands161

linearly.162

In this paper, the wake model implemented takes into consideration the163

effect of single, partial and multiple wakes within a wind farm. Although all the164

equations used have been extensively reported in literature [25, 28–30], they are165

presented below for the sake of clarity.166

• Single wake:167

U2 = U1

[
1−

(
D

D + 2 · kd · x

)2

(1−
√

1− CT )

]
(22)

where U2 is the wind speed at distance x from the turbine, D is the168

diameter of the turbine rotor, U1 is the free stream wind speed and kd is169

the wake decay constant or opening angle which represents the effects of170
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atmospheric stability. Jensen experimentally found the value of kd to be171

0.075 for onshore applications and 0.04 for offshore applications. All these172

parameters are shown in Figure 3.173

DX = D + 2kxDUpwind
turbine

Wake decay kd

x

U1

U2

Figure 3: Schematic view of a single wake effect [25].

• Partial wake:174

UTj = U1

1−

√√√√ N∑
k=1

βTj,Tk

(
1− Ups,Tk

U1

)2
 (23)

where UTj is the wind speed of the downwind turbine j, k is the upwind175

turbine, U1 is the initial wind speed entering into the wind turbine k,176

Ups,Tk is the shadow of k falling on the jth wind turbine, N is the number177

of wind turbines k that partially affect wind turbine j and βTj,Tk is the178

ratio (the weighting factor) of the shadow area by the wake to the total179

rotor area (see Figure 4).180

• Multiple wakes:181

1− Ux
U1

=

√√√√ N∑
i=1

(
1− Ui

U1

)2

(24)

where U1 is the initial free stream velocity, N is the total number of upwind182

influencing turbines, Ui is the wind speed affected by the individual wake183
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Ashad

Upwind turbine Downwind turbine
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d

Upwind
turbine Tk

Downwind
turbine Tj

βTj,Tk

Figure 4: The shade area of a downstream wind turbine in partial wakes.

i and Ux is the wind speed such that all the wakes are taken into account.184

Figure 5 shows an illustrative example in which wind turbine 5 (wt5) is185

affected by multiple wakes coming from wt1, wt2 and wt4.186

wt1

wt2

wt5

wt4

wt3U1

U1

Figure 5: Illustrative example of multiple wakes in which wt5 is affected by wt1, wt2 and wt4.

4. Conceptual control structure187

Figure 6 presents a conceptual scheme of the proposed control system. As188

it can be seen, unlike a conventional control system based on an individual189
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Figure 6: Scheme of the proposed control system.

control approach in which a MPPT algorithm is implemented in each wind190

turbine [4], this new control strategy proposes a coordinated control between191

wind turbines consisting of a centralised controller located in the offshore or192

onshore substation and local controllers installed on each turbine. The process193

is explained as follows:194

• Wind speeds of each individual wind turbine are estimated according to195

different input data such as wind direction (Vdir) and free–stream wind196

speed (Vupwind) measured at one or several met masts installed around the197

WPP area, the rotational mechanical speed measurements of each turbine198

on the high speed shaft (ωmi), as well as the WPP layout. These wind199

speed estimations, (ṽi), are obtained taking into account the wake effect200

within the WPP (by considering single, partial and multiple wakes).201

• Then, the centralised controller carries out an optimization process to202
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calculate the optimal tip speed ratios (λ∗i ) of each wind turbine that max-203

imises the power output of the whole WPP. It is worth noting that these204

optimal set points may not be the same as those obtained by considering205

a MPPT approach.206

• Finally, the local controller of each wind turbine regulates its rotational207

speed according to its optimal tip speed ratio previously computed. As it208

can be seen in Figure 6, this speed control compares the measured rota-209

tional speed of the generator (ωm) to its reference signal (ω∗m) to produce210

the reference electromagnetic torque (Γ∗m) which is in turn regulated by211

the rotor side converter. It should be remarked that this control strategy212

is only applied for partial operation (below rated wind speed). Otherwise,213

in full load region, the torque reference signal is fixed whereas the pitch214

control is activated to limit the captured power to its nominal value.215

5. Optimal wind power plant operation216

As previously mentioned, this paper aims to analyse the potential benefits of217

applying the optimal WPP operation (which takes into consideration the wake218

effect within the WPP) in comparison to the conventional control strategy based219

on maximising the energy captured by the WPP by operating each turbine at220

its optimal individual point. Thus, the following analysis methodology has been221

developed and applied to two particular study cases to assess the performance222

of both control approaches.223

5.1. Methodology description224

A simple example is presented in order to facilitate the comprehension of225

the proposed methodology. The example aims to show that the total power226

generated by the WPP can be increased by properly operating some wind tur-227

bines at non–optimum points and, therefore allowing the downstream turbines228

to produce more power, rather than by using the conventional MPPT approach229

based on optimizing the operation of each wind turbine individually. As it can230
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be seen in Figure 7, it consists of three wind turbines aligned in a row with a231

rated power of 5 MW, a rotor diameter of 126 m and a rated wind speed of232

11.2 m/s . The spacing between wind turbines is 7 rotor diameters (D).

7D

Wind

WT1 WT2 WT3

Figure 7: Schematic layout of the system under study consisting of three wind turbines aligned

in a row.

233

The power coefficient (CP ) and thrust coefficient (CT ) curves used for the234

study are computed based on the BEM theory explained above by considering235

the specific NACA 4412 airfoil wind blade reported in [31]. The lift (CL) and236

drag (CD) coefficients are obtained according to an appropriate Reynolds num-237

ber for the operating conditions. All these coefficients are depicted in Figure 8.238
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Figure 8: (a) Lift (CL) and drag (CD) coefficients as a function of the angle of attack (α)

on a NACA 4412 airfoil. (b) Power coefficient (CP ) and thrust coefficient (CT ) used for the

study.

239

The procedure of obtaining the optimal operating points of each wind turbine240
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that maximise the total WPP power generation is described as follows:241

• Step 1: Firstly, the power generated by the upstream wind turbines is242

calculated for all their operating points (i.e., varying their tip speed ratios,243

λ1, from 2 to 9). For this particular example, only the power produced244

by WT1 is computed since it is assumed that the wind comes just from245

the one direction indicated in Figure 9. Thereby, the power generated by246

WT1 can be expressed as247

PWT1(λ1) =
1

2
ρACP (λ1)U3

1 ∀ λ1, λ2 ∈ [2, 9] (25)

where U1 is the upwind speed and the power coefficient, CP , is only de-248

pendent on the tip speed ratio, λ1, since the pitch angle, θpitch, is set to249

zero.250

Figure 9 presents the results obtained by computing Eq. (25). As it is251

shown, the optimal tip speed ratio (λ∗1) that maximises the power output252

of WT1

(
dPWT1

dλ1

∣∣∣∣
λ∗
1

= 0

)
is λ∗1 = 7.22, regardless of the λ∗2 value.253

• Step 2: Secondly, the power produced by the first turbines affected by254

the wake effect (in this case WT2) is computed according to the following255

equation256

PWT2(λ1, λ2) =
1

2
ρACP (λ2)U3

2 (λ1) ∀ λ1, λ2 ∈ [2, 9] (26)

As it can be seen, it depends on two parameters: λ1 and λ2. The former257

has an influence on wind speed of WT2 (U2) by modifying the CT (λ1)258

value (using Eq. (22)), whilst the latter changes the power coefficient of259

WT2 CP (λ2) similarly to the previous case with WT1. Thus, the resulting260

surface PWT2(λ1, λ2) of computing Eq. (26) for all possible combinations261

of λ1 and λ2 parameters, is depicted in Figure 10.262

It should be noted that maximum power generation for WT2 is achieved263

when λ∗1 is minimum and λ∗2 = 7.22. This result is consistent with the264
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Figure 9: Power generated by the upwind turbine (WT1) as a function of λ1 and λ2. Upwind

speed=9.5 m/s.

fact that the lower the rotational speed of WT1 (lower λ1), the smaller265

the impact of the wake effect on downstream wind turbines and, therefore,266

the greater the power produced by WT2.267

• Step 3: Next, the power extracted by those turbines whose wake do no268

affect other wind turbines (in this case WT3) are calculated as269

PWT3(λ1, λ2) =
1

2
ρACmaxP U3

3 (λ1, λ2) ∀ λ1, λ2 ∈ [2, 9] (27)

In this example, WT3 operates at its optimum point (CmaxP ) because no270

downstream wind turbine is located behind. Regarding its wind speed271

(U3), it is computed by considering the multiple wakes described in Eq.272

(24). Figure 11 shows the power PWT3 obtained by sweeping λ1 and λ2273

from 2 to 9.274

As expected, the maximum power that can be generated by WT3 occurs275

when the operating points of WT1 and WT2 are minimum.276
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Figure 10: Power generated by WT2 as a function of λ1 and λ2. Upwind speed=9.5 m/s.

Figure 11: Power generated by WT3 as a function of λ1 and λ2. Upwind speed=9.5 m/s.
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• Step 4: Finally, the total power produced by the set of the three wind277

turbines (PTOT = PWT1 + PWT2 + PWT3) is presented in Figure 12.

Figure 12: Total power generated by the set of three wind turbines (WT1, WT2 and WT3)

as a function of λ1 and λ2. Upwind speed = 9.5 m/s.

278

As it can be seen, PTOT reaches its maximum value for λ∗1 = 6.12 and279

λ∗2 = 6.43. It is worth noting that although the available data of tip speed280

ratio (λ) for the CT curve are constrained within the range [2,9] (Figure 8),281

it does not pose a problem for the purpose of the study since the optimal282

operation points obtained for each turbine are within these boundaries.283

Given the new tip speed ratios for each wind turbine, their new nominal284

operating points can be obtained, as it is shown in Table 1. In order to compare

Table 1: Nominal operating points of each wind turbine.

λN CN
P UN

s (m/s) ωN (rad/s)

WT1 6.12 0.4075 11.7121 1.1377

WT2 6.43 0.4241 11.5574 1.1796

WT3 7.22 0.4412 11.4060 1.3072
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285

the operation of each wind turbine for the two aforementioned control strategies286

analysed, Figure 13 is presented. It shows the tip speed ratio and power gener-287

ated by each turbine as a function of the upwind speed. As it can be noted, WT2288

and WT3 reach their rated power at higher wind speeds when the conventional289

WPP operation approach is applied because of the increased wake effect. More-290

over, whereas the three wind turbines operate at their optimum point (λopt)291

by considering the conventional control strategy, the proposed WPP control292

method forces WT2 and WT3 to operate at sub–optimum points. It is worth293

remarking that the abscissa for all the graphs of Figure 13 refers to the upwind294

speed. Therefore, it is reasonable that the wind speeds from which WT2 and295

WT3 operate at their rated values are slightly higher than their nominal values296

shown in Table 1.
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Figure 13: Tip speed ratio (λ) of each wind turbine (up) and power generated by each wind

turbine (down) as a function of the upwind speed (considering wake effects) for both control

strategies analysed.
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To perform a technical assessment of both WPP control schemes (conven-298

tional and proposed WPP operation) the power generated and the energy yield299

per year by the set of three wind turbines (WT1, WT2 and WT3) as a func-300

tion of the upwind speed is calculated and displayed in Figure 14. As it is301

shown, the effectiveness of operating the appropriate wind turbines at their non–302

optimum points to maximise the total energy capture by the WPP is demon-303

strated. Thus, the energy extracted per year by the set of three wind turbines304

is 44.62 GWh/year for the optimal WPP operation case and 42.85 GWh/year305

by considering the conventional approach based on optimal WT operation. It306

represents an increase of 3.97% of the energy produced per year.
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Figure 14: Power produced (a) and energy yield (b) by the set of three wind turbines (WT1,

WT2 and WT3) as a function of the upwind speed for both types of control systems.

307

It is important to note that the wind direction assumed for this conceptual308

case study is always kept constant (best possible scenario for the proposed con-309

cept). Thus, in order to accurately quantify both WPP operation alternatives,310

this methodology is applied to a realistic case study, in which the wind direction311

is changing with the time.312

5.2. Application case313

The wind power plant layout of the system under study is shown in Figure314

15. It consists of 9 wind turbines laid out in a rectangular matrix of 3 rows and315

3 columns. The spacing between wind turbines is detailed in the figure. Each316
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wind turbine has the same characteristics of the previous case, i.e., 5 MW of317

rated power, 126 m of rotor diameter and 11.2 m/s of rated wind speed.

Dprev=7D

Dperp=5D

N

EW

S

Figure 15: Schematic layout of the system under study consisting of 9 wind turbines laid out

in a regular matrix of 3 rows and 3 columns.

318

Wind speed of each upstream turbine is randomly generated by means of319

a normal distribution function, N (µi, σ
2
k), whose mean value µ is estimated by320

using a Weibull distribution function with the dimensionless shape (k) and scale321

(c) parameters obtained from [32, 33], and the standard deviation parameter σ322

is set to 0.5 m/s. It has been considered 12 incoming wind direction sectors of323

30◦ each.324

Figure 16 displays the wake effect within the wind farm for each wind direc-325

tion sector considered in the study. As it can be seen, the impact of wake effect326

on the wind turbines can be classified into three main groups:327

• for wind direction sectors of 0◦, 90◦, 180◦ and 270◦, six wind turbines are328

completely affected by wakes (three affected by single wakes and three by329

multiple wakes).330

• for wind direction sectors of 30◦, 150◦, 210◦ and 330◦, four wind turbines331

are partially affected by wakes (three affected by partial wakes and one332

by multiple wakes).333

• for wind direction sectors of 60◦, 120◦, 240◦ and 300◦, only two wind334

20



turbines are partially affected by wakes (both affected by partial wakes335

and none by multiple wakes).336

Analogously to the previous case, the procedure of obtaining the optimal337

operating points of each wind turbine, for each wind direction sector, that max-338

imise the total WPP power generation is carried out. Table 2 shows the obtained339

results. It should be noted that wind direction sectors of 0◦ and 180◦ are dis-340

tinguished from 90◦ and 270◦ because of the spacing between wind turbines is341

different.342
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Figure 16: Wake effect within the wind farm for each wind direction sector considered in the

study.
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Table 2: Nominal operating points of all the wind turbines for any wind direction.

(a) Wind directions = 0◦ and 180◦

λN CN
P UN

s (m/s) ωN (rad/s)

Upwind turbines 6.12 0.4075 11.7121 1.1377

WTs affected by single wakes 6.43 0.4241 11.5574 1.1796

WTs affected by multiple wakes 7.22 0.4412 11.4060 1.3072

(b) Wind directions = 90◦ and 270◦

λN CN
P UN

s (m/s) ωN (rad/s)

Upwind turbines 6.01 0.4003 11.7820 1.1240

WTs affected by single wakes 6.30 0.4178 11.6150 1.1615

WTs affected by multiple wakes 7.22 0.4412 11.4060 1.3072

(c) Wind directions = 30◦, 150◦, 210◦ and 330◦

λN CN
P UN

s (m/s) ωN (rad/s)

Upwind turbines 6.62 0.4315 11.4910 1.2075

WTs affected by partial wakes 6.74 0.4351 11.4593 1.2260

WTs affected by multiple wakes 7.22 0.4412 11.4060 1.3072

(d) Wind directions = 60◦, 120◦, 240◦ and 300◦

λN CN
P UN

s (m/s) ωN (rad/s)

Upwind turbines 6.88 0.4382 11.4318 1.2484

WTs affected by partial wakes 7.22 0.4412 11.4060 1.3072

WTs affected by multiple wakes – – – –

Once the nominal operating points of all the wind turbines for any wind343

direction sector are known, the power generated by each wind turbine as a344

function of the upwind speed can be determined. As it is shown in Figure 17,345

the power curves of each turbine obtained for the incoming wind directions of346

60◦, 120◦, 240◦ and 300◦ are more similar than for other wind directions, since347

the wake effect has a reduced impact on the turbines. However, those are more348

different for wind directions of 90◦ and 270◦ as a consequence of the greatest349

wake effect. Next, similarly to the prior example, the power generated by the350

WPP for each wind direction sector considered, is calculated and presented351

in Figure 18. As discussed above, the major benefit of operating some wind352

turbines at their non–optimum points is given for wind directions of 90◦ and353

270◦, while the improved efficiency achieved for wind directions of 60◦, 120◦,354

240◦ and 300◦ is very limited, as expected.355

Finally, the energy yield per year by the WPP, for both control strategies356
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Figure 17: Power generated by each wind turbine, for each wind direction sector, as a function

of the upwind turbine.

0 5 10 15 20 25
0

20

40

60

WD=0º

P
ow

er
 g

en
er

at
ed

 (
M

W
)

0 5 10 15 20 25
0

20

40

60

WD=30º

0 5 10 15 20 25
0

20

40

60

WD=60º

0 5 10 15 20 25
0

20

40

60

WD=90º

P
ow

er
 g

en
er

at
ed

 (
M

W
)

0 5 10 15 20 25
0

20

40

60

WD=120º

0 5 10 15 20 25
0

20

40

60

WD=150º

0 5 10 15 20 25
0

20

40

60

WD=180º

P
ow

er
 g

en
er

at
ed

 (
M

W
)

0 5 10 15 20 25
0

20

40

60

WD=210º

0 5 10 15 20 25
0

20

40

60

WD=240º

0 5 10 15 20 25
0

20

40

60

WD=270º

P
ow

er
 g

en
er

at
ed

 (
M

W
)

Upwind speed (m/s)

 

 

Proposed WPP operation

Conventional WPP operation

0 5 10 15 20 25
0

20

40

60

WD=300º

Upwind speed (m/s)
0 5 10 15 20 25

0

20

40

60

WD=330º

Upwind speed (m/s)

Figure 18: Power generated by the wind power plant (WPP), for each wind direction sector,

as a function of the upwind turbine.
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considered, is computed. In order to evaluate the influence of the probability357

of occurrence of the wind directions on the energy capture, two different wind358

roses distribution functions are taking into account. The results are presented359

in Figure 19 and detailed in Table 3.

Table 3: Technical assessment of both WPP control strategies considering two different wind

roses.

Energy yield (GWh/year) Energy increment

Scenario 1 Scenario 2 (%)

Wind rose (a) 117.89 125.74 6.24

Wind rose (c) [34] 142.37 145.07 1.86
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Figure 19: (a) and (c): Wind roses for the two cases under study. (b) and (d): Energy yield

by the wind power plant (WPP) for both types of control systems and taking into account

wind roses (a) and (c), respectively.

where scenario 1 refer to the proposed control strategy based on optimal WPP361
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operation and scenario 2 corresponds to the conventional approach based on362

optimal WT operation. The wind rose of Figure 19(c) is obtained from [34] and363

reports the meteorological mast data from Horns Rev.364

Hence, the cost associated with the annual energy increment achieved during365

a lifetime of the installation of 20 years accounts for 5.75 Me for wind rose (a)366

and 1.98 Me for wind rose (c) considering a price of energy of 46.84 e/MWh367

[35], a market interest of 4.5% [36] and a rate of electricity price increase of 2%368

per year [37].369

6. Conclusions370

In this paper, the potential benefit of operating some wind turbines at their371

non–optimum points in the attempt of reducing the wake effect within a wind372

power plant, such that its total power output is maximised, is analysed from373

the steady state point of view. A description of the current wind power plant374

control strategy based on an individual optimisation of each turbine, as well375

as, the impact of wake effects on wind power generation, is presented. The376

implemented methodology has been applied to two particular study cases to377

assess the performance of both control approaches. According to the results378

obtained for both application examples, the effectiveness of the proposed concept379

is demonstrated. Thus, an increase from 1.86% up to 6.24% in the annual energy380

captured by the wind power plant can be achieved (depending on the wind rose381

at the WPP location) by operating the upstream turbines slightly away from382

their optimum point and reducing the wake effect within the wind power plant.383
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