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Abstract. This paper studies a closed-loop wind farm control framework for active power control (APC) with
a simultaneous reduction of wake-induced structural loads within a fully developed wind farm flow interacting
with the atmospheric boundary layer. The main focus is on a classical feedback control, which features a simple
control architecture and a practical measurement system that are realizable for real-time control of large wind
farms. We demonstrate that the wake-induced structural loading of the downstream turbines can be alleviated,
while the wind farm power production follows a reference signal. A closed-loop APC is designed first to im-
prove the power-tracking performance against wake-induced power losses of the downwind turbines. Then, the
nonunique solution of APC for the wind farm is exploited for aggregated structural load alleviation. The axial in-
duction factors of the individual wind turbines are considered control inputs to limit the power production of the
wind farm or to switch to greedy control when the demand exceeds the power available in the wind. Furthermore,
the APC solution domain is enlarged by an adjustment of the power set-points according to the locally available
power at the waked wind turbines. Therefore, the controllability of the wind turbines is improved for rejecting
the intensified load fluctuations inside the wake. A large-eddy simulation model is employed for resolving the
turbulent flow, the wake structures, and its interaction with the atmospheric boundary layer. The applicability and
key features of the controller are discussed with a wind farm example consisting of 3× 4 turbines with different
wake interactions for each row. The performance of the proposed APC is evaluated using the accuracy of the
wind farm power tracking and the wake-induced damage equivalent fatigue loads of the towers of the individual
wind turbines.

1 Introduction

The number and size of large-scale wind farms are rapidly
growing worldwide due to more deployment of wind energy.
Wind Europe has proposed wind energy targets to produce
almost half of the European Union (EU) electricity demand
by 2050. One pathway to reach this ambitious goal is fur-
ther improvement of the cost-effectiveness of existing wind
farms, e.g., by optimal control of the overall wind farm per-
formance. Control of turbines in a wind farm is challenging
because of the aerodynamic interactions via wakes. The char-
acteristics of a wake are reduced wind speed and increased

turbulence. The former diminishes the total power produc-
tion of the farm and the latter leads to a higher dynamic load-
ing on the downstream turbines. In a wind farm, wakes of-
ten merge with each other, resulting in the so-called multiple
wakes. The wake interactions also depend strongly on vari-
ations in wind speed and direction, the surface roughness,
turbulence, different atmospheric stratifications, local terrain,
and turbine layout in a wind farm (Barthelmie et al., 2009).

Traditionally each turbine operates greedily to locally cap-
ture the maximal amount of kinetic energy of the incom-
ing wind without considering its aerodynamic impact on its
downwind turbines. By changing operating points of upwind
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turbines, it is possible to influence their wakes, and as a result
the performance of downwind turbines, possibly increasing
their energy extraction or decreasing their structural fatigue
loads. The main objectives of wind farm control can be cat-
egorized as follows (Knudsen et al., 2015; de Alegria et al.,
2007):

1. Power maximization, e.g., by minimizing the wake-
induced power losses,

2. Active power control (APC), wherein the total wind
farm power production follows a power reference signal
provided by the transmission system operator (TSO),

3. Aggregated structural load alleviation, e.g., by coor-
dinating the power distributions among the individual
wind turbines or by mitigating the wake-induced dy-
namic loads,

4. Voltage and frequency control of wind farms for con-
necting to the grid.

The idea to maximize the power production of wind farms
in the presence of wakes is to coordinate the control settings
of the individual wind turbines by taking their wake interac-
tions into account. Two commonly proposed approaches for
wake control of wind farms are induction control and wake-
steering control. In the first method, the upwind turbines re-
duce their own power productions, the so-called derated op-
eration, to increase the amount of available kinetic energy
of the wakes reaching downstream turbines (Schepers and
van der Pijl, 2007; Annoni et al., 2016). In the latter method,
the rotors of upwind machines are intentionally yawed out of
the wind direction in order to deflect their own wakes away
from their downwind turbines (Wagenaar et al., 2012; Ge-
braad et al., 2016).

Furthermore, future wind farms should be able to stabilize
the grid frequencies through control of their power produc-
tion in order to balance power supply with demand, the so-
called active power control (APC). Aho et al. (2012, 2016)
have investigated providing APC services at the wind turbine
level. Fleming et al. (2016) have studied APC for a wind farm
plant and demonstrate the challenge of high-wake conditions
when the overall power reference is distributed evenly among
the wind turbines. For such a power reference distribution,
highly waked turbines can adversely degrade the grid relia-
bility due to lack of enough wind power in reserve. Indeed,
they generate below the power command due to the wakes
and thus enlarge the total wind farm power-tracking error.

The increased turbulence intensity inside the wakes, wake
meandering, and partial wake overlapping of the rotors of
downwind turbines cause waked turbines to be prone to
higher structural fatigue loading. Several studies have uti-
lized optimization techniques to find optimal set-points in
order to simultaneously maximize the total power produc-
tion and prolong the lifespan of the wind farm through min-
imizing the structural fatigue loading (van Dijk et al., 2017;

Kanev et al., 2018). Nonetheless, from a control engineer-
ing perspective, these have been either open-loop or quasi-
steady-state optimization approaches, based on analytical
static wake models and data-driven load models, which do
not fully hold for dynamical wake interactions. Furthermore,
there still exists a research gap for extending the trend of the
active load control at the wind turbine level (Schlipf et al.,
2013; Vali et al., 2016) to the wind farm level.

Recently, several studies have developed model predic-
tive control (MPC) for both power maximization (Goit and
Meyers, 2015; Munters and Meyers, 2018; Vali et al., 2019)
and active power control (Shapiro et al., 2017; Vali et al.,
2018a) in wind farms by taking the wake interactions into
account. A fully 3-D large-eddy simulation (LES) model is
utilized in Goit and Meyers (2015) and Munters and Meyers
(2018) to optimize the overall wind farm performance. How-
ever, MPC schemes proposed in Vali et al. (2019), Shapiro
et al. (2017), and Vali et al. (2018a) rely on simplified wind
farm models for capturing the dominant dynamic wake in-
teractions in a computationally efficient manner. It has been
shown that adequate MPC formulations and parameteriza-
tions can significantly reduce the computational complex-
ity (Vali et al., 2019); however, the overall complexity of
such a control system, including a suitable mathematical
model (Boersma et al., 2018; Rott et al., 2017) and measure-
ment system (Doekemeijer et al., 2018) is still an open re-
search topic, particularly for large wind farms. Distributed
MPC has recently received attention in order to reduce the
computational burden of model predictive APC (Bay et al.,
2018).

Soleimanzadeh et al. (2013), Spudić et al. (2015), Jensen
et al. (2016), and Madjidian (2016) have studied optimal
control for structural fatigue load alleviation of wind farms,
though the performance of the controllers is assessed us-
ing simplified engineering wind farm flow models. To ob-
tain a more comprehensive understanding of the underlying
physics, and how control techniques can influence dynamic
wind farm flows, computational fluid dynamics (CFD) mod-
els tuned with experimental data have been typically em-
ployed. These models allow resolving time-varying turbu-
lent flow for better characterization of the wake physics, e.g.,
wake meandering, wake-added turbulence, shape of the ve-
locity deficit inside the wake, multiple wakes, different atmo-
spheric stabilities, etc.

On the other hand, model-free and classical control ap-
proaches have also received attention due to their simple
control architecture and ease of implementation for real-time
control of large wind farms (Marden et al., 2013; Gebraad
and van Wingerden, 2015). Both allow the performance of
the designed controllers to be evaluated with more realistic
wind farm flow conditions, e.g., free field testing (Fleming
et al., 2017), wind tunnel testing (Campagnolo et al., 2016;
Petrović et al., 2018), and high-fidelity LES models (van
Wingerden et al., 2017; Ciri et al., 2017; Vali et al., 2018b).
Extremum seeking control has been studied as a closed-loop
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realization of an optimization problem for power maximiza-
tion of waked wind farms. However, slow convergence time,
sensitivity to changes in atmospheric conditions, and high
turbulence conditions significantly affect the performance of
extremum seeking controllers (Johnson and Fritsch, 2012;
Vali et al., 2017).

Classical control approaches have demonstrated a good
potential for practical APC of waked wind farms to stabi-
lize wind power penetrations into the grid; van Wingerden
et al. (2017) have proposed a classical feedback loop us-
ing the total wake-induced power-tracking error to improve
the grid stability independent from the selection of the wind
turbine power set-points. However, the pattern of structural
loading of the wind turbine components changes for a differ-
ent distribution of the set-points and despite smooth tracking
of the total power, the fluctuations of power and associated
loads of the individual turbines can increase significantly.
The nonunique solution of APC for wind farms has been ex-
ploited in Vali et al. (2018b) for influencing the wind turbine
structural loading, while their total power production follows
a demanded power reference from the TSO. That study fo-
cused only on the cases where the APC solution domain is
large enough for adjusting the wind turbine power set-points,
leading to a better dynamic load balance of all wind turbines
inside a waked wind farm. However, a high TSO power de-
mand mainly limits the APC solution domain to the upwind
turbines because of their highest amount of wind power in
reserve. In such conditions, the upwind turbines might be
loaded even more than the waked turbines to compensate the
tremendously accumulated wake-induced wind farm power-
tracking errors. Therefore, a load balance within a wind farm
may sacrifice the accuracy of the tracking performance or
even instability. The yaw-based wake steering method might
be employed to mitigate against such strong wake impacts on
the wind farm power-tracking performance (Fleming et al.,
2016; Boersma et al., 2019).

The main contribution of this paper is an extension to
the APC approaches proposed in Fleming et al. (2016), van
Wingerden et al. (2017), and Vali et al. (2018b) to reduce the
structural fatigue loading of the individual wind turbines in
a waked wind farm by actively coordinating their power set-
points, the so-called APC with a coordinated load distribu-
tion (CLD) law. The classical feedback control architecture
enables individual wind turbine control systems to cooper-
atively realize the wind farm control objectives using only
practically available local power and structural load mea-
surements. The model-free nature of the proposed control ap-
proach makes it prominent for real-time control of a waked
wind farm independent from its size and wake model com-
plexities. Therefore, LESs are utilized for testing the closed-
loop control performance under detailed dynamic wake and
turbulent conditions. The LES approach resolves the un-
steady nature of the wake, e.g., intensified turbulent fluctua-
tions, wake recoveries, and wake meandering within the wind
farm, while the wind turbines are represented by a dynamic

actuator disc model (ADM). The constraints of the control
problem subjected to different levels of demands and wake
losses are investigated for a reliable APC and grid stability.
We discuss how the power set-points of the individual wind
turbines should be adjusted to enlarge the APC solution do-
main in high-waking situations. Three main features of the
proposed APC with a CLD law, are

1. An effective switching between the APC and the greedy
control, when the total available wind power in reserve
is lower than the demanded power reference.

2. An effective usage of the locally available wind power at
the waked turbines to enlarge the APC solution domain
and thus increase the controllability of the wind turbines
for rejecting the intensified structural loading inside the
wakes.

3. Avoiding inefficient loop interactions between the two
designed control loops, i.e., APC and CLD loops, when
the control solution domain is so limited.

The remainder of this paper is organized as follows. In
Sect. 2, we briefly present the large-eddy simulation model
used, the employed wind turbine model, and the wind farm
layout used for the simulations in this investigation. The main
focus of Sect. 3 is on the control architectures for APC at
both the wind turbine and the wind farm levels. The con-
straints of the control problem are also presented. A test sim-
ulation scenario for APC verification is introduced in Sect. 4.
Then, the performance of the proposed APC with CLD is dis-
cussed through comparative large-eddy simulation studies.
The performances are evaluated with two criteria, the wind
farm power-tracking accuracy and the fatigue load distribu-
tion. The corresponding wake-induced structural loading of
the individual wind turbines are discussed as well. Finally,
the strengths and weaknesses of the proposed approach are
outlined in Sect. 5 as conclusions of the current study.

2 Wind farm simulation model

The background atmospheric boundary layer, especially in
the first rows of a wind farm, has a huge impact on the charac-
teristics of the wake recovery, wherein a mixing process with
the turbulent inflow re-energizes the wake (Sanderse, 2009).
The LES approach has shown to be capable of resolving the
unsteady nature of the wake and turbulent flows within a
wind farm (Meyers and Meneveau, 2010; Porté-Agel et al.,
2011; Sarlak, 2014).

2.1 The PArallelized LES Model (PALM)

In this study, an LES wind farm model is utilized,
which employs the PArallelized Large-eddy simulation
Model (PALM) version 4.0 (Maronga et al., 2015) coupled
with the actuator disc model (ADM) of a wind turbine (Witha
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et al., 2014). PALM is an open-source LES code, which
is developed for simulating atmospheric and oceanic flows
and optimized for massively parallel computer architectures.
PALM makes use of the Schumann volume averaging ap-
proach (Schumann, 1975) and uses central differences to
discretize the nonhydrostatic and incompressible Boussinesq
approximation of the three-dimensional Navier–Stokes equa-
tions on a structured Cartesian grid. For more information
about the general capabilities of the PALM, the reader is re-
ferred to Maronga et al. (2015). Much more detailed wind
turbine models with a more realistic near-wake structure,
e.g., the actuator disc model with rotation (ADM-R) and ac-
tuator line model (ALM) are also implemented in PALM.
However, ADM is computationally efficient and provides a
good approximation of the far wake structure, making it suit-
able for the present study. The static ADM is extended with
a first-order lag and a mass-spring-damper system in order to
estimate the dominant aerodynamic power response and the
first tower fore–aft mode excitations of an individual wind
turbine to the wind farm turbulent flow and wakes in a com-
putationally efficient manner.

2.2 The wind turbine model

The individual wind turbines are parameterized with an actu-
ator disc model (ADM) to exert a thrust force on the incom-
ing flow and extract a certain amount of energy from the in-
coming wind. The wind turbines are modeled in PALM with
only 2 degrees of freedom (DoF) as follows:

τ Ṗ +P = Pa(a,U0, ẋT), (1)
mTe ẍT+ cTẋT+ kTxT = Fa(a,U0, ẋT). (2)

Equation (1) represents the power response of a wind turbine
to the aerodynamic power Pa with the aerodynamic time con-
stant τ , which can be associated to the drive-train dynamics.
The axial induction factor a stands for the ratio of the reduced
wind velocity at the rotor to the effective wind speed U0 at
a far distance upwind from the rotor disc and can be trans-
lated to the practical torque and pitch control inputs of a wind
turbine. Equation (2) describes the first tower fore–aft dy-
namic mode with the tower top fore–aft displacement xT; the
aerodynamic thrust force Fa; and the tower equivalent modal
mass mTe , structural damping cT, and bending stiffness kT
according to Schlipf et al. (2013). Note that the tower top
fore–aft displacement xT is considered positive in the down-
wind direction.

The aerodynamic thrust force for a single turbine is cal-
culated using the employed ADM in the PALM simulation
code as follows (Gasch and Twele, 2011):

Fa =
1
2
ρAdU

2
relCT(a), (3)

where the thrust coefficient CT is described as a function of
the axial induction factor a as

CT(a)= 4a(1− a), (4)

and ρ is the air density and Ad is the swept area of the ro-
tor plane. Note that the axial induction factor is limited to its
value for maximum (greedy) power extraction (Gasch and
Twele, 2011), i.e., a ≤ 1/3, to avoid high wake losses and vi-
olating the thrust approximation at higher induction factors.
The relative wind speed Urel is defined as a superposition of
the effective wind speed and the structural tower top velocity
as (Schlipf et al., 2013):

Urel = U0− ẋT, (5)

in order to model the aerodynamic damping of the tower
fore–aft mode.

Resolving Eq. (5) and considering the induction effect of a
rotor disc, the effective wind speed U0 can be approximated
from the measurable axial disc-averaged wind velocity Ud
from the PALM code as

Û0 =
Ud

1− a
+ ẋT, (6)

and enables us to model the applied aerodynamic thrust
force (Eq. 3) acting in the negative direction on the
flow (Witha et al., 2014). Then, the aerodynamic power of
an individual wind turbine is calculated as

Pa = Fa ·Ud. (7)

The tower base fore–aft bending moment of an individual
wind turbine is approximated as (Schlipf et al., 2013):

MT = hH (cT ẋT+ kT xT), (8)

where hH is the hub height. In this investigation wind tur-
bines are operating in the below-rated region, wherein the ef-
fective wind speed U0 is always below the rated wind speed
of the simulated wind turbine. It is assumed that the generator
torque is fast enough to realize the commanded axial induc-
tion factor. Therefore, the actuator dynamics are neglected
here.

In Sect. 3.2.2, the tower base fore–aft bending moment is
used as a representative load indicator to mitigate the wake-
induced global load at the different wind turbines inside the
wind farm rather than to determine the actual fatigue load
damage of the tower or any other component. Therefore
the simplified structural and dynamical model Eqs. (1), (2),
and (8) are considered meaningful for our control purpose
and applied modeling approach. The ADM turbine model
is integrating the turbulence-induced loads over the entire
swept area and is neglecting important dynamic load ef-
fects, e.g., the rotational sampling of partial gusts and partial
wakes. If a more realistic rotor model, actuator line model
(ALM) with individual blades, is applied, the modeling of the
structural dynamics and the load effect of the turbine should
be improved as well.

Figure 1 plots the power response of the simulated wind
turbine model Eqs. (1)–(2), which is incorporated later in the
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Figure 1. Power response of the simulated ADM compared with
the resultant electrical power output of the drive-train model. Both
models are subjected to the same wind speeds.

Figure 2. Ramped effective wind speed U0 and the relative wind
velocity Urel, which takes the tower top fore–aft movement into ac-
count according to Eq. (5).

PALM code for simulating a wind farm example and used for
the controller designs in the following sections. The power
response of the model is compared with the resultant elec-
trical power of the first-order drive-train dynamics presented
in Schlipf et al. (2013) without considering any electrome-
chanical losses. Table 1 lists the key parameters of the wind
turbine models, which are taken from the freely available
model of the NREL 5 MW reference wind turbine (Jonkman
and Buhl, 2005).

Both models in Fig. 1 are subjected to the same effective
wind velocities at the optimal operating point of the NREL
5 MW reference turbine with rotor diameter D = 126 m,
which is obtained from steady-state power and thrust compu-

Table 1. Specifications of the wind turbine models taken
from Jonkman and Buhl (2005).

Simulation parameter Value

Turbine rotor diameter D 126 m
Hub height 90 m
Rated wind speed Urated 11.2 m s−1

Aerodynamic time constant τ 8 s∗

Tower equivalent modal mass mTe 436 865 kg
Tower equivalent structural damping cT 17 568 kg s−1

Tower equivalent bending stiffness kT 1 766 242 kg s−2

Operational region below-rated
Simulation sample time 0.01 s

∗ Time constant at an effective wind speed U0 = 8 m s−1.

tations as a function of the effective wind speed, e.g., using
blade element momentum (BEM) theory. The aerodynamic
time constant τ in Eq. (1) is scheduled as a function of the ef-
fective wind speed in order to describe the resultant electrical
power of the considered drive-train as a reference. The fluc-
tuations of the calculated aerodynamic power (black curves)
originate from tower fore–aft mode excitations because of
the step changes in the wind speed U0. Note that the above
analysis on the wind turbine model has not been simulated
with PALM as it is not possible to step the wind speeds in
the PALM code. Figure 2 compares the ramped effective and
the relative velocities, showing the effect of the tower struc-
tural dynamic model Eq. (2) on the aerodynamic power and
thrust of the extended ADM. The following section focuses
on our investigated wind farm example, which is simulated
after coupling the presented wind turbine model Eqs. (1)–(2)
with PALM (see Level 0 of Fig. 6).

2.3 The case study

A layout of a 3× 4 wind farm example with different wake
overlaps with downstream wind turbines is considered here
(Fig. 3). The wind turbines are spaced 5 rotor diameters (or
5D) in the streamwise direction. In the first and third rows,
i.e., turbines {1,4,7,10} and {3,6,9,12}, the rotor centers of
the downstream turbines are intentionally offset by half a ro-
tor diameter (D) from the centers of their upwind ones, while
the wind turbines in the middle row, i.e., turbines {2,5,8,11},
are spaced without lateral offset to create full wake interac-
tions. Figure 3 shows the instantaneous field of the u compo-
nent of the wind at the hub height of the wind turbines. Our
convention for the rows (R1 to R3) and columns (C1 to C4)
of wind turbines is also clarified. Table 2 summarizes the key
parameters of the PALM simulation setup for the main sim-
ulations of the considered wind farm case study with active
power control.

A neutral boundary layer (NBL) is simulated with a cap-
ping inversion and a mean wind speed of 8 m s−1 at hub
height. Under such conditions, large wake losses can be ex-

www.wind-energ-sci.net/4/139/2019/ Wind Energ. Sci., 4, 139–161, 2019



144 M. Vali et al.: An active power control approach for wake-induced load alleviation

Figure 3. The layout of the waked 3×4 wind farm model simulated
with PALM. Ri and Cj stand for the ith row and the j th column of
the simulated wind turbines, respectively.

pected during standard operation of the wind farm, i.e., with-
out active power control. A precursor simulation of the atmo-
spheric boundary layer is conducted without any turbines in
order to allow for the generation of a fully developed undis-
turbed turbulent flow field. Then, it is used for the initial-
ization of the main wind farm simulation runs in which a
turbulence recycling method is used.

A high turbulence intensity is one of the key drivers
for fatigue loading under both ambient and wake condi-
tions (Frandsen, 2007). The longitudinal turbulence inten-
sities at hub height of the first wind turbine are approxi-
mately 5 % at the turbine location and 15 % at 5 D distance
downstream in the wake center, respectively. These values
are calculated after resolving wake structure and its prop-
agation downstream under greedy control as indicators for
the assessment of intensified turbulence intensities inside the
wake compared with the free-stream flow. Indeed, the wake
turbulence is inhomogeneous and varies across and along
the wake. Note that the turbulence intensity will indeed be
slightly higher, as generally the subgrid-scale turbulent ki-
netic energy (TKE) will also contribute. Furthermore, the
employed ADM in the large-eddy simulation indeed repro-
duce lower thrust variations due to averaging the local tur-
bulence over the rotor-swept area and especially in the side
rows due to wake meandering and partial wake overlaps.

Figure 4 summarizes the total power production and dy-
namic loading of the considered case study, wherein the wind
turbines operate with the locally greedy optimal control set-
tings ai = 1/3. Note that the wind turbines always operate in
the below-rated region, in which the control objective is to
maximize energy capture from the incoming wind. The total
turbulent wind farm power production and the correspond-
ing time-averaged power have been used as indicators for the
wind farm available power. The thrust force which is applied
on average on the wind turbines and the root mean square
(RMS) of the errors across all wind turbines between the
individually applied thrust forces and their turbine-averaged
value are employed as indicators for uneven dynamic loading
in a waked wind farm. Figure 5 shows the standard deviations
(SD) of the time series of the applied thrusts of the individ-

Figure 4. Wind farm power (left vertical axis) and deviations of the
applied thrusts from their turbine average (right vertical axis) with
locally greedy induction factors.

Figure 5. SD of the applied thrust forces on the individual wind
turbines operating with the greedy induction factors ai = 1/3.

ual wind turbines, operating with their locally optimal axial
induction factors. Although the downwind turbines are sub-
jected to lower wind velocities compared with the upwind
turbines, they experience mainly higher dynamic loading,
which is attributed to the intensified turbulence intensity and
velocity fluctuations inside the wakes. One important note is
that we have focused so far on the dynamic loading caused
by wakes and their interactions with the boundary layer. In
the following, we demonstrate how the wind turbine control
settings, e.g., the axial induction factors, might be used to
influence the structural loading of the wind turbines in the
presence of wakes with higher turbulence intensity.

3 Active power control design

When changing the wind farm power reference, it has to be
decided how each turbine should contribute to the power pro-
duction. The wake interactions among the wind turbines af-
fect the ability of the wind farm to track desired power ref-
erence trajectories and also increase the aggregated fatigue
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Table 2. The key parameters of the PALM simulation setup.

Simulation parameter Value

Domain size Lx ×Ly ×Lz 15.3× 3.8× 1.3 km3

Grid mesh size Nx ×Ny ×Nz 1024× 256× 128
Cell mesh resolution 1x ×1y ×1z 15× 15× 10 m3

Number of wind turbines Nt 12
Wind turbine model actuator disc model (ADM)
Wind turbine control DoF induction factor
Number of grid cells per turbine 68
Atmospheric stability condition neutral boundary layer (NBL)
Ambient longitudinal wind speed U∞ at hub height 8 m s−1

Geostrophic wind velocity u= 9 m s−1 and v =−2 m s−1

Monin–Obukhov length scale 3.8 km
Longitudinal turbulence intensity of ambient wind Iu ≈ 5 %
Longitudinal turbulence intensity of wakes Iu ≈ 15 %
30 min averaged wind farm power∗ 12.3 MW
Simulation sample time 1 s

∗ Sum of the individual wind turbine’s power production with the local greedy control setting ai = 1/3.

loading of a wind farm. Therefore, two control objectives are
addressed in this study. A closed-loop APC is designed to
simultaneously improve the quality of the wind farm power
reference tracking and coordinate the power and load distri-
bution in order to influence the wake-induced structural load-
ing of the wind turbines. Figure 6 schematically shows the
main components of the proposed closed-loop APC frame-
work in this paper. A hierarchical control architecture is in-
troduced as follows.

– Level 0 stands for the open-loop wind power plant and
illustrates how the employed LES model, i.e., PALM, is
coupled with the ith wind turbine model Eqs. (1)–(2) to
establish the investigated wind farm case study. While a
wind turbine applies the thrust force Fa into the incom-
ing flow in order to extract a certain amount of power P
form the wind, its wake propagates downstream and in-
teracts with the atmospheric boundary layer.

– Level 1 contains the main components of the gain-
scheduled wind turbine control (WTC) system of the
ith wind turbine (WT) with the main objective of lo-
cally following the power demand P dem

i , as will be ex-
plained in Sect. 3.1. Note that the wind turbine power
demands are computed by the wind farm controller to
cooperatively realize the control objectives at the wind
farm level.

– Level 2 represents the closed-loop APC at the wind farm
(WF) level, deciding how the power productions of the
individual wind turbines should be regulated in such a
way that their total power production follows the power
reference P ref. In Sect. 3.2, it will be demonstrated how
the local power demands P dem

i can be adjusted in order

Figure 6. Schematic illustration of the closed-loop wind farm con-
trol (WFC) framework developed for APC of waked wind farms.
The gray blocks represent the hierarchical structure of the designed
APC systems at the wind turbine and the wind farm levels.

to diminish wake-induced dynamic loading of the wind
turbines during the APC of waked wind farms.

3.1 Wind turbine controller design

Each wind turbine has its own feedback controller such that
it behaves as a dominant second-order system with a certain
frequency ω and a damping ratio ζ to regulate the rate of
power production (see Level 1 of Fig. 6). The control objec-
tive of the wind turbine control system is defined to locally
track the power demand P dem

i , which is commanded by the
high-level wind farm controller.

The wind turbine controller is designed based on a linear
representation of the aerodynamic power with respect to the
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control input. Hence, the following mapping is applied to the
axial induction factor (Boersma et al., 2016):

βi =
ai

1− ai
. (9)

One important note is that the power derating control is
governed by the induction control Eq. (9). A more compre-
hensive wind turbine control system would consider the ac-
tual torque and pitch controllers. For more details on practi-
cal aspects of implementing the torque and pitch control for
power derating and their effects on the wind turbine loads
(see Aho et al., 2013, 2016).

A proportional-integral-based (PI) control law is defined
for APC of the ith wind turbine as

βi,k =KP,i ei,k +KI,i

k∑
j=1

ei,j , (10)

with the local tracking error ei,k = P dem
i,k −Pi,k at time in-

stance k. Standard pole placement is utilized for computing
the gain-scheduled proportional and integral gains KP,i and
KI,i as follows.

KP,i =
2τiζω− 1
1
2ρAdU

3
di

, (11)

KI,i =
τiω

2

1
2ρAdU

3
di

, (12)

with the locally rotor-averaged wind velocity Udi as the
scheduling variable. The closed-loop frequency and the
damping ratio with the designed wind turbine controllers are
set to ω = 0.06 Hz and ζ = 1, respectively. It is important to
note that the gain-scheduling approach is necessary in order
to keep the closed-loop response invariant to changes in the
aerodynamic control distribution. The axial induction factor
is constrained to its value for maximum (greedy) power ex-
traction, i.e., ai ≤ 1/3, equivalent to βi ≤ 1/2. Therefore, the
PI controller is extended with an antiwindup scheme for re-
setting the integrator component whenever the control input
constraints are activated.

3.2 Wind farm controller design

The wind farm power reference P ref is distributed among the
individual wind turbines on the basis of a power distribution
control law, e.g., an open-loop pre-selection (Fleming et al.,
2016; van Wingerden et al., 2017) or a closed-loop adjust-
ment (Vali et al., 2018b) of the power set-points. In the cur-
rent study, we propose an extension to the APC of waked
wind farms to actively regulate the distributing set-points,
yielding reduced structural loading when the total power pro-
duction tracks a time-varying power reference, demanded by
the transmission system operator (TSO). The proposed con-
trol architecture for APC with a CLD is depicted in Fig. 7.

Figure 7. Schematic illustration of the proposed closed-loop APC
of wind farms. The gray block depicts the main components of the
wind farm control (WFC) block in Level 2 of Fig. 6. One feedback
loop focuses on APC, while a second feedback loop provides coor-
dinated load distribution (CLD).

3.2.1 Compensation of accumulated wake-induced
power losses

Following van Wingerden et al. (2017), a gain-scheduled
APC is designed to improve the wind farm power-tracking
performance by resolving undesirable local effects due to tur-
bulence and wakes. Therefore, the control signal 1P ref

∈ R
actively adjusts the wind turbine power demandsP dem

∈ RNt

in order to compensate for the accumulated local tracking er-
rors at each time instant k as

1P ref
k =K

APC-gs
P eP

total,k +K
APC-gs
I

k∑
j=1

eP
total,j , (13)

with the total wind farm tracking error

eP
total,k = P

ref
k −

(
Nt∑
i=1

Pi,k

)
. (14)

The proportional and integral gains of the APC at the wind
farm level are scheduled as follows (van Wingerden et al.,
2017):

K
APC-gs
P,I =min

(
Nt

Nt−Ns
,Nt

)
KAPC

P,I , (15)

on the basis of the capabilities of the individual wind turbines
in the compensation of the accumulated wake-induced power
losses. Therefore, the scheduling variableNs is defined as the
number of saturated wind turbines, i.e., ai,k = 1/3, due to the
lack of enough wind power reserve. The reader is referred
to van Wingerden et al. (2017) for more details about the
controller design and the closed-loop stability.

The presented APC law Eq. (13) guarantees only a sat-
isfactory wind farm power-tracking performance when the
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demand remains below the total available power of the wind
farm. However, the turbulent nature of the wind and wakes
might temporally cause the available wind farm power to
suddenly drop below the demand, particularly for a high
demand. In such conditions, the individual wind turbines
should indeed operate at their optimal operating point, i.e.,
either the greedy control ai,k = 1/3 or the wake induction
control (Ciri et al., 2017; Vali et al., 2019), to extract the max-
imum amount of energy from the incoming wind. Therefore,
the APC law Eq. (13) is limited to the following condition:

1P ref
k

∗
=

(
Nt∑
i=1

Pi,k

)
−P ref

k when Ns =Nt. (16)

When all of the individual wind turbines are enforced to oper-
ate with their optimal induction factors, i.e.,Ns =Nt. Indeed,
the constraint Eq. (16) avoids the integrator winding up due
to an abrupt drop of the total wind farm available power.

3.2.2 Wake-induced structural load control

A closed-loop power distribution law is proposed based on
the structural load measurement of the individual wind tur-
bines, the so-called coordinated load distribution (CLD). The
main objective of the closed-loop APC is to minimize the to-
tal wind farm power-tracking error, e.g., by adjustments of
each wind turbine’s power demands as follows:

P dem
i,k = αi,k

(
P ref
k +1P

ref
k

)
, (17)

where distributing power set-points αi,k can be chosen freely
with the constraint

Nt∑
i=1

αi = 1 (18)

to ensure a high-quality wind farm power tracking and grid
stability (van Wingerden et al., 2017; Vali et al., 2018b).

The existing DoFs are exploited here to actively adjust the
power demand distribution factor αk ∈ RNt in order to alle-
viate wake-induced structural loading, while the total power
production follows a wind farm power reference. Therefore,
a load-based tracking error is defined for the ith turbine at
time instant k as

eL
i,k =

(
1
Nt

Nt∑
l=1

Ll,k

)
−Li,k, (19)

describing the deviations of the instant structural loading of
the Nt number of the operating wind turbines from their
mean value. In the present study, we consider only the load
measurements of the first tower base fore–aft bending mo-
ment, i.e.,Li =MTi , as a descriptor for the structural loading
of the ith wind turbine operating in a waked wind farm. Other
load quantities, e.g., variation in the flapwise blade loading,

short-term damage equivalent loads of the blade, main shaft
response, and actuator wearing and tearing, should be also
considered to be more representative for a real plant. The
proposed load control approach could be applied in princi-
ple as well for such more sophisticated descriptors if their
measurements (or estimates) are available online.

A PI power distribution law is defined as

αi,k =K
CLD-gs
P eL

i,k +K
CLD-gs
I

k∑
j=1

eL
i,j , (20)

for active adjustment of the power set-points to try to level
the structural loading of the individual wind turbines. The
pole-placement method is employed to design the propor-
tional and integral gains to guarantee closed-loop stability.
Within a waked wind farm, balancing the structural loading
ideally yields a significant alleviation of the aggregated struc-
tural loading, which will prolong the lifespan of the individ-
ual wind turbines. Indeed, the feedback loop Eq. (20) tends
to reduce the power set-point of a highly loaded wind turbine
and thus to transfer its structural loading to other operating
wind turbines.

When a power reference is relatively high compared to the
wind farm available power, the downwind turbines mostly
operate in high-wake conditions, leading to control saturation
due to a local lack of enough wind power in reserve. There-
fore, the active power control signal Eq. (13) mainly relies
on the upwind turbines that can access higher wind veloci-
ties. In this situation, upwind turbines might inevitably expe-
rience higher dynamic loading than waked turbines in order
to improve wind farm power-tracking accuracy in the pres-
ence of high wake losses. Therefore, the CLD law Eq. (20) is
extended with a gain-scheduling procedure as follows:

K
CLD-gs
P,I =max

(
Nt−Ns

Nt
,

1
Nt

)
KCLD

P,I (21)

to reduce the CLD loop gain with an increase in the number
of the saturated wind turbines Ns, indicating higher demands
and strong wake conditions. In other words, the control prior-
ity is given to the APC when the size of the solution domain
is limited in order to avoid inefficient interactions of the two
designed control loops. The two loops interact due to how
power capture at a wind turbine affects its wake and hence
the structural loading of downwind turbines.

The proposed structural load control approach relies on the
nonunique solution of the APC for wind farms. Therefore,
the size of the APC solution domain plays a key role in load
control. Indeed, the control solution domain is limited when
a wind turbine is commanded to an unrealizable power de-
mand, which leads to the wind turbine control saturation. In
this condition, the wind turbine structural modes may be in-
tensively excited with high fluctuations of the wind velocities
inside the wakes. In order to avoid limiting the control solu-
tion domain, the following condition is applied to the power
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set-point of the ith saturated wind turbine:

α∗i,k =
Pi,k

P ref
k +1P

ref
k

when ai,k = 1/3, (22)

which sends a power demand about the locally available
wind power of the saturated wind turbine. Thus, the control-
lability of the problem is increased for rejecting the source
of the structural loading, e.g., the high turbulence intensity
inside the wakes. One important note is that changing an op-
erating set-point Eq. (22) also requires changes in other set-
points in order to satisfy Eq. (18). Therefore, they are uni-
formly scaled up when the power set-point of the ith satu-
rated turbine is adjusted according to Eq. (22).

4 Results and discussion

This section focuses on a simulation scenario in which
the wake interactions are problematic for a good wind
farm power-tracking performance, similar to Fleming et al.
(2016), van Wingerden et al. (2017), and Vali et al. (2018a,
b). Note that the APC of wind farms in a nonwaked con-
dition simplifies the control problem to a standard tracking
one, which is not addressed here. The following three APC
approaches are evaluated in this study:

– An open-loop power distribution approach as a baseline
(Baseline; Fleming et al., 2016),

– A closed-loop APC at the wind farm level (Ref. APC;
van Wingerden et al., 2017),

– The proposed APC with a coordinated load distribution
(APC/CLD).

A wind farm power reference tracking scenario is con-
ducted to evaluate the APC performance of the simulated
wind farm with PALM. A time-varying power reference,
which is demanded from the TSO, is defined as follows:

P ref
k = P

base
farm

(
b+ c nAGC

k

)
, (23)

where the normalized perturbation of nAGC
k is simulated us-

ing a standard test signal. Figure 8 depicts the employed
normalized RegD type of an automatic generation con-
trol (AGC) signal, the most rapidly actuating test signal
which is used for APC qualification by a regional transmis-
sion organization in the eastern United States (Pilong, 2013).
This test signal has also been used in other wind energy APC
studies such as Fleming et al. (2016), Shapiro et al. (2017)
and Bay et al. (2018).
P base

farm is typically selected based on the time-averaged
available power of a specific wind farm layout (Shapiro et al.,
2017; Vali et al., 2018a). The parameters b and c describe
the percentages of the contributions of P base

farm and the normal-
ized AGC signal nAGC

k for generating different wind farm

power references. In this study, the power base is chosen
as P base

farm = 12.3 MW, which is the time-averaged power pro-
duction of the simulated wind farm containing 12 wind tur-
bines operating with the locally greedy control setting (see
Fig. 4). Different levels of the power demand, which are de-
termined using the parameter b, have been generated in order
to investigate the performance of APC with CLD with differ-
ent ratios of the power reference and the total wind power
reserve. Note that the lower ratios provide a qualitative as-
sessment of the wind farm controller at higher wind speeds,
wherein the waked wind turbines have potentially more wind
power reserves to follow their local demands. However, they
are still subjected to the higher structural fatigue loads due
to the wake effects. In all cases, the AGC signal perturbation
is considered with a maximum amplitude of c = 10 % of the
power base.

The analyses are focused on the AGC signal after 300 s
to allow time for inflow propagation and wake development.
The key parameters of the wind turbine control systems and
wind farm APC with CLD are given in Table 3. The con-
trollers are designed about the operating point of our wind
farm example at an ambient wind speed of U∞ = 8 m s−1,
with the axial induction factor ai = 0.25 for undisturbed in-
dividual wind turbines. The baseline case follows the tradi-
tional APC idea that all wind turbines are derated equally,
i.e., αi = 1

Nt
. The Ref. APC exploits the feedback control sig-

nal Eq. (13) for actively regulating the equal derating com-
mands. The effect of the different power set-points on the
power and load distribution among the individual wind tur-
bines has been discussed in Vali et al. (2018b).

The remainder of this section is organized as follows.
Section 4.1 illustrates the wind farm power-tracking perfor-
mance with the Ref. APC, extended with Eq. (16), for the
cases in which the available wind farm power suddenly drops
below the TSO power demand. Section 4.2 highlights the
performance and the main features of the proposed APC with
CLD, compared with the baseline and the Ref. APC. Finally,
Sect. 4.3 evaluates comparatively the APC with CLD for
different wind farm power reference parameterization from
some practical criteria, e.g., the power-tracking accuracy, the
extreme loading, and the structural fatigue loading of the in-
dividual wind turbines.

4.1 Active power control of waked wind farms

Figure 9 illustrates the total power productions of the sim-
ulated wind farm with the equal power set-points of 1/12.
The demanded power reference by the TSO is perturbed
about b = 95 % (Fig. 9a) and b = 100 % (Fig. 9b) of the
time-averaged power production of the locally greedy con-
trol. Therefore, high wake-induced power losses of the down-
stream turbines adversely degrade the performance of the
baseline. As demonstrated also in van Wingerden et al.
(2017), the feedback controller compensates for the accumu-
lated power losses by demanding more from turbines with
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Figure 8. Normalized RegD type of an (automatic generation control) AGC test signal (data obtained from https://www.pjm.com/, last
access: 18 April 2017).

Table 3. The key parameters of the implemented active power controllers at the wind farm level in PALM. The wind turbine control system
frequency and damping ratio are chosen as ω = 0.06 Hz and ζ = 1.

Preselected APC loop CLD loop
set-points

Baseline αi =
1

12 (–) NA NA

Ref. APC αi =
1

12 (–) KAPC
P = 3.76 (–) NA

KAPC
I = 0.96 (s−1)

APC/CLD NA KAPC
P = 3.76 (–) KCLD

P = 2.80× 10−5 (Nm−1)
KAPC

I = 0.96 (s−1) KCLD
I = 6.32×10−7 (Nm−1 s−1)

higher wind power reserve. The accuracy of the APC ap-
proaches is assessed using the RMS of the tracking errors
over the illustrated simulation runtime.

One important note is that the turbulent kinetic energy of
the flow plays an important role in the closed-loop APC. For
the power reference with b = 95 %, the closed-loop APC is
able to track a power reference signal 5 % larger than P base

farm =

12.3 MW from 450 to 850 s. However, the total power pro-
duction suddenly drops due to a turbulence-related strong
decrease in the wind speed at about the time instant 880 s.
All wind turbines operate with the locally optimal induction
factor ai = 1/3 during this short period of time to capture
the kinetic energy from the wind as much as possible. This
situation is intensified by demanding the higher power refer-
ence with b = 100 %, which leads to more frequently switch-
ing between the APC and the greedy control. As discussed
above, the constraint Eq. (16) has been introduced to distin-
guish the wind farm tracking errors caused by a temporary
lack of available wind farm power from a lack of power due
to inefficient wake-induced losses. Indeed, the control sig-
nal1P ref adjusts the TSO power reference depending on the
controllability of the APC problem. A satisfactory tracking
performance is achieved again as soon as the energy content

of the wind increases and thus the wind farm available power
goes up beyond the TSO power reference.

Figure 10 demonstrates the trajectories of the axial in-
duction factors of the individual wind turbines for follow-
ing the power reference with b = 95 % in the most critical
time span up to 1300 s. The closed-loop APC mostly satu-
rates the downwind turbines to the locally optimal operating
point ai = 1/3, which means that the controllability of the
problem is limited for high power references. Thus, they are
not responsive enough for rejecting the sources of dynamic
loading, e.g., a high turbulence intensity inside the wake,
through their control inputs. High wake losses are mainly
compensated by the upwind turbines (first column) using
the total wind farm power feedback. Indeed, high structural
loading are expected on the upwind turbines because of their
large power variations to compensate for power losses at the
waked wind turbines.

Figure 11 plots the corresponding power productions of
the individual wind turbines. Both wind farm controllers
apply the concept of equal power derating (dashed black
curves), which is then adjusted in the closed-loop APC. The
upwind turbines 1, 2, and 3 mainly contribute to the wind
farm power-tracking performance, as shown in Fig. 9. More-
over, the second row of the wind turbines, containing wind
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Figure 9. Total power production of the wind farm with closed-loop APC, compared with the baseline. Both controllers rely on constant
power set-points αi = 1/12 for equally distributing the AGC power reference among the wind turbines with indices of i = 1, . . .,12. The
time-varying power reference parameters Eq. (23) are chosen here as P base

farm = 12.3 MW, b = 95 % (a), b = 100 % (b), and c = 10 %. P base
farm

represents the time-averaged wind farm power with locally greedy induction factors ai = 1/3 (see Fig. 4).

turbines 2, 5, 8, and 11 (see Fig. 3), interact fully with their
wakes. Compared with the baseline, higher losses of the fifth
turbine are caused by the higher energy extraction of the sec-
ond turbine. However, the flow is recovered faster with the
closed-loop APC when it reaches the eighth wind turbine,
which operates at the greedy operating point for both cases
(see Fig. 10).

4.2 Active power control with coordinated load
distribution law

Applying our new control law, the distributed power set-
points are actively adjusted at each time instant to achieve
smaller deviations of structural loading of the individual
wind turbines from their mean value. In the previous sec-
tion, it has been discussed that a demand at b = 95 % of
P base

farm = 12.3 MW limits the flexibility and the APC solution
domain relative to a lower demand b. Therefore, we elaborate
the performance of APC with CLD with different parameter-
izations of the power reference Eq. (23) in order to enlarge
the domain of APC solution.

Figure 12 plots the AGC response and indicates the RMS
of the wind farm power-tracking error from 300 to 2100 s for
the studied APC approaches, where the demanded power ref-
erence from the TSO is perturbed about b = 80 % of P base

farm =

12.3 MW with c = 10 % of the normalized AGC signal. The

tracking error of the baseline (dashed blue curve) is reduced
due to the lower wake deficits. However, the wake-induced
power losses still degrade the grid stability and this can be
addressed using the closed-loop APC (solid red curve). Note
that the power set-points are chosen as 1/12 as before for
both cases. The wind farm power-tracking accuracy is further
improved when the power set-points are actively adjusted us-
ing the proposed CLD control law (dashed green curve).

Figure 13 depicts the trajectories of the regulated power
set-points. The APC with CLD exploits the flexibility of the
wind turbine control inputs in order to find the APC solu-
tion that yields a better balance of structural loading for the
individual wind turbines. Contrary to the equal set-points
of 1/12, the power set-points of the upstream turbines 1 to
3 are significantly increased because they are operating in
the free stream with high power reserves and low turbulence
intensity (of approximately 5 %). Therefore, there exists the
possibility to increase their contributions toward structural
load reduction of the downwind turbines operating inside
wakes with higher turbulence intensity (of approximately
15 %). Furthermore, the set-points of the saturated wind tur-
bines are adjusted according to Eq. (22), which causes the
wind farm controller to demand these waked wind turbines
to produce about their locally available wind power.
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Figure 10. The axial induction factor trajectories of the individual wind turbines with the baseline and closed-loop APC for the power
reference with P base

farm = 12.3 MW, b = 95 %, and c = 10 %. Both controllers rely on equal power set-points, i.e., αi = 1/12.

Figure 11. The power productions of the individual wind turbines with the baseline and closed-loop APC for the power reference with
P base

farm = 12.3 MW, b = 95 %, and c = 10 %. Both controllers rely on equal power set-points, i.e., αi = 1/12.
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Figure 12. Total power production of the wind farm with closed-loop APC with coordinated load distribution (CLD). The time-varying
power reference parameters Eq. (23) are chosen here as P base

farm = 12.3 MW, b = 80 %, and c = 10 %. P base
farm represents the time-averaged

wind farm power with locally greedy induction factors ai = 1/3 (see Fig. 4).

Figure 13. The trajectories of the power set-points with APC with coordinated load distribution (CLD). The baseline and Ref. APC rely on
equal power set-points, i.e., αi = 1/12.

Figures 14 and 15 reveal the impact of the CLD law on the
wind farm power tracking and the dynamic loading, respec-
tively. The first figure illustrates the control signal 1P ref,
which actively regulates the wind turbine power demands
in order to compensate for the total wake-induced power
losses. Contrary to the reference case (red curve), APC with
CLD demands significantly smaller corrections via the over-
all power demand, and the power set-points are adjusted
more using the local power and structural load measurements
of the individual wind turbines. This addresses the accuracy

improvement of the wind farm power tracking, compared
with the reference closed-loop APC. Note that the APC and
CLD loops are activated at time instants 200 and 300 s, re-
spectively. Each distributing signal αi,k is initialized with an
equal power set-point of 1/12, as illustrated in Fig. 13.

Figure 15 shows the pattern of dynamic loading of the in-
dividual wind turbines for the studied APC approaches. At
each time instant, the RMS of the errors across all wind
turbines between the applied thrust forces and their mean
value is calculated. The SD of the applied thrust forces on
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Figure 14. The control signal 1P ref for adjustment of the wind
turbine power demands.

Figure 15. RMS errors between the applied thrust of the individual
wind turbines and their mean value.

all wind turbines from 300 to 2100 s is also denoted in the
legend for each approach. Although the reference APC im-
proves the accuracy of the tracking performance by almost
74 % (see Fig. 12), the loading pattern remains similar to the
baseline (see solid red and dashed blue curves in Fig. 15)
due to the same selection of the power set-points. The reader
is referred to Vali et al. (2018b) for analyses on the depen-
dency of the thrust distribution patterns on different station-
ary selections of the power set-points. The increase in the
SD of the exerted thrust forces is related to the compensation
of wake-induced power losses using feedback. As demon-
strated, APC with CLD is capable of regulating the wind tur-
bine power productions with at least the same quality of AGC
response of the Ref. APC without CLD. The RMS of the de-
fined thrust-based error over time (see green line in Fig. 15)

Figure 16. The standard deviation (SD) of the applied thrust forces
on the individual wind turbines for the different APC approaches.
R and C stand for the row and column of wind turbines, respec-
tively, for our simulated wind farm (see Fig. 3). The power refer-
ence Eq. (23) is parameterized as P base

farm = 12.3 MW, b = 80 %, and
c = 10 %. The Ref. APC without CLD (red bars) and the APC with
CLD (green bars) lead to almost the same accuracy of the wind farm
power tracking (cf. Fig. 12).

and the associated SD of the exerted thrust forces (see the
legend in Fig. 15) are significantly reduced, meaning that the
wind turbines are loaded more evenly.

Figure 16 compares the SD of the applied thrust forces on
the individual wind turbines from 300 to 2100 s. APC with
CLD (green bars) results in a reduction in deviations of the
thrust forces of the downwind turbines operating inside the
wakes, compared with the baseline and Ref. APC. In total,
the aggregated structural loading is remarkably lowered by
slight load transfer to the upwind turbines, i.e., the first col-
umn (C1). Such an increase in the dynamic loading of these
turbines is not critical since they are operating in a low am-
bient turbulence anyway.

Figure 17 provides a closer view on the trend of the pro-
posed CLD law for the reduction of wake-induced struc-
tural loads, e.g., by looking at the performance of the wind
turbines 10 to 12 in the last wind farm column, compared
with the Ref. APC without CLD. The adjusted power de-
mands with the APC law Eq. (13) are actively derated over
time using feedback from the local power and structural load
measurements. It should be noted that the wind farm power-
tracking performance is kept unchanged through uprating the
wind turbines that are subjected to lower external turbulent
excitations, particularly the upwind turbines (see Fig. 13).
Indeed, limiting the power demands increases the controlla-
bility of the waked wind turbines. As shown, the axial in-
duction factors are saturated less often and hence have more
freedom (see green curves) to reject the intensified fluctua-
tions due to the turbulence, which is the main source of the
wake-induced structural loading on the downstream turbines.

4.3 Performance analyses

This section evaluates the applicability of the proposed APC
with CLD from some practical criteria, e.g., the APC accu-
racy, the extreme loading, and the aggregated fatigue load-
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Figure 17. The adjusted power demands (a, b, c) and the corresponding trajectories of the axial induction factors (d, e, f) of the last column
(C4) of turbines in the wind farm. Both APC approaches provide almost the same quality of AGC response (see Fig. 12). The power reference
Eq. (23) is parameterized as P base

farm = 12.3 MW, b = 80 %, and c = 10 %.

ing. The wind turbine structural fatigue loading is among the
key factors in the design of wind turbines (IEC, 2005). The
fatigue load analysis is achieved by comparing the load spec-
tra obtained from rainflow counting of the time series of the
stresses with a characteristic curve of the design resistance
of the component under investigation, the so-called S–N or
Wöhler curve. This study only provides a qualitative assess-
ment of the corresponding damage equivalent load (DEL)
of the tower base fore–aft bending moment as a descrip-
tor for structural fatigue loading in wind farms. As shown
in Sect. 2.2, it is straightforward to extend the ADM in the
PALM simulation code with the tower structural dynamics
Eq. (2). Other fatigue load sources, e.g., quasi-periodic load
disturbances due to wakes partially overlapping the rotor-
swept area, will be more representative for a comprehensive
fatigue load analysis when they are included inside the sim-
ulation model. The corresponding DELs are computed using
the 30 min time series (from 300 to 2100 s) of the tower base
fore–aft bending moment. The inverse slope of the S–N curve
is considered m= 4, which is commonly used for steel com-
ponents like the tower.

Table 4 summarizes the performance results of the stud-
ied APC approaches. Each case is evaluated with four AGC-
based power references (Eq. 23) with different parameteriza-
tions of b in order to investigate the effect of wind power re-
serves and thus different sizes of the APC solution domains.
The accuracy of APC is evaluated first with the RMS of the

wind farm power-tracking error. Then, the SD of the applied
thrust forces on all wind turbines are outlined as well. The
possible impacts on the structural loading of the wind farm
are analyzed using the maximum amplitude and the corre-
sponding DELs of the fore–aft tower base bending moment
of all 12 wind turbines, which are plotted in Fig. 18 for all
case studies. We introduce the mean DEL and the SD of the
corresponding DEL as two indicators for analyzing the wind
farm fatigue loading as a whole and the variation in fatigue
load distributions among the wind turbines, respectively. The
local quantity is of special interest since particular turbine
situations with higher DELs are not balanced out by other
periods with lower DELs due to the strong nonlinearity of
the fatigue damage on the stress amplitude.

Figures 19 and 20 provide a comparative insight into the
overall performances for achieving the defined control ob-
jectives at the wind farm level. The RMS of the wind farm
power-tracking error (Fig. 19), the mean DEL (Fig. 20a),
and the standard deviation (Fig. 20b) of the corresponding
DELs are normalized with respect to the baseline case with
the power reference level b = 80 %. The bar graphs reveal
the relative performance of the studied APC approaches with
different levels of the TSO power reference and the corre-
sponding wake effects. In general, higher power demands
create stronger wake effects downstream, e.g., larger wind
velocity deficits and fluctuations, which lead to accumulated
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Table 4. Performance assessment of the studied APC approaches with PALM for different power reference parameterizations. The time-
varying power references (Eq. 23) are parameterized as P base

farm = 12.3 MW, b = 80 %, 85 %, 90 %, 95 %, respectively, and c = 10 %. All
quantities are computed for the 30 min time series (from 300 to 2100 s) of the wind farm operation.

RMS of total SD of Max of Mean DEL of SD of DEL of
power tracking thrust force tower base tower base tower base

error (MW) (kN)∗ moment (MNm)∗ moment (MNm)∗ moment (MNm)∗

Baseline b = 80 % 0.390 31.623 38.576 2.626 1.160
b = 85 % 0.556 32.330 37.993 2.798 1.098
b = 90 % 0.784 33.540 37.638 3.015 1.133
b = 95 % 1.120 34.113 38.614 3.176 1.131

Ref. APC b = 80 % 0.104 32.803 37.349 2.841 0.985
b = 85 % 0.106 34.476 38.830 3.249 1.037
b = 90 % 0.150 36.288 44.057 4.152 0.759
b = 95 % 0.192 41.857 47.243 4.689 0.388

APC with CLD b = 80 % 0.066 20.378 30.539 2.152 0.388
b = 85 % 0.074 24.738 31.632 2.590 0.389
b = 90 % 0.084 34.117 41.087 3.263 0.263
b = 95 % 0.128 52.543 50.512 4.172 0.552

∗ The quantity is calculated using the applied thrust forces or tower base load measurements of all wind turbines.

Figure 18. Corresponding DELs of the tower base fore–aft bending moment with the APC approaches for different levels of AGC power
demand (Eq. 23), parameterized as P base

farm = 12.3 MW, b = 80 %, 85 %, 90 %, 95 %, respectively, and c = 10 %. R and C are referring to the
turbine positions inside the simulated wind farm (see Fig. 3).

power-tracking errors and higher structural fatigue loading,
respectively.

4.3.1 Baseline open-loop control

The baseline case, i.e., an open-loop power distribution law,
clarifies the wake challenge of the APC problem when the
TSO power demand increases (see the blue bars of Fig. 19).
A higher level of the power reference b obviously demands

more energy extraction from all turbines, which cannot be
realized by the waked ones with lower kinetic energy con-
tent and undesirably increases total wind farm tracking er-
rors. In addition, higher local demands and wake effects
slightly increase the mean DEL. When a downwind turbine
operates inside a wake with lower energy content than lo-
cal demand, it is limited to its maximum operating point,
i.e., the greedy control setting a = 1/3. In such a condition,
there exists no control freedom for reducing wake-induced
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Figure 19. Normalized root mean square (RMS) of wind farm
power-tracking error for different levels of AGC power refer-
ence (Eq. 23), parameterized as P base

farm = 12.3 MW, b = 80 %, 85 %,
90 %, 95 %, respectively, and c = 10 %. The baseline case with
power demand level b = 80 % is considered the reference.

structural loading. Higher DELs for the last two columns
of turbines (C3 and C4) correspond to their operation inside
strong wakes with limited controllability (see blue bars of
Fig. 18). Note that the baseline case commands all wind tur-
bines equally. Therefore, the first column of turbines (C1)
experiences the lowest dynamic loading because these tur-
bines operate in free-stream with lower turbulence intensity
and higher power reserve for local power tracking. The wind
turbines of the second column (C2) are subjected to wakes
with higher kinetic energy than their local demands, yield-
ing medium wake-induced fatigue loading. Thus, the base-
line APC represents an uneven distribution of structural load-
ing at different columns of wind turbines, as it leads to the
highest standard deviations of the corresponding DELs, com-
pared with the closed-loop APC approaches (see Fig. 20b).

4.3.2 Closed-loop APC

The closed-loop APC is able to compensate the accumu-
lated power-tracking errors due to wake losses, in return for
higher dynamic loading of the wind farm on average (see
the red bars). It is discussed above that large power vari-
ations are demanded from upwind turbines to improve the
total power-tracking performance in the high-waking condi-
tion when b = 95 % (see Fig. 11); the increased DELs of the
upwind turbines (see red bars of Fig. 18) are due to their
contributions when using feedback at the wind farm level.
As illustrated in Fig. 20b (see red bars), the load distribu-
tion patterns remain close to the baseline for lower demands,
e.g., b ≤ 85 %, due to higher wind power in reserve. How-
ever, the wind turbines are loaded with a higher mean DEL
but more even distribution when the level of power demand
increases, e.g., b ≥ 90 %. Indeed, such higher demands limit
the controllability of the APC problem to the upwind tur-

bines, yielding significant load transfers closer to those of
strongly waked turbines (see Fig. 18).

4.3.3 APC with coordinated load distribution (CLD)

Extending the APC with the proposed CLD law improves
both the tracking performance and the reduction of struc-
tural loading of the waked wind farm (see the green bars).
The APC with CLD exploits the redundancy of the control
problem to search for the APC solution that alleviates wake-
induced structural loading of the wind turbines. Therefore,
the domain of APC solution plays a significant role in a sat-
isfactory performance of the proposed APC with CLD. Three
main features of the proposed CLD loop for an effective load
coordination over the whole range of the TSO power de-
mands are

– equalizing dynamic loading on the individual wind tur-
bines through Eq. (20) when there exists enough wind
power in reserve for tracking the TSO power reference,

– reducing the CLD loop gain through the gain-
scheduling procedure (Eq. 21) when upwind turbines
are highly loaded as they compensate for the accumu-
lated wake-induced tracking errors, and

– increasing the controllability of the saturated wind tur-
bines through Eq. (22) by adjusting the power set-points
according to locally available wind power at the waked
wind turbines.

Lower power demands, e.g., b = 80 % and b = 85 %, ben-
efit from higher wind power reserves, which enlarge the APC
solution domain and thus yield higher chances for fair bal-
ances of structural loading and reducing the mean DEL (see
Fig. 20a), even lower than the baseline. The reduced SDs
of the corresponding DELs verify that the APC with CLD
leads to more even fatigue load distributions among the wind
turbines (see Fig. 20b), compared with the other APC ap-
proaches. This feature might be an efficient concept for op-
erating in the above-rated region, wherein the wind power
reserves are high enough for a high-quality tracking per-
formance. One important note is that the fatigue load dis-
tribution pattern is equalized more evenly for the demand
case b = 90 %, while its corresponding mean DEL is in-
creased. Indeed, larger power variations in the upwind tur-
bines cause their fatigue loading to be closer to those of the
strongly waked downwind turbines (see Fig. 18 for more de-
tails).

A further aspect to be discussed is that a very high power
demand, e.g., b = 95 %, limits the APC solution domain to
the upwind turbines, as shown in Fig. 10. Almost 9 out
of the 12 wind turbines, i.e., all downstream turbines, are
saturated during most of the simulation due to a lack of
enough wind power, and this yields highly increased dy-
namic loading of the upwind turbines, even more than waked
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Figure 20. Normalized mean (a) and standard deviation (b) of the corresponding DELs of the tower base fore–aft bending moment for
different levels of AGC power reference (Eq. 23), parameterized as P base

farm = 12.3 MW, b = 80 %, 85 %, 90 %, 95 %, respectively, and c =
10 %. The baseline case with power demand level b = 80 % is considered the reference.

ones (see Fig. 18). In such conditions, the CLD loop ineffec-
tively sacrifices the accuracy of the power reference tracking.
Thus, the gain-scheduling Eq. (21) is used to reduce the CLD
loop gain and to avoid inefficient interactions of the two con-
trol loops. As shown in Fig. 20, the APC with CLD reduces
the mean DEL while the SD of the corresponding DELs in-
creases, compared with the reference APC. In this case, the
structural load mitigation has been locally achieved through
adjustments of the power set-points in accordance with the
available wind power inside the wakes. The increased con-
trol solution domain provides chances to react to the intensi-
fied wind velocity fluctuations inside the wakes. As discussed
above, adjusting the power set-points of the nine waked tur-
bines according to their available power demands an increase
on the power set-points of the three upwind turbines to sat-
isfy Eq. (18) for a reliable APC. That is why the SD of the
applied thrust forces on all wind turbines and the maximum
amplitude of the resultant first fore–aft tower base moments
are increased compared with the Ref. APC.

5 Conclusions

A new APC approach has been introduced and successfully
demonstrated to reduce the wake-induced structural loads
of a waked wind farm while the sum of their actual power
productions tracks a time-varying wind farm power refer-
ence. Since there exist multiple solutions for the APC prob-
lem with respect to the distribution of the individual wind
turbine power demands, a solution with mitigated structural
loading should be possible. The coordinated load distribution
law actively adjusts the individual wind turbine power set-
points using feedback from the local power and structural
load measurements, which makes it practical for real-time
control independent of the wind farm size and complexities
of wind farm flow and wakes. The study highlights that the
enlargement of the APC solution domain increases the con-

trollability of the system for rejecting the main source of the
intensified dynamic loading inside wakes. Indeed, with the
proposed APC with CLD commands waked wind turbines
subjected to lower wind velocities with higher fluctuations,
and with realizable power demands using their local power
and load measurements. Therefore, their axial induction fac-
tors, instead of being saturated to the greedy control setting
ai = 1/3, gain more freedom to be adjusted for smoother
power production and fatigue loading. Moreover, the accu-
racy of the wind farm power tracking is further improved
when the power set-points are chosen according to their lo-
cally available power.

Simulation results show that a high-quality AGC response
and a more even structural load distribution can be achieved
simultaneously when there exists sufficient wind power in
reserve. Demanding higher power production from the TSO
limits the flexibility of the APC problem with respect to the
wind turbine control inputs due to their saturation. Thus, a
satisfactory wind farm power-tracking performance may re-
quire higher dynamic loading on the upwind turbines because
of tremendously accumulated wake-induced errors. How-
ever, the mean fatigue loading of a wind farm can still be
reduced by effectively adjusting the local power demands at
each wind turbine. In the future, the proposed active power
control approach will be examined from more reliable and
practical perspectives, e.g., fatigue load analysis, using large-
eddy simulations coupled with aeroelastic wind turbine mod-
els. This is of particular interest with respect to asymmetric
rotor loads induced by partial wake overlap, which was be-
yond the scope of the present analysis.

Data availability. The underlying analysis and design are archived
by the University of Oldenburg and can be obtained by contacting
the corresponding author.
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Appendix A: Nomenclature

a axial induction factor Nx, Ny, Nz wind farm domain grid mesh size
b, c parameters of the wind farm power reference signal P wind turbine power production
cT tower structural damping Pa wind turbine aerodynamic power
ei ith wind turbine power-tracking error P dem

i ith wind turbine power demand
eL
i ith wind turbine load tracking error P base

farm time-average wind farm available power
eP

total wind farm power-tracking error P ref wind farm power reference
hH hub height U0 effective wind speed
i wind turbine index Ud axial disc-averaged wind velocity
k simulation time sample Urated rated wind speed
kT tower structural bending stiffness Urel relative wind speed
mTe tower equivalent modal mass αi distributing power set-point of the ith wind turbine
nAGC normalized AGC signal βi virtual induction factor of the ith wind turbine
u longitudinal geostrophic wind velocity ζ damping ratio of the wind turbine closed-loop response
v vertical geostrophic wind velocity ρ air density
xT tower top fore–aft displacement τ aerodynamic time constant
Ad swept area of the rotor plane ω frequency of the wind turbine closed-loop response
CT thrust coefficient 1x , 1y , 1z grid cell mesh resolution
D rotor diameter 1P ref wind farm power-tracking control signal
Fa aerodynamic thrust force ADM actuator disc model
Iu longitudinal turbulence intensity ADM-R actuator disc model with rotation
KI,i integral gain of the ith wind turbine control system AGC automatic generation control
KAPC

I nominal integral gain of the wind farm APC loop ALM actuator line model
K

APC-gs
I gain-scheduled integral gain of the APC loop APC active power control

KCLD
I nominal integral gain of the wind farm CLD loop CFD computational fluid dynamics

K
CLD-gs
I gain-scheduled integral gain of the CLD loop CLD coordinated load distribution

KP,i proportional gain of the ith wind turbine control system DEL damage equivalent load
KAPC

P nominal proportional gain of the wind farm APC loop DoF degree of freedom
K

APC-gs
P gain-scheduled proportional gain of the APC loop LES large-eddy simulation

KCLD
P nominal proportional gain of the wind farm CLD loop NBL neutral boundary layer

K
CLD-gs
P gain-scheduled proportional gain of the CLD loop RMS root mean square

Li ith wind turbine loading SD standard deviation
Lx , Ly , Lz wind farm domain size TKE turbulent kinetic energy
MT tower base fore–aft bending moment TSO transmission system operator
Ns number of the saturated wind turbines WFC wind farm control
Nt number of wind turbines WTC wind turbine control

Wind Energ. Sci., 4, 139–161, 2019 www.wind-energ-sci.net/4/139/2019/



M. Vali et al.: An active power control approach for wake-induced load alleviation 159

Author contributions. MV formulated the research question, de-
signed the controllers, performed the LES simulations and the sci-
entific analyses, and wrote the content of the article. VP and LYP
gave important advice on the study and controller design. GS pro-
vided support with the PALM simulation code and LES analysis.
LYP and MK provided intensive reviews on the scientific analy-
ses. All authors reviewed the manuscript and MK had a supervising
function.

Competing interests. The authors declare that they have no con-
flict of interest.

Acknowledgements. Thanks are given to Róbert Ungurán for his
kind support on establishing the communication between MATLAB
and the PALM code.

This work has been partly funded by the Federal Ministry
for Economic Affairs and Energy according to a resolution by
the German Federal Parliament (“WIMS-Cluster” 0324005)
and by the Ministry for Science and Culture of Lower Saxony
through the funding initiative “Niedersächsisches Vorab” (project
“ventus efficiens”). Support from the Hanse-Wissenschaftskolleg
in Delmenhorst, Germany, and from a Palmer Endowed chair at the
University of Colorado Boulder is also gratefully acknowledged.

Edited by: Mingming Zhang
Reviewed by: two anonymous referees

References

Aho, J., Buckspan, A., Laks, J., Fleming, P. A., Jeong, Y.,
Dunne, F., Churchfield, M., Pao, L. Y., and Johnson, K.:
A tutorial of wind turbine control for supporting grid fre-
quency through active power control, in: American Con-
trol Conference, IEEE, Montreal, QC, Canada, 3120–3131,
https://doi.org/10.1109/ACC.2012.6315180, 2012.

Aho, J., Pao, L. Y., and Fleming, P. A.: An active power con-
trol system for wind turbines capable of primary and sec-
ondary frequency control for supporting grid reliability, in: 51st
AIAA Aerospace Sciences Meeting including the New Hori-
zons Forum and Aerospace Exposition, Grapevine, Texas, 1–13,
https://doi.org/10.2514/6.2013-456, 2013.

Aho, J., Fleming, P. A., and Pao, L. Y.: Active power con-
trol of wind turbines for ancillary services: A comparison
of pitch and torque control methodologies, in: American
Control Conference, IEEE, Boston, MA, USA, 1407–1412,
https://doi.org/10.1109/ACC.2016.7525114, 2016.

Annoni, J., Gebraad, P. M. O., Scholbrock, A. K., Flem-
ing, P. A., and van Wingerden, J.-W.: Analysis of axial-
induction-based wind plant control using an engineering and
a high-order wind plant model, Wind Energy, 19, 1135–1150,
https://doi.org/10.1002/we.1891, 2016.

Barthelmie, R. J., Hansen, K., Frandsen, S. T., Rathmann, O.,
Schepers, J. G., Schlez, W., Phillips, J., Rados, K., Zervos, A.,
Politis, E. S., and Chaviaropoulos, P. K.: Modelling and measur-
ing flow and wind turbine wakes in large wind farms offshore,

Wind Energy, 12, 431–444, https://doi.org/10.1002/we.348,
2009.

Bay, C. J., Annoni, J., Taylor, T., Pao, L., and Johnson, K.: Ac-
tive power control for wind farms using distributed model pre-
dictive control and nearest neighbor communication, in: Ameri-
can Control Conference, IEEE, Milwaukee, WI, USA, 682–687,
https://doi.org/10.23919/ACC.2018.8431764, 2018.

Boersma, S., Vali, M., Kühn, M., and van Wingerden, J.-W.:
Quasi Linear Parameter Varying modeling for wind farm
control using the 2D Navier-Stokes equations, in: American
Control Conference, IEEE, Boston, MA, USA, 4409–4414,
https://doi.org/10.1109/ACC.2016.7525616, 2016.

Boersma, S., Doekemeijer, B., Vali, M., Meyers, J., and van Winger-
den, J.-W.: A control-oriented dynamic wind farm model: WF-
Sim, Wind Energ. Sci., 3, 75–95, https://doi.org/10.5194/wes-3-
75-2018, 2018.

Boersma, S., Doekemeijer, B., Siniscalchi-Minna, S., and van
Wingerden, J.-W.: A constrained wind farm controller providing
secondary frequency regulation: An LES study, Renew. Energ.,
134, 639–652, https://doi.org/10.1016/j.renene.2018.11.031,
2019.
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Spudić, V., Conte, C., Baotić, M., and Morari, M.: Cooperative dis-
tributed model predictive control for wind farms, Optim. Contr.
Appl. Met., 36, 333–352, https://doi.org/10.1002/oca.2136,
2015.

Vali, M., van Wingerden, J.-W., and Kühn, M.: Optimal multivari-
able individual pitch control for load reduction of large wind
turbines, in: American Control Conference, IEEE, Boston, MA,
USA, 3163–3169, https://doi.org/10.1109/ACC.2016.7525404,
2016.
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