Potential of dynamic wind farm control by axial
induction in the case of wind gusts

Florian Biirgel![0000—-0001-8673-5849] 'Rohert Scholz?, Christian
Kirches![0000-0002-3441-8822] o] Sebastian Stiller![0000-0002-8792-4390]

! TU Braunschweig, Institute for Mathematical Optimization,
Universitétsplatz 2, 38106 Braunschweig, Germany
{f .buergel,c.kirches,sebastian.stiller}@tu-braunschweig.de
2 University of Heidelberg, Interdisciplinary Center for Scientific Computing,
Im Neuenheimer Feld 205, 69120 Heidelberg, Germany
robert.scholz@iwr.uni-heidelberg.de

Abstract. Each wind turbine causes a wake with a reduced wind ve-
locity and an increased turbulence. This wake influences the power and
mechanical loads of downstream turbines. This strong connection to tur-
bines in a wind farm is an opportunity for farm-wide optimal control, in
particular when dynamic control for a wind gust is required. We use the
already known axial-induction-based control and investigate its potential
using mathematical optimization in the case of a wind gust in a wind
field with turbulence and a simulated farm consisting of two turbines in
wind direction. We show that optimal control of the upstream turbine
significantly reduces the total tower load and increases the total power.
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1 Introduction

Wind farms are important in future electrical energy grids. Usually, each local
controller of a turbine maximizes its own power output (i.e., greedy control)
while taking care of its own loads, see, e.g., [6]. However, in farms they interact
with each other due to their wake, whose length and spatial distribution is also
influenced by control changes. This suggests a farm-wide optimal control.

We use the axial-induction-based control concept (i.e., we control the gener-
ator torque and/or the collective blade pitch angle), see, e.g., [3,1]. The idea is
to decrease the power output of the upstream turbine to increase the combined
power of both turbines, but the success depends on the turbine allocation, their
characteristics and atmospheric conditions, see, e.g., [3]. In contrast, it always
makes sense to mitigate loads. For power tracking and load mitigation on farm
level we refer to [5]; they consider an average wind velocity of 10m/s with a
turbulence intensity (TI) of around 5 to 6%, see, e.g., [6] for TT definition.

We also consider a wind field with turbulence but with a wind gust—while
turbulence is a frequent fluctuation, a wind gust is a peak of a few to some ten
seconds, see, e.g., [6]. We show that offline optimal control of the upstream one
of two turbines reduces total tower load and increases total power.
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2 Simulation

Ezperimental setup In our experimental setup, we consider two NREL 5-MW
turbines with a rating value of 5 MW and a rotor diameter of D = 126 m,
see [8]. They are arranged in a straight line in the wind direction with a dis-
tance of 5D. As we are interested in the potential of axial-induction-based con-
trol, their yaw angles are fixed to a yaw offset of 0°. We denote the average
wind velocity value of the (horizontal) ambient wind field by U,ye and consider
Uave = 6 and 11m/s; indeed, these are representative examples as NREL 5-
MW turbines have a cut-in, rated, and cut-out wind velocity (in m/s) of 3,
11.4, and 25, see [8]. For the wind gust model we follow [18], i.e., U(t) :=
Uave — 0.37 Ugust sin (37t /T') (1 — cos (2nt/T)) if t € [0,T] and U(t) = Uaye oth-
erwise, where the gust begins at time ¢ = 0 and has a duration of "= 10.5s. In
fact, we use a time-shifted version of the formula with Ug,ss = 8 m/s. Further,
instead of U,ye we use a wind field including a TT of 6% as in [8, 5].

Sitmulation software The range of wake models include control-oriented models in
2D (e.g., Jensen, see [7, 11], FLORIS, see [4], and Gaussian, see, e.g., [2]) as well as
high-fidelity simulations like SOWFA, see [12]. We use the mid-fidelity simulation
FAST.Farm, which is validated against Large-Eddy Simulations (LES), see [9].
We generate the wind field with TurbSim (from OpenFAST, see [14]). For the
preparation, the Python toolbox pyFAST, see [15], is helpful. We read the gener-
ated wind file by a modified version of readfile bts.m (from MATLAB Toolbox for
OpenFAST, see [13]), add the wind gust, and use a modified version of the write-
BLgrid function, see [10], to save it. For the wind turbine (and wake) simulation
we employ FAST.Farm (from OpenFAST). We tailored the r-test input files, see
[17], to our setup. We use the default polar formulation for dynamic wake and
the time step of 0.1s for high-resolution computed area around the turbine.

Wind farm control We distinguish between three time intervals (in unit s). Usu-
ally, both turbines are controlled by the local controller from OpenFAST within
the simulation time interval [ts,,ts,], where s, = 0. For optimization, we over-
write the generator torques and blade pitches of the upstream turbine via the
ROSCO controller interface (for pitch in rad), see [16], within the smaller dynamic
control time interval, [te,,tc,], e.g., [tp—10,t,+10] with gust peak at ¢,. For data
analysis we choose an observation time interval, [to,,to,], Where t,, < t., and
to, is chosen to include the control effect on the downstream turbine; usually,
to, = ts,. We define the control function v = (u,,ug) over [tc,,tc,], where u,
and ug are the generator torque and blade pitch of the upstream turbine.

Performance indicators We use the following simulation outputs for each turbine
as a function: the power (in unit W) as py: [ts,, ts,] — R%,, the velocity of the
nacelle (in m/s) in wind direction, vy : [ts,,ts,] — RZ2, the blade pitch angle
(in ©), Bu: [ts,,ts,] — R2, and the generator torque (in kNm), 7, : [ts,,ts,] —
RZ,. We define four performance indicators for each turbine i as averages over

[toy, to,], namely the power output P; (in MW), the tower activity a(T), the pitch

)
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activity agp), and the generator torque activity az(-G). The tower load is high when
the nacelle oscillates; so, we use the absolute value of the nacelle velocity v,, to
estimate the tower load by the so-called tower activity. Analogously, we proceed
with the velocity of 3,, i.e., we consider \%@A to estimate the pitch actuators
load by pitch activity, and with |%7’u| for the generator torque activity. Finally,

toy toy
Piu) == - / 107 (pu(1))i dt, al™(u) := L / |(vu(t))s] dt,
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Objective function The objective function combines the performance indicators
in a weighted sum with parameters w = (w(™,w®), w(¥)) = (100,10,1) € RE:

fulw) =" (=P + o al (@) + @ ol () + @l D). (1)
i=1

We add 5 to f,(u) if rates max{|$&7,|} or max{|<B,[} (15kNm/s and 8°/s,
see [8]) are exceeded, the simulation aborts, or outputs negative powers.

3 Optimization

Regarding to the objective function (1), we want optimal control functions wu.,

and ug (of the upstream turbine) in [tc,,tc,], i.e., we have to solve min f,(u).
ug,Ur

To simplify the problem, we reduce the number of control functions: Instead
of ug and u,, we use the virtual wind velocity u,. To substitute u, and ug by u,,
we “read” the turbine controller in FAST.Farm simulation by generating a wind
velocity ramp from 2 to 21 m/s and saving the used 7, and §, in a lookup table
as matrix L = (L,|L.|Lg) with columns L, = (o1, ...,0,)T and analog L., Lg.
To simplify further, we describe u, by a spline, where we use modified Akima
piecewise cubic Hermite interpolation, and finally optimize via the spline values.

We analyze the gust to set spline breaks: The first spline has {tc,,tp, e, } as
breaks (with wind gust peak at ¢,) and wind velocities {U (t.,), U (¢tp), Ul(tc,)} as
values. As break we add the time of the maximum absolute difference between
the spline interpolation and the wind velocities. We repeat this until we have 7
breaks. They are summarized as vector ¢, and as ¢ without ¢, and t,.

For the control function u, the spline has breaks t, or t{ and virtual wind
velocities oy or o as values; the optimization problem is reduced to n;ucn fu(u).

For the initial guess of o, we follow the FAST.Farm controller (instead of wind
velocities), i.e., we simulate the gust, read 7, and 3, at t,, and match each entry
t of t, to the corresponding virtual velocity L, ; by computing arg min;{|L,; —
7(t)|/ max{L;}+|Lg; — B(t)|/ max{Lg}}. This makes up the vectors o, and ¢
(without bound values). As the controller reacts with a time delay, i.e., usually
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k = argmax;{oy;} > argmax;{U(ty ;)} =: £, we shift the entries in o, by k—¢
positions to left (repeating bound values) and denote this initial guess as o¢:°.

We restrict the virtual velocity control inputs at breaks to +2m/s of the
initial guess values, i.e., with respect to the lookup table bounds, we set lower
and upper bound for an entry i of o< to max{2, 05’2 — 2} and min{21, af,:? +2}.

As FAST .Farm simulation does not contain sensitivity information, we use the
nonlinear programming (NLP) solver fmincon in MATLAB, which computes gra-
dients by finite differences. In particular, we use (the local optimization method
of) sequential quadratic programming (SQP) with a step tolerance of 10~%.

4 Results of computational experiments

A workstation with AMD EPYC 7742 64-Core Processor and 96 GByte RAM was
limited by Slurm Workload Manager to 16 CPUs and GByte. We employ MATLAB
in version R2021b and FAST.Farm (and its suppliers) as described in Sect. 2.

We demonstrate the effect of optimal control, see Sect. 3, compared to base-
line (i.e., the local controller) using U,ye = 6 and 11m/s as discussed in Sect. 2.

For Upye = 61m/s, we use (in s) [ts,,ts,] = [0,330], [te,,te,] = [180,200], and
[to;  tos] = [180,330]. The optimization (baseline) takes (in min) 158.9 (4.2) and
results in f,(u) = 3.1414 (3.2777). In detail, total power (in MW), weighted
values of tower activity (in m/s), pitch activity (in °/s), and generator torque
(in kNm/s) are 1.0204 (1.0196), 3.9079 (3.9617), 0.0000 (0.0000), and 0.2540
(0.3357); moreover, rates max{|%ﬂu\} (in °/s) and max{|%7u|} (in kNm/s) are
0.00 (0.00) and 1.50 (5.20).

With the same units, we study Uave = 11 with [t , ts,] = [0,210], [te,,te,] =
[120, 140], and [to, , to,] = [120,210]. The optimization (baseline) takes 58.8 (1.8)
and results in f,,(u) = 3.5766 (11.2149—penalized as max{|&7,[} = 15.05). In
detail, total power, weighted values of tower activity, pitch activity, and generator
torque are 6.2456 (6.1946), 5.9119 (8.5875), 2.7880 (2.3696), 1.1223 (1.4524);
moreover, rates max{| & 3,|} and max{|&7,|} are 7.24 (7.17) and 9.45 (15.05).

So, in both wind cases, see also Figs. 1 and 2, the power is increased and
the tower activity is decreased (significantly for 11 m/s), whereas max{|%7u|}
is significantly decreased. For 11 m/s, we observe a significantly smaller |v,| (0.3
instead of 0.7) and in the baseline a delayed blade pitch peak, cf. Sect. 3.

Conclusions We investigated the potential of axial-induction-based optimal con-
trol in a simulated wind farm with two turbines in a wind field with turbulence
and a wind gust. In practice, a LIDAR could provide wind information in ad-
vance. The offline optimization of the upstream turbine increased the power and
decreased the tower activity. So, it is worth thinking about real-time control.
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(a) Baseline for 6 m/s. (b) Optimization for 6 m/s.

Fig. 1: Baseline/optimization results of wind velocity 6 m/s over the time in s.
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Fig. 2: Baseline/optimization results of wind velocity 11 m/s over the time in s.
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